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EDITORIAL

This special issue is intended to “save and share” the knowledge presented at the National Symposium, on

“Nematodes, the Unseen Foes and Friends of Plant and Soil Health” organized by the Nematological Society

of India from January 31 to February 2, 2024 at Indian Statistical Institute, Kolkata.

Out of 20 invited lead speakers, 17 made presentations in different sessions. The abstracts of these lectures were

included in the “Book of Abstracts”, yet we thought it worthy to publish the full papers of as many articles as possible.

This special issue contains 11 articles written by eminent nematologists of the country. Some of these are quite

critical and point out the deficiencies of the system and knowledge gaps. The views expressed in these articles are

vested with the authors.

We also thought it befitting to dedicate this special issue to Prof. Dr. Mohammad Shamim Jairajpuri, the

illustrious son of India who contributed immensely to the taxonomy of Dorylaimid and Mononchid groups of nematodes.

The readers must read the obituary that contains his contributions more elaborately.
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Nematology in India: The Journey, Perspectives, and a Vision
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ABSTRACT: Nematodes are the most numerous, widely distributed and diverse group of multicellular, pseudocoelomate
invertebrates with unique morphological and metabolic features with a high degree of adaptations to the trophic and environmental
variability. Majority of their species have an important role in regulating the decomposition process and soil health. However, many
species of nematodes are parasites of plants and animals, including humans. Nematodes were known to man for several centuries,
but nematology as a subject emerged in the beginning of the 20th century in the USA and Europe. The detection of root-knot nematodes
in the tea plantations in the Nilgiri hills in 1901 can be said to be the first record of plant parasitic nematodes in India. It was followed
by the reports of ufra disease of rice in 1913 and white-tip disease of rice in 1936. In independent India, the zoologists started describing
the diverse kinds of plant parasitic and free-living nematodes. The food shortages in the 1950s and 1960s raised big concerns. The
discovery of molya disease of wheat and barley by the cereal cyst nematodes in Rajasthan in 1957, and the discovery of the exotic
potato cyst nematodes in the Nilgiri hills in 1961 were big concerns. This led to the foundation of Nematology as a separate discipline
of plant protection in India in 1966. This article traces the major historical milestones, generational changes and directions in
nematology, with special reference to India in fundamental and applied nematology research, education and extension. In spite
of the sustained effort of nematologists, nematodes have outsmarted nematologists in most of these areas in practice, not only in
India but also in the rest of the world. Failures in truly understanding nematodes and developing dependable management
technologies are still lamented. Crop losses and economic impact; development of eco-friendly and economically viable integrated
nematode management modules to fit into overall IPM; reliable identification and diagnostic tools; good level of nematode
resistance through breeding or molecular techniques; safer nematicides; effective biocontrol agents; use of entomopathogenic
nematodes, and understanding the role of nematodes in regulation and prediction of ecosystem function, are still areas that will
continue to invite our attention for decades to come. Besides assessing the importance of plant parasitic and entomopathogenic
nematodes, the salient achievements made so far, the major limitations, possibilities and a vision for the future are given.
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The Nematodes, also commonly known as

roundworms, threadworms or eelworms are the most

numerous and most widely spread multicellular organisms

on our planet earth. Nematodes are triploblastic,

pseudocoelomate, metamerically unsegmented, bilaterally

symmetrical, bisexual, vermiform, poikilothermic

invertebrate animals, with well-developed digestive,

reproductive, nervous, excretory organ systems and

musculature, but lacking appendages, skeleton, circulatory

and respiratory organ systems. They came into existence

billions of years ago at a peculiar stage of evolution

between the acoelomate and coelomate animals,

somewhere intermediate in the evolution of organ systems

and complex metabolism. Their  typical ontogeny, biology

and physiology make them valuable biological models.

Synchrony and adaptations of nematodes to changing

environments and their survival strategies explain their

diversity, persistence, ubiquity and relative invincibility.

Majority of their species are microbivorous and play

important roles in regulating the decomposition process

and nutrient recycling. However, there are thousands of

nematode species that are parasites or predators of other

animals or plants. It is said that all species of plants and

animals, including humans, on earth are parasitized by

one or more species of nematodes. Nematode infections

cause a general reduction in health with non-specific

symptoms, but some of their species cause specific

symptoms. In association with other pathogens like
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bacteria and fungi, nematodes induce or aggravate disease

complexes that can even kill the host.

MILLIONS LOST EACH YEAR DUE TO THE
UNSEEN FOES AND THE UNSEEN FRIENDS

IGNORED!

Plant parasitic nematodes have serious implications

in agriculture since they reduce the growth and yield of

all kinds of crops and also reduce the quality of produce.

International estimates show that nematodes cause an

average of 6–20 per cent damage to production besides

adversely affecting product quality. Crop losses due to

nematodes were projected to be about eight per cent in

temperate and 12.5 per cent in tropics and subtropics. In

monetary terms, the global estimates show as much as

USD 173 billion worth of crops lost due to nematodes.

Various estimates and guesses have been made in India

too for the key nematode pests. Some estimates arrived

at in India under the ICAR-AICRP-Nematodes show

that crop losses worth Rs. 102,039.79 million (USD 1.58

billion) annually segregated into the losses in 19

horticultural crops at Rs. 50,224.98 million, while for 11

field crops at Rs. 51,814.81 million may be happening

annually (Kumar et al., 2020, National Academy Science

Letters 43(5) DOI:10.1007/s40009-020-00895-2). These

figures would be obviously much greater if we consider

many of the other important crops, forage, sugarcane,

cotton, orchards, tea, coffee, spices, medicinal plants,

various plantation crops and many other field and

horticultural crops than the 19 horticultural and 11 field

crops in the above estimate.

The gross value of India’s agriculture and allied

sector was Rs. 22219.92 billion at 2010–11 prices as per

Agricultural Statistics - At a Glance 2022, Govt. of

India. Although various reports state per cent crop loss

estimates at 6–20 per cent, up to total crop failures in

some cases; even if we assume conservatively that

overall, only 4 per cent of the gross value is lost due to

nematodes, the value of loss due to nematodes can be put

at Rs. 906934 million or Rs. 90693.4 crore (USD 10.92

billion) at 2010–11 base price. Due to the nonspecific

symptoms, losses due to nematodes often go unnoticed

or unreported. It may never be possible to arrive at the

exact value of loss due to nematodes. Monetary values

of inputs, produce and gains or losses are dynamic. Also,

the nematode populations, per cent crop losses as well as

crop production are influenced by many dynamic human,

technological, and environmental factors. Thus, much

hairsplitting in this aspect is unnecessary. But the past 65

years of experimentation and demonstrations in different

parts of India do suggest that losses are enormous, and

necessitate proportionate research, education and

extension efforts to manage nematodes, the unseen foes

as well as to harness the potential benefits of our unseen

friends, the microbivorous and entomopathogenic

nematodes for more productive agriculture.

EARLY KNOWLEDGE

The knowledge of ‘worms - Krimis’ in India may

have its roots in the Vedas, around 3500–1500 BCE. Yet,

the first report of soil and plant nematodes dates back to

1901 CE when Barber reported the occurrence of root-

knot nematodes infecting young roots of tea plants in the

Nilgiri hills. That paper was not simply a first report but

it also discussed the biology, ecology, and possible

management methods, some of which are still followed

in principle. In the world, the first report of a plant

parasitic nematode was that of the ear-cockle nematode,

Anguina tritici by Needham in 1743, a finding first in

many ways. It was a foliar parasite going into the seed

and surviving in anhydrobiotic state for several decades.

Since 1901 the root-knot nematode in India was observed

infecting many vegetable crops and papers in the 1930s

reported its occurrence and non-chemical control methods

in southern India. The reports of the Ufra disease of rice

in the north-east in 1913 and the white-tip disease of rice

in 1936 caused concern. Entomologists, Plant Pathologists,
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Botanists and Zoologists in some institutions of the
country began studying the morphology and infections,
intensity of symptoms and damage caused by nematodes.
From the 1940s onwards the curious and serious taxonomic
studies on soil and plant nematodes commenced more
prominently at Hyderabad and Aligarh. The applied
nematology, involving studies on the infection, damage,
and control got impetus from the 1950s at Allahabad,
Aligarh, Bengaluru, Jaipur, New Delhi, Shimla etc.

IMPACT OF DISCOVERY OF MOLYA
DISEASE AND EXOTIC POTATO CYST

NEMATODE

The discovery of the cereal cyst nematode,
Heterodera avenae in 1958 causing the ‘molya’ disease
of wheat and barley at Sikar, Rajasthan, followed by the
realization and demonstration of the amount of crop
losses caused by them gave a big cause for concern. The
wheat and barley were the major staple food crops and
any reduction in their production was taken seriously in
India then facing increasing foodgrain shortages. This
was soon followed by the discovery in 1961 of the
presence of the exotic potato cyst nematodes, presently
known as Globodera rostochiensis and G. pallida in
the Nilgiri Hills. This created concerns about the dangers
of exotic serious pests entering the country. It was then
a localized infestation and much effort was made to
eradicate these nematodes by application of high doses
of nematicides. These two discoveries besides the
increasing reports of root-knot nematodes led to the
strengthening of the training and research centers,
especially at AMU, Aligarh and IARI, New Delhi. PhDs
and other international training of a number of
nematologists in leading nematology centers, notably the
University of California, Davis, USA; Imperial College,
London; and Rothamsted Research Station, UK, etc.
provided about a dozen trained specialized nematologists
in the country. Those were the beginning of the green

revolution and the application of science to all aspects of

agriculture was felt necessary.

ESTABLISHMENT OF DIVISION OF
NEMATOLOGY AT IARI

The country by 1965 appreciated the economic

importance of nematodes as a bottleneck in agriculture,

and the need for in-depth research, post-graduate

education and extension in nematology. Hence, a separate

Division of Nematology was established in December

1966 by merging the two sections of nematology working

separately in the Division of Entomology under Dr. S.K.

Prasad and Division of Mycology and Plant Pathology

under Dr. Gopal Swarup. In both these units, a few post-

graduate students were working on nematodes as in

many other universities in the UK, USA, Russia, Germany

etc. The focus was mainly on surveys, identification,

demonstration of losses, pathogenicity, biology etc. Dr.

A.R. Seshadri who was then heading a section of

nematology at the TNAU, Coimbatore, was appointed as

the first regular Head of the Division of Nematology at

IARI, New Delhi.

The Division of Nematology, ICAR-IARI became

the locus of Nematological research, education and

extension. Extensive surveys of various crops were

carried out and data was compiled from all over India. A

number of paired plot experiments and demonstrations

up to about 1970 were organized to assess and

demonstrate crop losses due to nematodes in major crops

like wheat, barley, rice, vegetables etc. Untreated plots

were compared with plots treated with fumigant

nematicides like 1,2 Dichloropropane + 1,3

Dichloropropene (DD) mixture which was required to be

applied at high doses. Subsequently, other nematicides

like DBCP, organophosphate and carbamate nematicides

were also available. There were questions raised on the

effects of these nematicides other than just controlling

nematodes. Many pathogenicity trials were carried out

by inoculating plants with logarithmically increasing

numbers of infective stages of nematodes under pot

culture. This conclusively proved that nematodes caused
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loss and the damage was related to the population density

of nematodes. This logic was also applied to field conditions

without the use of nematicides. The aggregated nature of

nematode population densities in a field, i.e., patchy

distribution, usually following the negative binomial

distribution, was helpful in plot comparisons and

correlations with crop performance.

MASTER’S AND DOCTORATE DEGREES IN
NEMATOLOGY, THE FIRST IN THE WORLD

The Post-Graduate School of IARI, New Delhi in

1968 introduced separate MSc and PhD degree

programmes in Nematology following the course credit

system and thesis requirements. Dr. S. K. Prasad was

appointed the first Professor of Nematology. These

became the first of the few independent post-graduate

degree programmes in Nematology in the world. During

1967–75 six post-graduate training programmes were

organized for South-East Asia jointly by IARI, New

Delhi, and AMU, Aligarh with the support of Wageningen

University, the Netherlands; Rothamsted Research

Station, UK; and UC, Davis, USA. The FAO funding

under UNDP provided significant financial, instrument

and training support.

Although the post-graduate teaching programmes in

nematology as a discipline started in 10 SAUs besides

IARI, New Delhi, the number of seats was kept small

because (i) job opportunities available were few, and (ii)

only a few students opted for degree in nematology due

to lack of awareness of plant nematodes in schools and

colleges. The reason for lesser attraction towards

nematology compared to the sister disciplines of

entomology and plant pathology has been that the under-

graduate programmes even in agriculture gave none or

too little knowledge about nematodes and their importance

in agriculture. There used to be a separate 1L+1P course

in Nematology in the BSc (Hons.) Ag. programme in the

UG curricula recommended by the ICAR Deans

Committees. This got reduced to 1L and later further

reduced in the ICAR 5th Deans Committee to just a

mention in one or two of the courses of entomology or

plant pathology. Most SAUs lacked a faculty specialized

in nematology, hence no or only a passing reference to

nematodes was made. The result was the agricultural

graduates and post-graduates who went on to service in

the KVKs, SAUs, ICAR institutes or extension services

of the states had hardly any knowledge about nematodes

and their effect and importance. Some of the traditional

universities and institutes had some course or research

work on nematodes as part of their PG programmes in

botany or zoology.

ESTABLISHMENT OF THE
NEMATOLOGICAL SOCIETY OF INDIA

The year 1969 became important in the history of

Indian Nematology, when an All-India Nematology

Symposium was organized. The Nematological Society

of India was established and with the efforts of this

Society, the Indian Journal of Nematology was started in

1971. The first President Dr. Abrar M. Khan, General

Secretary Dr. S.K. Prasad, and Chief Editor Dr. A.R.

Seshadri made a very good start. Indian Nematologists

found a common platform for periodic interaction,

conferencing and publication. The next five years provided

a significant number of trained nematology degree holders

from India and foreign universities.

The Division of Nematology in the 1970s, under the

overall leadership of Dr. A.R. Seshadri got organized

into six groups, viz., (i) Dr. S.K. Prasad et al. focusing

on nematode ecology, botanicals and organic amendments,

(ii) C.L. Sethi et al. on nematicidal control of nematodes,

(iii) Dr. Gopal Swarup et al. on host-parasite relations

and disease complexes, (iv) Dr. E. Khan et al. on

nematode taxonomy and systematics, (v) Dr. D.R.

Dasgupta et al. on nematode physiology, and (vi) Dr.

K.C. Sanwal et al. on Quarantine.
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The pioneers at IARI, New Delhi in 1960s and ‘70s

Dr. A.R. Seshadri Dr. S.K. Prasad Dr. Gopal Swarup Dr. C.L. Sethi

Dr. Ekramullah Khan Dr. D.R. Dasgupta Dr. K.C. Sanwal Dr. J.S. Gill

At the Aligarh Muslim University, Aligarh, the

Department of Botany under the leadership of Dr. Abrar

M. Khan focused on applied nematology, while the

Department of Zoology led by Dr. M.A. Basir, Dr. M.R.

The pioneers at Aligarh Muslim University, Aligarh during 1960s and ‘70s

Dr. Abrar M. Khan Dr. S.K. Saxena Dr. M.R. Siddiqi Dr. M.S. Jairajpuri
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Allahabad; Dr. K. Sitaramaiah at GBPUAT, Pantnagar;

Dr. S.N. Das et al. at OUAT, Bhubaneswar; Dr. Y.S.

Rao et al. at the ICAR-CRRI, Cuttack; Dr. H.M. Shah

et al. at AAU, Anand; Dr. R.N. Prasad et al., at Jaipur;

Dr. B.S. Yadav et al. at MPUAT, Udaipur; Dr. D.S.

Bhatti et al. at CCSHAU, Hisar and a few others

emerged as major nematology centers in the 1970s.

Thus, nematology research attained an all-India presence.

Many of these leaders had got their PhD or training at

leading nematology centers in the USA, UK, Germany,

Russia etc.

The pioneers in some other parts of India during 1960s and 70’s

Dr. S.N. Das
OUAT, Bhubaneswar

Dr. D.S. Bhatti
CCSHAU, Hisar

Dr. H.M. Shah
AAU, Anand

Dr. B.S. Yadav
MPUAT, Udaipur

Dr. K.G.H. Setty
UAS, Bengaluru

Dr. Y.S. Rao
CRRI, Cuttack

Dr. R.P. Nath
RPCAU, Pusa

Dr. P.K. Koshy
CPCRI, Kayankulam

Siddiqi and Dr. M.S. Jairajpuri worked on the taxonomy

and systematics of soil and plant nematodes. Dr. M. R.

Siddiqi started his career at AMU Aligarh, but later

moved to CIP, CABI UK. He authored a book

“Tylenchida” that is considered a bible of Nematology.

Dr. K.G.H. Setty and his team at UAS, Bangalore;

Dr. T.M. Manjunath et al. at TNAU, Coimbatore; Dr.

V.M. Das at Osmania University, Hyderabad; Dr. G.I.

D’Souza at Central Coffee Research Institute, in

Chikamagalur;  Dr. K.K. Nirula et al. at ICAR-CPRI,

Shimla; Dr. J.C. Edward at Institute of Agriculture,
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and crops and the different nematode management

approaches. The project is revised under every five-year

plan with gradual shifts and upgrades in the research

priorities and plans. After the first Project Coordinator

Dr. A.R. Seshadri, the project was led by Dr. J.S. Gill for

several years. Subsequently, Drs. S.K. Midha, R.V.

Singh (Offg.), H.S. Gaur, S.D. Mishra (Offg.), R.K.

Jain, Archana Singh (Offg.), R.K. Walia, Uma Rao

(Offg.), Anil Sirohi (Offg.) and the present Project

Coordinator, Dr. Gautam Chawla, have been able to

carry forward this vitally important project for the science

of nematology in India. They have made course corrections

and modulated the technical programme of this project in

tune with the changing scenario in different five-year

plans and annual/biennial reviews over the past four

decades. The ICAR has been conducting periodic

quinquennial reviews by appointing QRTs comprised of

eminent nematologists.

The number of cooperating (funded) and volunteer

centers have been varying over the years. The good thing

is that the project has been able to join and cover all

agroclimatic zones of India. Some of the states of the

country have still remained uncovered. This project used

to be a team of about 50 active nematologists supported

by 30–40 technical and supporting staff. Typically, each

centre had three nematologists, two technicians,

supporting staff, and a driver. This critical mass of

manpower was essential keeping in view of the labour

and time-intensive nature of nematological research.

Over the years, unfortunately, due to the inflation and

squeeze in proportionate relative funding, the centers are

now left with hardly one nematologist each. Further, it is

noticed that at some of the centers even that single

position of nematologist has not been filled up with a

qualified nematologist and stop-gap arrangements have

been made by deploying either entomologist or plant

pathologists, who lack sufficient relevant acumen or

commitment to work with nematodes. On the one hand,

they have been weaned away from their own fields of

ESTABLISHMENT OF ALL INDIA
COORDINATED RESEARCH PROJECT ON

NEMATODES

A need was felt to have a country-wide coordinated

effort for the growth of nematology research. In 1977,

Dr. A.R. Seshadri initiated the All India Coordinated

Research Project on Nematodes with the financial support

from Department of Science & Technology, Govt. of

India. The project was continued under ICAR from

1979. Centers of this project were established in different

parts of India, manpower was recruited, common

methodology and direction were provided and the all-

India level data began pouring in on regional and national

nematode problems. Impressed by its project, ICAR

adopted the AICRP-Nematodes as a plan scheme in

1979. This project became instrumental in the

establishment of independent Departments of Nematology

in 10 State Agricultural Universities (SAUs). Besides

research, these departments also started their own MSc

and PhD programmes in Nematology. Several other

universities kept teaching a few courses and gave

nematology research problems to their students in

Entomology or Plant Pathology. The Division of

Nematology at IARI, New Delhi which also houses the

headquarters of the AICRP on Nematodes and the

Nematological Society of India attained a major role in

providing leadership to Indian Nematology. The SAUs

having cooperating centers of AICRP-Nematodes have

been providing regional leadership.

AICRP AS NATIONAL RESEARCH
PLATFORM FOR NEMATOLOGY

The All India Coordinated Research Project on

Nematodes has helped provide a national panorama of

nematology, guiding, coordinating and consolidating the

inputs, activities and outputs. The AICRP-Nematodes is

a unique discipline-based project covering all the major

nematode problems of the various agro-climatic zones
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research while on the other they are not able to do

sufficient justice to the typical kind of work of this

project.

FOCAL SHIFTS IN RESEARCH: A
DIRECTED TRAJECTORY

An analysis of the plan-wise shifts would show the

direction applied nematology has taken in the country

over the past 45 years. (i) Taxonomy and identification,

(ii) Survey and documentation, (iii) Crop loss assessment,

(iv) Demonstration of losses, (v) Locating hot spots, (vi)

Nematode ‘management’ trials, (vii) Screening for

resistance, (viii) Confirmation of resistance, (ix) Soil

solarization, (x) Integrated nematode management trials,

(xi) Biocontrol agents and bio-suppressants, and (xii)

Testing of new nematicides, have been the main themes

of the AICRP on nematodes.

Some very important findings and technologies have

emerged. New nematode problems have been

documented which are multiple times more serious than

the molya disease in 1958 and potato cyst nematode in

the Nilgiri hills in 1961 that had led the ICAR and the

Government of India to establish nematology as a discipline

since those were the days of food scarcity. The manpower

has been drastically reduced, leaving no critical mass of

scientific and technical manpower required for the

typically labour-intensive nematology education and

research. The research funding on contingent grants has

come down sharply in real terms. Most SAUs have too

few or no nematologists of their own, but depend on

nematologists under AICRP-Nematodes for their routine

teaching, research and extension, thus overburdening

them, leaving little time or energy for coordinated research.

Many of the crop-based institutes of ICAR have no

nematologists. Most of the ports of entry in the country

lack qualified nematologists although exotic nematode

species and races/pathotypes are definite threats.

SELF-SUFFICIENCY INDUCED
COMPLACENCY MAY COST HEAVY

The presently prevailing food self-sufficiency has

prevented the flutter that the widespread root-knot

nematode damage in rice, failing polyhouses due to

nematodes, threats to guava, pomegranate, kiwi and

other precious crops due to Meloidogyne enterolobii

and other nematodes, and the spread of potato cyst

nematodes in north India ought to have caused. Given the

growing climatic adversities, monsoon dependence etc.

National Symposium on Rational Approaches in Nematode Management for Sustainable Agriculture
(23–25, November, 1998) Gujarat Agricultural University, Anand
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that have the potential to stifle our food security, the

ignorance of these new challenges due to nematodes can

have serious consequences in the not-so-far future.

SHIFTING RESEARCH AREAS

Nematode ecology and Mathematical models

The understanding of the relationships between

different trophic groups of nematodes and their

environment (Nematode ecology) was a fascinating

area in the 1960s and 1970s. The studies on the spatial

distribution, abundance, and population dynamics of

nematodes got impetus after similar studies in insects.

The development of empirical models by Dr. J.W.

Seinhorst in 1965–66 at Wageningen, the Netherlands to

explain the relationships between the initial population

density of nematodes with crop yield for estimation or

forecasting crop damage, and with population growth in

order to forecast post-crop nematode population densities,

became fascinating areas coinciding with the evolution

of scientific calculators and computers. Simultaneously,

the application of statistics to nematode populations

caught up. Dr. M. Oostenbrink preferred regression

equations over Seinhorst’s models. The healthy scientific

debate between these two great nematologists was

interesting. In India, Dr. S.K. Prasad induced the author

(H.S. Gaur) to adopt both, the mathematical models of

Seinhorst and the statistical models of Oostenbrink, the

latter became more popular due to their simplicity, even

though the former had better logic and greater accuracy.

Nematode biology, ecology and survival

Studies on the biology of different nematodes and

interactions of nematodes with bacterial and fungal

diseases were initiated in the laboratory of Dr. Gopal

Swarup. The tundu disease of wheat and root-rot

complexes involving root-knot nematodes and Fusarium

and other fungi were studied.

The 1980s saw studies on the effects of temperature

and moisture on nematode survival. Anhydrobiosis was

already known in foliar nematodes and the soil-borne

cyst nematodes. The author (H.S. Gaur) along with Dr.

Mukesh Sehgal started research on long-term

anhydrobiotic survival of the non-cyst forming,

Meloidogyne incognita, Rotylenchulus reniformis,

Tylenchulus semipenetrans, Pratylenchus zeae etc.

The author along with Dr. R.N. Perry at Rothamsted

Research Station, UK, proved that the unshed moulted

cuticlar sheaths reduced the rate of water loss and

helped in anhydrobiotic survival of R. reniformis. They

also showed that the hatching behaviour varied between

the early and later generations of multivoltine species of

cyst nematodes with increasing retention of eggs in the

cyst, lipid reserves in juveniles and dependence on host-

root diffusates for hatching. A small proportion of eggs

of root-knot nematodes also showed dependence on host

root diffusates for hatching. These presented beautiful

examples of the synchrony of the life cycles of the host

and parasitic nematodes facilitating longer survival of

nematodes.

Nematode management

Various cultural, physical, chemical, and biological

methods of control and management of plant parasitic

nematodes, especially of the Meloidogyne spp.,

Heterodera avenae, Globodera spp., Anguina tritici,

Aphelenchoides besseyi have been developed. Some

attempts have also been made against others like

Pratylenchus thornei, Heterodera cajani,

Rotylenchulus reniformis, etc. The nematicides, DD

and DBCP were used in the 1960s and 1970s in various

demonstration trials against Heterodera avenae in

Rajasthan and the root-knot nematodes at various places.

Nematicides were also intensively used with the intention

of eradicating the potato cyst nematodes in the Nilgiri

hills, although eradication was not successful. Various

organophosphates and carbamates normally developed
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as insecticides were tested as nematicides in the 1980s

to 2020 with some success. However, over the years

almost all have been banned for health and environmental

concerns. A couple of new nematicides, the fluensulfone

as Nimitz® (Fluoroalkenyle, thioether) from Adama, and

fluopyram (pyridinyl-ethyl-benzamide) as Velum-Prime®

from Bayer Crop Science, have recently come out and

are being tested, with label claims for a few crops. The

major advantage of these new nematicides is that they

are required in very small quantities, raising the hope of

their environmental and health safety.

A big effort was made to find plant products and

byproducts with nematicidal properties. Many papers

came out of AMU under the leadership of Drs. A.M.

Khan and S.K. Saxena, and from IARI under the

leadership of Dr. S.K. Prasad. Most other nematology

centers also contributed to this area. Many products

were reported, but except neem, most others remain only

on paper. By the early 1970s itself, it was realized that

any single method of control was not enough to achieve

sufficient reduction and maintain nematode populations

under economic threshold levels. Therefore, the integrated

approach employing two or more of the cultural, physical,

biological, and chemical methods was required for

managing nematode population densities at low levels

and achieving profits by improved crop performance.

Therefore, the emphasis over the past 60 years has been

to formulate integrated nematode management packages

involving crop rotation, tillage practices, solarization,

organic amendments, biocontrol agents, nematicidal seed

treatment and if necessary, application of nematicides.

All centers of AICRP-Nematodes also have been busy

formulating and testing such packages against root-knot,

reniform, burrowing and cyst nematodes in various

crops.

Nematologists have to consider that the crop in the

field is not only suffering from nematodes but also from

a number of other biotic stresses, such as insects, mites,

fungi, bacteria, viruses, and weeds. The farmer is

concerned about all or some of these besides nematodes.

Fortunately, several of the practices for the management

of nematodes are also effective against other pests and

vice-versa. This makes it easier and profitable to

undertake integrated pest management including

nematodes with other pests and pathogens. Hence,

nematologists now must focus their research on various

aspects of nematodes as well as methods of their control,

but they should not remain in their own silos when it

comes to practical integrated nematode management.

Physiology and Molecular nematology

In the late 1970s, the applications of biochemistry got

pace in different branches of agriculture including in

nematology. The main objectives were, (i) a taxonomic

tool for differentiating species of root-knot and cyst

nematodes on the basis of protein profiles by SDS Page

and/or enzyme phenotypes such as esterase and

dehydrogenases, and (ii) host-parasite relations like role

of amylase and proteases or tryptophan, or PAL and

TAL. In the early 1990s there was a switch towards the

RNA and DNA-based techniques to define taxonomic

differences and interrelationships and host-plant

resistance or susceptibility. In India, Dr. D.R. Dasgupta

at ICAR-IARI, can be regarded as the pioneer in

initiating the use of biochemical techniques for

differentiating nematodes and for understanding host-

parasite relations. Drs. A.K. Ganguly, Anil Sirohi, Uma

Rao, and their students continued such studies. The

author in 1994–95 also tried his hand at RFLP of

ribosomal and mitochondrial DNA for differentiating

groups of Meloidogyne species in relation to their mode

of reproduction and host preferences.

The 1990s also saw the identification of host

resistance genes against root-knot nematodes, like the

Mi-gene series, and the incorporation of resistance

genes to develop nematode-resistant plants. However, in
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spite of high potential, true success in these areas, both

taxonomy and host-plant resistance, is yet to be seen.

The reasons could be high research costs and regulatory

hurdles, but more than that appears to be the little

involvement of molecular biologists/biotechnologists to

team up with nematologists. Attempts to develop

transgenic germplasm resistance to nematodes have

been made under laboratory conditions only. The complex

registration processes and public resistance to GMOs

have suppressed research in this area. Currently, attempts

are being made by Dr. Anil Sirohi and his students at

ICAR-IARI to apply the Crisper-CAS-9 and other

technologies for gene-editing to impart resistance or

reduce the susceptibility of host plants to nematodes.

Screening and breeding for nematode resistance

Non-hosts and resistant host plants are the best

options for the management of any pest, including

nematodes. Therefore, screening of germplasm of various

important crops against nematodes has been an extensive

activity in most nematology centers. The first success of

tomato SL-120 (Pusa Nemamukta) against root-knot

nematodes in the early 1970s brought in much hope.

Some more tomato varieties resistant to root-knot

nematodes were identified/developed at CCSHAU, Hisar

and PAU, Ludhiana. A couple of cowpea varieties and

ABT10 of tobacco were identified as resistant at AAU,

Anand. A few potato varieties were resistant to

Globodera spp. came out from ICAR-CPRI. Some

varieties of barley and wheat have been reported to be

resistant to cereal cyst nematode, Heterodera avenae

in Rajasthan. Several other reports are available about a

good degree of resistance in the germplasm of various

crops against root-knot and cyst nematodes. Compendia

of such germplasm have been published by AICRP-

Nematodes. However, plant breeders have rarely come

forward to take up breeding for nematode resistance in

which the resistant germplasm identified by nematologists

could be used as a donor parent. Besides the pre-

occupation of plant breeders with other traits, one of the

reasons for their disinterest could be the fact that much

variability occurs in the infectivity of different nematode

populations and their population densities as well as the

environmental factors at different locations. Nematode

resistance is mostly polygenic and quantitative in nature.

Hence, the same so-called resistant germplasm found

resistant at some nematode population density may be

found susceptible at higher population density and some

other locations.

Nematode taxonomy

India used to be recognized as a country with a good

number of competent taxonomists among the first and

second-generation nematologists. Drs.  MR Siddiqi, VM

Das, MS Jairajpuri, E Khan, QH Baqri, HK Bajaj, and the

members of their teams used to be internationally

recognized names in nematode taxonomy. India was one

of the few National Nematode Collections.  Over the

years with the shift of the attention of nematologists to

other more attractive areas, the country is not left with

taxonomists of similar fame. Presently, I do not know

whom one should approach for a reliable identification of

a slightly different-looking nematode at the species level.

Some efforts have been made to attempt nematode

taxonomy with the use of protein and DNA-based

identification, but these can at best be supplementary

tools where traditional microscopy fails to differentiate

close morphological resemblance among certain taxa.

There is certainly a need to revive the very important

specialization, i.e., Nematode Taxonomy and Systematics

at three or four places in the country, and also to develop

more manpower in this area for the future.

Biological control and Biosuppressive microbes

Several Indian nematologists tried to explore

nematophagous fungi and bacteria at IARI and some

SAUs. The success with predatory fungi remained
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rather academic. Much hope came with the bacteria

Pasteuria penetrans specific to root-knot nematodes or

pigeonpea cyst nematode, Heterodera cajani. The

obligate parasitism, high specificity and difficulty in the

mass culture of these bacteria limited its adoption. Dr.

R.K. Walia tried to develop formulations based on

infected root-knot nematodes. The oviparasitic fungi,

Paecilomyces lilacinum, now named Purpureocillium

lilacinum  brought in greater hope. However, the suspicion

that certain strains of this fungus are capable of causing

blindness in humans prevented its adoption. In recent

years, some strains of P. lilacinum are getting tested/

recommended at various places. Registration process

under The Insecticides Act - 1968, has also become

stringent for biopesticides due to biosafety concerns.

Some organisms known for benefitting plants through

improving nutrient availability or otherwise promoting

plant growth also fascinated nematologists due to some

observations of decreased nematode infection and crop

damage. The work on the adoption of VAM like Glomus

fasciculatum and G. mossae raised some hopes; the

main effect being through improving phosphorus

availability, but also obstructing nematode invasion by

forming a mycelial web called Hartwig’s net. Similarly,

Trichoderma harzianum and T. viride were promoted

by microbiologists for improving plant growth by improving

nutrient availability from organic matter and other possible

biochemical interactions. Several nematologists claimed

suppression of nematodes by T. harzianum and T.

viride the so-called plant growth-promoting rhizobacteria

(PGPR), Pseudomonas fluorescens and some other

microorganisms reduce nematode infection and improve

crop yields. There are many commercial products and

technologies, especially pre-colonization of compost etc.

Various kinds of claims are made, and so much so some

people have begun considering them as ‘biocontrol

agents’, which is doubtful if not wrong. There is a need

to understand the mode of action when it comes to the

effect on nematodes.

Cyanobacteria are well-known biofertilizers. In a

multi-disciplinary field experiment in the early 1990s the

author noticed lower nematode populations in plots treated

with cyanobacterial biofertilizers in rice-wheat cropping

system. That led this author to conduct laboratory tests

on some species of cyanobacteria present in the given

biofertilizer. It was found that some species of Nostoc

muscorum, Aulosira fertilissima etc. had nematostatic

and nematicidal attributes in their exudates and cytoplasm,

respectively. Inhibition of hatching and mortality of

Meloidogyne graminicola, M. triticoryzae and M.

incognita were observed. These effects were confirmed

in a number of studies on these and some other species

of cyanobacteria in Dr. Anju Kamra’s lab. at IARI.

Entomopathogenic nematodes

The mermithid nematodes, which also parasitize

insects were first found in 1877, but the first

entomopathogenic nematode (EPN) was described in

1923 by Steiner as Aplectana (= Steinernema) kraussei

isolated from Lyda potrophica, a hymenopterous sawfly.

Weiser (1955) described a European population of

Neoaplectana (= Steinernema) carpocapsae from

codling moth larvae. Dutky and Hough in 1955 isolated

the DD-136 strain of N. carpocapsae from codling

moth larvae in Eastern North. Poinar and Thomas in

1965 described the symbiotic bacteria Achromobacter

(Xenorhabdus) nematophilus associated with S.

carpocapsae. The role of the symbiotic bacteria in

causing insect mortality and the development of the

nematode was reported by Poinar and Thomas in 1966–

67.  The concept of biological control of insects using

EPN was introduced for the first time in 1931 when

Glaser successfully cultured EPN on an artificial medium

and carried out the first field trial to control white grubs

in golf courses. In India, probably the first attempt to use

the DD-136 strain of N. carpocapsae was made by

Drs. VP Rao and TM Manjunath in 1966. Sporadic

attempts were made during the next 30 years. More
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serious research was later taken up by Dr. Sharad

Mohan and Dr. Sudarshan Ganguly and their students,

especially on mass culturing and the development of

formulations. Hydrogel-based formulation, encapsulated

Galleria cadaver-based formulation, etc. were made.

An apparatus was developed by Dr. Sharad Mohan for

the mass culture of the EPNs. Attempts were also made

to use the isolated bacterial symbiont, Photorhabdus

luminescens directly for control of insect pests, but this

work was later halted fearing the possible damage to the

beneficial insects. The desiccation survival at reduced

relative humidity and cryopreservation of infective

juveniles of EPN in liquid Nitrogen were tried with some

success by the author along with Dr. Sharad Mohan and

his students.

The international market share in EPNs is estimated

at USD 22 million, unfortunately, India does not figure in

it due to the lack of reliable WP/WDG products with

sustained shelf-life and efficacy. We need to register

products matching with the international standards.

Current Indian products are non-selective to the pest,

crop or geographical location, thus, defying the biological

concept of niche-specificity, survival, and pathological

efficacy of EPN in alien environments. Any single EPN

species is indiscriminately recommended countrywide

for multi-purpose applications, irrespective of the

nematode’s origin. With vast variations in biotic and

abiotic factors governing Indian agriculture it is, therefore,

critical to exploit native isolates for product development

as ecological parameters shape the prevalence,

sustenance and pathogenicity of EPN species within a

given region.

SIGNIFICANT SUCCESSES

Major successes achieved

While we talk at larger multidisciplinary fora, the

successes achieved in nematology, not only in India but

also elsewhere in the world, look obscure and

underestimated. When we assess success in a subject

like Plant Nematology, we may not limit ourselves to the

management or control of the most diverse fauna and

very difficult foes. We should also include the discovery

and demonstration of new problems, monitoring, academic

progress in understanding their ecology, physiology,

survival, host-parasite relationships, and development of

alternative technologies, entomopathogenic nematodes,

as well as progress in basic research keeping the country

at pace with the rest of the world. However, we can take

some pride in certain aspects, to cite a few:

i. Raising the status of Nematology as an independent

discipline of plant protection.

ii. Identification and documentation of the major

phytoparasitic nematode fauna and their distribution

in the country.

iii. Identification of major previously existing and recently

emerged nematode problems and hot spots in

important fields and horticultural crops.

iv. Near eradication of the ear-cockle and tundu diseases

of wheat due to Anguina tritici through awareness

and adoption of simple seed cleaning techniques.

v. Reduction in the severity and spread of the molya

disease of wheat and barley due to cereal cyst

nematode, Heterodera avenae through cultural

practices and cropping system changes.

vi. Nematode resistant tomato, potato, cowpea, wheat,

barley, tobacco and some other crops.

vii. Development of non-chemical nematode

management methods such as locally suitable tillage,

solarization, crop rotations, and organic amendments

for vegetable crops.

viii. Nematode management packages against

Meloidogyne graminicola and M. triticoryzae in

the rice-wheat cropping system.
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ix. Identification of nema-suppressive micro-organisms,

such as Bacillus subtilis, Gluconoacetobacter

sp., Pseudomonas fluorescens, Trichoderma,

harzianum, T. viride, Pochonia chlamydosporia

etc. and biocontrol agents Purpureocillium

lilacinum, Pasteuria penetrans etc. and

demonstration of their efficacy in multilocation trials.

x. Identification of nematode-resistant varieties in

tomato, cowpea, potato, wheat, barley etc.

xi. Understanding survival strategies of terrestrial and

multivoltine nematode species, through modified

hatching and moulting behaviour and anhydrobiosis.

xii. Identification, mass-culture, formulation and

demonstration of the efficacy of entomopathogenic

nematodes.

xiii. Manpower development and good quality

publications.

xiv. Established facilities for molecular biology research,

including gene editing for nematode resistance in

plants.

xv. Molecular identification of key nematode pest

species.

NEW AND EXPANDING NEMATODE
PROBLEMS – MORE THAN TEN HEADS OF

RAVANA

One thing that intrigues me most is the fact that

Nematology was given the status of independent

agricultural science in the 1960s when threats were

perceived to the wheat and barley production due to the

cereal cyst nematode, Heterodera avenae, and the

detection of the exotic potato cyst nematodes Globodera

spp. in some area of the Nilgiri hills. Root-knot nematodes

are already recognized to be causing damage to vegetables

and some commercial crops. Management methods

have been developed, and the seriousness of these

problems has been reduced.

Over the years, several even more serious problems

have emerged, or have come to the fore due to detection

by nematologists, for instance:

i. Root-knot nematodes, Meloidogyne graminicola,

including host range variants/races, in the rice-

wheat cropping system area in the Indo-Gangetic

belt as well as in the upland and irrigated rice crops

in most states.

ii. Root-knot, Meloidogyne spp. and reniform

nematodes, Rotylenchulus reniformis destroying

crops in protected cultivation, especially the

polyhouses.

iii. Guava wilt complex involving the root-knot nematode,

Meloidogyne enterolobii and fungal pathogens.

iv. Meloidogyne indica damaging citrus.

v. Potato cyst nematodes, Globodera rostochiensis

and G. pallida spread in the northern hilly regions in

the states of Jammu & Kashmir, Himachal Pradesh

and Uttarakhand, in addition to continued havoc in

the Nilgiri hills.

vi. Burrowing nematodes, Radopholus similis and root

lesion nematodes, Pratylenchus spp. in plantation

crops.

vii. Root-knot nematode damage in intensive annual and

perennial vegetables, fruits, ornamentals, spices and

medicinal plants.

viii. White-tip nematode, Aphelenchoides besseyi

damaging rice in some states, and even the commercial

crop of tuberose in West Bengal.

ix. Nematode damage to mushrooms due to Ditylenchus

spp. and Aphelenchoides spp. etc.

x. Increased severity of nematode damage in soils over

large areas with decreasing organic carbon, and

increasing abiotic stresses and climate change.
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Despite the demonstrated economic importance of

these problems, the desired level of flutter has not

occurred at the government level. The reason, to my

mind, could be that the country was facing acute food

shortages in the 1960s whereas today we boast of ‘food

self-sufficiency’ or even ‘food-surplus’.

I am sceptical that the so-called food self-sufficiency

or surplus may be a fragile phenomenon since the

population and its needs are continuously increasing,

climate change and stresses are getting more serious,

and monsoons are getting erratic in intensity and timing.

Abiotic and biotic stresses are increasing. Tackling

persistent problems such as nematodes is not possible in

the short term. Hence, there is no room for complacency.

The Government needs to extend greater and continuous

support and the nematologists need to be alert, active and

ready with practically and economically feasible eco-

friendly nematode management modules to fit into overall

integrated pest management packages for various crops

and cropping systems.

SPREAD OF NEMATODES FROM
NURSERIES - A CASE FOR INSPECTION

AND CERTIFICATION

We know that the active dispersal of nematodes is

rather slow, but they are passively spread far and wide

rather quickly. They go with infested soil, wind-blown

dust, water, seeds, seedlings and other plantings. We

know that the potato cyst nematodes have reached the

potato growing areas of north Indian hilly areas of

Jammu & Kashmir, Uttarakhand and Himachal Pradesh

most likely with the infested seed potato and debris, from

the Nilgiri hills of southern India. The local quarantine

regulations might have slowed, but could not prevent the

spread, all due to ignorance and neglect. The infested

plant nurseries transported over long distances intra- and

interstate have become the major means of spread of

serious nematode problems, including the root-knot,

reniform, root-lesion, burrowing and citrus nematodes.

Seedlings of field crops like rice spread M. graminicola.

The serious guava root-knot nematode, M. enterolobii

has spread to almost all states and threatening guava

orchards. Pomegranate and grapevine orchards have

similarly suffered due to M. incognita infected seedlings.

Root-knot nematodes spread through mulberry saplings

threaten the silk industry. Seedlings of roses and other

ornamentals have given a good ride to nematodes to new

heavens. The list can go on and on. Even the nematode-

infested soil used for hardening tissue culture-raised

seedlings has become a means of rapid and wide

dissemination of nematodes. There are simple methods

available for diagnosing the presence of nematodes as

well as for treating the nursery-beds and infested soils,

yet ignorance is rampant. Also, the business interests of

nursery owners come in the way. Ignorance among them

as well as among the recipient farmers are the major

reasons facilitating the spread of such problem

nematodes. This is also true for many other soil-borne

pests and pathogens. The country urgently needs a

mandatory inspection and certification mechanism to

prevent further spread of such serious problems.

PUBLICATIONS

Prior to 1971 the Indian scientists working on

nematodes in different disciplines were publishing in

Nematologica or various other national and international

scientific journals. The Nematological Society of India,

established in 1969, launched the Indian Journal of

Nematology in 1971. This provided a good platform to

publish research papers for the Indian nematologists who

were exhorted to raise the standards of this journal to

prefer their papers in it rather than publishing in foreign

journals. The number of subject-specific national and

international journals was limited and most nematologists

read almost every paper published in the subject.
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Over the period the faculty assessment and promotion

policies of the UGC and ICAR started giving greater

weightage to papers published in ‘foreign’ journals.

Gradually, the quality of most Indian journals began

falling. Then came the policy of evaluating research

papers based on citation indices. Many Indian journals

suffered, and greater sufferers were discipline-specific

journals, particularly of disciplines with small numbers of

scientists. Nematology is one such discipline; the number

of readers and citations also remained low. Hence, the

dilemma is whether to publish in our discipline-specific

journal like the Indian Journal of Nematology or to

publish in some other broader-based journals of popular

publishers, most of them big commercial houses. Further

came the onslaught of ‘paid journals’ or open-access

paid journals that demand big monetary payments for

publishing papers in their journals. Many scientists are

compelled to shell out money to publish. It is a pity that

publishers make business on the effort of authors who

should indeed be rewarded, rather than being asked to

pay for publishing their own work. Some institutions have

started providing financial assistance to publish in such

paid journals, but most do not.

FUNDAMENTAL OR APPLIED
NEMATOLOGY?

There has been another division in research within

agriculture disciplines, nematology no exception: The

scientists are (a) involved in fundamental and (b) applied

aspects. The fundamental research involved new

concepts and techniques, be it biochemistry, molecular

biology/biotechnology well supported by sophisticated,

expensive instrumentation systems. This looks

sophisticated. The applied research usually addressed

some location-specific problems and involved previously

known techniques. This looks traditional. Nematologists

in India have been largely engaged in applied research,

with only a few engaged in fundamental research. The

publications on fundamental research get published in

highly cited international journals compared to the papers

based on applied research. However, there is a clear

need to improve the standards of publications/research

papers to match those of the more reputed international

journals.

Another important group of publications is the

authored or edited text and reference books. Some

useful books have been published by nematologists such

as P.P. Reddy, D.S. Bhatti, G. Swarup, D.R. Gupta,

M.S. Jairajpuri, R.K. Walia, H.K. Bajaj, P.C. Trivedi,

Wasim Ahmed, M.R. Khan, N.G. Ravichandra, and a

few others. Some Indian nematologists have also

contributed chapters in several books published by reputed

foreign and Indian publishers. There is still much

dependence on many books by famous nematologists

published by CABI, Academic Press, CRC, Springer

etc. which are quite expensive to be afforded by individual

nematologists. Recently, a few open-access e-books, for

instance, ‘Integrated Nematode Management: State-

of-the-Art and Visions for the Future’ by R.A. Sikora,

J. Desaeger and L.P.G. Molendijk (2021) have come out

that can be easily accessible on the web to everyone

interested because its publication was sponsored by

Syngenta. The latest is ‘Nematode Problems in Crops

and their Management in South Asia’ edited by R.K.

Walia and M.R. Khan, published by Cambridge Scholars

Publishing. Many Indian and foreign nematologists have

contributed to it. Books are essential for students as well

as for teachers and practising nematologists. There is a

need for more high-quality books that may become easily

affordable or freely available everywhere as e-books.

Some books published by ICAR are available cheaply as

hard copies or as e-books on portals like Agrimoons.

There are commercial interests of publishers who need

to recover the cost of publication and make some

business. It may be a good idea if some funding bodies or

philanthropists come forward to sponsor the publication

of more open-access e-books in the interest of science

and the public at large.
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NEMATODE AWARENESS

The knowledge about nematodes, the problems caused

by them and the methods of their management are still

limited to only a fraction of the farmers. Even the

majority of the agricultural scientists engaged in teaching,

research and extension in various disciplines of agriculture

are hardly aware of various nematodes and their

identification or management. The nematologists have

been doing some extension work by themselves through

demonstrations/awareness meets and publications such

as booklets/bulletins in various local languages. Digital

content including databases and documentary video

films, e.g., Unseen Enemies (English) and Sutra krimi-

Chhipe Shatru (Hindi) produced by the author and

available free on YouTube, were also developed. More

digital content in local languages needs to be developed

for dissemination through the internet/social media.

Most of the subject-matter specialists engaged in the

approx. 730 Krishi Vigyan Kendras, and the departments

of agriculture in different states know little about

nematodes. The quarantine stations at the various ports

of entry rarely have experts trained about nematodes.

The reason is that only a passing reference, if all, is made

about nematology in the UG and PG programmes. Even

the single position of SMS-Plant Protection in KVK is

occupied by graduates in either Entomology or Plant

Pathology even if they have never studied sufficient

Nematology. Often, they do not consider nematology

graduates as eligible for the position of SMS-Plant

Protection in spite of the fact that nematology is a valid

branch of plant protection, and most of the nematology

students study entomology and/or plant pathology as

minor disciplines. Nematology graduates have been

facing difficulty in getting proper employment to be able

to use their expertise for the benefit of agriculture and the

nation. Many of them are compelled to take up irrelevant

avenues for employment. This anomaly has been waiting

for resolution for long.

VISION FOR THE FUTURE

Should nematodes concern only Nematologists?

Nematodes are going to gain greater importance in

future for their roles as (i) plant parasites causing crop

losses themselves and in association with other pathogens,

(ii) insect-parasitic/entomopathogens as potent biological

control agents, (iii) microbivorous nematodes playing

important role in ecosystem functioning, (iv) biological

models in ecological, biotechnological and pharmaceutical

research, (v) sources of genes for abiotic stress tolerance,

etc. Thus, nematodes will be important not only in

fundamental and applied nematology but also in

fundamental research in other biological disciplines.

Crop damage due to nematodes will further increase

due to the increasing abiotic stresses with changing

climate and the degradation of natural resources.

Reduction in crop yields and quality will attract greater

concern since more and better will have to be produced

from a lesser land area to address the needs of the

increasing population and changing expectations of

consumers. The latest crop improvement technologies,

molecular biology, computing and artificial intelligence

need to be employed in research on nematodes. At the

same time, the traditional farming and natural resource

management systems will remain important while

developing practical nematode management technology

and their integration, not replacement, with the new

technologies.

Crop improvement to incorporate nematode

resistance will not be possible by nematologists alone;

plant breeders and biotechnologists will have to join with

nematologists. Practically feasible and commercially

viable microbial biological control agents against plant

parasitic nematodes will be required. Safer nematicidal

molecules will be required but this will not be possible

without active collaboration with chemists and industry.
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Spread of nematodes: Wake up - it is already late!

The infested plant nurseries transported over long

distances intra and interstate have become the major

means of spreading serious nematode problems, including

the root-knot, reniform, root-lesion, burrowing and citrus

nematodes. Serious problems such as failures of guava

and pomegranate orchards are already alarming.

Nematologists have developed simple diagnostic methods

as well as nearly dependable disinfestation methods. The

country urgently needs a mandatory inspection and

certification mechanism to prevent further spread of

such serious problems.

Should nematologists understand only nematodes?

Nematologists will also need to expand and modify

their research to fit into the ‘One-Health’ system.

Incidentally, the majority of the nematode management

methods also help in reducing the intensity or damages

due to other soil-borne pests and pathogens, so it should

be easy to fit into a common scheme at the farmers’

level. Nematologists also need to focus on understanding

the fundamental aspects, such as taxonomy, mechanisms

of resistance, mode of action of botanicals, biopesticides,

bio-suppressants, survival mechanisms etc. Mere

application of certain products and reporting a reduction

in nematode populations and increases in yields will not

suffice.

Who and when should know nematodes?

Awareness of farmers and the public about

nematodes remains very poor still. More campaigns

using AV and digital mass media with specially developed

content will be necessary. A chapter on harmful and

useful nematodes relevant to agriculture, veterinary and

human health should be included in biology books at the

Secondary, and Senior Secondary School levels.

Introductory Nematology course will be necessary at the

UG level in all agriculture curricula, so that the graduates

may know about nematodes, recognize the problem and
find opportunities to tackle these or collaborate with
professional nematologists in future. Fundamental
research on nematodes should also be carried out in
various botanical and zoological programmes in non-
agricultural institutions. Even farmers must know the
basic detection techniques or should avail services of the
nematologists before they sow a crop or build a polyhouse
similar to a practice in vogue in the state of Haryana.

Nematodes are ideal biological models

Nematodes possess more easily understood organ
systems and metabolic processes that resemble to a
great extent those of higher animals. They have short life
cycles and are small, countable and culturable. There are
no ethical restrictions on killing them for research.
Therefore, they can be ideal biological models for various
kinds of biological research including those in
pharmacology and biotechnology. The work on genome
sequencing and understanding the functional roles of
genes responsible for pathogenicity, anhydrobiosis,
fecundity etc. can pave the way for developing novel
management methods. Recent work in Dr. Anil Sirohi’s
lab. on sequencing of Anguina tritici genome in relation
to the nematode’s anhydrobiotic capability is a step in this
direction.

Private support is necessary

There have been some contributions from the industry
especially in nematicide development, but nematology
has largely remained a domain of a small number of
public sector institutions. The sufferer due to nematodes
and the beneficiary of nematode management are the
farmers and the industry. There is an urgent need for a
Public-Private-Participation (PPP) for spreading
awareness, diagnosis, inspections and fundamental and
applied research. Participation is also necessary in
development and adoption of reliable resistant varieties,

biocontrol agents, EPNs and even in the production of

nematode-free planting materials.
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Nematodes understand soil health and climate
change better than we do!

The programmes on soil health may take into account

the role played by microbivorous nematodes in the

decomposition, nutrient dynamics and mineralization

processes. Nematode community structure can become

an important bioindicator of soil health. Nematode life

cycle, fecundity and survival are measurably influenced

by climatic variations at the local and regional levels and

such multi-regional measurements can make nematodes

reliable bioindicators of climate change at different

geographic scales.

Nematology will be even more important -
Nematologists need to beat their drums harder!

In view of the facts highlighted in the above

discussion, I foresee the greater importance of nematodes

and nematology in the times to come. Nematology will be

important in agriculture as various abiotic and soil-borne

biotic stresses will increase. Nematodes will also serve

as model organisms in various biological, pharmaceutical,

medical, and climate research and even in developing

pest management systems. Yet, due to the very nature

of nematodes, their habitats, effects and adaptations,

nematologists will continue to face the challenge of

convincing the public, policymakers, bureaucrats and

farmers of the importance of nematodes and nematology.

Nematologists will need to continue beating their drums

to make these hidden, voiceless and invisible enemies

uncovered, heard and seen. Then only we can suppress

these numerous and varied unseen foes or harness the

unseen friends amongst them.

A PERSONAL NOTE AND
ACKNOWLEDGEMENT

I was induced by Dr. Raman K. Walia, Dr. Matiyar

R. Khan and some other colleagues to write a non-

conventional review on The Journey of Nematology in

India: Perspectives, and My Vision. I have tried to

summarize the past and present scenario of nematology

in India, mainly recalling facts and events that I came

across during my journey over the past 53 years. My own

journey through nematology has taken me to all the steps

of the ladder on my career path, starting as an MSc

student on 21 September 1971, completing PhD in 1975,

joining ARS in 1976 to reach the higher levels of Principal

Scientist, Project Coordinator, Head of Division of

Nematology moving further as Dean & Joint Director,

ICAR-IARI and Vice-Chancellor, SVPUAT, further

moving on to two reputed private universities. At all

these steps and places, I have learnt, advocated for and

promoted nematology. The Nematological Society of

India too gave me opportunities to serve as General

Secretary, Vice President, President and Chief Editor,

all infusing more nematology into me. I would have

forgotten some events or skipped many for the sake of

brevity. The statements made may often have been in

accord of my personal views and/or my passion for

nematology, without any intention to undervalue anyone’s

contribution. I do solicit information on issues or facts I

might have omitted inadvertently and shall surely consider

the same if I ever have a chance to pen down again. I

express gratitude to all my eminent and inspiring teachers,

nematologists, collaborators and dear students who have

immensely contributed to the science of Nematology in

India. I have avoided listing references since it was not

possible to include the entire bibliography of nematology

that would be relevant here. I am critical but very

optimistic about a great future of fundamental as well as

applied Nematology in India.
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ABSTRACT: PCN was intercepted in north India in the farm area of ICAR-Central Potato Research Institute (CPRI), Himachal
Pradesh. CPRI being a nodal institution for the development of potato varieties/hybrids, a lot of germplasm and seed material   exchange
takes place between the institution and other Central/State Government agencies mandated to work on potato in the country. The
basic seed produced at the farms of CPRI is multiplied at different Govt. Potato Seed Multiplication Farms (GPSMFs) of States/UTs,
Departments of Agriculture Himachal Pradesh, Uttarakhand, and Jammu & Kashmir for further distribution to farmers in these and
other states of the country. Considering the present scenario on the distribution of PCN in the three hilly states/UTs of North India,
some general inferences can be drawn. (i) High populations of PCN were recorded at GPSMFs; this may be due to the continuous
cropping of potato in these farms. Circumstantial evidence reveals the nematodes must have been introduced long ago, but due to non-
specific above-ground symptoms and lack of awareness, they could not be detected earlier. (ii) GPSMFs may be contributing towards
the dissemination of PCNs to farmers’ fields, but the low populations in PCN-conducive areas could be due to discontinuous cultivation
of potato crop. (iii) Populations of PCN at lower altitudes (<2000 m AMSL) may be G. pallida, wherever full cysts were encountered.
The interception of empty cysts in such locations may be due to unfavourable temperatures for nematode development. The distribution
pattern of PCNs in the northern hilly States/UTs in India vis-à-vis south India (the Nilgiris) shows contrasting patterns. While in the
Nilgiris, most of the fields are infested, harbouring high cyst populations; the same is not valid in the north where such high populations
are witnessed mostly in the GPSMFs. This leads to the assumption that PCN might have been introduced to the northern hilly states
from the south much before the domestic quarantine regulations were enforced against them in 1971. However, independent and
multiple introductions of seed potato (and PCN) from Europe is not ruled out. More intensive surveys are warranted to map the area
for PCN completely. Further, similar geographies in the north-eastern parts of the country have not been surveyed so far for PCN
and should be undertaken on priority.
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Potato cyst nematode (PCN) includes two species

viz., Globodera rostochiensis and G. pallida. Since its

first interception in India in 1961 by Jones in the Nilgiri

hills of Tamil Nadu, a flurry of activity commenced.

These activities were governed by similar interceptions

in the Europe and USA. The area of infestation was very

small (around 4000 ha) and contiguous, therefore, efforts

were made to restrict the nematode to this geography

through the promulgation of domestic quarantine, besides

other measures. However, after a gap of about 50 years,

PCN was intercepted in a distant geography; this time in

north India. Consequently, a fresh spell of activity is

underway to tackle the further spread of this nematode.

A debate has been going on since then to understand the

current state of affairs regarding its distribution in India;

simultaneously, the development of management

strategies is also underway.

This article discusses the global dissemination pattern

of PCN, the present scenario in the Nilgiris, and an

update on how possibly PCN could have been introduced

in the north India hilly states in the backdrop of domestic

quarantine regulations.

GLOBAL DISSEMINATION

It is accepted globally that PCN originated in the

Andes mountains of south America (Primary distribution

center), the home place of its host i.e., potato. During
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1850s, PCN is believed to have been introduced into

Europe along with the breeding material brought from

Peru for developing resistant varieties against the late

blight of potato. Europe is considered as the secondary

distribution center since potato and PCN found their way

to many countries from there, including India (Fig. 1).

INTRODUCTION TO INDIA - SCENARIO IN
THE NILGIRIS

PCN was first intercepted in India in 1961 by F.G.W.

Jones from Vijayanagaram farm, The Nilgiri hills,

Ootacamund (Ooty), Tamil Nadu. It was revealed that

PCN was probably introduced from Britain since these

fields contained European weeds (Krishna Prasad, 1982).

Further surveys in the region earmarked locations (about

4000 ha) within the Nilgiris. Subsequently, PCN was also

intercepted in the adjoining Kodaikanal hills of Tamil

Nadu, besides adjoining areas of Kerala and Karnataka.

During 1964–65, an entire shipment of infected potato

seed materials from Scotland and The Netherlands was

destroyed. In October 1968, a Golden Nematode Scheme
jointly funded by ICAR and the Govt. of Tamil Nadu was
launched. Under the aegis of this project, large-scale
inspections of godowns and field-to-field surveys were
conducted to earmark the PCN-infested areas.

A massive effort was initiated to restrict/eradicate
PCN in the Nilgiris. In 1971, the Destructive Insect Pests
Act, 1914 was amended by the Tamil Nadu Govt.
Domestic quarantine was imposed in the Nilgiris whereby
marketing of seed potatoes out of the Nilgiris was
banned.  During 1971–75, the Indo-German Nilgiris
Development Project was rolled out. The project aimed
to eradicate PCN through a massive and heavy chemical
treatment that was made mandatory and free under TN

Pest Act 1971.

Indo-German Nilgiris development project (1971–
75)

Fensulfothion (Dasanit 10G) treatment was made

mandatory in the PCN-infested fields under the Tamil

Fig. 1. Global dissemination routes of potato cyst nematode



23

Potato cyst nematodes

Nadu Pest Act, 1971. Very heavy doses of the nematicide

were applied with an aim to eradicate PCN: first year -

30 kg a.i./ha, second year - 15 kg a.i./ha, and third year

- 7.5 kg a.i./ha (see Table 1 for more details).

Globodera pallida:  More prevalent (57%), generally

encountered at relatively lower altitudes (1550–

2100 m AMSL), three pathotypes (Pa1, Pa2, Pa3)

have been identified in the Nilgiris.

Means of spread and crop losses

Soil adhering to harvested tubers, farm implements,

labourers’ feet, gunny bags etc., seed potatoes, and

irrigation water are the major means of dissemination of

PCN. Yield loss of up to 15 per cent even without the

appearance of above-ground symptoms, and up to 90 per

cent in severe infections have been assessed in the

Nilgiris.

Current measures to manage PCNs in the Nilgiris

Enforcement of Domestic Quarantine against PCN,

crop rotations with non-solanaceous vegetables such as

beans/carrots etc., application of carbofuran @ 2 kg a.i./

ha in split application, growing resistant varieties (Kufri

Swarna, Kufri Neelima, Kufri Sahyadri), and seed

treatment with 2% NaOCl for 30 min, are being

recommended for the management of PCN in the Nilgiris.

INTERCEPTION IN NORTH INDIA

The occurrence of PCN in the north Indian hilly state

of Himachal Pradesh has been suspected since long, and

the first authentic report was published by Ganguly et al.

(2010) when they intercepted PCN from Potato Breeding

Farms of Central Potato Research Institute located in

Kufri, Shimla District of Himachal Pradesh. The potato

fields at Lister House Farm and Main Farms were found

to be heavily infested. Since then, AICRP (Nematodes)

has been conducting surveys in Himachal Pradesh,

Jammu & Kashmir, and Uttarakhand. Some startling

facts have emerged from these surveys; the details have

been published by Chandel et al. (2020). Interestingly,

the major hot spots of PCN prevalence were the state-

owned Government Potato Seed Multiplication Farms

Table 1. Quantities of nematicide used and area treated in the
Nilgiris during 1970–75

Year Area treated (ha) Dasanit 10G used (kg)

1970–71 1120 3,28,518

1971–72 1400 2,23,639

1972–73 1564 1,99,425

1973–74 1227 1,11,246

1974–75 1874 Figures NA

The other provisions of the project mandated that the

produce from the Nilgiris can be used for table purposes

only, and cannot be used as seed potato.

There has been a gradual decline in the area under

potato in the Nilgiris. From 10,000 ha in 1944–45, it

reduced to 7,000 ha in 1985–86, 3,800 ha in 2008–09, and

only 1,800 ha in 2014–15. Various reasons have been

attributed to this; the main reasons being the late blight of

potato and PCN, leading to the replacement of potato

areas with tea plantations and carrot mainly.

Species and pathotypes in the Nilgiris

Further studies on the biology and ecology of PCN

in the Nilgiris were mainly conducted by the regional

stations of the Central Potato Research Institute, and the

Tamil Nadu Agricultural University. In the Nilgiris, both

species of PCN are prevalent in mixed populations. The

current state of knowledge is summarized below.

Globodera rostochiensis: The yellow-coloured

females (vs white in G. pallida), a prevalence of 43

per cent, preferred altitude is >2100 m AMSL, and

three pathotypes (Ro1, Ro2, Ro5) have been

recorded out of five.
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Distribution and dissemination pattern of PCN in
north India

Consolidating the information on the distribution of

PCN in Himachal Pradesh, Uttarakhand, and Jammu &

Kashmir reveals an interesting but worrisome scenario.

The main epicentres apparently are Govt. farms, like

Central Potato Research Institute, followed by GPSPFs.

The consolidated map of the three states (Fig. 5) clearly

reveals the clusters of high populations (GPSPF) encircled

by low population locations (farmers’ fields). Several

such clusters highlight the dissemination pattern of PCN

(Fig. 6).

Fig. 4. First interception of PCN in Jammu & Kashmir at
Govt. Potato Seed Production Farm at Nathatop

Fig. 5. Distribution of dissemination pattern of PCN in
northern hilly states of India

Fig. 6. Dissemination pattern of PCN in northern hilly states
of India

To substantiate the dissemination pattern, it is
worthwhile to mention here that the ICAR-CPRI has a
well-established seed production system in which the
institute produces about 3000 tonnes of breeders’ seed
annually from about 521 ha farm area distributed over 15
units in the country at regional stations. The breeder’s
seed is supplied to the State Department of Agriculture/
Horticulture for further multiplication in three stages as
Foundation-I, Foundation-II, and Certified Seed.

The current scenario of PCN distribution in north
India is still incomplete and more rigorous surveys are
required to understand the situation holistically. There
are several high-altitude locations in north eastern states
having regional potato research stations that need to be
investigated. However, some distinct patterns of PCN
distribution have emerged in north and south India that

are highlighted in Table 2.
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Possible origins of PCN in north and south India

It is widely believed that PCN was introduced into

India (read south India) from Britain about 200 years ago

with contaminated potato seed material. This perception

gains weight from the type of weeds prevalent in the area

that are akin to the British weeds. The weed seeds also

must have been part of the consignment, besides PCN.

During British India, a lot of new plant introductions had

taken place that included tea plantations, ornamentals, as

well as potato, particularly among the hill stations within

India. It is logical to believe therefore, that PCN could

have been introduced into north India (Himachal Pradesh,

Shimla being the summer capital of British) from south

(The Nilgiri hills?) much before the domestic quarantine

regulations were enforced against them in 1971.

Homologies on the identity of populations from the two

geographies through molecular tools can throw light on

this.

Somvanshi (unpublished, pers. comm.) compared

the PCN populations from different locations in the three

north Indian states using microsatellite tools. They

concluded that all the populations from these geographies

are homologous, and therefore, might have the same

source of origin. The study, however, lacked population

from south India, and the question of homologies among

north and south India remains elusive.

However, specific mention is being made of an

article by Singh et al. (2019), “Seed potato (Solanum

tuberosum) production systems in India: A

chronological outlook”. This article reveals several

facts (presented in quotes) that can be correlated with

the introduction and dissemination of PCN in India. For

example,

“Potato was introduced in India for the first time in

the 17th century by the Portuguese merchants; it was

successfully established in gardens of Karnataka

and Surat by 1675”.

o However, considering the geography of these

places, PCN is unlikely to be established even if

it were introduced.

“Potato was introduced in the Shimla hills in 1828,

followed by its introduction in the Nilgiri hills in

1830”.

o This means both in the north and south India,

PCN might have been introduced simultaneously

but independently.

“1935, Potato Breeding Institute in Shimla and two

seed creation farms at Bhowali (Kumaon slopes,

UP, now Uttarakhand) and Kufri (Shimla Hills)

were established as part of Indian Agricultural

Research Institute, Delhi”.

o PCN might have been introduced in these farms

much before these were clubbed.

“Vasudeva and Azad (1952) surveyed the various

diseases affecting potatoes; Potato cyst nematode is

Table 2. Distribution pattern of PCN in North vs South India

North India South India

The geography of infested area is scattered over three states, The geography of infested area is more or less uniform and
the areas of infestation are discontinuous. clustered.

High populations of PCN are witnessed mostly in the GPSMFs. The area under potato has reduced considerably, due to
This may be due to monocropping of the mandated crop (potato). PCN problem partially, and replaced by other vegetables

like carrot.

Incidences in farmers’ fields are scanty and with low populations. In the Nilgiris, most of the farmers’ fields are infested
harbouring high cyst populations.
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restricted to Nilgiri hills of South India. It was first

detected in1961at Ootacamund and brisk execution

of isolate estimates confined its further spread to

other potato developing areas”.

o Lack of trained nematologist might have eluded

PCN during surveys in 1952.

“In 1946–47, 1072 mounds of seed potatoes of three

varieties- Arran Consue, Up-to-date and Kerrs pink

were distributed to local farmers”.

o Another potential introduction of PCN in north

India.

“The three units functioning independently were (i)

Potato Breeding Station, Shimla, (ii) Seed

Certification Station, Kufri, (iii) Potato Multiplication

Station, Bhowali were now converged into CPRI. It

has seven research stations situated at Jalandhar

(Punjab), Patna (Bihar), Modipuram (Uttar Pradesh),

Kufri (Himachal Pradesh), Gwalior (Madhya

Pradesh), Shillong (Meghalaya) and Ootacamund

(Tamil Nadu). Potato seed creation was confined to

high slopes till mid-1960s”.

o With the integration of three old farms, the

exchange of potato germplasm with the research

stations must be going on. PCN could be

introduced in stations located in plains but could

not establish because of unfavourable

environmental conditions, whereas it was

established in stations at high altitudes.

“The administration of Himachal Pradesh developed

a research scheme for producing disease-free seed

tubers. This venture effectively delivered clones of

‘Up-to-Date” which was imported from Northern

Ireland”.

o Another potential introduction of PCN in north

India.

GOVERNMENT INITIATIVES TO CONTAIN
PCN

The developments on the interceptions of PCN in the

northern hilly states of India led to several measures

initiated by the Ministry of Agriculture, Cooperation and

Farmers’ Welfare (DAC&FW), Govt. of India,

Horticulture Department of the respective states, and

Central Potato Research Institute. First and foremost,

the provisions of the Domestic quarantine against PCN

were extended to Himachal Pradesh, Uttarakhand, and

Jammu & Kashmir (besides Tamil Nadu), vide Gazette

notification dated October 12, 2018. However, in

consideration of the disease-free potato seed production

in hydroponic systems in these states and to facilitate

their movement to the plains, the ministry revised its

previous notification and issued a fresh order dated

November 2, 2018, restricting the movement of seed

potato from only the districts/farms infested with PCN to

the other states. However, in the latest development, the

restrictions on the movement of seed potato from these

states/districts/farms have been lifted (vide Gazette

notification dated March 6, 2024), subject to the fulfilment

of certain conditions. The details are reproduced in Fig.

7.

The DAC&FW constituted a committee of experts

to suggest measures to contain PCN in northern states.

The following recommendations were made by the

committee.

Short-term measures

Measures like fumigation to be taken at Central

Potato Research Institute (CPRI) and GPSMFs. In

this regard, the CPRI and State Government are to

prepare a proposal which, inter alia, includes infested

regions and their intensity. This proposal needs to be

submitted to the Directorate of Plant Protection,
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Fig. 7. Gazette notification by Govt. of India regarding withdrawal of restrictions on the
movement of potato seed in north India
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Quarantine and Storage (DPPQ&S). The DPPQ&S,

in turn, to conduct fumigation activities under their

supervision in the infested regions. In this regard, the

DPPQ&S will nominate a nodal officer and

communicate the same to all three states.

CPRI and GPSMFs to have facilities for washing

potato seeds thoroughly to get rid of PCN cysts.

The State Government is to provide samples to the

nearest Nematology unit of the Agricultural University

or CPRI for holistic analysis and mapping. In this

regard, the AICRP will share standard sampling

protocols with all three states.

With an aim to restrict the movement of potato

seeds, the Seeds Division (DAC&FW) issued

advisories to all three states, asking them not to

disseminate their potato seeds to other states.

Mid-term measures

CPRI to ensure an adequate quantity of Kufri

Swarna seed (PCN-resistant seed) to meet the

needs of the states.

CPRI to impart training to state agriculture

functionaries of the three states on PCN and measures

to curb it.

The State Government is to investigate the viability

of swapping potato farms with vegetable farms and

implement it accordingly.

Long-term measures

AICRP-N to undertake rigorous mapping of the

areas infested with the problem of PCN (including in

the northeast).

Label claims on newly registered nematicide to be

generated based on the efficacy studies.

CONCLUSION

The interception of PCN in north India has raised

many concerns, particularly the presence of very high

populations in the GPSMFs. Unknowingly though, but

this chain of dissemination of PCN is apparently very

worrisome. This needs to be addressed with all

seriousness. While the research organizations have

recommended suitable measures, the onus rests with the

implementing agencies, i.e., state govt. departments.

The latest notification of March 6, 2024, is contrary to the

earlier recommendations.
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INTRODUCTION

Conservation and management of natural resources

such as soil, water, and biodiversity, play a crucial role in

maintaining and sustaining the productivity of the

ecosystem, thereby contributing to the sustainable

advancement of humanity. In a pivotal study carried out

by the United Nations in 1991, it was estimated that

approximately 552 million ha of land, equivalent to 38 per

cent of the current cultivated area in the world, had been

experiencing varying degrees of degradation due to

agricultural mismanagement since World War II

(Gardner, 1998). While expanding acreage has been

effectively replaced by use of advanced technologies to

boost production, global agroecosystems are growing

more susceptible to the adverse impact of these

technologies on the environment (Wang and McSorley,

2005). Several advanced technologies influence the

ecological environment, contributing to environmental

degradation. These modern technologies result in various

consequences, including land degradation, soil erosion,

deforestation, air pollution, water pollution, and others,

subsequently impacting farming and farm produce

(Hossain et al., 2020; Abdel Rahman, 2023). These

issues have highlighted the importance of maintaining

soil health and ecosystem functions on a sustainable

basis. Due to the close interaction that biological organisms

have with their environment, there has been a lot of
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interest in developing bioindicators to assist monitor soil

health in recent years (Neilsen and Winding, 2002;

Brackin et al., 2017).

Soil contains an extensive array of organisms, with

differing functions, requirements, and life cycles, and in

which these organisms exist and interact. Out of an

estimated five million soil fungi species, only about

100,000 are currently known (Nielsen et al., 2016;

Hawksworth and Lücking, 2017). Similarly, despite an

estimated one billion species inhabiting soils, only 4,500

species of soil bacteria have been identified (Nielsen et

al., 2016). Moreover, out of the millions of estimated

nematode species, only around 30,000 nematode species

are currently known (Kiontke and Fitch, 2013). In 1914,

N.A. Cobb, the father of nematology, said, “In short, if all

the matter in the universe except the nematodes were

swept away, our world would still be dimly recognizable,

and if, as disembodied spirits, we could then investigate

it, we should find its mountains, hills, valleys, rivers, lakes,

and oceans represented by a thin film of nematodes”. In

simpler terms, nematodes exhibit remarkable diversity,

inhabiting a multitude of environments. They can be

found virtually everywhere: from your backyard to

forests, from deserts to arctic ice, from hot water springs

to the deep sea sediments devoid of oxygen. Evaluating

soil health involves examining physical, chemical, and

biological parameters. Biological indicators include

microorganisms, protozoa, and metazoa. Nematodes,

belonging to the metazoan kingdom, are particularly

prevalent, and their reactions to pollutants and

environmental disturbances demonstrate notable diversity;

hence, they serve as one of the important indicators for

the assessment of soil health.

ROLE OF NEMATODES IN SOIL HEALTH

The ability of soil to work within ecosystem boundries

in order to support biological productivity, preserve

environmental quality, and advance the health of plants

and animals is known as soil health (Doran and Zeiss,

2000; Somasekhar and Prasad, 2012). Therefore, healthy

soil must facilitate essential life processes within its

ecosystem. These processes include regulating

decomposition and nutrient cycling, providing nutrients

and stability for plant growth, sustaining optimal moisture

levels, pH balance, and other soil characteristics, fostering

soil food web dynamics and energy flow, preserving

microbial diversity, mitigating pollutants, and controlling

plant pathogens and pests.

Soil nematodes are a diverse group of microscopic

roundworms inhabiting soil environments and play a vital

role in maintaining soil health. They are recognized as the

most abundant and widespread multicellular organisms

within soil ecosystems. One square meter of soil may

contain over 30 billion nematodes (Sohlenius et al.,

1977). Nematode communities within soil comprise a

diverse array of trophic and ecological groups, each

contributing significantly to essential soil ecosystem

functions. Unlike other organisms, nematodes exhibit

functionality across multiple trophic levels, serving as

primary consumers (plant parasites), secondary

consumers (bacterivores and fungivores), and tertiary

consumers (animal parasites, omnivores, and predators).

Plant parasitic nematodes (PPNs) are of economic

importance in agricultural ecosystems because of their

ability to damage plants (Sasser and Freckman, 1987).

Nematodes cause an average of 12.3 per cent losses

annually in 40 major crops at a global level, which

accounts for a monetary loss of about US$ 80–118 billion

per year (Sasser and Freckman, 1987; Nicol et al.,

2011). PPNs possess a specialized needle-like structure

called a stylet through which they extract plant sap,

thereby inflicting damage on the plants. Certain nematode

species function as ectoparasites, occasionally feeding

on plant roots, while others establish long and intimate

relationships with their host plants. In some nematode

species, the life cycle is fully synchronized with that of
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contribute to enhancing decomposition rates by favouring

the growth of active microbial communities.

Predatory nematodes are a group of nematodes that

actively hunt and feed on other organisms, primarily

other nematodes, but also including small invertebrates

like protozoa, and rotifers (Esser, 1987; Khan and Kim

2007; Kanwar et al., 2021). In both traditional and

integrated agricultural systems, bacterivorous and

predatory nematodes are estimated to contribute around

8 and 19 percent of nitrogen mineralization in field

situations (Beare, 1997). In soil ecosystems, the nitrogen

mineralization contribution from bacterivorous nematodes

is substantial as compared to the bacteria. This is attributed

to the higher carbon-to-nitrogen (C: N) ratio (8:12) and

lower nitrogen content of nematodes, along with their

smaller growth efficiency (less than 25%) compared to

bacteria (with a C: N ratio of 3:4 and growth efficiency

exceeding 30%. Consequently, most of the absorbed

carbon and nitrogen from bacteria are excreted by

nematodes (Wasilewska and Bienkowski, 1985; Hunt et

al., 1987). Furthermore, it has been discovered that the

abundance of free-living nematodes, especially

bacterivorous ones, correlates with the levels of various

other soil minerals in fallow fields, indicating the possibility

that nematodes may mineralize a variety of soil nutrients

(Wang et al., 2004).

In most agroecosystems, decomposers (bacterivores

and fungivores) and herbivores constitute the dominant

trophic groups, leading to two major pathways of energy

flow through the soil nematode community. Herbivorous

nematodes act as primary consumers, directly extracting

energy from plants. Conversely, the energy flow from

plants to nematode decomposers occurs indirectly. This

is because bacterial and fungal-feeding nematodes do

not directly consume the organic matter but instead feed

on the bacteria and fungi responsible for breaking down

of organic matter in soil. Understanding the structure and

function of nematode communities, as well as their

their plant hosts. Besides directly impacting crop yields,

PPNs also contribute significantly to disease complexes

involving other pathogens (Back et al., 2002).

Entomopathogenic nematodes (EPNs) or insect parasitic

nematodes that feed on insects are considered beneficial

to the farmers. They play a crucial role in the biological

suppression of insect pests that afflict crops, consequently

decreasing reliance on harmful pesticides (Somasekhar,

2009; Koppenhöfer et al, 2020). By consuming microbial

grazing nematodes, predatory nematodes also regulate

nitrogen mineralization in the soil (Wardle and Yeates,

1993).

Although bacteria and fungi are the principal

decomposers, microbivorous nematodes play an important

role in the decomposition of organic matter, as well as

nitrogen (N) and carbon (C) mineralization in soil, both

directly and indirectly. Nematodes play a crucial role in

the energy route from primary production and detritus to

higher trophic groups (Ingham et al., 1985; Freckman,

1988; Ferris et al., 1998). It has been demonstrated that

nematodes directly contribute to nitrogen mineralization

and the distribution of biomass in plants. (Ferris et al.,

1998; Trofymow and Coleman, 1982). Plants do better in

soils that contain nematode grazers for bacteria, fungi,

and other microorganisms than in soils with simpler soil

food webs (Ingham et al., 1985). When microbivorous

nematodes graze on bacteria and fungi, they release

CO
2
, NH

4
, and other nitrogenous compounds, thereby

directly affecting C and N mineralization (Ingham et al.,

1985). Nematodes indirectly aid in nitrogen mineralization

through several mechanisms: they graze on decomposer

microbes, distribute microbial propagules in the soil

(Freckman, 1988), consequently, enhance the substrate

colonization and nutrient mineralization; they excrete

ammonium and other metabolites that potentially stimulate

specific bacterial growth, and they immobilize nitrogen in

live biomass (Ingham et al., 1985; Beare, 1997; Ferris et

al., 1998). Bacterivorous and fungivorous nematodes
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impact on plant productivity, is crucial for monitoring and

managing soil health in agroecosystems. This knowledge

is particularly vital for enhancing the profitability of

organic farming systems, which rely entirely on biological

resources and the regulation of pests and diseases

through ecological processes.

BIOINDICATORS OF SOIL HEALTH

Neher et al. (1995) suggested criteria for successful

bioindicators for soil health. An ideal indicator organism

or group of organisms should not only reflect the current

state of ecological process structure and function but

also exhibit responsiveness to changes in soil conditions

resulting from human activities. In the context of large-

scale regional and national level monitoring programmes,

these indicator organisms should meet several additional

criteria. They should be appropriate to all geographical

locations, soils, seasons, and vegetation. Additionally,

there should be sufficient taxonomic knowledge available

to accurately and efficiently identify these indicator

organisms. Furthermore, for practical purposes, the cost

of collecting and storing samples should be minimal, and

sample processing should be relatively easy, rapid, and

not require frequent sampling. In line with these criteria,

Kennedy and Jacoby (1999) introduced a six-component

framework to assess an organism’s suitability as a

bioindicator, later simplified by Holt and Miller (2010)

into four components: 1) Demonstrated indicator capacity:

Reflecting responses representative of ecosystem

elements. 2) Abundance and prevalence: Prevalent in

undisturbed regions and commonly found. 3) Extensively

researched: Easily and inexpensively studied. 4) Economic

or commercial significance.

The utilization of microbial communities as indicators

of soil health encounter inherent logistical challenges and

limitations, including transient shifts in populations and

diurnal fluctuations in microbial activity. Furthermore,

there are difficulties in identifying all bacteria and fungi

species in samples, particularly the free-living species. A
wide variety of organisms can be found in soil ecosystems,
such as mesofauna (arthropods and nematodes),
microfauna (protozoa, nematodes), and microbes (fungi,
bacteria, and algae). Microbial communities play an
important role in ecological processes such as nutrient
cycling and can respond to soil environmental disturbances
such as heavy metal contamination (Nannipieri et al.,
1990) and pesticide use (Visser and Parkinson, 1992).
Compared to soil microbes, soil fauna possesses
advantages as bioindicators. As they occupy higher
trophic levels in the food chain, they integrate biological,
physical, and chemical properties associated with food
sources. Relatively longer generation times of these
organisms ranging from days to years, contribute to
temporal stability, contrasting with the fluctuating
populations of metabolically active microbes, which often
respond to ephemeral nutrient flushes in soil (Nannipieri
et al., 1990). Among mesofauna, three groups, namely
nematodes (Bongers, 1990), collembola (Frampton, 1997),
and mites (Ruf, 1998), have been considered as potential
biological indicators. Nematodes, in particular, have
undergone extensive evaluation for their applicability as
indicators in both natural and managed ecosystems due
to their significant roles in ecosystem processes and
services. Additionally, more comprehensive taxonomic
and functional information exists for nematodes compared

to other mesofauna groups.

THE IMPORTANCE OF NEMATODES AS
BIOINDICATORS

Nematodes have multiple traits that make them

useful ecological indicators.:

1. Ubiquity and abundance: Nematodes are ubiquitous

and abundant in soil environments, making them

readily available for sampling throughout the year in

most ecosystems. This characteristic makes them

suitable for both local and large-scale regional

monitoring efforts (Neher et al., 1995).
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2. Ease of sampling: The relatively small size and

high abundance of nematodes simplify sampling and

extraction processes, resulting in lower costs

compared to other soil fauna.

3. Functional diversity: Soil nematodes encompass

a variety of functional or trophic groups, exhibiting

different life history characteristics, such as

colonizers and persisters (Bongers, 1990).

4. Central role in soil food-web: Nematodes are

found in many trophic levels and hold a vital place in

the detritus food web. They belong to functional

guilds of which all members exhibit similar responses

to nutrient enrichment and disturbances in the soil

environment (Ferris et al., 2001).

5. Morphological differences: The structure and

function of nematodes are strongly correlated. This

allows for easy separation of trophic or functional

groups based on morphological structures associated

with their various feeding modes (Yeates et al.,

1993).

6. Sensitivity to environmental disturbances:
Nematodes exhibit varying degrees of sensitivity to

direct and indirect physical, chemical, and biological

disturbances in soil ecosystems. Some species form

resistant stages, such as cysts or anhydrobiotic

stages, enabling them to survive unfavourable

conditions, while others without such stages are

more sensitive to environmental disturbances (Fiscus

and Neher, 2002).

7. Biomarker potential: Nematodes have heat shock

proteins, which are activated when exposed to

stressors such as heat, metal ions, or organic toxins.

These proteins may serve as biomarkers for

ecotoxicological assessment of soils (Kammenga et

al., 1998).

8. Taxonomic knowledge and analytical methods:
The availability of taxonomic knowledge and

successful methods for sampling, analysis,

computation, and interpretation of indices are more

developed for nematodes compared to other soil

fauna.

9. Influence on soil function: The composition of the

nematode community has an impact on soil function

that is related to agricultural productivity and

sustainability. Nematode maturity indices reflect

successional changes in nematode communities in

response to anthropogenic disturbances (Wasilewska,

1995).

USE OF NEMATODE BIOTIC INDICES TO
ASSESS SOIL HEALTH AND ECOSYSTEM

DISTURBANCE

A variety of statistical and graphical methods and

indices have been used to describe changes in the

environment using nematodes. Ecological indices derived

from nematode community analysis serve as valuable

indicators for assessing disturbances in the soil

ecosystems and the status of the soil food web.

Nematodes have been utilized for biomonitoring of aquatic

systems since the early 1970s. For instance, the free-

living nematode Panagrellus redivivus has been

employed to assess the toxic effects of approximately

400  individual  chemicals  (Samoiloff, 1987). Subsequently,

the nematode-to-copepod ratio gained popularity for

monitoring the condition of aquatic ecosystems. Generally,

nematodes exhibit lower sensitivity to environmental

pollution compared to copepods. Thus, a high nematode-

to-copepod ratio suggests pollution, such as oil spills,

sewage, and organic enrichment (Raffaelli and Mason,

1981). Research on utilizing nematodes as bioindicators

for monitoring terrestrial ecosystems began in the 1980s.

Simple indices based on the abundance, and frequency,

of nematodes by trophic groups were proposed initially.

Later, more sophisticated indices that can withstand

rigorous statistical methods were employed (Table 1).
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Table 1. Nematode biotic indices used for monitoring soil health and ecosystem disturbance

Index Interpretation Reference

Species/Community measurers

Abundance Indicates population density of a species/taxa. Heip et al., 1988

Species richness Number of species/taxa. Heip et al., 1988

Trophic structure Describes the abundance of different trophic groups in the Heip et al., 1988
nematode community.

Diversity indices

Shannon diversity index (H') This diversity index gives more weight to rare species. Shannon and Weaver, 1949
The higher the index value, the greater the diversity.

Simpson’s Dominance Index (λ) This diversity index gives greater weight to common species. Simpson, 1949
A higher value denotes lower diversity.

Trophic Diversity (T) Index Describes the diversity of trophic groups within the Freckman and Ettema,1993
nematode community.

Similarity index Describes the similarities between nematode communities Topham et al., 1991
in two different ecosystems.

Maturity indices

Maturity index (MI) The nematode Maturity index is computed using only free- Bongers, 1990
living nematodes. Indicates environmental disturbance
resulting from Perturbations. A lower index indicates
disturbance (Range 1–5).

Plant parasite index (PPI) The Nematode Maturity index is computed using only plant Bongers, 1990
parasitic nematodes. A low value indicates the dominance
of small and medium-sized ectoparasites and a higher index
value indicates the dominance of medium/large-sized semi/
endo parasitic/virus-transmitting nematodes (Range: 2–5).

Σ MI Combined maturity index for free-living and plant parasitic Yeates, 1994
nematodes in a sample. Low index value (<2.0) indicates the
presence of high amounts of nutrients and low plant-parasitic
nematode pressure (Range: 1–5).

PPI/MI The PPI/MI ratio is lower in nutrient-deficient situations than Bongers et al., 1995
in nutrient-rich conditions. It is a measure of enrichment in
agroecosystems.

Enrichment and Structure indices

Enrichment index (EI) Indicates the food availability and nutrient enrichment. Low Ferris et al., 2001
(0–30), middle (30–60), and high (60–100) values represent
similar levels of food availability and nutritional enrichment
(Range: 0–100).

Structure index (SI) Indicates the soil food web structure and complexity, as well Ferris et al., 2001
as disturbance due to environmental or anthropogenic
causalities. The structure index characterizes a soil ecosystem
as structured (high SI) or disturbed (low SI) (Range: 0–100).
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Index Interpretation Reference

Basal index (BI) Reflects the complexity and organization of the food web Ferris et al., 2001
structure. High (60–100) and low (0–30) values denote
corresponding degrees of soil disturbance. Increased values
(>50) reflect a degraded and disturbed soil food web
(Range: 0–100).

Channel index (CI) It describes the dominant decomposition channels in a food Ferris et al., 2001
web. Increased dominance of bacteria in decomposition is
indicated by lower values (<50), whereas an increase in the
dominance of fungus in decomposition is shown by higher
values (>50) (Range: 0–100).

Metabolic footprint (MF) Estimates nematode contribution to a range of ecosystem Ferris, 2010
services and functions. The higher MF values signify
enhanced carbon channeling, leading to an augmented role
in supporting soil ecosystem functions and services
(Range: 0–infinite).

A significant advancement in nematode community

analyses occurred with the introduction of the colonizer-

persister (c-p) continuum, ranging from 1 to 5, which

classifies nematode families based on their life history

traits. This classification system was accompanied by

the development of the Maturity Index (MI) by Bongers

in 1990. Nematodes with a c-p value of 1 typically exhibit

small body size, a short lifespan, high fecundity, and

resilience to environmental disturbances. They thrive in

enriched environments and form dauer larvae as microbial

blooms subside. Conversely, nematodes with c-p values

of 5 tend to have a larger body size, longer lifespan, lower

fecundity and are highly sensitive to disturbances. They

do not form dauer stages and are predominantly omnivores

or predators (Bongers, 1990). Taxa within the same c-p

classes respond similarly to disturbances. The MI,

determined as the weighted mean frequency of the c-p

scaling throughout the whole nematode community,

presents a representation of the nematode community

and also the state of the soil environment (Bongers, 1990;

Yeates, 1994; Neher and Campbell, 1996). Nematode

MIs have been widely utilized to monitor changes in

natural as well as managed ecosystems caused by

various factors (Bongers et al., 1991; Ettema and

Bongers, 1993; Freckman and Ettema 1993; Ferris et al.,

1996; Neher and Campbell, 1996; Somasekhar et al.,

2002). Neher (2001) provided a comprehensive review

of different types of MIs and their responses to various

disturbances.

A notable advancement in utilizing nematodes as

bioindicators is the development of the concept of

nematode functional guilds, which combines nematode

feeding groups with the c-p scaling into functional guilds

(Ferris et al., 2001). This concept has enhanced nematode

community analysis, transforming it into a more potent

tool for assessing soil health and food web conditions.

Ferris et al. (2001) utilized functional guilds to calculate

three key indices: the enrichment index (EI), structure

index (SI), and channel index (CI). The enrichment index

(EI) is derived from the predicted responsiveness of

opportunistic guilds (such as bacterivores with c-p = 1 or

Ba1) to food enrichment.  Therefore, EI indicates whether

a soil ecosystem is nutrient-enriched or depleted. On the

other hand, the structure index (SI) aggregates functional

guilds with c-p values ranging from 3 to 5. SI indicates

whether a soil ecosystem is structured or disturbed. The

channel index (CI), measured as the percentage of

fungivores among all fungivores and opportunistic

bacterivores, indicates the primary decomposition



37

Nematode biotic indices

channels in a food web. These indices offer more

comprehensive insights than analyses focused solely on

biomass, diversity, or plant parasitic species. They

combine both qualitative and quantitative information

about the soil ecosystems (Bongers, 1990; Ferris and

Motute, 2003).

It is established that nematodes belonging to specific

functional guilds occupy degraded soils. These guilds

constitute a basal community (Ferris et al., 2001; Ferris

and Matute, 2003). The nematode community reacts to

the physical and chemical characteristics of the soil

above this basal community. These indices have been

widely utilized to evaluate soil health in managed and

natural ecosystems across diverse geographical regions

(Bongers, 1990; Ferris et al., 2001; Berkelmans et al.,

2003; Hohberg, 2003; Stirling et al., 2004). Various types

of biotic indices based on nematode analyses used in

evaluating soil health and their interpretations are

summarized in Table 1.

METABOLIC FOOTPRINTS OF NEMATODES
WITHIN THE SOIL FOOD WEB

The metabolic footprint estimates the contribution of

nematodes to various ecosystem services and activities

(Ferris et al., 2010). The main resources that regulate the

size and activity of the food web are carbon and energy.

Nematodes not only use carbon to produce their bodies

and eggs, but they also have size-dependent metabolic

costs (Klekowski et al., 1974; Ferris et al., 1996).

Metabolic footprint assessment is used to calculate the

biomass and metabolic activity linked to each attribute of

the food web.  It comprises both production and respiration

components (Ferris et al., 2010). The production

component takes into account the cumulative carbon

allocated to growth and egg production during the lifespan,

while the respiration component considers the utilization

of carbon in metabolic activities. Metabolic footprints of

nematode assemblages offer metrics for assessing the

ecosystem services carried out by individual functional

guilds.

INTEGRATING NEMATODE
COMMUNITIES WITH OTHER SOIL

BIOLOGICAL HEALTH INDICATORS

The ability of the physical, chemical, and biological

components of the soil to support plant productivity,

preserve animal health, and enhance the quality of the air

and water is known as soil health (Doran and Zeiss,

2000). A healthy soil ecosystem thrives on beneficial soil

components that support biological productivity and

provide essential ecosystem services. Bio-indicators of

soil health are quantifiable characteristics that delineate

the living components within the soil. They have the

potential to serve as metrics for assessing soil functionality

across diverse ecological conditions (Bhaduri et al.,

2022). Among the crucial bio-indicators for soil health

are microbial biomass, respiration, enzymatic activity,

molecular gene markers, microbial metabolic chemicals,

and microbial community (Bhaduri et al., 2022). Indicators

and soil health outcomes often do not significantly correlate

in the field of soil biological health (Sprunger et al., 2024).

Exploratory factor analysis (EFA) is an empirical approach

to quantifying the underlying soil health characteristics

(Zhang et al., 2018). Quantitative analyses based on

EFA can then be connected to soil health outcomes and

ecosystem processes (Wade et al., 2020). Utilizing EFA,

Martin et al. (2022) showed that some of the soil bio-

indicators, such as soil mineralizable carbon (C),

permanganate oxidizable carbon (POXC), soil protein,

and enzyme activity can be integrated with the nematode

feeding groups. They demonstrated how the nematode

feeding groups may be easily integrated into the soil

health framework for future soil health assessments.
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MOLECULAR TOOLS FOR BETTER
EFFICIENCY

Traditional studies of soil nematode communities

require the identification of 100–200 nematodes based

on morphological features and extrapolating them to the

total number of live nematodes recovered from a 100 g

representative soil sample. Due to constraints in

morphological identification and the larger objectives of

functional ecology analyses, traditional assessments

typically focus on identifying nematodes only up to the

family or genus level. Molecular and high-throughput

tools are facilitating swift identification and quantification,

extending the analysis of nematode communities up to

the species level. This advancement enhances our

comprehension of intricate plant-soil interactions

(Mathesius and Costa, 2021; Sikder et al., 2021). Several

researchers have recently successfully utilized DNA-

metabarcoding to characterize nematode communities

and to assess soil health (Waeyenberge et al., 2019;

Schenk et al., 2020a; Schenk et al., 2020b; Bell et al.,

2021).

COMPUTATION OF NEMATODE BIOTIC
INDICES

Individual researchers have developed numerous

quantitative analyses for nematode communities that

have been devised and employed in biological monitoring

initiatives. However, the computation of these metrics is

intricate. Manual calculations using spreadsheet software

are time-consuming and typically demand a substantial

learning process. Sieriebriennikov et al. (2014) developed

‘NINJA’, an automated system for calculating nematode-

biotic indices. ‘NINJA’ code is written in R language and

is designed to perform these complex calculations

efficiently. This code is compiled into HTML format and

made available online. Importantly, it is accessible to all

users at no cost and features a user-friendly interface.

Utilizing ‘NINJA’ merely requires a table comprising

taxonomic inventory data, and it generates output within

a few seconds. Notably, this tool offers the calculation of

40  metrics commonly utilized in nematode-based

biological monitoring.

CONCLUSION

Nematodes, being the most ubiquitous and abundant

multicellular organisms in soil, play a pivotal role in soil

food webs, influencing important ecosystem functions

such as nitrogen cycling and plant growth. Consequently,

the structure of soil nematode communities harbour

significant informational value. Due to their numerous

attributes, nematodes serve as valuable ecological

indicators for assessing soil health and monitoring

ecosystem disturbances. Biotic indices based on

nematodes have proven effective in evaluating soil health

in both managed and natural ecosystems across diverse

geographic regions. However, a primary challenge in

utilizing nematodes as bioindicators is the difficulty in

species-level identification and the scarcity of taxonomic

experts in many places. However, this challenge could

be addressed by employing trophic group categorizations

and functional guilds, which necessitate only basic

taxonomic knowledge. The molecular and high-throughput

metabarcoding tools can also aid in identifying nematodes

at the species level, particularly in situations where

taxonomic experts are unavailable.

In the past, various nematode species and indices

were utilized to assess soil health. However, there is a

pressing need to develop a single, robust nematode-

based index using one or a few cosmopolitan nematode

species. This advancement would significantly enhance

the utilization of nematodes in biomonitoring of soil

health. There is significant potential for developing or

integrating nematode indices with pressing contemporary

issues like climate change, plastic waste, and electronic

waste. Nematodes have heat shock proteins, which are

activated when exposed to stressors such as heat, metal
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ions, or organic toxins. These proteins could be used as

bioindicators to detect toxicants in soil.  Achieving these

goals requires improved and more robust international

collaboration among renowned institutions and laboratories

working in this field.

Utilizing nematodes as bioindicators integrates both

biotic and abiotic factors, offering insights into the function

and structure of soil ecosystems. In India, the predominant

focus of nematology research lies in managing plant

parasitic nematodes, which contribute to crop losses.

However, investigations regarding the application of

nematode biotic indices for evaluating soil health are

scarce. Hence, there is a pressing need to enhance

research efforts in this crucial domain. Nematode

community analysis serves as a potent tool that, when

combined with traditional physical and chemical

assessments of soil, enables a comprehensive

understanding of how management practices impact soil

health across diverse agro-climatic zones.
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Globally, the area under protected cultivation is 5.63
million ha, with China leading, followed by Spain, South
Korea and Turkey (Hickman, 2019). In India, the area
under polyhouse cultivation has been increasing since
2005 after the National Horticulture Mission enacted the
promotion of polyhouses and greenhouses in the country
and is presently close to 110,000 ha (Table 1).

The most common crops cultivated in polyhouses
include vegetables; mainly, tomato, cucumber, capsicums,
green beans, beetroot, eggplant, lettuce, sweet peas,
chilli, okra, spinach, spring onion, cabbage and Chinese
leek. Among fruits strawberries, muskmelon, watermelon
and grapes; and among ornamentals anthuriums,
carnations, gerberas, gladioli, roses, chrysanthemums
and orchids are common (Singh, 2016). In terms of fruit

Table 1. Area under polyhouse cultivation in India

Year Area (ha)

2005–06 451.82

2006–07 440.47

2007–08 4796.55

2008–09 7086.81

2009–10 –

2010–11 5536.47

2011–12  30,000

2013–23 110,000

Support from NHB, NHM & RKVY

and vegetable crops under protected cultivation, India
ranks seventh in the world with 25,000 hectares while
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China ranks first with 2,76,000 hectares (Patnaik and

Mohanty, 2021).

Cultivation in polyhouses reduces the abiotic stress

of temperature and moisture fluctuations seen in open

fields and optimises profits. It enhances the yield and
profit per unit area substantially (Table 2). However,
there is a build-up of soil-borne pests and pathogens,
especially nematodes due to - a) continuous availability
of food, b) favourable temperature and moisture, c)

Table 2. Cost-benefit ratio of vegetable crops under polyhouse cultivation

Crop Variety Spacing Crop Total              Estimated Sale Cost of Total Net
(cm) duration Production          Price (Rs/kg) cultivation income profit

(months) (kg/1000 m2) Farmer Market (Rs)* (Rs)* (Rs)*

Gherkin DG-6 50 × 50 4 2300 30 50-60 25500 69000 43500

Cherry tomato Cherry Red 60 ×50 4 2000 30 80-100 26250 60000 33750
Cherry Yellow

Bitter gourd Gynoecious 60 × 50 4 2000 25 50-60 26250 50000 23750

Cucumber Parthenocarpic 50 × 50 4 2000 25 40-50 25500 62500 37000

*Second year onwards profit: Gherkin: Rs.59,000; Cherry tomato: Rs.50,000; Bitter gourd: Rs.40,000; Cucumber: Rs.52,500.
The crops were raised for 4–5 months duration under polyhouses. However, with the same structure other crops can also be grown
by utilizing different types of cladding material like shade net etc. (Source: Division of Vegetable Science, IARI, New Delhi, India)

Fig. 1. Meloidogyne incognita infestation in different crops in polyhouse
Top left: Symptomless plants in September, Top middle: Galling observed in March, Top right: Roots of muskmelon, Bottom left:
Adult females in 1 cm tomato roots, Bottom middle: Predisposition to Fusarium in tomato, Bottom right: Nematode problem in gerbera
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narrow genetic diversity with little or no crop rotation, d)

optimum growth inputs, and e) little or no natural enemies.

Among the nematode pests, the root-knot nematode

(Meloidogyne incognita and M. javanica), reniform

(Rotylenchulus reniformis) and Pratylenchus spp. are

the most common (Fig. 1). These nematodes once

introduced, multiply to densities much above the economic

threshold levels due to completion of several life cycles

in a crop season. The number of infective juveniles of M.

incognita and M. javanica in the soil may range from

1–3 J2/cc soil at pre-plant to up to 80 J2/cc soil at crop

maturity (Kamra et al., unpublished). Root galls gradually

increase in numbers and size and are predisposed to

fungal pathogens like Rhizoctonia solani, Fusarium

oxysporum, Macrophomina, Thielaviopsis etc.; and

bacterial wilt pathogen, Ralstonia solanacearum. The

yield losses in tomato and cucumber range from 25–100

per cent.

The various management options include prophylactic

and therapeutic.

PROPHYLACTIC MEASURES

It is essential to examine the soil and nursery before

planting for the presence of the nematodes and adopt

therapeutic measures if required. The seedlings should

be carefully examined by a nematologist; as once seedlings

from infected nursery are transplanted in the main field,

it becomes difficult to manage. In Haryana, a certification

for nematode-free soil is essential before constructing a

new polyhouse (Sabir and Walia, 2017).

Secondly, periodic dehumidification by venting or the

use of fine meshes on the side walls of constructed

structures reduces the relative humidity inside a polyhouse

and abates the risk of foliar pathogens. The poorly

drained zones if prevalent inside a polyhouse can be

treated using straw mulches near the root zone (Bruce et

al., 2019).

Thirdly, periodic removal of weeds (either

mechanically or by herbicide spraying) is essential because

several weeds, belonging to families Amaranthaceae,

Chenopodiaceae, Asteraceae, Malvaceae, Poaceae, and

Polygonaceae, act as excellent hosts for nematode

perpetuation in polyhouses.

THERAPEUTIC MEASURES

A list of various chemical and non-chemical methods

adopted in polyhouse crops in different countries is

available in Phani et al. (2021).

Chemical nematicides

Various chemical fumigant nematicides like methyl

bromide, metham sodium, 1,3 dichloropropene and

chloropicrin, and non fumigants like carbofuran, cadusafos,

dazomet, fenamiphos and oxamyl have been used to

manage nematodes in polyhouses (Sorribas et al., 2020).

New nematicides like fluensulfone (Nimitz 2% GR®),

fluopyram (Velum Prime® 34.48% SC) and

fluazaindolizine (Salibro®) have come in the market

recently. The chemical nematicides are effective in

nematode management, but they are biocidal in action;

kill the target nematodes and also cause significant

changes in soil microbiome (Lloyd et al. 2023). Besides,

after an initial decline in nematode densities for 3–4

months, the residual nematode population in the soil

Fig. 2. Pre-treatment of polyhouse with metham sodium
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builds-up exponentially. All precautionary measures like

wearing gloves and masks by the applicators and covering

the soil with polythene for at least two weeks after

application of fumigant nematicides like metham sodium

should be adopted (Fig. 2).

Use of biological agents

Several biocontrol fungi like Purpureocillium

lilacinum, Pochonia chlamydosporia, Trichoderma

spp., Streptomyces griseoviridis etc., and bacteria like

Pseudomonas fluorescens, P. putida, Serratia

marcescens, Bacillus amyloliquifasciens, B. subtilis

and B. cereus have been used in polyhouse cultivation.

However, there is a need to exploit the local soil

microbiome for nematode suppression (Zhou et al.,

2019; Kumar and Dubey, 2020). Polyhouse tomato

plants that showed significantly reduced nematode

infection in a root-knot infested soil were used for

isolation of rhizobacteria (Bacillus spp.), which when

multiplied and used for pre-plant application reduced gall

index and reproduction factor of the nematode besides

activating the defence response by enhancing the

expression of genes and enzymes governing resistance

(Devindrappa et al., 2022, 2023).

Though several biocontrol agents are recommended

for root-knot management in polyhouses, the time and

frequency of their application are not always mentioned.

As most varieties cultivated in polyhouses are long

duration (4–6 months) and indeterminate type, the

application of biocontrol agents can be repeated at about

45 days in the presence of high nematode densities to

achieve the desired results. Also, the quality of the

biopesticide if purchased from the market should be

tested in the lab, before recommending its application.

Use of grafting

Commercially important genotypes with nematode

resistant rootstocks have been developed for managing

root-knot nematode in polyhouses (Phani et al., 2024). In

tomato, the rootstocks of Solanum torvum, S.

sisymbrifolium, S. toxicarium, S. macrocarpon, and

S. aethiopicum have been used; in watermelon, the

rootstocks of bottle gourd, interspecific hybrids of

Cucurbita maxima and C. moschata, and wild

watermelon (Citrullus amarus); for cucumber, a variety

of genetic bases like Cucumis spp., Cucurbita spp.,

Cucurbita interspecific hybrids, bottle gourd, wax gourd,

Luffa, and figleaf gourd (Cucurbita facifolia) have

been used. Cucumis pustulatus and Cucumis

metuliferus rootstocks for watermelon, melon, and

cucumber scions provide promising protection against

M. incognita. In India, vegetable grafting at ICAR

Indian Institute of Vegetable Research, Varanasi is

being conducted since 2013 to select the best rootstocks

for root-knot nematode resistance, soil-borne diseases,

and waterlogging tolerance. Successful field trials of

Pomato (tomato scion grafted on potato rootstock) and

Brimato (both eggplant and tomato grafted on an eggplant

rootstock) during 2020–2021 resulted in the initiation of

their commercial production (ICAR newsletter; https://

icar.org.in/).The International Crops Research Institute

for the Semi Arid Tropics (ICRISAT, Hyderabad)

assisted more than 400 farmers and stakeholders in

Andhra Pradesh to obtain 30–50 per cent higher yields in

grafted vegetables, compared to the non-grafted

traditional varieties (ICRISAT happenings newsletter;

https://www.icrisat.org/). However, the grafted

vegetables if introduced frequently may alter the nematode

and soil microbiome community leading to the evolution

of new nematode biotypes and emergence of certain

other pests and pathogens affecting the scion, in response

to selective pressures. As a precautionary measure,

rotation of rootstocks among different species should be

introduced. Grafting is effective for nematode pest

management; however, it needs expertise and unless

done mechanically, is not cost-effective.



47

Nematode management in polyhouse cultivation

Use of cultural practices

Deep tillage disturbs the established nematode

community, but may not eradicate the surviving population

(Lenz and Eisenbeis, 2000). Solarizing the soil after light

irrigation using thin transparent sheets of 25–30 µm

thickness for at least four weeks prior to planting increases

the soil temperature by 5–10°C. This technique is highly

effective in hot summer months. However, the disposal

of the polythene sheets is challenging problem. Use of

organic amendments like green manure, poultry and

cattle manure, and oilseed cakes cause a suppressive

effect on nematodes at the rate of 20 tons per ha,

however, sometimes it is not easily available in the

market.

The use of trap plants reduces the population densities

of Meloidogyne spp. in rotation systems. Keeping a crop

that is highly susceptible to Meloidogyne species in

the soil for a short period, from which a large number of

larvae are extracted together with the entire root system

of the plants, can help reduce populations of these

nematodes before they begin to transform into adult and

reproductive females (Samara, 2022).  For example, the

use of lettuce and radish as trap plants, manage to reduce

the populations of M. incognita. However, this

management tactic is to be used with caution, so that the

infected roots are extracted in their entirety and incinerated

outside the cultivation area.

Even though most of the measures mentioned above

have demonstrated their effectiveness in reducing

nematode densities, to achieve populations of gall forming

nematodes below the damage threshold in a sustainable

manner over time, it is important to integrate the possible

options intelligently, bearing in mind the factors like

economic value of the crop, abiotic factors and

acceptability to the producer.
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ABSTRACT: Deep-water rice/floating rice/long-stemmed rice/bao dhan is the only crop that provides a means to use the unruly flood
water to the advantage of human beings in many parts of Asian and West African countries. The production of this long duration
crop (150–240 days) is severely affected by several abiotic and biotic stresses. Ditylenchus angustus, commonly known as rice stem
nematode or ufra nematode, is considered as one of the major constraints for successful production and productivity in South-east
Asian countries, being responsible for 10–90 per cent yield loss. In severe conditions, farmers fail to harvest a single panicle. This
stubble-borne, obligate parasite of rice, capable of infesting 13 different species of Oryza and a few weed species, is distributed
throughout the deep-water growing countries of the world. The symptoms of the disease caused by this nematode (ufra disease) are
not recognizable at the early stage of crop growth, though infested crops develop disease symptoms like white patches, or dot and/
or dashes at the base of the leaf in a splash pattern or mosaic-like discolouration and shows leaf chlorosis or white coloured streaks
on young leaves and sheaths etc. at about two months of crop growth. The most typical and conspicuous symptoms of the ufra disease
are seen at the heading stage of the crop. Based on the degree and time of infestation, the ufra symptoms may be classified as ‘thor
ufra’ or swollen ufra and ‘pucca ufra’ or ripe ufra; or may be reclassified as ‘ufra-I’, ‘ufra-II’ and ‘ufra-III’. Humidity, temperature, rainfall,
and water depth are major abiotic factors in disease development. The disease may be controlled to a greater extent by burning of
diseased stubbles before sowing the seeds, delayed sowing, transplanting deep water rice wherever possible, crop rotation with
mustard and jute, crop diversification, use of resistant varieties and application of balanced fertilizers with zinc. Soil application
of granular nematicides before sowing the rice seeds is also effective in managing this disease.
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INTRODUCTION

Deep-water rice, commonly termed as ‘bao rice’ or

‘long-stemmed rice’ or ‘floating rice’ is mainly

cultivated in deep water areas of tropical monsoon

climatic conditions, where flood water reaches either 50

cm or more, when the monsoon season is at its peak and

lasts for a month or more than one month during the

entire rice growing season. This is one of the most

important crops in many south-east Asian countries,

Niger deltas of West Africa and Amazon deltas of South

America, covering around 13 million ha globally. The

deep-water rice is the only crop that provides a means to

use the unruly flood water, which is most common in the

eastern part of India, to the advantage of human beings

because of its ability of internodes elongation as flood

water deepens, kneeing ability as flood water recedes,

and development of nodal tillers. The crop is rainfed,

seeds are sown dry in the field during February-March,

taking advantage of monsoon rain till the month of June-

July. Interestingly, the application of fertilizers and other

interculture operations is very rarely followed. The

cropping season of deep-water rice lasts 150–240 days,

depending upon the photoperiod sensitivity of varieties to

produce a yield ranging from 1.5 to 2.0 t/ha. The drought

during the early part of the crop growth followed by

stagnation of water up to the depth of about 5–6 m till

maturity of the crop makes the cultivation of deep-water

rice the world’s most interesting and challenging crop.

INITIAL REPORTS

Deep-water rice is attacked by 54 different species

of insect pests, diseases, nematodes and rodents. The



Debanand Das

50

rice stem nematode or ufra nematode (Ditylenchus

angustus), is one of the important constraints for

production and productivity of deep-water rice in the

south-east Asian countries. The disease has many

vernacular names. In India, this disease is known as

‘ufra’, in Bangladesh ‘Dakpora’, in Myanmar ‘Okhet

Pet’, in Thailand ‘Yad Ngo’ and in Vietnam ‘Tim Dot

San’; and was first reported by Babu Anukul Chandra

Ray, an honourary correspondent of the East Bengal

Department of Agriculture, from deep-water rice growing

belts of Noakhali and Tippera districts of Eastern Bengal

(now in Bangladesh), more particularly at the head of

Bay of Bengal in 1908. The local farmers presumed that

this disease was caused due to atmospheric conditions

and the curious natural phenomenon, known as ‘Barisal

guns’ and named this disease as ‘ufra’ which is believed

to be derived from the Bangla word ‘upara’ meaning

‘above’ (Butler, 1913a,b). In 1909, C.W. Mason,

Supernumerary Entomologist, Pusa visited the disease-

affected areas at Tippera (he was the first scientific

personnel to investigate the disease) and reported that

the symptoms were not caused by any insect attack. In

December 1911, a team comprising Mr. E.J. Butler, Mr.

B. Fletcher and Mr. A.G. Brit visited the disease-hit

areas of Chaumuhaf, Bangladesh and, following this

visit, Butler confirmed the presence of a nematode in the

diseased samples. The report was published in the

Bulletin of Bureau of Agricultural Intelligence and

Plant Disease, 3rd vol. No.7 July, 1912, p. 1661. In 1913,

Butler gave a precise description of the ufra disease in

rice in Bengal and described the causal organism. Catling

et al. (1988) recognized ufra as one of the eight most

important diseases of deep-water rice. However, the

incidence of this disease has been observed in winter

rice, summer rice as well as in transplanted rice grown

under irrigated or rainfed conditions (Bakyr, 1978;

Chakraborti et al.,1985; Bridge et al., 1990; Prasad et

al., 2000; Latif et al., 2004).

GLOBAL DISTRIBUTION

Ufra disease has been reported in almost all the

deep-water rice-cultivating countries of the world

including Malaysia (Jack, 1923), Irrawady delta of

Myanmar (Seth, 1939), the Philippines (Reyes and Palo,

1956), Egypt (Sasser and Jenkins, 1960), United Arab

Republic (Winslow, 1960), Thailand (Hashioka, 1963),

Madagascar (Voung, 1969), and Vietnam (Kinh, 1981).

From India, the occurrence of ufra disease was first

reported by Singh (1953) in Uttar Pradesh. Subsequently,

this disease was reported in West Bengal, Odisha,

Assam, Andhra Pradesh, Himachal Pradesh and

Maharashtra (Chakraborty et al., 1985; Rao et al., 1986;

Ray et al., 1987; Chakraborty, 2000a; Prasad and

Varaprasad, 2002). With the time, the distribution of this

disease has been changed. Rahim (1988) failed to report

this disease from peninsular Malaysia while Thuy et al.

(2014) failed to report it from Vietnam. Likewise, reports

from EPPO (2022) and CABI (2007) stated unconfirmed

occurrences of this disease in Egypt, Sudan, Indonesia,

Madagascar, and Pakistan. Bridge and Star (2007)

reported restricted distribution of ufra disease as deep-

water rice being grown in only a few rice-growing areas

of the globe and deep-water rice area is shrinking day-

by-day.

CROP LOSSES

Ufra is the most devastating to deep-water rice as

well as winter and summer rice.  Loss in grain yield due

to ufra disease is variable from year to year and country

to country, depending upon the environmental conditions

that prevail during the period of disease development.

Butler (1913a) observed the devastation of this disease

when he recorded around 200,000 mounds of complete

grain loss in many fields of Bangladesh. The disease was

so severe in some fields that farmers could not expect

any grain to harvest, and the crop was cut for cattle feed
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(Butler, 1913a; Padwick, 1950). Miah and Bakyr (1977a)

recorded that ufra disease affected only 2 per cent of

deep-water rice in Bangladesh, resulting in an average

yield loss of 50 per cent in a few specific fields, and even

100 per cent in individual farms. Mondal and Miah (1987)

reported yield loss ranges from 60–70 per cent at low-

lying areas in Bangladesh. Yield loss of 20–100 per cent

in transplanted aman and deep-water rice, 10–100 per

cent in boro rice, and 10–50 per cent in transplanted aus

rice had been reported by Rahman et al. (1994) in

Bangladesh. In Uttar Pradesh, India and Pathalung,

Vietnam the loss in grain yields due to ufra infestation

was estimated to be 20–90 per cent (Singh, 1953;

Hashioka, 1963) while, in West Bengal, India 30 per cent

losses have been reported in the surveyed area (Pal,

1970), 10–15 per cent in Assam and West Bengal, India

(Rao et al., 1986), 20 per cent in Bangladesh (Catling et

al., 1978), and 20–100 per cent in Vietnam (Kinh and

Phuang, 1981). Losses ranging from 40–100 per cent

have been recorded from India, Vietnam, and Bangladesh

(Miah and Bakyr, 1977a; Cuc and Kinh, 1981; Miah,

1984; Chakraborti et al., 1985; Latif et al., 2006). If the

nematode inoculum is present in the field at the time of

sowing, the infestation is more (Rahman and Evans,

1987). Field experience for two consecutive years in

Bangladesh (1985 and 1986) revealed that 10 per cent

infested seedling at the time of transplanting are sufficient

to cause significant yield loss to deep-water rice (Mondal

et al., 1989). Loss in grain yield depends on the per cent

ufra infestation also. If there are more than 40 per cent

ufra II symptoms in a field, the yield loss may go up to

100 per cent (Cox and Rahman, 1980). Latif et al.

(2011a) and Latif et al. (2011b) reported 42 to 49 per

cent or sporadically 90 per cent yield losses in Bangladesh.

D. angustus needs a very specific environmental

requirement, more particularly the humidity and rainfall

therefore, localized infestation is observed and often one

may fail to see the occurrence of the disease in a

particular field in the next season (Bridge et al., 1990)

and this statement is justified as most severe infestation

in Bangladesh occurs in the wettest years and in areas

where stagnation of water prevails (Cox and Rahman,

1980). Similarly in Vietnam, the damage due to ufra

disease has been the most severe in the seasons with

high rainfall or in the fields that retain high water level

(Cuc and Kinh, 1981).

BIOLOGY

D. angustus is an obligate ectoparasite of the aerial

parts of rice; however, endoparasitic behaviour was

reported by Singh et al. (2013). They are monosexual or

dioecious, (male and female are separate) and reproduce

by the process of amphimixis. Reproduction occurs

during the months of May-June and November, but the

number of generations completed in a single season is not

confirmed and quantitative estimation of eggs laid per

female is difficult to assess (Padwick, 1950; Perry,

1995). However, based on three population peaks per

cropping season, Cox and Rahman (1979a) and Prot

(1992) speculated three generations of D. angustus per

crop growing season. In artificial conditions, the

developmental cycle of D. angustus takes 15 days from

second-stage juvenile (J2) to become adult, 21 days from

J2 to egg, and 24 days to complete its life cycle.

However, Plowright and Gill (1994) and Bridge and Starr

(2007) mentioned that the period of life cycle of D.

angustus is 10–20 days at 27–30°C. The life cycle from

egg to egg took 8 days and the duration of second-, third-

and fourth-stage juveniles were 1, 1 and 2 days,

respectively (Ali and Ishibashi, 1996; Ali et al., 1997).  In

a laboratory study, Das et al. (2011) recorded that D.

angustus completed its life cycle within 25–30 days

(juvenile to juvenile). The adult female starts laying eggs

just after a day of reaching adulthood (Ali and Ishibashi,

1996) and can lay 50–100 eggs at a time (Butler, 1913a,b;

Rahman, 2003). The eggs can be seen in the diseased

tissues. Generally, eggs are laid in two-celled stages at

24–26o C and J2 hatched in water. They do not need any



Debanand Das

52

host stimuli for hatching (Ali et al., 1995; Ali and

Ishibashi, 1996).

SURVIVAL

Ditylenchus angustus is stubble-borne in nature

and infested plant residues (stubbles) are considered to

be the primary source of inoculum for infestation as from

ufra-infested fields, farmers hardly harvest their crop.

After the cropping season, the nematodes survive in the

fallow rice field abundant with ratoons, wild rice, left-

over stubbles and weed grass, and wait for the next crop

(Butler, 1919; Miah and Bakyr, 1977a). In the left-over

infested stubbles, large numbers of inactive nematodes

of different stages are found, each being tightly coiled

with its head at the centre of the coil, at the top of the

stem, in the panicle, particularly inside peduncles, under

upper leaf sheaths and within the glumes of the lower

grains of the panicle in an anhydrobiotic state. A single

infested stubble is reported to harbour 1–30,000 D.

angustus (Catling et al., 1979; Cox and Rahman, 1979a;

Das et al., 2011) and in a single seed, the number varies

from 5.3 to 2400 (Sein, 1977a; Pathak, 1992; Ibrahim and

Perry, 1993). Das et al. (2011) recorded that 2–4 per

cent of seeds of a panicle contained ufra nematode and

the number of nematodes that remained in the overlapping

portion of glumes was 1036.

BIONOMICS

Deep-water rice is generally sown directly in dry

fields during the months of February-March. Infestation

starts following the pre-monsoon rain during March-

April when seedlings are a few days old. During this

period, atmospheric temperature ranges from 28–30°C

and humidity is above 85 per cent (Butler, 1919; Mc

Geachie and Rahman, 1983). The nematodes break its

quiescent stage, become active and the active nematodes

ascend the surface of the newly germinated rice seedlings.

They enter into the tender growing tissues of the young

seedlings, mainly at the collar region and then migrate

upward with the growth of the shoot through the space

between the leaf sheaths but, they never enter bodily

through the tissue. Old rice plants confer resistance for

entry of the nematodes to invade than the young plants

(Rahman and Evans, 1987). All the stages of the nematode

have the ability to infest the crop. Free water is not

absolutely necessary for their movement. The nematodes

usually take three days to place themselves at the

innermost leaf sheath at the four-leaf stage of the rice

plant. They suck sap from the newly formed epidermal

cells of tender growing tissues and developing

inflorescence with their stylet (Butler, 1919; Padwick,

1950; Ou, 1972) where epidermal cell walls are usually

very thin and tender. Compact nature of the innermost

leaf fold prevents the growing point from nematode

attack and is believed to be the reason that the infested

plants are not killed, but grow to flower (Butler, 1913a).

D. angustus does not produce any toxic substances

while feeding (Butler, 1919), but continues to suck sap

through its small stylet.

Water depth plays an important role in disease

development. A crucial relationship exists between the

plant’s stature and the depth of the water at the time of

the infection. Infection cannot take place if the leaf

sheath remains completely underwater or may be delayed

in shallower water depths. When the water level coincides

with the top of the leaf sheath the development of disease

symptoms is more rapid (Plowright and Gill, 1994).

The nematode can survive between two crops in an

anhydrobiotic state in grains, dry paddy stubbles, on the

surface of soil in an infested field (Cox and Rahman,

1979b; Kinh, 1981; Cuc, 1982; Ibrahim and Perry, 1993;

Prasad and Varaprasad, 2002; Latif et al., 2006).  After

harvesting of the crop, D. angustus can also survive in

an active stage in wild rice ratoons and weeds growing

in the fallow land (Sein and Zan, 1977; Cuc, 1982a;

Pathak,1992, Latif et al., 2006). The desiccation survival
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of D. angustus is 15 months in dry paddy stubbles

(Butler, 1913; Miah and Bakyr, 1977a; Catling et al.,

1979) but the population of this nematode reduces

drastically to leave no nematodes in stubbles 4–5 months

after harvest (Cox and Rahman, 1979b; Anon, 1981;

Kinh, 1981). No specific survival stages of D. angustus

have been reported and all three stages of D. angustus

viz., J3, J4 and adult are seen in the dry diseased stubbles.

The J4
 
is the principal stage beside J3

 
and adult that

survive drying and subsequently invade the next season

crop (Ibrahim and Perry, 1993).

D. angustus can perpetuate from one field to another

or from one plant to another through plant residues,

water (flood or irrigation water), rain splash, and stem

and leaf contact under highly humid conditions (Hashioka,

1963; Sein and Zan, 1977; Rahman and Evans, 1987;

Bridge et al., 1990). Perpetuation through seed though

reported (Seshadri and Dasgupta, 1975; Prasad and

Varaprasad, 2002); still, when the seeds are properly

sun-dried to a moisture content between 12 and 14 per

cent, the chance of transmission by seed is not possible

(Ibrahim and Perry, 1993; Bridge and Starr, 2007). Still,

there is a possibility of dispersal of this nematode through

seeds from infested fields as a considerable number of

D. angustus is reported in freshly harvested filled grains

containing more than 12 per cent moisture (Butler, 1919,

Hashioka, 1963, Sein 1977a, Cuc and Giang, 1982,

Ibrahim and Perry, 1993).  Inside the seed, they are

located at the overlapping region of the rice husk (personal

observation). Mondal and Miah (1987) reported that

tidal water plays an important role in the spread of this

nematode. Occurrence of this nematode in soil though

has been reported (Cuc and Giang, 1982; Cuc, 1982),

soil-borne nature of this nematode is eliminated (Hashioka,

1964; Pathak, 1992).

Humidity, temperature and rainfall play important

roles in breaking the dormancy of the nematode. D.

angustus cannot withstand prolonged desiccation at low

humidity as they do not have the intrinsic ability to control

the rate of water loss from the body. Occurrence of

spring rainfall, which leads to a high relative humidity of

more than 85 per cent, is essential for nematode revival

from the quiescent stage, to crawl to the tip of the crop

and to cause infection (Butler, 1919; Ou, 1985). If spring

rain comes late, the incidence of ufra becomes less (Cox

et al., 1980). This disease is severe in wet years. A

temperature of 35°C or above is always lethal to the

nematode. Therefore, winter rice which is sown during

March-May and harvested during November-December

is less infected (Ou, 1972).

The severity of ufra disease as well as the population

of D. angustus is higher in less fertilized or non-fertilized

soil than in fertilized soil (Ahmed, 1989a). Application of

potash and sulphur reduces the ufra disease by reducing

the multiplication of the nematode (Anon., 1985). Loss of

grain yield due to ufra is aggravated when rice is grown

in zinc-deficient soil (Miah et al., 1984; Ahmed, 1989b).

Zinc deficiency indirectly encourages the accumulation

of certain amino acids in plants and helps in disease

development.

SYMPTOMS

The symptoms of ufra disease are not recognizable

at the early stage of crop growth, though infected crop

develops disease symptoms at about two months of crop

growth. In the vegetative stage of the crop, the visible

symptoms appear are white patches, or speckles in a

splash pattern at the leaf base or mosaic-like discolouration

and chlorosis or while streaks on young leaves and

sheaths that become more evident with time. In some

cases, the lower portion of the young leaf becomes

crinked, following whitish-green discolouration. At the

advanced stage, the leaf may crimp, with twisted leaf tip.

Sometimes, the entire leaf may become twisted or

severely malformed. Many a time, the central leaf may

emerge from the side of the stem, forming a loop or the
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central leaf may be curly, then become dry (Butler,

1913b; Hashioka, 1963; Ichinohe, 1972; Ou, 1985) (Fig.

1). Sometimes, several branches are produced from the

infested node leading to bushy appearance of the plant

(Rahman, 2003).

inoculum such as inoculum perpetuated from the alternate
host, main host etc. at the mid-stage of the crop, then half
of the panicle emerges out of the sheath and the other
portion remains enclosed within the sheath. The grains
are unfilled, sterile and empty. The term ‘pucca (ripe)
ufra’ or ufra II is used to indicate these symptoms. The
uppermost sheath surrounding the half-emerged panicle
is withered and bears characteristic brown stains. On
removing the sheath, the stalk is found blackened and
shrunken. When rice plants are attacked much later
(tertiary inoculums), the panicle completely emerges out
of the boot leaf containing healthy grains at the tip of the
panicle and false grains at the base. This type of symptom
is termed as ‘ufra III’

At the panicle initiation stage of the crop, ufra
symptoms appear in patches and area of infestation
enlarges with the advent of crop age.  At the centre of
the patches, heavy infestation with ufra I are noticed
while the edges have lower ufra I infestation. In the
fields where symptoms of ufra I and ufra II are severe,
yield may decline to nil in such fields, while in those with
only ufra III, some yield may be expected.

MANAGEMENT

Collective and community burning of the left-over
diseased stubbles, followed by ploughing reduce the
incidence of ufra disease and are suggested as an
effective control measure (Butler, 1919; Padwick, 1950;
Hashioka, 1963; Ou, 1972). For effective burning uprooting
and drying of the plants prior to setting fire is important.
If some infested patches remain unburnt, this will act as
the source of inoculums for the subsequent crop.
Immediately after the harvest of the crop, ploughing
should be carried out in order to expose the nematodes
to the sun and to give sufficient time to decompose the
stubbles. The field should be kept free from any weeds
and ratoons. Removal of infected leaves along with the

upper portion of the rice plant also reduces the nematode

population in the field.

Fig. 1. Symptoms of Ufra disease

Of course, up to the heading stage these symptoms

are masked, and plants look healthy. The most

representative and noticeable symptoms of ufra disease

are seen at the panicle initiation stage of the crop, which

varies considerably according to the degree and time of

infestation. Butler (1913b) classified the symptoms into

two types viz., ‘thor ufra’ or swollen ufra and ‘pucca

ufra’ or ripe ufra; while Cox (1980) and Cox and

Rahman (1980) reclassified these symptoms as ‘ufra-I’,

‘ufra-II’ and ‘ufra-III’.  When deep-water rice is

infested by primary inoculums like leftover diseased

stubbles of the previous season at the seedling stage of

the crop, then the top of the shoot becomes swollen into

a spindle-shaped thickening, the panicle remains

imprisoned inside the leaf sheath and becomes mouldy

and rotten. This symptom was categorised as ‘thor

ufra’ or ufra-I. The panicle inside the leaf sheath coils,

twisted or distorted and bears sterile or empty spikelets.

A strong tendency towards branching at the infested

portion and even the formation of two to three distorted

earheads has been observed (Padwick, 1950; Hashioka,

1963). When the plants are attacked by secondary
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Rotation of deep-water rice with non-host crops

such as mustard (Brassica sp.) and jute (Oletorious

spp.) is advisable to reduce the ufra disease in the next

crop (Butler, 1919). Cultivation of autumn rice (boro

rice) followed by summer rice (ahu rice) is also advisable

in fields with good irrigation facilities, which will result in

managing this disease, as during the active period, this

nematode will find no host to survive. However, this

practice may not be feasible in most of the deep-water

rice growing areas, where flood water rises to a high

level; resulting cultivation of ahu rice is a problem.

The half-life of the D. angustus population in infested

stubbles is about two weeks and the nematodes are just

able to manage to survive up to the end of April. Kinh

(1981) failed to collect any live nematode by early

February from disease stubbles. The length of the over-

wintering period is an important factor in regulating the

survival of D. angustus between two cropping seasons

and lengthening the overwintering period might reduce

primary infestation (Cox and Rahman, 1980). If one can

prolong the decay phase even by only a few weeks, ufra

can be controlled. This could be achieved by sowing late,

transplanting much later, but before the flood, and

harvesting earlier (Mc Geachie and Rahman, 1983). Das

and Bhagawati (1992) recorded 100 per cent ufra

incidence in early sowing crop which decreases gradually

with a delay in sowing time to reach its minimum (37%)

in the first week of May. Cultivation of ‘Padmapani’, an

early maturing variety is found to escape the incidence of

this disease.

Application of balanced fertilizer can reduce the

ufra infestation. The population of D. angustus and the

severity of the disease are higher in less fertilized or non-

fertilized soil than the fertilized soil (Ahmed, 1989a). The

record of zinc deficiency in the endemic areas of ufra

disease indicated a relationship between zinc deficiency

in soil and plant susceptibility to ufra disease. Infection

was found aggravated when deep-water rice was grown

in zinc-deficient soil than those grown in zinc-added soil

(Miah et al., 1984). Application of 50 ppm of zinc, 100

ppm of potash and 120 ppm of sulphur to the deficient soil

significantly reduces the severity (Mondal and Miah,

1984, 1985). Application of potash and sulphur is found

to reduce the ufra disease by reducing the multiplication

of the nematode (Anon., 1985).

According to Butler (1919), all varieties of paddy

tested were susceptible to ufra disease. But, subsequently,

a good number of rice cultivars are reported to be

tolerant/resistant to this disease (Hashioka, 1963; Sein,

1977b; Miah and Bakyr, 1977b; Rahman and Mc Geachie,

1982; Rahman, 1987; Pathak, 1992; Das and Sharmah,

1995; Sarmah et al., 1999; Das et al., 2000, Latif et al.,

2011a,b; Khanam et al., 2016). Some of the varieties

resistant to rice stem nematode include Basudeu,

Jalamagna, Bazail-65, AR-9(C), IR 17643-4, IR13437-

20-4E-PI, Karkati, Lakhi, BR 308-3-3-2, Rayada 16-

011, Rayada 16-013, Rayada 16-05, Rayada 16-06,

Rayada 16-07, Ba Tuc, Manikpukha, Daudin Da-21,

Lambo Sail, Madhu Sail, Bhawalia Aman, Lal Chamara,

Fukuhonami, Akiyu Taka, Hyakikari, and Matsuhonami

etc.

Quite a few chemical pesticides are known to be

useful in controlling ufra disease. Application of Diazinon

at 100 ppm on soil (Srivastava and Saxena, 1956),

Hexadrin @ 1lit/700 lts of water two times at two-week

intervals (Pal, 1970), carbofuran solution @ 30 kg a.i./ha

(Sein, 1977b), fensulfothion @ 5 kg a.i./ha on soil and

Diazinon @ 15 kg a.i./ha at 15, 45 and 75 days after

transplanting (Voung and Rodriguez, 1972), and

carbofuran @ 0.67 kg a.i./ha (Cox and Rahman1979c)

were found effective in suppressing ufra disease in the

field. Application of carbofuran either broadcasted or at

transplanting rice significantly decreases ufra infestation

and increases yield. Soil incorporation with carbofuran

@ 1 kg a.i./ha (Miah and Bakyr, 1977a; Rahman and

Taylor, 1983; Rahman and Miah, 1989; Latif et al., 2004)
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and 30 kg/ha (Sein and Sein, 1977) were also reported to
reduce ufra incidence both in the rainfed and deep-
water rice.

Root dip treatment of rice seedlings either with
carbofuran 3%, Tecto 40 FL or Miran 3% @ 2.5 10%
also controls ufra disease effectively (Mondal and Miah,
1987).

Combinations of seed dressing with carbosulfan 25
STD plus soil application of carbofuran 3G plus foliar
spray with carbosulfan 40 EC at 40, 120 days after
sowing the seeds and before the panicle initiation stage
can effectively reduce ufra disease (Das, 2004). Two
foliar sprays with carbosulfan 40 EC @ 0.2% before
flowering were also effective in reducing this disease
(Das, 1996). Seed dressing with carbosulfan 25 STD @
3% (w/w) plus foliar application of carbosulfan 25EC @
0.02% at 40 days after sowing and at panicle initiation
stage can also reduce ufra infestation in field condition
(Das et al., 2011). Soil application of granular nematicides
viz., Furadan 5G, Marshal 6G, Diafuran 5G, Pilarfuran
5G, Sunfuran 5G, Edfuran 5G and Forwafuran 5G @ 1
kg a.i./ha can effectively manage ufra disease in rainfed
as well as irrigated condition (Latif et al., 2011 a,b).

There are certain limitations in following the chemical
pesticidal schedule in deep-water rice. Most of this
disease manifests under flooded conditions and therefore,
any curative measures are not possible. Application of
chemical pesticides under such conditions will cause
serious health and environmental hazards and harm the
fish fauna and other aquatic resources. Moreover, as
deep-water rice is a low-yield potential type of rice, the
use of chemical pesticides may be not economical also.

The application of botanical pesticides was also tried
to control ufra to limit environmental and health hazards
Chakraborti (2000 a,b) reported that the application of
neem formulations alone or in combination can effectively

manage the ufra problem. Ufra infestation can be

substantially reduced if, an integrated approach of burning

diseased stubbles plus the application of carbofuran in

the soil before sowing of seed along with two sprays of

neem product is practised (Das and Saikia, 2005). Latif

et al. (2008) recorded that the organic amendments

could be used as alternatives of nematicides for the

control of ufra disease and, bishkatali leaf dust, mustard

cake, sesame cake, jute seed dust, neem leaf dust, neem

cake, neem seed dust, bankalmi leaf dust @ 200 kg /ha

was found to be effective in reducing ufra infestation

during boro season.
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INTRODUCTION

Kerala accounts for a significant share in the export

of spices and plantation crops, and the spice industry

continues to be a key source of foreign revenue for the

nation. The most popular cropping system in Kerala is

coconut-based cropping system incorporating coconut,

arecanut, black pepper, coffee, ginger, and turmeric.

Farmers also intercrop shade-tolerant crops like betelvine

and banana within coconut plantations. This approach

efficiently and economically uses the space between

plantation crops yielding high economic returns per unit

area especially for small and marginal farmers. Growing

multiple crops on the same piece of land helps in utilizing

the interspaces between plantation crops more efficiently

and economically. The multispecies cropping system

involving coconut as the main crop is particularly effective

in Kerala due to the limited land availability and high

population density. This system involves growing coconut

as the primary crop along with various intercrops viz.,

vegetables, tuber crops, and pineapple; their choice is

based upon the space and resource utilization capabilities.

Not only does this system boost farmers’ income, but

also it significantly contributes to the dietary nutrition of

households. This method supports biodiversity, enhances

soil health, diversifies income sources, and ensures high

productivity and profitability for small landholders. In the

Idukki district, cardamom plantations intercropped with

black pepper, arecanut, tea, and coffee are highly

profitable, showing favourable benefit-cost ratios.

Currently, plant parasitic nematodes are becoming one

of the important limiting factors in mixed cropping systems

in Kerala. Root-knot nematodes (Meloidogyne spp.),

burrowing nematode (Radopholus similis), lesion
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nematode (Pratylenchus coffeae), and reniform

nematode (Rotylenchulus reniformis) are economically

important nematodes in mixed cropping system involving

plantation crops in Kerala. Wounds caused by nematodes

serve as infection points leading to increased incidence

of diseases resulting in complete crop failure.

NEMATODE PARASITES OF COCONUT-
BASED CROPPING SYSTEM IN KERALA

Coconut

Coconut, one of the major plantation crops in Kerala

is grown in 765.44 thousand hectares and yields 5522.66

million nuts annually (source: Ministry of Agriculture and

Farmers’ Welfare, Government of India). Coconut palms

cultivated in homesteads and plantation situations suffer

considerable damage due to infestation of nematodes

from the seedling stage. Of the 78 nematode species

reported on coconut (Govindankutty and Koshy, 1979),

the red ring nematode, Bursaphelenchus cocophilus

and burrowing nematode, Radopholus similis are the

major nematodes reported to cause significant damage

on coconut palms in tropical and subtropical regions

globally. The red ring disease has not been reported in

India. R. similis is often found in crops such as coconut,

arecanut, black pepper, banana, betelvine, and ginger.

Koshy (1986) stated that it co-evolved with black pepper

and banana in the western highlands of South India.

Stunting, yellowing, a decrease in the quantity and size of

leaves and leaflets, delayed flowering, button shedding,

and a poorer yield are some of the symptoms. It causes

a 30 per cent yield loss in coconut. The haustoria, leaf

bases and plumule of coconut seedlings are damaged by

R.similis. According to Koshy and Sosamma (1977), the

coconut isolate of R. similis from Kerala is banana race.

They do not infect Citrus spp. and cause small, elongated,

orange-coloured lesions on tender creamy white roots of

coconut. As these nematodes multiply, these lesions get

bigger and merge together causing decay of root tissues.

The orange-coloured semi-hard roots crack and tender

roots become spongy. R. similis being migratory

endoparasites, spend their entire life within roots. Roots

have cavities in the outer cortex during early stages of

infection. Later, as a result of nematode feeding and

reproduction, they merge with one another. The cortex

is destroyed by the formation of cavities and their

coalescence, while the stelar tube remains intact. Koshy

et al. (1975) described a method for extraction of R.

similis from roots by peeling and longitudinally slicing the

semi-hard roots (1cm diameter) into 4–8 pieces that are

3–5 cm long. These sliced root bits are kept at 20–25°C

temperature in Petri dishes filled with water. It is

necessary to replace the water after every 24 hrs of

incubation and most nematodes are recovered within a

period of 4 to 7 days.

Management: The application of nematicides for the

control of burrowing nematode will result in residual

toxicity in coconut water and other products of coconut.

High-density multispecies cropping with susceptible crops

viz., banana, black pepper, arecanut, betelvine, ginger

and cardamom within a coconut garden may cause

contamination of produce due to nematicides.

Cultural practices: Soil application of oil cakes, farmyard

manure and growing sunhemp in the basins, and

incorporating it as green manure before flowering are

effective strategies to prevent the reproduction of

nematodes. The application of neem or marotti cake (2–

4 kg/palm/year) and mulching the basins with Gliricidia

maculata @ 50 kg/palm/year helps in controlling

burrowing nematode and improving the nutritional status

of the soil.

Plant resistance: Soasamma et al. (1986) screened 29

exotic, 15 indigenous and 15 hybrid coconut cultivars and

reported that dwarf cultivars, Kenthali and Klappawangi

as well as the hybrids like Java Giant x Kulasekharam

Dwarf Yellow, Java x Malayan Dwarf Yellow and San
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Ramon x with Gangabondam were least susceptible to

nematode infestation showing lower number of lesions.

Biological: Incorporation of Purpureocillium lilacinum,

Pasteuria penetrans and Arbuscular Mycorrhizal Fungi

(AMF) into a potting mixture in polybags and planting pits

has proved effective in managing nematodes in young

coconut plants. AMF viz., Acaulospora bireticulata,

Glomus fasciculatum, G. macrocarpum, G. mossae,

G. versiforme, Sclerocystis rubiformis and

Scutellospora nigra reduced R. similis incidence and

enhanced growth in seedlings (Sosamma, 1994).

Arecanut

Koshy et al. (1976) reported 22 genera of plant

parasitic nematodes from the root zone of arecanut and

among them, R. similis was the most predominant

nematode and its presence was observed in 32 per cent

of root samples from major arecanut-producing regions

in South India. The visible symptoms include yellowing,

stunted growth, reduced vigour and yield. The nematodes

feed on the roots causing small orange-coloured lesions

in young tender creamy white roots which eventually

merge, causing root rot. The primary roots from the base

of the plant show oval-shaped dark sunken lesions.

Unlike in coconut palms, the ends of the tender roots turn

black in colour when damaged by the nematode.

Nematodes are found both within and between the cells

in the cortex, yet they do not invade the stele. Due to

nematode’s feeding activity in the outer layer, numerous

nematodes and their eggs are present in cavities.

Management: VTL-11 × VTL-17, the hybrid variety of

arecanut exhibited high resistance to R. similis. Using

resistant/tolerant cultivars of arecanut and nematode-

free seedlings helps in managing nematodes in arecanut-

based cropping system. Intercrops susceptible to R.

similis viz., black pepper and banana should be avoided

in affected areas. Incorporation of Gliricidia or Crotalaria

(5 to 10 kg) as green manure enhances soil aeration and

its capacity to retain water. Application of neem cake @

1 kg/palm/year helps in reducing the population of

nematodes and improving the soil structure. In arecanut-

based farming systems, application of phorate @ 3 g a.i./

plant around the root area of arecanut, banana, and black

pepper during June-July and October-November was

found effective in controlling R. similis (Griffith et al.,

2005).

Black pepper

Black pepper (Piper nigrum), popularly known as

“Black Gold” or “King of Spices” is one of the world’s

most precious and highly valued spices. Black pepper is

prominently cultivated in humid tropics with abundant

rainfall. The tropical forest in the Western Ghats of

South India is recognized as the center of origin and is the

key source of diversity for multiple Piper spp. India,

globally renowned as the home of spices, grows more

than 75 cultivars of black pepper. It is cultivated in an

estimated area of 2,88,118 ha, with annual production

reaching around 60,000 t in the year 2021–22 (Indian

Spice Board, 2022). Black pepper is mostly grown in

Kerala, Karnataka, Tamil Nadu, Goa, Puducherry, and

some northeastern states. Karnataka and Kerala are the

primary black pepper-producing states in India. Kerala is

the leading producer, contributing to over 50 per cent of

the country’s total black pepper production, followed by

Karnataka and Tamil Nadu.

Plant parasitic nematodes have a crucial role among

the biotic factors, causing yield losses that range from 30

to 65 per cent (Ramana, 1991). Although numerous plant

parasitic nematodes have been identified in black pepper,

root-knot, and burrowing nematodes cause more

economic damage. Butler discovered root-knot nematodes

(RKN) infecting black pepper from Wayanad, Kerala, in

1906. In Kerala, among the endoparasites associated

with black pepper, M. incognita was the most common
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and notorious species (Jacob and Kuriyan, 1979a).

Meloidogyne spp. are obligate endoparasites that mainly

infect root tissues and establish biotrophic interactions

with susceptible host plants. RKN juveniles infect the

plant roots behind the root tip region and migrate

intercellularly into the root tissue causing enlargement of

epidermal, cortical and stelar cells resulting in cortical

hypertrophy. This invasion results in the formation of

specialized multinucleated feeding cells, known as giant

cells, within the vascular parenchymatic cells. The giant

cells serve as the nutritive source for all stages of the

nematodes, hindering the root’s ability to absorb and

transport water and nutrients from the soil. The giant

cells exhibit elevated levels of DNA, RNA, and

photosynthates, particularly three to four weeks after

inoculation. As the infestation progresses, the roots

develop significant swelling, and mature female

nematodes with their egg masses can be seen embedded

in the roots. The galls with egg masses give a rough,

pitted appearance on the surface of the roots in most

cultivars (Fig. 1). The above-ground symptoms of

nematode infestation in black pepper include yellowing,

severe shedding of spikes, stunted growth, and dieback

leading to a substantial reduction in yield (Fig. 1) (Ramana,

1992).

Fig.1. Symptoms of nematode infestation in black pepper (Top left - yellowing; Top middle - drying of immature berries;
Top right - root galling; Bottom left - egg masses; Bottom middle - root-knot females in a gall; Bottom right - lesions)
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The most damaging nematode in black pepper is R.

similis which causes consistent yellowing of leaves, leaf

drop, stunted growth, and dieback. When soil moisture is

depleted, these symptoms are well pronounced. Within

three to five years of symptom onset, the plants die. This

condition is termed as slow decline or slow wilt disease.

A typical sign of nematode infestation in bearing vines is

spike shedding and irregular berry formation.  Nematode

infested areas are initially conspicuous by yellow patches

which eventually lead to barren standards devoid of

vines or holding dead vines. The young slender feeding

roots develop orange or purple-coloured lesions (Fig.1)

and in older roots, the lesions are not clearly seen

because of the brown colour of the roots. The root

system decays and feeder roots rot quickly. The large

lateral roots undergo severe necrosis. The use of coconut

and arecanut as living standards for growing black

pepper is common among farmers of Kerala. However,

this practice exacerbated the damage caused by R.

similis as these plants are very good hosts of the

nematode.

Another nematode of wide occurrence in black

pepper tracts in Kerala and Karnataka is

Trophotylenchulus piperis (Ramana and Mohandas,

1987). The parasitic females are slightly swollen, spirally

coiled and found attached to roots. Sahoo et al. (2000)

identified M. piperi from black pepper plants in Kerala.

Nisha et al. (2019) reported the occurrence of M.

incognita, Rotylenchulus reniformis, R. similis,

Helicotylenchus dihystera and Tylenchorhynchus sp.

in the rhizosphere of black pepper plants grown in

Thiruvananthapuram, Kollam, and Idukki districts.

The primary cause of losses in black pepper

production is due to diseases, which are mainly caused

by soil-borne fungi and nematodes. Black pepper plants

are known to be affected by 17 diseases (Sarma et al.,

1991) and the primary incitants of slow decline are M.

incognita and R. similis. Sheela and Venkitesan (1990)

studied the interaction between M. incognita and the

fungus, Fusarium sp. in hybrid variety, Panniyur-1 under

pot culture conditions and found that inoculating the

nematode and fungus together significantly reduced the

plant growth more than the fungus alone. Plants inoculated

first with nematode followed by the fungus exhibited a

higher degree of fungal infection in the stem portion

(83%) compared to those inoculated simultaneously

(66%), or with the fungus preceding the nematode. Root-

knot and burrowing nematodes in association with the

fungal pathogen, Phytophthora capsici aggravated wilt

symptoms in black pepper as the wounds caused by the

nematode serve as entry points of the pathogen

(Anandaraj et al., 1996).

Management: Live standards used to trail vines being

perennial, nematode management in black pepper is

difficult. Management practices like fallowing and crop

rotation are impractical. Being export-oriented crop,

eco-friendly management without using chemicals is

more desirable.

Phytosanitation: Diseased plants in the garden should

be destroyed along with root mass. The galled roots

including underground plant parts should be burnt, and

the affected should not be used for replanting for many

years (Ridley, 1912).

Use of nematode-free planting materials: Raising

nematode-free rooted cuttings using soilless media or

solarized potting mixture is also the best option for

nematode management in black pepper. Mother vines

for raising nurseries should be collected from selected

healthy vines and nematode-free gardens. The rooted

cuttings can be raised in soilless media with coir pith or

vermiculite. Soil used for preparing the potting mixture

should be sterilized using solar heat, steam or soil

fumigants (formaldehyde or hydrogen peroxide). In

summer, denematization of soil in a potting mixture can

be achieved by solarization using transparent polythene
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sheets for 2 to 3 months. Solarized potting mixture

supplemented with nematophagous fungal biocontrol

agents (P. lilacinum and Pochonia chlamydosporia),

AMF and Trichoderma spp. helps in production of

nematode-free rooted cuttings.

Organic amendments and mulches: Mulching with

Gliricidia leaves @10 g/kg soil was found to be effective

in reducing the population of R. similis and promoting the

growth of black pepper vines. Soil amendment with

neem cake @ 2 kg/vine two times annually proved

effective in reducing the population of root-knot

nematodes. Addition of organic amendments and mulches

not only boosts the ability of the soil to retain moisture but

also improves its fertility and the activity of beneficial soil

microbes.

Cultivation practices: Black pepper is trailed in live

standards viz., coconut, arecanut, Erythrina indica

which are good hosts of nematodes. These plants harbour

high populations of nematodes so the control measures

are to be repeated every year. It is observed that

Garuga pinnata, Macaranga indica and G. sepium

are less prone to root-knot nematode infestation which

can be used as alternative live standards instead of

coconut, arecanut and E. indica. In newly established

plantations, non-living standards or nematode-resistant

plant species can be used to trail the vines. The nematode-

susceptible intercrops viz., banana, ginger, turmeric,

cardamom, arecanut etc. should be avoided in black

pepper gardens. Additionally, weeds also harbour root-

knot nematodes, so regular weeding can be recommended

in black pepper gardens.

Resistance and Tolerance: Nematode-resistant

rootstocks are one of the best methods to raise nematode-

free seedlings. To identify nematode-resistant rootstocks,

several black pepper germplasms were screened for

nematode resistance by several workers. Koshy and

Sundararaju (1979) reported that among the seven popular

cultivars of black pepper viz., Panniyur I, Karimunda,

Kuthiravalli, Kalluvalli, Kottanadan, Narayakodi, and

Valiakaniakadan, the hybrid Panniyur 1 exhibited highest

susceptibility to M. incognita, while Valiakaniakadan

was least susceptible.  Jacob and Kuriyan (1979b)

evaluated eight black pepper cultivars for their resistance

to M. incognita and found that cultivars viz., Kalluvalli,

Balancotta, Karimunda, Narayakodi, and Padapan

exhibited lower number of galls compared to Panniyur 1,

Cheriyakaniakadan, and Kottanadan.  Ravindran et al.

(1992) evaluated the resistance of Coll. 812, Karimunda

and Panniyur 1 against M. incognita, and found that

Coll. 812 is resistant with a gall index of 2. This cultivar

was named ‘Pournami’ and is used for cultivation in

areas with high population of root-knot nematodes.

Eapen et al. (2011) screened 525 black pepper

germplasms (wild-100, cultivated-213, and hybrids-212),

against R. similis and found 24 accessions resistant.

Chinnapappa et al. (2018) screened  Piper colubrinum,

P. argyrophyllum and cultivated varieties of P. nigrum

viz., IISR Sakthi, IISR Thevam, Panniyur-1, and

Karimunda  against M. incognita and the results after

30 days of nematode inoculation indicated that IISR

Sakthi is highly resistant, while P. colubrinum, IISR

Thevam, and Karimunda were resistant indicating their

potential as valuable sources of resistance. Grafting

scions of nematode susceptible high yielding varieties of

black pepper with varieties having high yield potential

and oleoresin content to nematode-resistant rootstocks

will help in producing seedlings with nematode resistance.

Biological control: Several bioagents viz., plant growth

promoting rhizobacteria, arbuscular mycorrhizal fungi,

and egg parasitic fungi proved effective in reducing

nematode population. Bacillus, Pseudomonas and

Pasteuria predominantly act as nematophagous bacteria

in the soil. They adversely affect nematodes through

parasitism, toxin, antibiotic or enzyme production,

disruption of host recognition, competition for nutrients,
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enhancement of plant resistance and plant health (Siddiqui

and Mahmood, 1999). Sheela (1991) reported that

B. pumilus, B. subtilis, B. coagulans, B. circulans, B.

macerans and B. licheniformis have ovicidal and

larvicidal effects. Bacillus spp. interrupt the life cycle of

nematodes by releasing toxic substances that inhibit

hatching of eggs and the movement of juveniles (Kavitha

et al., 2007). B. subtilis possesses diverse mechanisms

viz., phytohormone production, mineral solubilization,

reduction in activity of egg hatching factors, altering root

exudate production and inhibiting nematode penetration

(Karanja et al., 2008). Kavitha et al. (2012) reported that

crude extracts of B. subtilis strain Bs 5 carrying surfactin

and iturin genes exhibited the highest juvenile mortality

(92.3%) of M. incognita at 100 per cent concentration

after 72 hr of exposure. Plant growth-promoting

rhizobacteria, P. fluorescens colonize the roots and

produce compounds toxic to nematodes. Senthil Kumar

and Ananthan (2018) reported that black pepper cuttings

treated with P. fluorescens (Pf bv 22) exhibited a 60.1

and 38.1 per cent reduction in nematode population in soil

and root, respectively. Pre-inoculation of black pepper

plants with G. fasciculatum, G. etunicatum, G. mossae

and Gigaspora margarita showed a substantial reduction

in population of root-knot nematodes and improved plant

growth parameters (Anandaraj et al., 1991; Sivaprasad

et al., 1992). Combined application of neem cake @ 200

g/plant and talc-based formulation of P. fluorescens @

20 g/plant during the months of May-June and October-

November suppressed nematode population and increased

yield in established plantations (Anon, 2020).

Cardamom

Elettaria cardamomum, commonly referred as small

cardamom or the “Queen of spices” plays a vital role in

earning foreign exchange. The natural habitat of

cardamom in India is the evergreen forests of the

Western Ghats also known as the Cardamom Hills. The

cultivation of the crop spans 70,410 ha, out of which

Kerala occupies 60 per cent, followed by Karnataka (30

per cent) and Tamil Nadu (10 per cent). While India has

the largest cardamom cultivation area in the world, its

yield is quite low when compared to other leading

producers. The productivity of cardamom has shown a

declining trend in Kerala during the last few years and

one of the reasons is damage by plant parasitic nematodes.

Plant parasitic nematodes belonging to 19 genera

and 28 species are reported in cardamom. Among them,

the most important and widely distributed is Meloidogyne

spp. The predominant species is M. incognita, while M.

javanica and M. arenaria have restricted distributions.

Other nematodes of common occurrence are

Helicotylenchus spp. and R. reniformis. R. similis and

P. coffeae are other two important nematodes generally

observed in mixed plantations of cardamom with arecanut

and coffee, respectively. Due to the damage of these

nematodes, more than a 50 per cent reduction in seed

germination was observed in cardamom nurseries and

the infested seedlings failed to establish after being

transplanted. Root-knot nematodes pose a greater threat

to young cardamom plants than to the older ones. The

infected seedlings exhibit stunted growth, yellowing,

sparse tillering, drying out of the tips and edges of leaves,

and heavy galling in roots. Patches of stunted and weak

plants in cardamom plantations are common symptoms

of nematode infestation. In mature plants, severe

infestation leads to reduced growth and tillering, yellowing

of leaves, early drying of leaf tips and edges, leaf blade

narrowing, delayed flowering, premature fruit shedding

and decline in yield. Though in cardamom plants, the

galling of roots being not very prominent, the infested

roots often develop an abnormal pattern of excessive

branching similar to a “witches’ broom” (Fig. 2). M.

incognita infestation predisposes plants to Rhizoctonia

solani infection leading to rhizome rot and damping off

prevalent in cardamom nurseries. Cardamom plants

infected with the viral disease “Katte” supported 5–10

times more M. incognita population (Ali, 1989).
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Management: Nematode problems in nurseries and

plantations are to be tackled differently. The main

objective of nematode management in plantations is to

reduce the nematode population to a non-injurious level,

while eradication should be the goal in nurseries.

Fallowing, summer ploughing, and shifting of the nursery

are methods for mitigating nematode problems in

cardamom nurseries. Soil solarization and application of

organic manure enriched with biocontrol agents viz., P.

lilacinum and P. chlamydosporia proved to be effective

in suppressing root-knot nematodes in cardamom

nurseries. For established plantations, it is beneficial to

use healthy, nematode-free planting materials, avoid

planting nematode susceptible shade trees like Erythrina

sp., maintain regular weeding, mulch wild sunflower

(Tithonia diversifolia) leaves @ 5 kg around the base

of the plants and use talc-based P. lilacinum @ 50 g/

plant during May-June. Combined application of neem

cake @ 500 g/plant along with P. lilacinum @ 30 g/plant

and mulching with Gliricidia leaves @ 2 kg/plant proved

effective in suppressing nematode population and

increasing yield (Anon, 2020).

Ginger

India stands as the largest producer and exporter of

ginger, supplying it to more than 50 countries and

contributing to more than 50 per cent of global production.

Kerala is renowned for producing the finest quality

ginger which is grown in 3218 ha. Sundararaju et al.

(1979a) identified plant parasitic nematodes from 17

different genera affecting ginger. In Kerala, M.

incognita, R. similis and P. coffeae are the predominant

nematodes found in the ginger rhizosphere. Other

nematodes observed were Rotylenchulus reniformis,

Helicotylenchus multicinctus, Tylenchorhynchus spp.,

Hoplolaimus indicus, Criconemoides spp., and

Xiphinema spp. Sheela et al. (1995) reported an avoidable

yield loss of 43 per cent at an initial inoculum level of 166

M. incognita juveniles/250 cc soil. Higher inoculum

levels of R.similis (10000 nematodes/plant) caused a 74

per cent reduction in rhizome weight (Sundararaju et al.,

1979b). The intensity of rhizome rot in ginger caused by

Pythium aphanidermatum increased when rhizomes

were infected with nematodes. Nematode feeding leads

to hypertrophy and hyperplasia of parenchymatous cells

resulting in the formation of galls in roots and rhizomes

(Fig. 3). The nematodes invade both fleshy and fibrous

roots. They also attack the rhizomes leading to water-

soaked patches in outer tissues, which may turn into

necrotic spots subsequently. Nematodes continue to

develop after the maturity of the crop, multiply during

storage and cause deterioration of seed rhizomes. Plants

with heavy nematode infestation exhibit stunted growth,

poor tillering, and foliar yellowing. The affected plants

tend to dry out and die more prematurely than healthy

ones resulting in a poor crop stand at the time of harvest.

Fig. 2.  Symptoms of root-knot nematode infestation in cardamom
(Left - yellowing; Middle - witches’ broom type branching; Right - galling in roots)
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Infected rhizomes serve as a source of nematode inoculum

during storage.

Management: Ginger being export-oriented and

sometimes consumed raw, ecofriendly methods are to be

adopted for nematode management. Nematodes that

survive in stored seed rhizomes can spread through

planting materials. Using nematode-free seed rhizomes

is most important for controlling or minimizing nematode

damage.  Rhizome solarization and immersing the rhizomes

in hot water at temperatures between 50–55oC for 10

min is effective for lowering the occurrence of nematodes

in ginger. Solarization of nursery beds by covering them

with a 150-gauge polyethylene sheet for 15 days in

summer months increases the temperature by 5 to 10°C

more than the atmospheric temperature. Crop rotation

practices can be tailored for areas with endemic nematode

species. When ginger is grown alongside other crops, the

susceptibility of the companion crop to nematodes should

be considered. Ramana et al. (2002) isolated a variety of

bacterial and fungal biocontrol agents from ginger fields.

Several isolates of fungi served as egg parasites, while

some strains produced toxic compounds that are

detrimental to second-stage juveniles of M. incognita in

addition to their parasitic effects. Studies indicated that

five biocontrol agents viz., P. chlamydosporia, P.

lilacinum, Fusarium spp., Aspergillus nidulans and

Scopuloriopsis spp. were significantly effective in

reducing the population of nematodes in ginger rhizosphere

(Eapen et al., 2005). Rhizome treatment with

Trichoderma spp./P. lilacinum @ 3% w/w and green

leaf mulching with G. macualta @ 1 kg/m2 significantly

decreased the population of root-knot nematodes and

boosted the yield in ginger. Combined application of P.

chlamydosporia and T. asperellum @ 2.5 kg along

with 2.5 t FYM/ha was found best in suppressing

population of nematodes in soil (74.49%) and increasing

yield (63.37%) in ginger with ICBR of 1:6.69 (Anon,

2022–2023). Application of well-decomposed cattle

manure/compost/poultry manure not only lowers

Fig. 3. Galling in roots of ginger
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nematode population but also improves soil health and

water retention capacity. Weeds in ginger cultivation

areas often serve as hosts of root-knot nematodes.

Maintaining clean fields will help in mitigating nematode

problems. Application of neem cake @ 200 g/m2 at the

time of planting is recommended for the control of

nematodes associated with ginger. In areas where

nematodes are prevalent, an additional application of

neem cake @100 g/m2 should be carried out at 45 days

after planting (Anon, 2016)

Turmeric

Meloidogyne spp., R. similis and P. coffeae are the

major nematodes of economic importance in the

production of turmeric. Ayyar first reported the root-

knot nematodes in turmeric in 1926. Even though both M.

incognita and M. javanica affect turmeric, but the

major infesting species is M. incognita. Plants infected

with M. incognita exhibit stunted growth, yellowing of

leaves, drying of leaf margins and tips, reduced sprouting,

root galling and decay of rhizomes (Fig. 4). In the fields,

high inoculum levels of M. incognita lead to extensive

yellowing, stunting, and plant withering, resulting in a

weak harvest. The infected rhizomes lose their bright

yellow colour. Turmeric roots damaged by R. similis

often rot, leaving only the outer layer intact devoid of

cortex and vascular tissues. These plants dry out faster

than healthy ones. The rhizomes of affected plants

become pale yellow instead of the golden yellow of

healthy ones and develop superficial, water-soaked,

brown discolourations. R. similis is also found in the scale

leaves of the plants (Sosamma et al. 1979). P. coffeae

causes discolouration and rotting of mature rhizomes

with dry rot symptoms. These rhizomes exhibit dark

brown necrotic lesions.

Management: High-yielding cultivars PCT 8, PCT 10,

Suguna and Sudarshana were found to be unaffected by

root-knot nematodes (Rao et al., 1994).  Immersing

rhizomes in hot water at 55oC for 50 min kills M.

incognita inside the rhizomes and soil solarization in

Fig. 4. Root-knot nematode infection in turmeric (Left - yellowing and patchy growth; Right - galling in roots)
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summer months also helps in making plots free of

nematodes.

CONCLUSION

Strict quarantine measures are to be enacted as the

red ring disease of coconut is becoming more widespread.

Recent advances in molecular diagnostic methods such

as loop-mediated isothermal amplification (LAMP) of B.

cocophilus for detection in plant and insect samples are

helpful for early discovery and eradication. Ensure the

availability of male-produced synthetic aggregation

pheromones of black palm weevil to monitor ports of

entry of potential vectors.  Root-knot nematodes can be

effectively managed using egg parasitic fungi, P.

lilacinum and P. chlamydosporia as the egg masses

are present outside the root. Since burrowing and lesion

nematodes are endoparasites and lay eggs inside the

roots, their management is difficult. Hence plant growth-

promoting endophytes with good colonization ability and

egg parasitization capacity need to be explored. In future

research, thrust is to be given to the utilization of

biotechnological tools for isolating and cloning nematode-

resistant genes, standardization of gene editing techniques

in plantation crops to knock out expression of nematode

susceptible genes, identification of promising stress-

tolerant strains of biocontrol agents and standardization

of mass production and application techniques, isolation

and characterization of biocide molecules of plant origin

to develop environmentally safe and economic green

nematicides.
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ABSTRACT: For almost half of the world’s population, rice is a staple food. In addition to the numerous challenges, rice production
worldwide is seriously threatened by the rice root-knot nematode (RRKN), Meloidogyne graminicola. Developing resistant rice
varieties is a priority for sustainable agriculture since M. graminicola infestations cause substantial yield losses and economic
consequences. Understanding the intricate host-pathogen interaction between rice and rice root-knot nematode is fundamental
for effective resistance breeding. Recent molecular studies have shed light on the underlying mechanisms, providing valuable
insights into potential targets for genetic manipulation. Numerous resistance genes have been identified in rice, conferring varying
resistance levels against RRKN. These genes, discovered through conventional breeding and advanced molecular techniques, serve
as the foundation for developing resistant rice cultivars. The integration of marker-assisted selection techniques has expedited the
breeding process by enabling the identification and selection of plants with desirable resistance traits more efficiently. This method
proved significant in facilitating the development of rice variants resistant to RRKN. Advancements in genetic engineering
techniques, such as CRISPR-Cas9, have opened new avenues for precise manipulation of the rice genome to enhance resistance
against RRKN. The potential of transgenic approaches in creating durable resistance needs to be further explored while addressing
regulatory and ethical considerations. Despite significant progress, challenges persist in developing resistant rice varieties with
durable and broad-spectrum resistance against RRKN. The progress in resistance breeding against rice root-knot nematode marks
a crucial step toward sustainable rice production. Continued research efforts, incorporating cutting-edge technologies and
collaborative initiatives, are essential for addressing the complexities of RKN resistance and ensuring global food security through
improved rice varieties. This paper provides a concise overview of the progress made in resistance breeding against RRKN,
highlighting key advancements and challenges in this crucial area of research.
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INTRODUCTION

Rice is among the world’s most significant grain

crops. More than 50 per cent of people in the entire globe,

especially in Asia, rely on rice as their primary source of

nutrition (FAO, 2008). Approximately 90 per cent of the

world’s rice is grown in China, India, Pakistan, Japan,

Korea, south-east Asia, and other adjacent countries

(USDA, 2014). Beyond Asia, Brazil and the United

States are the two nations with the highest rice production

(Poehlman and Sleper, 1995). The most common type of

rice grown today, Oryza sativa (2n = 2x = 24), originated

in southern and southwestern tropical Asia. The other

type of cultivated rice, Oryza glaberrima (2n = 2x = 24),

is grown exclusively in western tropical Africa and is

indigenous to the upper Niger River basin. Ten distinct

genome types (AA, BB, CC, BBCC, CCDD, EE, FF,

GG, HHJJ, and HHKK) and 23 species of Oryza exist

in the wild. O. sativa is closely related to the wild annual

species O. nivara and the wild perennial species O.

rufipogon. These weedy species are diploid and have

the AA genome.

By 2030, the world will require roughly 25 per cent

more rice to meet the projected demand of a growing

world population (Wani and Sah, 2014). Growing rice

over a larger area is one approach to address this

challenge, but it is challenging because of rising

urbanization and population growth in developing nations.

The alternative is to use conventional and contemporary
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biotechnology in breeding efforts to enhance varieties

and raise the rice yields per ha (Ozawa and Takaiwa,

2010; Mahmood-ur-Rahman et al., 2014). A number of

plant diseases significantly impact rice quality and yield.

One of the most prevalent pathogens in rice production

systems is M. graminicola, which can cause yield

losses ranging from 17 to 32 per cent (Kyndt et al., 2014;

Mantelin et al., 2017). Estimates suggest that M.

graminicola is the most destructive nematode in India,

causing losses of over Rs. 23,272.32 million annually

(Kumar et al., 2020).

M. graminicola is an obligatory, stationary

endoparasite with a broad host range (Abad et al., 2003).

It infects upland, lowland, and deep-water rice and was

recently found to be one of the significant soil diseases

limiting aerobic or direct-seeded rice yield. Plants that

are infected grow smaller and become chlorotic and

stunted. There have been reports of alterations in

photosynthetic rate and reductions in chlorophyll

concentration of the infected plants (Swain and Prasad,

1988). The nematodes cause the roots to develop galls

that resemble hooks, which progressively decrease the

intake of water and nutrients and reduce rice yield by 20–

30 per cent every year (Fortuner and Merny, 1979;

Williamson, 1998). The infectious second-stage juveniles

(J2) of M. graminicola make their way through the soil

to find a suitable host before reaching the root tip. They

proceed towards the meristem in an intercellular fashion,

ultimately reaching the cell differentiation region

(Williamson, 1998), where they establish their permanent

feeding site. The nematode causes synchronous mitoses

without cytokinesis, which results in the formation of

giant cells (Williamson and Gleason, 2003). Galls are

formed when nearby pericycle cells divide in tandem

with this. The nematodes grow into adults and receive

nourishment from the enormous, multinucleated,

metabolically active giant cells. Under ideal circumstances,

M. graminicola may complete multiple generations in a

single rice-growing season, which causes the population

sizes to expand to harmful levels quickly.

Most nematode management techniques today are

ineffective (Starr et al., 2002). The most widely used

methods in the field to reduce M. graminicola yield

losses include crop rotation, continuous flooding, and the

application of nematicides. In addition to other benefits,

regular flooding can lower soil nematode populations by

preventing J2 from infecting rice roots. Although most

soil nematodes can be killed by flooding, artificial flooding

is expensive and unfeasible (Stover, 1979) and has

minimal impact on M. graminicola (Bridge, 1996). The

growing scarcity of water available for agricultural

usage, especially in South and Southeast Asia, is further

limiting the potential benefits of this approach in the field.

Using cultural techniques like crop rotation results in only

a partial level of control. Crop rotation that includes M.

graminicola non-hosts or poor hosts, including sesame,

mung bean, and mustard can also successfully lower its

population densities in the soil, minimising yield losses.

However, moving to another crop, even for a part of the

crop season, can come at an unreasonably high cost for

a large number of small-scale rice farmers in Asia,

where rice is a staple food source. Additionally, due to

M. graminicola’s broad host range, crop rotation is not

very effective (Whitehead, 1998), and chemical control

options are restricted to carbofuran since DBCP (1,2-

dibromo-3-chloropropane) and EDB (ethylene dibromide)

have been banned (Boerma and Hussey, 1992). Using

poisonous and environmentally harmful carbamates is

the foundation of current RRKN management

recommendations. New methods for eliminating this

pest require immediate attention, and resistance and

tolerance are useful tools for long-term pest management

(Williamson, 1998).

Rice farming techniques will probably transition

from extended floods to water-saving techniques due to

reduced water availability brought on by climate change,

increased labour expenses, and urbanisation. These
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water-saving methods increase damage and yield loss by
allowing M. graminicola to enter and accumulate at
high densities in the roots of susceptible rice varieties.
This will make the development of rice varieties that are
tolerant or resistant to M. graminicola even more
important. With a few notable exceptions, nearly all O.
sativa cultivars evaluated to date are known to be
susceptible to RRKN infection (Kumari et al., 2016).
Evidence of resistance to M. graminicola has been
found for O. longistaminata A. Chev. and Roehrich,
Asian rice (O. sativa L.) (Jena et al., 2013), and African
rice (O. glaberrima Steud.) (Soriano et al., 1999). Some
of these so-called “resistant Asian rice cultivars” are
resistant to M. graminicola, despite the fact that the
great majority of Asian rice germplasm is susceptible to
it (Bridge et al., 1982). Since the interspecific progenies
failed to exhibit the same level of resistance as the
African rice, attempts to transmit M. graminicola
resistance from African rice to Asian rice have been
unsuccessful (Plowright et al., 1999).

The attempt to combine advantageous features from
these two rice species is hindered by sexual compatibility
and hybrid sterility. Repeated backcrossing can restore
the hybrids’ fertility, but doing so involves the risk of
losing the desired characteristics (Jones et al., 1997).
However, recently, at the International Rice Research
Institute (IRRI, Los Baños, Philippines), crosses and
host-response evaluation experiments led to the
identification of some promising Asian rice genotypes
derived from O. sativa parents that are tolerant or
resistant to M. graminicola (Shrestha et al., 2007).
Previous research on rice resistance to M. graminicola
has shown that this resistance is quantitative in character
or controlled by many genes that work in conjunction.

MELOIDOGYNE GRAMINICOLA -
RESISTANT RICE GERMPLASMS AND

CONVENTIONAL BREEDING

In rice breeding, increasing yield and resistance to

abiotic stresses have been major goals, but strategies for

achieving these objectives have evolved over time.

Developing high-yielding, stress-tolerant rice varieties

with suitable nutritional qualities has greatly used

conventional breeding techniques, including pedigree

and backcross breeding. In cases when using wild

relatives or donors with many unwanted features was

necessary, advanced backcross lines had to be created

to transfer the desired trait into a background that was

phenotypically acceptable and to facilitate future breeding

programmes. According to Kaloshian and Teixeira (2019),

breeding and implementing resistant cultivars is the most

efficient and environmentally friendly method of managing

RRKN. The most practical and affordable way to lower

agricultural losses due to plant diseases is to grow

resistant cultivars of various crops. It is a constant effort

to screen rice varieties or lines for resistance to RRKN

and recommend those that are suitable for cultivation.

Due to changes in agricultural practices, M. graminicola

is becoming more common in the fields, endangering

most rice cultivars (De Waele and Elsen, 2007).

Nearly all cultivated O. sativa cultivars studied thus

far are known to be susceptible to RRKN infection,

despite the fact that the non-cultivated African relatives

O. glaberrima and O. longistaminata are assumed to

be resistant to the infection of M. graminicola (Kumari

et al., 2016). Dominant resistance (R) genes are used in

conventional breeding because they encode nucleotide-

binding leucine-rich repeat proteins (NLRs), which either

directly or indirectly recognise pathogenic effector

proteins and activate host innate immunity (Jones and

Dangl, 2006; St Clair, 2010). Some highly resistant types

are currently present in the Asian Rice Germplasm

Bank: Thai aus rice Khao Pahk Maw (KPM), Sri Lankan

indica rice LD24, and Chinese japonica rice Zhonghua11

(ZH11) and Huaidao 5 (HD5) (Dimkpa et al., 2016;

Hada et al., 2020; Feng et al., 2022).

Furthermore, recent research (Phan et al. 2018;

Lahari et al., 2019) showed that a major resistance gene
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might be involved in the ZH11 resistance to M.

graminicola infection and that M. graminicola

resistance in O. sativa may be controlled by this key

locus on chromosome 11. The putative dominant R gene

has not been cloned yet. O. glaberrima was previously

shown to be resistant to M. graminicola. However, the

application of O. glaberrima genotype resistance in

conventional breeding is restricted due to the challenge

of hybridizing O. sativa and O. glaberrima (Soriano et

al., 1999). Many rice cultivars were identified as resistant

as the root galls failed to form, e.g., TKM 6, Patnai 6, N

136 (Israel and Rao, 1971), and Garem, Dumai (Cox,

1980). Certain TNAU (ADT) rice lines have been

shown to be resistant to the rice root-knot nematode,

according to Prasad et al. (1986). Similarly, rice cvs.,

Loknath 505 and M-36 were resistant to RRKN (Hassan

et al., 2004). Several screening programmes have been

carried out, but the majority of the rice cultivars screened

were reported to be susceptible to RRKN (Sharma-

Poudyal et al., 2002; Devi and Thakur, 2007;

Amarasinghe, 2011; Devi, 2014). Of the 87 cultivars

investigated, Achhoo and Naggardhan were shown to be

resistant to RRKN (Narasimhamurthy, 2014).

M. graminicola resistance was detected in only one

genotype out of twenty, KMP-179. A study by Devaraja

et al. (2017) evaluated 33 genotypes of Asian rice

against M. graminicola in DSR conditions. Based on the

multiplication factor and root-knot index, the cv. NDR-

97 showed strong resistance to RRKN with less than two

galls per plant. To develop an F
2
 mapping population, the

rice cultivar Abhishek, which showed the least galls and

significant resistance to RRKN, was crossed with the

susceptible genotype Bangla Patni. Through bulked

segregant analysis, a marker HvSSR10-21 was possibly

connected to the resistant locus in cultivar Abhishek.

The marker’s linkage to the resistant locus Mg1(t)

against M. graminicola was indicated by a significant

LOD score. Previously, NRRI Cuttack discovered two

F
9
 recombinant inbred lines (RILs), Accession nos.

CR3003-11-186 and CR3003-184, which were obtained

from crossings of Annapurna × Ramakrishna, had a high

level of resistance against the nematode. In vitro and soil

tests conducted at IARI New Delhi revealed that the

genotypes Vandana, Suraksha, Phule Radha, and EK 70

were resistant to RRKN at different inoculum levels.

Additionally, RILs (F
7
) were produced by crossing PB1121

× Phule Radha to map QTLs. Researchers have started

breeding programmes to make rice resistant to

nematodes. Currently, these resistance lines are being

utilized in a number of nematode resistance breeding

initiatives, which could result in the development of rice

lines and cultivars resistant to RRKN.

However, this approach has long been hampered in

rice cultivation due to the lack of nematode resistance

sources in the cultivated O. sativa species. As mentioned

above, genetic resistance to PPNs, particularly M.

graminicola, has been identified in African rice, O.

glaberrima, and wild relatives such as O. glumaepatula,

O. longistaminata, O. nivara, and O. rufipogon

(Soriano et al., 1999; Hada et al., 2020). Although most

of these are quantitative resistance sources, some have

been effectively used in breeding for resistance to other

PPNs (Lorieux et al., 2003), but not for M. graminicola.

Asian O. sativa cultivars exhibit strong resistance to M.

graminicola, according to more recent research on

global rice panels. Based on genetically and geographically

diverse sources, three of these resistances have been

partially characterized: Zhonghua 11 (Zh11) in the Chinese

temperate japonica variety, KPM in the Thai aus

subpopulation variety Khao Pahk Maw (KPM) (Dimkpa

et al., 2016), and LD 24 in Sri Lanka. Similarly, O.

glaberrima, the African rice plant, exhibits resistance to

M. graminicola through a complex transcriptome

response for which no single hormonal mechanism has

been found to be the primary determinant (Petitot et al.,

2017).
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However, M. graminicola juveniles that penetrate

the roots are tenacious and can initiate the development

of giant cells. Histopathological investigations suggest

that interactions in M. graminicola-resistant O.

glaberrima lines may result in an HR-like response

(Cabasan et al., 2014). Seemingly, late giant cell

disintegration and poor nematode penetration are the

main factors associated with resistance (Cabasan et al.,

2014; Petitot et al., 2017). However, as the resistant O.

sativa Zh11 cultivar demonstrates, M. graminicola

infection appears to result in rapid cell death, as indicated

by potentially necrotic cells observed in the root mesoderm

during nematode migration. This accounts for M.

graminicola’s total suppression of nematode

multiplication and gall formation (Phan et al., 2018).

Both the genetic components generating the resistance

and the nature of the HR-like symptoms that develop

during the incompatible interaction between M.

graminicola and Zh11 rice are yet unknown.

IDENTIFICATION OF QTLS AND GENES
RESPONSIBLE FOR M. GRAMINICOLA

RESISTANCE

The field of genotyping technology advanced quickly,

resulting in new, quicker, and less expensive ways to

sequence plant genomes. High-density single-nucleotide

polymorphisms (SNPs) allow for whole-genome scanning,

which has been extensively utilized to identify MTAs for

a number of yield-related traits. These haplotype blocks

are often modest and strongly correlated with quantitative

trait variation. To comprehend the underlying molecular

mechanisms of resistance and to utilize these genes to

produce rice cultivars resistant to nematodes, it is essential

to identify and characterize the genes/QTLs generating

resistance to root-knot nematodes. Genes and QTLs for
a number of rice attributes have been mapped using

various molecular mapping techniques. Bulk segregant
analysis (BSA) is a helpful method for mapping genes or

QTLs from a population with two extreme phenotypic

traits (Michelmore et al., 1991; Venuprasad et al.,

2009). The ability to efficiently find SNPs and other
structural variants throughout the entire genome has

been made possible by recent developments in next-
generation sequencing technologies. Furthermore,

genotyping has accelerated studies on genetic mapping
and the generation of markers (Huang et al., 2009). A

“BSA-seq” approach that combines whole-genome
resequencing with BSA of severe phenotypes is thought

to be an efficient and cost-effective means of identifying
genomic regions associated with a desired trait (Takagi

et al., 2013; Deokar et al., 2019). This technique has
been successfully used in recent years to map QTLs with

different genetic complexity, ranging from single genes
to large QTLs, in a range of crops, such as brassica, rice,

tomato, chickpea  (Takagi et al., 2013; Illa-Berenguer et

al., 2015; Deokar et al., 2019; Zhang et al., 2020). There

is only one report of QTL identification for rice root-knot
nematode resistance by the BSA-seq analysis using

mapping populations obtained from indica and aus cultivar
(Lahari et al., 2019).

A number of research have reported the quantitative

nature of resistance to M. graminicola as QTLs for root
galling, and the number of galls and eggs per root system

has been determined by RIL populations (Shrestha et al.,
2007; Jena et al., 2013; Galeng-Lawilao et al., 2018). O.

longistaminata, O. glaberrima (African rice), and a
few lines of O. sativa (Asian rice) are RRKN resistant,

but the interspecific crosses did not exhibit resistance
similar to that of O. glaberrima; therefore, the breeding

programme to transmit RRKN resistance from O.

glaberrima to O. sativa were unsuccessful. Numerous

national screening initiatives have discovered a number

of germplasms with variable resistance to RRKNs.

RRKN resistance is quantitative, as demonstrated by

mapping studies and QTL. These QTLs on O. sativa

chromosomes 1, 2, 3, 6, 7, and 9 have been linked to root

galling and eggs per root system. Eleven QTLs were

discovered, including many putative lectin-domain-
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containing genes and genes on chromosome 11 that were

homologous to the Hordeum Mla locus. In yet another

investigation, phenotypic characteristics such as the

number of galls, egg masses, eggs/egg mass, and

multiplication factor (MF) per plant were significantly

correlated with 17 novel SNPs. These SNPs were

associated with transcription factors such as WRKY,

ARF, SCARECROW, MYB, bZIP, Cf2/Cf5 resistance

protein, and NBS-LRR. They were found in QTLs on

chromosomes 1, 2, 3, 4, 6, 10, and 11.

Similar to this, QTLs for resistance and tolerance to

RRKN as well as other yield-related traits (such as plant

height, weight of the roots and shoots, and the percentage

of grains filled) were mapped on different chromosomal

regions in RILs that were derived from different O.

sativa accessions, like “IR64,” “IR78877–208-B-1-2,”

and O. glaberrima accession “CG14.” Das et al. (2011)

screened 45 breeding genotypes of the O. sativa that

have been enhanced for aerobic adaptability as well as

14 commonly grown traditional upland varieties

against M. graminicola. The results of the experiment

conducted in an indoor growth chamber showed that the

fresh root weight and nematode population varied greatly

both between and within the two rice ecotypes. Second-

stage juveniles in aerobic rice genotypes had an average

final and starting population ratio (RF value) of 6.5, much

lower than that of upland cultivars (87.1). Accessions

CG 14 and TOG 5674 of O. glaberrima demonstrated

true resistance (RF=1). The aerobic rice genotypes IR

81426-B-B186-4 and IR81449-B-B-51-4, along with the

traditional cultivars WAB 638-1 and IRAT 216, exhibited

notable resistance to M. graminicola. Furthermore,

resistance among the assessed rice genotypes is heritable,

according to heritability study. They found that newly

developed aerobic rice genotypes were more resistant to

the RRKN than traditional upland cultivars and that it is

possible to enhance these genotypes’ resistance. Twelve

QTLs with main effects and two epistatic interactions

were found by Galeng-Lawilao et al. (2018, 2019, 2020)

to be associated to M. graminicola resistance and

tolerance in the first and second seasons, as well as other

agronomic variables such as plant yield, the percentage

of full grains, and the weight of fresh and dry roots.

Additionally, genotypes of rice that are either resistant or

partially resistant and tolerant, and that possess the

favourable alleles for tolerance (qGR4.1, qMGR7.1,

qMGR9.1, qGR4.1, qGR8.1) and resistance (qMGR4.1,

qMGR7.1, qGR4.1, qGR8.1) QTLs, were chosen.

Although they are vulnerable to M. graminicola infection,

these chosen genotypes and the discovered QTLs provide

essential information in developing MAB for the

enhancement of high-yielding rice genotypes.

RILs produced from a hybrid of O. sativa accessions

Bala and Azucena to report QTLs linked with root galling

on five (1, 2, 6, 7 and 9) chromosomes (Shrestha et al.,

2007). The percentage of variance explained by significant

QTLs varied from 8.3 to 10.3. Using RILs derived from

a cross of Annapurna and Ramakrishna, two traditional

rice varieties from India, Jena et al. (2013) reported

another QTL linked to the number of root galls per root

system, eggs per root system, and eggs per g of roots on

chromosomes 1 and 3. Additionally, Dimpka et al. (2016)

mapped QTLs also linked to root galling on chromosomes

1, 3, 4, 5, 11, and 12 from a diverse rice panel. Hsa-1Og,

a gene that gives resistance to the cyst nematode

Heterodera sacchari, was the first nematode resistance

gene found in rice. This gene was found in a segregating

population that was descended from TOG5681 and

IR64, and it is found on chromosome 11 (Lorieux et al.,

2003). According to Bimpong et al. (2010), O.

glaberrima accession TOG5681 is resistant to M.

graminicola infection.

In order to understand the nematode genes involved

in parasitizing rice plants, as well as to probe the immune

responses of rice plants at different times following

infection by M. incognita, M. graminicola, or

Hirschmaniella oryzae, gene expression analysis by
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RNA-sequencing has been employed (Petitot et al.,

2017). Compared to O. sativa genotype “Nipponbare,”

the RRKN-resistant African rice O. glaberrima line

TOG5681 exhibited induced genes for defence responses,

phenylpropanoid and hormone pathways in response to

M. graminicola infection. Several candidate genes

conferring resistance against M. graminicola were

identified (Petitot et al., 2017). The study of the functions

of a small number of defensive response genes or plant

hormone pathways involved in immune responses has

been the subject of several studies on plants’ response to

RRKN infection (Hatzade et al., 2019). All of these

investigations, however, do not directly compare the

global gene expression response of resistant and

susceptible nematode lines with the same genetic

background. In an Indica rice land race with the genetic

background JBT 36/14, a forward genetic screen identified

several activation-tagged mutants resistant to RRKN

(Hatzade et al., 2019). Among the nematode-resistant

mutants, line-9 was noteworthy because it exhibited

lower nematode multiplication factor and post-penetration

resistance to RRKN in comparison to the wild-type JBT

36/14 and the well-known basmati rice cultivar Pusa

Basmati 1121 (Hatzade et al., 2019). Despite numerous

attempts, the location of the T-DNA insertion site in line-

9 remains unknown. The nematodes were able to enter

line-9 roots, however they were unable to form galls or

multiply within the roots in contrast to JBT 36/14 (Hatzade

et al., 2019).

A transcriptomic investigation of rice lines resistant

to M. graminicola was done 24 hours post nematode

infection to understand better the molecular pathways

responsible for nematode resistance in the susceptible

parent JBT 36/14 and mutant line-9 (Dash et al., 2021).

In line-9, a total of 674 transcripts with differential

expression were found and a number of genes were

found to be involved in the production of secondary

metabolites, such as diterpenoid biosynthesis (CPS2,

OsKSL4, OsKSL10, Oscyp71Z2, oryzalexin synthase,

and momilactone A synthase), as well as wall-associated

receptor kinases (likely involved in nematode damage-

associated molecular pattern recognition), signalling

(Nucleotide-binding, Leucine-Rich Repeat, NLRs),

pathogenesis-related (PR) genes (PR1, PR10a), defense-

related genes (NB-ARC domain-containing genes), and

a plethora of genes connected to pathogenesis. It was

suggested that post-nematode juvenile penetration, early

nematode J2 recognition led to phytoalexin-mediated

plant immune responses, supported by PR proteins and

obstructed nematode reproduction and growth.

MARKER-ASSISTED SELECTION
BREEDING FOR RESISTANCE AGAINST

RRKN

The primary concerns for sustainable crop

development and resilience to biotic and abiotic pressures

are the introduction of new diseases and pests, as well as

the changing climate (Hasan et al., 2015). Over time,

considerable advancements in the development of

cultivars ideal for addressing various biotic and abiotic

restrictions that impact rice productivity have been made

possible by traditional breeding procedures. In order to

provide a wider spectrum of resistance, the appearance

of new biotypes and stressors has necessitated stacking

multiple resistance genes into high-yielding cultivar

backgrounds. With this increased resistance, crops are

able to withstand attacks from multiple diseases at once.

Technology advancements and the creation of DNA-

based molecular markers have made it easier to transmit

genes that confer resistance to various biotic (such as

blast and gall midge), and abiotic (such as salinity and

submergence) stresses in recent years.

By tracking the markers associated with each

resistance gene, it is now possible to track the resistance

genes due to advances in the understanding of molecular

markers. The use of DNA markers to select resistant

plants for gene pyramiding has been acknowledged as an
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established technique (Sundaram et al., 2008; Dutta et

al., 2014). Abad et al. (2003) found that Mi from

Lycopersicon peruvianum provides resistance to some

of the root-knot nematode species in tomato. Wang et al.

(2006) found that RKN1 in cotton confers resistance to

M. incognita, while Lorieux et al. (2003) found that

Hsa-1Og provides resistance against the cyst nematode

(Heterodera sacchari) in rice.  In Asian rice, cultivar

Zhonghua11, Mhatre et al. (2017) have identified a

hypersensitive reaction (HR) against M. graminicola.

Their results suggest that resistance is caused by key

genes rather than quantitative resistance. There is a

need for research on related rice species and their

possible resistance to M. graminicola. According to

Galeng-Lawilao et al. (2018), 300 RILs were produced

from two well-known, high-yielding rice mega varieties,

i.e., IR64, which is sensitive to M. graminicola, and

IR78877-208-B-1-2, an aerobic rice genotype with

enhanced tolerance and resistance to M. graminicola.

Using this, the tolerance and resistance of O. sativa to

M. graminicola were mapped. During the dry seasons

of 2012 and 2013, RILs were phenotyped for tolerance

and resistance.

The QTL study employed 131 single nucleotide

polymorphism (SNP) and 32 simple sequence repeat

(SSR) markers. This study discovered two epistatic

interactions in the first and second seasons, as well as a

total of 12 QTLs with main effects associated with

tolerance and resistance to M. graminicola, along with

other agronomic factors as plant yield, percentage of

whole grains, and fresh and dried root weight. Additionally,

genotypes of rice that are either resistant or partially

resistant and tolerant and that possess the favourable

alleles for tolerance (qGR4.1, qMGR7.1, qMGR9.1,

qGR4.1, qGR8.1) and resistance (qMGR4.1, qMGR7.1,

qGR4.1, qGR8.1) QTLs, were chosen. Although they

are vulnerable to M. graminicola infection, these chosen

genotypes and the discovered QTLs provided essential

information in developing MAB to enhance high-yielding

rice genotypes. QTL mapping and trait development

programmes have made it possible to identify genomic

areas that can be transferred through marker-assisted

breeding to improve existing cultivars for one or more

attributes. The development of Sub1 gene-based

submergence-tolerant cultivars was a significant early

success in marker-assisted breeding for resistance to

abiotic stresses. RRKN found that five QTLs associated

with root galling were present in RILs produced by

crossing the O. sativa accessions “Bala” and “Azusena”.

To produce NILs of Swarna with the Sub1 gene,

Neeraja et al. (2007) described a systematic approach

that sequentially uses background, recombinant, and

foreground markers. The first rice cultivar created using

a scientific marker-assisted backcrossing approach was

Swarna-Sub1. MAS has two benefits over traditional

selection, the primary one being a reduction in the time

required to develop products. With MAS, 99 per cent of

the recipient genome may be recovered by BC4, but with

traditional backcross breeding, this process cannot be

completed until BC6. The introduction of phenotype-

diagnostic markers not only requires fewer generations

of backcrosses but also decreases the necessity for

expensive and time-consuming phenotyping.

GENOME WIDE ASSOCIATION STUDIES

A method for identifying marker-trait associations

(MTAs) in a group of unrelated germplasm is linkage

disequilibrium mapping (LD) or genome-wide association

research (GWAS). Compared to normal bi-parental

QTL mapping, GWAS allows for faster analysis of

quantitative traits at greater resolution because it is

based on past recombination events. It might be used to

identify significant MTAs for wheat nematode resistance.

H. avenae resistance and H. flipjevi resistance in

wheat have only been the subject of a few number of

GWA investigations (Mulki et al. 2013; Dababat et al.

2016, 2021; Pariyar et al. 2016). The degree of genetic
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variation, population structure, and LD all affect the

power of association studies. Numerous factors, including

population structure, selection, recombination rate, and

allele frequency, influence it (Flint-Garcia et al., 2003;

Mulki et al., 2013). According to multiple research, LD

decreases with increasing distance between SNPs and

varies between sub-genomes and each chromosome

(Mulki et al., 2013; Dababat et al., 2016; Pariyar et al.,

2016; Guerra et al., 2021). Mulki et al. (2013) have

reported that long-distance LD can exist, but it can also

diminish for close loci. LD degradation in the wheat

panel is between 1.09 kbp and 23 Mb, according to

earlier research (Appels et al., 2018; Kidane et al.,

2019; Li et al. 2019; Luján Basile et al., 2019; Pang

et al., 2020; Guerra et al., 2021). GWAS has only been

utilized in a small number of studies so far to find novel

QTLs for phytonematode susceptibility or resistance in

a variety of plants, including rice, wheat, soybean, and

Arabidopsis. QTLs associated with root galling were

mapped to chromosomes 1, 3, 4, 5, 11, and 12 in an Asian

rice global panel. Eleven QTLs linked to nematode

resistance were identified by a GWAS, two of which

were in close proximity to epistatic loci found in the Bala

× Azucena population. This investigation showed many

lectin-domain-containing genes on chromosome 11

(Dimpka et al., 2016).

However, more research on rice panels from various

geographic locations (such wild rice accessions with

more genetic variety) will expand the pool of resistance

genes that can be used in rice breeding initiatives in the

future. The availability of wild rice is rapidly declining

due to urbanization and the strain of an ever-increasing

population. The Indo-Burma area is regarded as a

hotspot for wild rice populations’ biodiversity. Hada et

al., 2020 examined 272 distinct wild rice accessions (O.

nivara, O. rufipogon, and O. sativa f. spontanea) to

identify genotypes resistant to RRKN. They revealed

the genetic basis of RRKN resistance by using 50K

“OsSNPnks” genic Affymetrix chips in a genome-wide

association study to genotype SNPs. A study of the

population structure showed that these accessions were

divided into three main subpopulations. A total of 40

resistant accessions (multiplication factor/MF < 2 and

nematode gall number) were found, and 17 new SNPs

were shown to be substantially correlated with phenotypic

variables, including MF per plant, number of galls, egg

masses, and eggs/egg mass. SNPs were found around

the QTL on chromosomes 1, 2, 3, 4, 6, 10, and 11 that

contain potential genes such as WRKY transcription

factors, MYB, bZIP, ARF, Cf2/Cf5 resistance protein,

NBS-LRR, and bZIP. Seven days following inoculation,

RRKN-infected plants exhibited considerably higher

expression of these identified genes than mock-infected

plants. The discovered SNPs expand the pool of possible

genes for future marker-assisted breeding projects, which

will help reduce the damage caused by RRKN in rice.

CRISPR/CAS9-MEDIATED RESISTANCE
AGAINST M. GRAMINICOLA

In order to effectively control plant disease, CRISPR

crops containing mutations in susceptibility (S) genes

offer a method that is “transgene-free” and typically

exhibit a more robust and broad-spectrum form of

resistance. Alterations to the S gene can potentially

result in disease resistance (Zaidi et al., 2018). In order

to either reduce host immune signals or to aid in host

recognition, penetration, nutrition acquisition, proliferation,

and spread, pathogens activate, target, or recognise plant

genes known as S genes (van Schie and Takken, 2014;

Zaidi et al., 2018). The resistance that results from

inactivating the S gene is long-lasting and genetically

recessive. Genetic editing has made strides in breeding

new resistant materials through S gene editing possible.
No reports of CRISPR/Cas9-mediated editing of S
genes to create resistance to plant parasitic nematode
disease exist. Huang et al., 2023, produced genetically
stable homozygous rice mutants, either with or without
transgenic elements, by introducing a targeted mutation
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of the rice copper metallochaperone heavy metal-
associated plant protein 04 (OsHPP04) S gene using
CRISPR/Cas9 technology. Furthermore, the “transgene-
free” homozygous mutants showed an increase in the
defence-related gene expression, reactive oxygen species
burst, and callose deposition - all of which are plant
immunological responses that are initiated by flg22.
Based on an examination of the agronomic traits and rice
development of two distinct mutants, no discernible
variations were found between wild-type plants and the
mutants. These results imply that OsHPP04 might be an
S gene that negatively regulates host immunity and that
genetically modifying S gene using CRISPR/Cas9
technology can be a potent method of creating plant
varieties resistant to PPN.

The malectin-like receptor kinase GmLMM1
regulates pattern-triggered immunity and cell death in
soybeans during M. incognita infection. Nematode-
expressed RALF-like ligands bind to GmLMM1, inhibiting
the host’s immune response and promoting M. incognita
infection. Using CRISPR/Cas9, GmLMM1 has been
demonstrated to negatively influence M. incognita
resistance in soybean cv. Williams 82 and DN50 (Zhang
et al., 2021). It has been revealed that a heavy metal-
associated plant protein (OsHPP04) acts as a negative
regulator of rice defence against infection by M.
graminicola. To scavenge reactive oxygen species and
reduce host immunity, M. graminicola effector
MgMO289 interacted with the copper metallochaperone
OsHPP04 (Song et al., 2021). After OsHPP04 was
eliminated using CRISPR/Cas9, rice (cv. Nipponbare)
exhibited enhanced resistance to M. graminicola.
Moreover, Huang et al. (2023) reported that there were
increases in reactive oxygen species generation, callose

deposition, and defence gene expression in mutant lines.

FUTURE OF INNOVATIVE BREEDING
IN RICE

Apart from the different traditional breeding
techniques mentioned above, genome editing is predicted

to play a significant role in applied plant breeding in the
future. The classical novel method of genome editing for
rice enhancement is CRISPR-Cas9. It has gained
popularity over other genome-editing methods, including
zinc finger nucleases and transcriptional activator-like
effector nucleases (TALENs), because of its increased
efficiency in editing several target genes simultaneously
(Liu et al., 2017). Few studies have used genome editing
to produce rice suitable for DSR/AWD conditions.
Attempts have been made to enhance plant growth and
stress response by employing modified ABA receptor
genes (pyrabactin resistance 1-like; PYL1, 4 and 6)
(Miao et al., 2018). As genome-editing methods continue
to progress and new strategies are proposed, it is expected
that novel solutions may surface. For example, vector-
based RNA delivery modifies traits in agronomic practice
without requiring heritable genome editing (Torti et al.,

2021). These solutions may enable pursuing breeding
targets that are currently unsatisfactorily addressed, like
reducing methane emissions or improving photosynthetic
efficiency. The first set of targets for genome editing
might be major gene-controlled traits in directly sown
rice. Some traits associated with crop establishment,
such as anaerobic germination and regular, early
emergence, could be among them. Moreover, rapid
advancement can be attained by modifying targets that
have been demonstrated to enhance resistance against
predominant biotic stressors, including brown spots,
nematodes, and blast. Furthermore, genome editing can
help confirm important target genes identified by

expression investigations for trait development studies.

CONCLUSIONS

Numerous screening studies have been carried out

and several RRKN-resistant rice germplasm/lines have

been identified in India and abroad. Several QTLs have

been identified as associated with RRKN resistance.

Molecular and gene expression studies have identified

several RRKN resistance pathways and mechanisms.
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Several rice breeding programmes have been initiated

and are in advanced stages. As of now, no RRKN

resistant cultivar has been notified. Concerted and

sustained efforts are required to convert the basic research

on RRKN resistance in rice into resistant cultivars in the

near future.
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ABSTRACT: Plant parasitic nematodes (PPNs) pose significant threats to global agriculture, causing annual losses exceeding USD
150 billion. Chemical nematicides, once the primary method for PPN control, are now restricted due to environmental and health
concerns. Consequently, there is a pressing need for eco-friendly alternatives. Biological agents, particularly botanical nematicides
and microbial volatile organic compounds (VOCs), have emerged as promising solutions. VOCs, produced by bacteria and fungi,
have garnered attention for their effectiveness against PPNs. These compounds, with diverse chemical compositions, exhibit various
modes of action, including fumigant toxicity, repellent activity, and inhibition of egg hatching. Notably, Bacillus and Pseudomonas
species have shown significant nematicidal activity through VOC emission. Additionally, fungal VOCs, particularly those from
Fusarium and Trichoderma spp., have demonstrated efficacy against PPNs. Molecular docking studies have highlighted specific
compounds, such as benzoic acid and dimethyl disulfide, as effective against nematode protein targets. Integrating in vitro assays
with computational analyses offers insights into the mechanisms underlying VOC-mediated nematode control. However, further
research is needed to validate VOC efficacy under field conditions and elucidate their molecular impact on nematodes. This review
provides a comprehensive overview of the current research on bacterial and fungal VOCs and their potential applications in PPN
management, highlighting the need for continued investigation to develop sustainable solutions for nematode control.
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INTRODUCTION

Plant parasitic nematodes (PPNs) hold significant

economic importance due to their capacity to inflict

severe harm on crop yields (Lu et al., 2017; Poveda et

al., 2020). Research indicates that there are more than

4100 species of PPNs, resulting in annual agricultural

losses exceeding USD 150 billion (Kyndt et al., 2014).

For the past 50 years, chemical nematicides have been

employed in managing PPNs. However, their overuse

has resulted in detrimental effects on the environment

and posed threats to human health (Abdel-Rahman et

al., 2013). Consequently, certain chemical nematicides

are now restricted in developed nations due to concerns

regarding toxicity, tolerance, and environmental

persistence (Riga et al., 2011). Notably, the use of

chemicals is increasingly discouraged, primarily due to

these aforementioned issues. For instance,

bromomethane, a potent soil fumigant, has been banned

due to its ozone-depleting properties (Whorton et al.,

1983). Similarly, dibromochloropropane, an

organochlorine nematicide, has been prohibited due to its

carcinogenic effects, such as the development of

adenocarcinomas (Hasan et al., 2020). Hence, there is

a demand for environmental-friendly and efficient

alternatives to chemical nematicides. It is, therefore,

imperative to seek alternatives for chemical nematode

control and to devise safe and efficient application

methods.

Recently, the favoured options for managing root-

knot nematodes (RKNs) involve biological agents. Among

these, botanical nematicides - nematicidal compounds

emitted from either plants or microorganisms, have
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garnered growing attention due to their notable

effectiveness and environmental-friendly attributes.

Nematodes dwelling in soil encounter a diverse array of

microorganisms (Rajaofera et al., 2019), among which

nematophagous bacteria and fungi emerge as the most

promising contenders for controlling RKNs. Various

bacterial species spanning across genera like Bacillus,

Pseudomonas, and Pasteuria have demonstrated

antagonistic effects against RKNs. In contrast, fungi

harmful to RKNs are frequently isolated from the phyla

Ascomycota, Basidiomycota, Zygomycota, and

Chytridiomycota (Hung et al., 2015; Li et al., 2015). In

the realm of microbial metabolites, volatile organic

compounds (VOCs) have recently garnered significant

research interest owing to their efficacy in combating

RKNs (Yin et al., 2021). Furthermore, utilizing VOCs in

agricultural settings could offer both economic feasibility

and reduce toxicity to humans compared to conventional

nematicides (Lin et al., 2021). Organic compounds with

boiling points ranging from 50 to 260°C are regarded as

VOC. Many VOCs exhibit toxicity to humans and can

pose environmental risks (Berenjian et al., 2012).

Microorganisms can synthesize a variety of volatile

substances known as microbial VOCs (MVOCs) with

low boiling points and small molecular masses (averaging

around 300 Da) (Veselova et al., 2019). MVOCs have

been observed to influence plant and microbial growth,

induce systemic resistance in plants, impact insects,

nematodes, and other organisms, and serve as attractants

or repellents (Veselova et al., 2019). Bacterial volatiles

are typically characterized by alkenes, alcohols, ketones,

terpenes, benzenoids, pyrazines, acids, and esters; while

alcohols, benzenoids, aldehydes, alkenes, acids, esters,

and ketones dominate fungal volatiles. Most microbial

volatiles are generated as a result of primary and secondary

metabolism, mainly through the oxidation of glucose and

its intermediates (Morath et al., 2012; Schmidt et al.,

2015). The main function of MVOCs lies in the interaction

between microorganisms, typically between bacteria

and fungi in a reciprocal manner (Schmidt et al., 2016).

These interactions often involve MVOCs exerting

antagonistic effects with antifungal activity (such as

caryophyllene, hydrogen cyanide, 1-undecen, dimethyl

disulfide, dimethyl trisulphide, S-methyl thioacetate, and

benzonitrile) or antibacterial properties (including γ-
butyrolactones, albaflavenone, dihydro-β-agarofuran, 1-

undecene, methanthiol, and dimethyl disulfide). However,

these compounds may also facilitate beneficial

communication between physically separated

microorganisms, playing a crucial role in microbial

interactions (Schmidt et al., 2015).

Microorganisms residing in soil or the rhizosphere

can release diverse VOCs such as alcohols, ketones,

aldehydes, lipids, terpenes, and organic acids through

various biosynthetic pathways (Campos et al., 2010).

These VOCs can exert antagonist effects on competitive

species or act as signalling molecules involved in inter-

species communication, even across different kingdoms.

For instance, studies have demonstrated that Bacillus

cereus strain Bc-cm103 exhibited nematicidal activity

against Meloidogyne incognita through VOC emission

(Yin et al., 2021), while Pseudomonas putida strain

1A00316 produced dimethyl disulfide (DMDS), 2-

nonanone, 2-octane, (Z)-hexen-1-ol acetate, and 2-

undecanone, which reduced the viability of M. incognita

(Zhai et al., 2018).

This review paper provides a comprehensive

overview of the current status of and recent advancements

in identifying fungal and bacterial VOCs and their potential

applications in PPN management.

BACTERIAL VOLATILES FOR THE
MANAGEMENT OF PPNs

Numerous reports have demonstrated the toxicity of

microbial VOCs to RKNs. These VOCs can impact

nematodes through various mechanisms, serving as
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root-knot nematode, Meloidogyne enterolobii.

Furthermore, molecular docking studies proved that the

bacterial biomolecules benzoic acid, 4-cyanophenyl 4-

butyl benzoate, trifluoroacetophenone, 6,12-

dinaphthylindolo[3,2-b] carbazole, 3-phenyl-1,2,4-

triazolin-5-one had a predominant effect over protein

targets of M. enterolobii.

Paenibacillus polymyxa KM2501-1 exhibited

significant efficacy against M. incognita, causing

mortality rates of 87.6 and 82.6 per cent under both in

vitro and in planta conditions, respectively. Eleven

VOCs were identified from P. polymyxa KM2501-1,

with furfural acetone and 2-decanol demonstrating the

ability to attract M. incognita and subsequently eliminate

the nematode through fumigant or contact nematicidal

actions (Cheng et al., 2017). VOCs produced by

Virgibacillus dokdonensis MCCC 1A00493 exhibited

diverse activities against M. incognita. Acetaldehyde

functioned as an attractant, contact nematicide, and

fumigant, while ethylbenzene acted as an attractant and

2-butanone as a repellent (Huang et al., 2020).

Pseudomonas putida strain 1A00316, isolated from

Antarctic soil, released a range of VOCs including 2-

nonanone, 2-octanone, 2-undecanone, dimethyl disulfide,

(Z)-hexen-1-ol acetate, 1-undecene, and 1-(ethenyloxy)-

octadecane. Among these compounds, 2-nonanone, 2-

octanone, 2-undecanone, dimethyl disulfide, and (Z)-

hexen-1-ol acetate exhibited contact nematicidal effects

against M. incognita, while only 2-undecanone displayed

fumigant activity. Additionally, all seven VOCs inhibited

egg hatching and acted as repellents to M. incognita J2

in Petri plate experiments (Zhai et al., 2018).

A total of 53 VOCs were identified from five

bacterial species, including Pseudochrobactrum

saccharolyticum, Wautersiella falsenii, Proteus

hauseri, Arthrobacter nicotianae, and Achromobacter

xylosoxidans. Notably, S-methyl thiobutyrate, dimethyl

disulfide, acetophenone, 2-nonanone, butyl isovalerate,

contact nematicides, fumigants, repellents, attractants,

or inhibitors of egg hatching. The subsequent text briefly

outlines some of these reports.

Several studies have demonstrated the nematicidal

properties of bioactive molecules from Bacillus spp. For

instance, VOCs emitted by Bacillus megaterium

YFM3.25 were found to hinder egg hatching and reduce

infection by M. incognita in pot experiments. Among

the 17 VOCs identified, compounds such as 2-nonanone,

2-undecanone, decanal, dimethyl disulfide, and

benzeneacetaldehyde showed fumigant toxicity against

M. incognita juveniles and eggs (Huang et al., 2010).

Similarly, Bacillus atrophaeus GBSC56 emitted methyl

isovalerate, 2-undecanone, and dimethyl disulfide, which

exhibited potent nematicidal activity against M. incognita

(Ayaz et al., 2021). Additionally, B. cereus Bc-cm103

displayed repellent activity against M. incognita J2, and

VOCs from this strain, primarily dimethyl disulfide and

S-methyl ester butanethioic acid, exhibited fumigant

toxicity to M. incognita J2 and reduced root gall numbers

in cucumber plants in pot tests (Yin et al., 2021).

Bacillus aryabhattai MCCC 1K02966 emitted dimethyl

disulfide, methyl thioacetate, 1-butanol, and pentane,

with methyl thioacetate showing strong contact and

fumigant toxicity, as well as repellent activity against M.

incognita (Chen et al., 2021). Moreover, Bacillus

altitudinis AMCC 1040 emitted eight VOCs, including

acetic acid, octanoic acid, 2-methyl-butanoic acid, 3-

methyl-butanoic acid, 2,3-butanedione, and 2-isopropoxy

ethylamine, which exhibited nematicidal activity against

M. incognita (Zhou et al., 2022).

Arun et al. (2023) reported that Picoxystrobin and 3-

Deoxy-d-mannonic acid from B. cereus could serve as

promising novel nematostatic compounds against rice

root-knot nematode, M. graminicola. Shandeep et al.

(2024) revealed the LC
50

 concentration of 2,1,3

benzothiadiazole (52.17 ìg/mL), 2 hexen-1-ol (84.37 ìg/

mL) and heptanoic acid (141.93 ìg/mL) against guava
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ethyl 3,3-dimethylacrylate, and 1-methoxy-4-

methylbenzene demonstrated significant nematicidal

activity against both C. elegans and M. incognita in

Petri plate experiments, with S-methyl thiobutyrate being

the most potent VOC (Xu et al., 2015). Ochrobactrum

pseudogrignonense NC1 exhibited significant inhibition

of M. incognita in both Petri plate and greenhouse trials,

with dimethyl disulfide and benzaldehyde being the main

VOCs responsible for the nematicidal activity against M.

incognita emitted by NC1 (Xu et al., 2015).

In addition to M. incognita, microbial fumigant

toxicity to other Meloidogyne species has been addressed

in some reports. VOCs emitted by three bacterial strains

(Bacillus sp., Paenibacillus sp., and Xanthomonas sp.)

were found to be toxic to the rice RKN Meloidogyne

graminicola in both in vitro and in planta studies (Bui

et al., 2020). In vitro treatment with P. putida,

Microbacterium sp., Bacillus methylotrophicus, and

Bacillus pumilus led to significant mortality of

Meloidogyne exigua through VOC release (Costa et

al., 2015). Furthermore, Variovorax paradoxus,

Comamonas sediminis, Pseudomonas soli,

Pseudomonas koreensis, and two strains of

Pseudomonas monteilii demonstrated nematicidal

activity, exerting potent effects on M. javanica via

VOC production (Wolfgang et al., 2019). Dimethyl

disulfide stands out as the most frequently identified

among microbial VOCs. Recognizing its broad-spectrum

toxicity against pests, dimethyl disulfide was registered

by Arkema as a pesticide named Paladin in 2012

(Wolfgang et al., 2019).

MODE OF ACTION OF BACTERIAL VOCs
AGAINST NEMATODES

VOCs are believed to eliminate nematodes by

affecting various aspects of their physiology, including

the intestine, nervous system, surface coat, pharynx, or

other tissues (Geng et al., 2016; Wanrock et al., 2017).

According to a recent study, VOCs induce rapid nematode

death by triggering severe oxidative stress (Ayaz et al.,

2021). However, the specific molecular mechanisms

underlying the nematicidal properties of VOCs remain

poorly understood, with only a few exceptions. One

extensively studied VOC, dimethyl disulfide, acts by

inhibiting the enzyme cytochrome oxidase, thus disrupting

the mitochondrial respiration of the pests (Gómez-Tenorio

et al., 2015).

Additionally, bacterial VOCs have been shown to

modulate key genes involved in different signalling

pathways that stimulate plant growth and induce systemic

resistance against phytopathogens. For instance, methyl

isovalerate and 2-undecanone have been found to enhance

antioxidant enzyme activity in plant roots infested with

M. incognita, promoting both plant growth and induced

systemic resistance (Ayaz et al., 2021). The impact of

bacterial VOCs on plant morphology and physiology is

further discussed in a recent review article (Sharifi et al.,

2018).

FUNGAL VOCS AGAINST NEMATODES

Several fungal volatile compounds (VCs) have been

assessed for their efficacy against PPNs, primarily

targeting Meloidogyne spp. Non-pathogenic strains of

Fusarium oxysporum, which do not cause plant disease,

have been utilized as biocontrol agents due to their ability

to suppress pathogens such as Fusarium wilt (Fusarium

oxysporum) and Verticillium wilt (Verticillium dahliae)

across a wide range of hosts, including various vegetables,

fruits, and ornamental trees (Sajeena et al., 2020).

Fusarium spp. has been the focus of extensive research

regarding emitted VOCs. Among 35 fungi isolated from

the rhizosphere of coffee plants, including those found in

Meloidogyne exigua eggs and egg masses on coffee

roots, isolates 20a and 21 of Fusarium oxysporum, as

well as an isolate of F. solani, caused mortality rates of

88 to 96 per cent in M. incognita J2. Additionally,
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exposure to VOCs from Fusarium oxysporum isolate

21 led to the loss of infectivity in M. incognita J2. These

VOCs were identified as dioctyl disulfide, caryophyllene,

4-methyl-2,6-di-tert-butylphenol, and acoradiene (Freire

et al., 2012).

Another isolate of Fusarium oxysporum, designated

as isolate 26 and obtained from M. exigua egg masses,

induced 94 per cent immobility and 27 per cent mortality

in M. exigua J2 under laboratory conditions. However,

the specific volatile compounds responsible for these

effects were not identified in the study conducted by

Costa et al. (2015). In the investigations by Terra et al.

(2018), Fusarium oxysporum strain 21 was utilized to

assess the efficacy of its emitted volatile compounds

against M. incognita. The findings revealed that the

volatile compounds from Fusarium oxysporum strain

21 immobilized 100 per cent of M. incognita J2 and

decreased the infectivity and reproduction of M.

incognita J2 by 70 and 65 per cent, respectively. More

than 28 volatile compounds were identified, among which

2-methylbutyl acetate, 3-methylbutyl acetate, ethyl

acetate, and 2-methylpropyl acetate eradicated 80 to 100

per cent of M. incognita J2. Additionally, 3-methylbutyl

acetate and ethyl acetate inhibited 90 per cent of M.

incognita egg hatching (Terra et al., 2017). However,

only 2-methylbutyl acetate reduced gall formation by 22

per cent compared to the control. Estupiñan-López et al.

(2017) demonstrated that volatile compounds emitted by

Fusarium oxysporum isolate F63 and Fusarium solani

isolate F12, isolated from Meloidogyne paranaensis

egg masses, caused 100 per cent and 40 to 70 per cent

immobility in M. incognita J2 under laboratory conditions

at 25°C in the absence of light for six days, respectively.

When M. incognita J2 was exposed to water containing

fungal volatile compounds before inoculation onto tomato

plants, an over 50 per cent reduction in galls and eggs

was observed.

Trichoderma spp. are renowned for their role as
biocontrol agents against various soil-borne pathogens,
including PPNs, although there is limited knowledge
regarding the VOCs they produce (Reino et al., 2008;
Sharon et al., 2011). VOCs emitted by an unidentified
Trichoderma sp. strain, YMF 1.00416, isolated from soil
in Yunnan, China, were assessed for their effects on
Bursaphelenchus xylophilus in laboratory conditions,
resulting in the mortality of 41.53 per cent of the
nematodes (Yang et al., 2012). The main volatile
compounds identified from Trichoderma sp. YMF
1.00416 were 1β-vinylcyclopentane-1α ,3α-diol, 6-
pentyl-2H-pyran-2-one, and 4-(2-hydroxyethyl) phenol.
Notably, 6-pentyl-2H-pyran-2-one exhibited toxicity
against B. xylophilus within 48 hrs at a concentration of
200 mg/L.

CONCLUSION

Due to growing concerns regarding the adverse
effects of synthetic nematicides, there has been a notable
upsurge in interest in developing sustainable alternatives
to control root-knot nematodes. Numerous studies have
highlighted microorganisms as a promising reservoir for
identifying potentially beneficial VOCs for RKN
management. While a significant portion of the evidence
originates from laboratory tests, a subset has been
derived from greenhouse-based in planta experiments.
Nonetheless, extensive research is warranted to validate
the efficacy of VOCs against RKNs in field settings.
Exploring the molecular-level impact of VOCs on
nematodes remains relatively uncommon. Given the
diverse chemical composition of VOCs, it is plausible
that each type operates through distinct mechanisms.
Addressing this inquiry is not only academically intriguing
but also pivotal for advancing VOCs as potential agents
for nematode management in the future.
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ABSTRACT: Entomopathogenic nematodes (EPNs) provide a quick, reliable and environmentally safe mode for controlling insect
pests. Focused research in the US and Europe has led to a fast-growing global market of EPN-based products in the past couple of
decades. The global revenues of EPN products match the returns from Beauveria, Metarhizium and Trichoderma. Although EPNs are
considered to be broad spectrum, their tremendous international success is due to products that target specific stages of a specific
pest in a specific crop in a specific agro-climatic region. Targeted products are launched in cruiser and ambusher EPNs to manage
sedentary and mobile pests, respectively. The EPN products are largely available in the form of wettable powder and water-dispersible
granules with six to ten months of shelf-life under refrigerated conditions. Unfortunately, indigenous products do not match up
to international standards and therefore, do not contribute to the fast-growing global market. Several products are marketed with
unrealistic claims on their shelf-life. The powder formulations are developed without adequate technical knowledge of the survival
mechanism of EPNs, and invariably anhydrobiosis is not induced in these. The development of formulations by untrained EPN
specialists is a major factor why our products do not meet the international quality parameters, and storage and shipment stability.
Only trained nematologists having sound knowledge of the survival strategy of EPNs and an understanding of the biochemical
processes involved in the inducement of anhydrobiosis should handle product development. Majority of the local products are non-
selective to the pest, crop or geographical location. A one-size-fits-all approach to the promotion of EPN products defies the concept
of niche specificity and insect-specificity. Field application should be synchronous with the biology and behaviour of the target pest.
Scientists must understand and integrate insect behaviour and soil dynamics.
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INTRODUCTION

The Entomopathogenic nematodes (EPNs) are

obligate insect parasites in the families Heterorhabditidae

and Steinernematidae. The two important genera

Heterorhabditis and Steinernema have been

successfully utilized as biopesticides as they are capable

of controlling a variety of economically important insect

pests (Koppenhöffer, 2007; Puza, 2015). Extensive global

soil surveys have resulted in isolating 100 Steinernema

and 21 Heterorhabditis species (Bhat et al., 2020).

Besides these two genera, Neosteinernema

longicurvicauda (family Steinernematidae) (Nguyen

and Smart Jr, 1994) and a few species belonging to the

genus Oscheius (family: Rhabditidae) have also been

identified with entomopathogenic ability (Torres-

Barragan et al., 2011). Among all the known species,

currently, five species of Heterorhabditis and eight

species of Steinernema are commercially produced for

managing insect pests. The only free-living, non-feeding

stages of Heterorhabditis and Steinernema are the

third-stage infective juveniles (IJ) or the dauer larvae.

The IJ range from 418 μm and 1283 μm in length for

different species (Nguyen and Hunt, 2007). The IJ of

Steinernema and Heterorhabditis carry lethal gram-

negative symbiotic bacteria Xenorhabdus and

Photorhabdus (family Morganellaceae) (Adeolu et al.,

2016), respectively, which are responsible for the death

of the insect. In their natural habitat, the IJ with the help

of their advanced chemoreception and mechanoreception

o  W
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are capable of finding and penetrating an insect host

(Riga, 2004). The IJ of Steinernema gain entry via the

natural openings of the insect i.e., mouth, anus, and

spiracles, whereas those of Heterorhabditis, in addition

to the natural openings, can also penetrate directly into

the insect haemocoel by puncturing the intersegmental

membranes of the cuticle using a mural tooth (Popiel and

Hominick, 1992). The ultimate destination of the IJ is the

insect hemocoel where they release their symbiotic

bacteria. The bacteria multiply exponentially to cause

fatal septicaemia, thus, killing the insect within 24–48 hrs

(Poinar and Grewal, 2012). The IJ continue to multiply

for two to three generations, following which they leave

the cadaver in search of another insect host. The IJ are

of commercial significance as they are used for developing

commercial formulations. For the development of stable

and effective products for insect pest management,

certain attributes of the IJ are taken into consideration

which are described below.

BEHAVIOUR AND FORAGING STRATEGIES

To make EPNs a successful bioagent, it is important

to understand the foraging behaviour and ecology of the

individual isolates vis-a-vis their original locality. The

host-specificity of EPN is directly correlated with their

foraging strategy. The EPNs broadly adopt two distinct

foraging strategies - cruiser (move towards a host

stimulus) and ambusher (sit-and-wait for the host to

arrive). Cruiser can more efficiently infect sedentary,

slow-moving pests or those with cryptic behaviour;

whereas, ambushers have a higher possibility of infecting

mobile pests. Cruiser EPNs depend on the volatile cues

in the soil which are released by the host insect as

excretory/secretory products, by the plant roots in the

form of exudates, and by certain specific compounds

released due to insect damage. These cues get dissolved

in the capillary water to form a gradient in the soil to allow

cruisers to orient their movement (Bird and Bird, 1986;

van Tol et al., 2001). The EPNs H. bacteriophora, H.

megadis and S. glaseri are cruising foragers, while H.

zealandica, S. carpocapsae, S. scapterisci, and S.

siamkayai are ambush foragers (Campbell and Kaya,

2002). An intermediate foraging behaviour is also evident

in some EPNs like S. riobrave, which are initially

attracted to volatile cues of the host, followed by localized

search in response to contact with host body surface

(Campbell et al., 2003). Different insects feed at different

soil depths, different plant parts or cryptic habitats.

Therefore, a specific application technique is required

for specific EPN products to make easy access for the

IJ to their preferred host. Steinernema IJ spread

horizontally in the upper soil layers, thus they are more

effective against insects that are active in the sub-soil.

On the other hand, Heterorhabditis have the tendency

to move downwards, and therefore, are more suited for

insects that are active at a depth (Campbell and Gaugler,

1993; Lewis, 2002). The global EPN market is largely

successful as the products are specific to insect behaviour

and foraging strategies of the IJ.

SURVIVAL STRATEGIES

Being specialized metazoans having symbiotic

associations with bacteria, the EPNs require specific

conditions to survive and express their virulence. Soil

moisture and temperature are the two most important

factors which influence the survival of EPNs. All EPNs

are most efficient within a favourable narrow range of

temperature. This is one of the reasons why commercial

products of indigenous EPN isolate belonging to a

particular agro-climatic zone are recommended and

introduced in the locality of their origin for efficient

management of native insect pests. For example,

Heterorhabditis spp. are efficient between 7–35°C, S.

feltiae between 2–30°C, while at 10°C S. carpocapsae

becomes inactive (Georgis et al., 2006; Lacey et al.,

2006). Till the IJ finds a suitable host, they survive on the

lipid reserves which are present in the form of

triacylglycerides and glycogen reserves (Grewal and
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the bound water in nematode membranes and maintains

the integrity (Behm, 1997; Crowe et al., 1998b; Gal et al.,

2001). An in-depth molecular and biochemical

investigation in H. indica IJ has revealed a complex

process during which 1584 transcripts get upregulated

and 340 downregulated. A large number of genes involved

in detoxification pathways, antioxidant defense, signal

transduction, unfolded protein response and molecular

chaperones and ubiquitin-proteasome system get

activated. Genes involved in gluconeogenesis- β-oxidation

of fatty acids, glyoxylate pathway; glyceroneogenesis;

fatty acid biosynthesis; amino-acid metabolism - shikimate

pathway, sachharopine pathway, kyneurine pathway,

lysine biosynthesis; one-carbon metabolism, polyamine

pathway, transsulfuration pathway, folate cycle,

methionine cycle, nucleotide biosynthesis; mevalonate

pathway; and glyceraldehyde-3-phosphate

dehydrogenase express differential expression. The

shikimate pathway, sachharopine pathway and

glyceroneogenesis play an important role during the

induction of anhydrobiosis (Balakumaran et al., 2022).

This information is of immense significance in enhancing

the shelf-life of water dispersible formulations.

GLOBAL EPN FORMULATIONS AND
COMMERCIALIZATION

The commercialization of EPNs started in the 1980s.

Presently, nearly 40 countries are involved in the

development of EPN formulations to control insect pests

in high-value agricultural crops, horticultural crops, turfs,

lawns and home gardens using an inundate approach.

The success rate of any EPN product cannot match that

of chemical insecticides. Farmers will never replace

insecticide with EPN products unless they are convinced

with the on-field efficacy of the nematodes. Focussed

research has reduced the gap between the two to some

extent by targeting the appropriate EPN species against

specific-pest, specific-crop and specific agroecological

habitat. In addition, emphasis has been given to

Georgis, 1999). In Steinernema the unsaturated fatty

acid is comparatively higher (up to 70%) as compared to

Heterorhabditis which has more saturated fatty acids

(up to 62%) (Selvan et al., 1993a,b; Patel and Wright,

1997a). The non-feeding IJ of Steinernema utilize oleic

acid, palmitic acid and stearic acid which decline rapidly

within 100 days of storage, while the glycogen reserves

present between 8–18 per cent of nematode dry weight

decline more slowly than the lipids (Patel and Wright,

1997b). However, once the lipid is consumed the glycogen

starts declining at a faster rate which results in reduced

infection ability of the IJ. The formulations with active IJ

have a limited shelf-life of less than three months which

is extended to some extent by refrigerated storage of the

products that allows the slowing down of the metabolic

processes. Due to an active searching behaviour, the

metabolic process in H. bacteriophora is higher as

compared to S. feltiae, although both are cruise foragers.

When formulated, H. bacteriophora having a smaller IJ

(588 μm) has a poorer shelf-life than S. glaseri (879 μm).

Due to their smaller size, the lipids reserves are less

which deplete faster (Lewis et al.,1995).

EPNs are highly prone to desiccation due to soil

moisture stress. A unique ability of Steinernema and

Heterorhabditis IJ is to survive dry conditions by

entering into partial anhydrobiosis which has no or limited

effect on their pathogenic potential (Grewal, 2000b;

Matadamas-Ortiz et al., 2014). This attribute has been

successfully exploited for the development of commercial

formulations of EPNs with an extended shelf-life of over

six months. During induction of anhydrobiosis, physically,

the IJ aggregate and coil to reduce the body surface

exposure to the environment, and thus, reduce the rate of

water loss (Womersley 1990a,b; Glazer 2002;

Balakumaran et al., 2022). Biochemically, their

metabolism is slowed down and their oxygen consumption

is reduced by up to 80 per cent (Grewal, 2000a). The

glycogen decreases rapidly while trehalose and glycerol

synthesis increases (Qiu et al., 2000). Trehalose replaces
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advancements in formulation technology, quality control,

delivery systems and application schedules yielding

promising results. Research efforts are mainly directed

towards enhancing the efficacy of the EPNs in the fields.

Targeted products are released in compatible

environments of the EPNs in terms of soil type, soil

moisture, salinity, organic matter, temperature and

exposure to ultraviolet light. Formulations released for

commercialization are rigid and uncompromised in terms

of the carrier materials used for entrapping the IJ in

various gels or clays. While making formulations with

active IJ, the significance of viscosity, moisture, dissolved

oxygen availability, pH, UV protectants etc. are given

importance. Likewise, products with partially

anhydrobiotic IJ are based on the appropriate combination

of clays, their particle size, distribution, compactness,

hygroscopic moisture content, pH etc. for sustained

survival of the IJ. Gradual water loss is critical for

inducing partial anhydrobiosis in the formulation which

allows the IJ to adapt to the moisture stress and the

metabolism goes to undetected levels and upon rehydration

the IJ revive. The wettable powder (WP) and water

dispersible granule (WDG) formulations with six to ten

months shelf-life, when stored under refrigerated

conditions, dominate the international market. The past

couple of decades have seen focused and stringent

research in the US and Europe which has led to a fast-

growing global market of EPN-based products. The

International Biocontrol Agents Market Value for EPN

products was USD 17 million in 2016 which was estimated

to grow to USD 28 million in 2022 (BBC Research

Report, 2018; CPL Business Consultant Report, 2018).

The global revenues of EPN products match the returns

from Bt, Beauveria, Metarhizium and Trichoderma.

EPN HOST RANGE

In an inundative biocontrol strategy, the EPNs are

highly effective against a wide range of soil-borne pests

as soil is their natural habitat, and to a lesser extent

against above-ground pests (Arthurs et al., 2004; Shapiro-
Ilan et al., 2006). The entomopathogenic activity of
Heterorhabditis and Steinernema species has been
documented against a broad range of insect pests infecting
a wide range of crops cultivated in several different
habitats. Table 1 elaborates on the major crops and pests
against which the EPN products have been successfully
commercialized or have shown promise in terms of valid
reports with > 70 per cent reduction of the pest in the field
trials.

MISSING LINKS: WHY DO WE FALL SHORT
OF MEETING THE INTERNATIONAL

STANDARDS?

In the 1980s, two EPN products, namely Green
Commandos (S. carpocapsae) and Soil Commandos
(H. bacteriophora) were imported to India by Ecomax
Company. These products were withdrawn due to their
poor sustenance under field conditions as the nematodes
were not native to India. In the past two decades, several
EPN products have been developed and commercialized
in India using indigenous isolates. Wettable powder
formulations developed for H. indica strain NBAII HI1
and H. bacteriophora NBAII HB5 at ICAR-NBAIR
were licensed to 16 Indian companies between 2012–
2017. The H. indica-based products (Soldier, Nema
Power, BCS-Grub Terminator, Grubcure, Calterm,
Aarmour) have been released to control grubs, cutworms,
root weevils, different pests belonging to order Lepidoptera
and termites in crops like sugarcane, corn, arecanut,
cardamom, groundnut, potato, banana, guava, turmeric,
pulses, vegetables etc. The shelf-life of these products is
10–12 months at normal temperature (https://
www.nbair .res. in/si tes/default /f i les/2018-12/
EPN%20brochure_0.pdf). Some of the products claim
at least viable 90 per cent IJ even after eight to twelve
months of storage at temperatures between 25°C and
37°C (https://nbair.res.in/sites/default/files/left%20menu/

icbc2018/ICARNBAIRtechnologiesforAgribusiness.

pdf).
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Recently, powder formulations of H. indica strain

SBITND78 and S. glaseri strain SBILN1were released

against white grubs and other pests by ICAR-SBI. The

formulations can be stored at room temperature in sealed

aluminium-lined high-density polyethylene sachets. The

shelf-life for H. indica formulation is of nine months with

92 per cent survival of the IJ and S. glaseri is of 12

months having 90 per cent survival of IJ at 30±5°C

Table 1. Major crops managed by various entomopathogenic nematodes (Adapted from Koppenhöffer et al., 2020)

Crop Pest order Common name EPN used

Vegetables Diptera Leaf miners Sc, Sf

Tomato Lepidoptera Tomato leaf miner Hb, Sc, Sf

Vegetables Armyworms Sc, Sf, Sr
Black cutworm Sc
Corn earworm Sc, Sf, Sr
Turnip cutworm Sc, Sf
Artichoke plume moth Sc

Sugarbeet Coleoptera Sugarbeet weevil Hb, Sc

Sweet potato Sweet potato weevil Hb, Sc, Sf

Maize Coleoptera Corn rootworms Hb, Sc

Mushrooms Diptera Fungus gnats Sf, Hb, Hi

Greenhouse Thysanoptera Western flower thrips Sc, Sf

Berries Coleoptera Black vine weevil Hb, Hd, Hmeg, Hm, Sc, Sg, Sf
Strawberry root weevil Hm, Sc

Cranberry Cranberry rootworm Hb

Blueberries Scarab grubs Ssc

Cranberry Lepidoptera Cranberry girdler Sc

Banana Coleoptera Banana weevil Hb, Sc, Sf

Citrus Citrus root weevils Hb, Sr
Diaprepes root weevil Hb, Hi, Sr

Pecan Pecan weevil Sc

Fruit trees Plum curculio Sr

Palms Red palm weevil Sc

Stone fruit Flat-headed root borer Sf

Citrus Lepidoptera False codling moth Hb

Nut/fruit trees Navel orange worm Sc

Fruit trees Clearwing borer moths Hb, Sc, Sf

Pome fruit Codling moth Hz, Sc, Sf

Fruits various Diptera Fruit flies Hi, Sc

Hb, Heterorhabditis   bacteriophora; Hd, H. downesi; Hm, H. marelata; Hmeg, H. megidis; Hz, H. zealandica; Sc, Steinernema
carpocapsae; Sf, S. feltiae; Sg, S. glaseri; Sk, S. kushidai; Sr, S. riobrave; Ss, S. scapterisci; Ssc, S. scarabaei



Sharad Mohan

102

(https://sugarcane.icar.gov.in/index.php/epn_biopesticide

_formulation/). A couple of products Grubicide (H.

bacteriophora) released by NBAII and Pusa nemagel

(S. thermophilum) by IARI were also commercialized

but later withdrawn. Besides, several other government

departments, agricultural universities, private companies,

small start-up companies, non-government organizations

(NGOs) etc. are also actively involved in formulating and

releasing their products in the form of gels and wettable

powder.  Unfortunately, only a few products have shown

sustained efficacy at the field level and a large number

of these have failed to deliver and satisfy the farmers.

The claims made by a majority of such products do not

match with the international standards. Several gel and

powder-based products are sold across the country with

unrealistic claims on their shelf-life. Some major concerns

as to why our products fall short of meeting international

standards are discussed below.

1. Unlike the international markets which follow a strict

regime of refrigerated storage of the products, the

local markets do not follow temperature regulation

of the product at all. It is evident from random

analysis that the IJ die and appear straight within a

short span of time after being formulated because

the products are subjected to variable temperatures

during storage and shipment across the states.

Therefore, the products reaching the farmers are

sub-standard. Invariably, the claims on the number

of IJ present in the formulation are also far less.

Thus, we lag behind on the desired international

quality parameters, storage and shipment stability.

2. Unlike the fungal or bacterial bioagents, the EPNs

(Heterorhabditis , Steinernema) are unique

metazoans having specialized symbiotic associations

with the bacteria. Only trained entomopathogenic

nematologists possessing a sound understanding of

the biology, behaviour, ecology and pathogenesis of

the EPNs should handle them. Mushrooming of

personnel who have trivial or below par

comprehension of EPNs are involved in the

formulation development which has been a major

concern over the past decade.

3. Adequate knowledge of the survival mechanism of

EPNs and understanding of the biochemical

processes involved in the inducement of partial

anhydrobiosis during formulating the EPNs is of

utmost importance. There is a subtle difference

between true anhydrobiosis exhibited by several

plant parasitic nematodes (Anguina, Ditylenchus,

Aphelenchoides etc.) and partial anhydrobiosis

exhibited by the EPNs. The water-dispersible

granules and wettable powder products in the

international market claim a shelf-life of 6–10 months

under refrigerated storage conditions, wherein partial

anhydrobiosis is induced. The powder formulations

in the local markets are developed without adequate

technical knowledge of the survival mechanism of

EPNs and, invariably, anhydrobiosis is not induced.

International products follow a gradual pan-drying

approach to induce partial anhydrobiosis by simulating

the natural water-stress that the IJ encounters in the

field. Thus, the IJ appears coiled in the dry state

which revives and straightens upon rehydration. The

indigenous products adopt the fan-drying approach

in which the majority of the IJ lose their water

content at a faster rate, rarely coil, remain straight

and die. A major concern is that the majority of the

personnel involved in the development of EPN

formulations lack in the knowledge, adopt unscientific

approaches, and make unrealistic claims about the

shelf-life. Such claims should be strictly scrutinized

before licensing a product.

4. The immense global success of EPNs is due to the

products which cater to ‘specific pests’ attacking

‘specific crop’ at a ‘specific agro-climatic region’.

Unfortunately, the local products do not figure and
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contribute to the international market as we are

ignoring the standard baseline research approach to

develop and commercialize crop-specific, pest-

specific and location-specific products. Selection of

an EPN is based on the foraging strategy, host range,

and biotic factors affecting their survival and efficacy.

A stringent proof of concept and multilocation

validation of native isolates to manage native pests is

imperative before the commercialization of any

product. Majority of the researchers ignore the basic

conceptualization and adopt easy shortcut plans that

entirely defy the biological concept of niche-

specificity, survival and pathological efficacy of

EPNs in alien environments. This is one of the main

reasons which has drastically hampered the

commercial success of EPNs. With vast variations

in the biotic and abiotic factors that govern Indian

agriculture, it is therefore imperative to develop,

validate and recommend insect-specific/crop-

specific/location-specific products. Unfortunately,

the local companies, are indiscriminately promoting

EPN products of any nematode species,

Heterorhabditis or Steinernema, for multi-purpose

applications against a wide range of insect pests

countrywide, irrespective of the nematode’s origin

and its host preference.  The Institutions that sign

MOUs with companies, with specific claims on their

product, should keep a watchdog approach to prevent

unscientific and unethical doings.

5. Targeted products with cruiser/ambusher are not

considered. The targeted strategy yields the benefits

of accuracy and economy as higher insect mortality

is achieved at a lower dose. Appropriate dose of

application depending upon the magnitude of pest

incidence based on different pests and crops is not

considered.

6. Application directives coinciding with the biology

and behaviour of the target pest is disregarded.

Different EPN species possess differential

pathogenicity against different pests and different

stages of the same pest. The scientists must

understand and integrate insect behaviour (site of

egg-laying, feeding site of neonates, feeding site of

advanced stages) with appropriate application

schedules. The time of application should merge

with the availability of the vulnerable stages of the

pest.

In summary, to exploit the full potential of EPNs, our

research should be designed to conform to our unique

ecological parameters and our demographic realities.

We have to chart our own path and create our own

milestones. We must refrain from and discourage

‘borrow-cut and paste’ technology. We should exploit

insect-specific and location-specific indigenous

nematodes and design innovative application procedures.

Unscientific research by untrained personnel involved in

the commercialization of EPNs should be strictly

discouraged. We need to strengthen our basic research

to cross the borderline from failure to success.
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ABSTRACT: Agriculture serves as the backbone of India’s economy. The ongoing rise in global population, coupled with climate
change and rapid urbanization, has significantly impacted agriculture. Maximizing crop yields is imperative to ensure global food
security. Precision agriculture, or the integration of computation into agricultural practices is not a recent concept. Machine
learning (ML) algorithms have long been employed in tasks such as vegetation analysis, crop modelling, and yield management.
However, the application of ML in agricultural pest management is currently gaining attention, as effective pest control necessitates
accurate pest identification - a challenging task. Automating this process holds promise for more efficient disease management.
Various ML algorithms have been utilized in precision agriculture, and now, some are being explored for the identification and
management of plant parasitic nematodes, which pose a significant threat to agricultural crops worldwide. This article provides an
overview of the algorithms utilized and the databases developed to facilitate the efficient identification of plant parasitic nematodes.
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INTRODUCTION

Climate change over the last few years has been of

huge concern for scientists worldwide. Plant growth and

productivity largely depend upon the climatic conditions

of a region. Temperature, water availability, and soil

conditions immensely influence agricultural output (Anwar

et al., 2013). On the other hand, the human population is

ever-growing and is estimated to reach 9.1 billion by

2050. To feed this population, the demand for food supply

will increase by about 70 per cent (Sharma et al., 2021).

In the present scenario where the availability of

arable land is on the decline due to fast urbanization,

increasing crop productivity is a real challenge.

Unpredictable weather, climatic fluctuations, unplanned

agricultural systems, along with the lack of proper pest

management, contribute to the reduction in domestic

food production (Jansson and Hofmockel, 2020; Sharma

et al., 2021). Agriculture contributes largely to the

economic development of any country. Such hindrances

in food production adversely affect economic growth as

well. These drawbacks need to be addressed urgently.

There is an immediate need for optimization of agricultural

practices which will ensure sustainability, yield

maximization, as well as environmental safety. The

concept of precision agriculture aims to address these

challenges. In the past few years, initiatives have been

taken to improve crop production by the use of artificial

intelligence (AI). AI is a new and emerging tool with

multi-dimensional applications. The use of machine

learning (ML) technologies allows more precision in

agricultural practices, thus reducing or bypassing the

impact of both biotic and abiotic factors (Eli-Chukwu,

2019; Benos et al., 2021).

Machine learning comes under the broad segment of

AI and involves analyzing raw data, extracting information
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from them, and generating predictions and hypotheses

based on them. In the present-day situation, precision

agriculture might be a potent solution for the existing

conundrums. Experts in current agro-industries are trying

to explore their theories largely, thus helping to achieve

more accurate predictions. New-age agriculture has the

scope of employing ML algorithms for disease forecasting,

climatic prediction, optimization of water usage, nutrient

availability, and so on (Xing and Wang, 2017; Elavarasan

et al., 2018). The general method of pest management is

by the use of chemical pesticides in fields, which are

expensive and have consequences on the environment.

The use of ML in agriculture allows the precise application

of pesticides in accordance with time, dosage, and the

nature of pathogens, thus paving the way for a more

cost-effective pest management strategy (Elavarasan et

al., 2018). The use of computation in agriculture dates

back to the 1980s and has been used for the management

of pests, diseases, prediction of soil, rainfall, vegetation,

weed management, and control of crop products and

storage (Banerjee et al., 2018).

Among agricultural pests, plant parasitic nematodes

(PPNs) are a major threat to crop production. Nematodes

are one of the most diverse groups of metazoans; still,

less than 0.01 per cent of the species have been described

to date. Of these, about 4100 are plant parasitic. While

free-living nematodes are significant in nutrient cycling

and as indicators of soil health, PPNs cause a huge loss

of crops including rice, tomato, brinjal, chilli, potato,

soybean, and others (Jones et al., 2013). PPNs are soil-

borne pathogens and cause an annual yield loss of about

USD 157 billion, of which, India alone incurs a loss of

$1.58 billion (Kumar et al., 2020). Nematodes are

diverse and are found in all types of soil systems. PPNs

can be terrestrial or aquatic, ectoparasites, endoparasites,

or semi-endoparasites in nature (Mandal et al., 2021).

Proper identification of nematodes is necessary to: (i)

evaluate the importance of free-living nematodes as

biotic indicators of soil health, (ii) assess the impact of

PPNs in crop loss and disease forecasting. Automating

the identification of nematodes is of utmost importance,

considering the enormity of the task in the absence of an

adequate number of skilled taxonomists (Bhat et al.,

2022; Shabrina et al., 2023). Proper identification and

enumeration in samples are key strategies in the control

of PPNs (Ropelewska et al., 2023). This review

summarizes the different machine learning algorithms

used in agriculture and the ones already in use for

nematode management.

CLASSIFICATION OF MACHINE LEARNING
ALGORITHMS USED IN AGRICULTURE

Machine Learning (ML) involves the development

of statistical models and algorithms that enable computers

to perform tasks more efficiently without explicit

programming. ML algorithms are typically categorized

as follows:

Supervised learning

Supervised learning utilizes a labelled training dataset,

consisting of input and output data, to train models for

forecasting events. This involves generating a mapping

system between input variables (X) and output variables

(Y) (Cunningham et al., 2020). Key supervised ML

algorithms include:

Decision Tree: A decision tree is utilized for both

regression and classification problems. It constructs a

tree-like structure based on input attributes, where each

node represents an attribute and branches represent

outcomes (Song and Lu, 2015; Nasteski, 2017).

Artificial Neural Networks (ANN): ANNs simulate

neurons in the human brain and consist of layers of

artificial neurons connected by weights. They are

classified into feedback and feedforward networks,
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each with distinct characteristics (Agatonovic-Kustrin

and Beresford, 2000; Hoang et al., 2021).

Support Vector Machine (SVM): SVM is effective

for classification and regression tasks, aiming to find a

hyperplane that maximizes the gap between data points

for accurate classification (Zoppis et al., 2018; Pisner

and Schnyer, 2020).

Random Forest (RF): RF utilizes an ensemble of

decision trees to predict continuous variables and has

applications in agriculture, particularly in crop yield

forecasting (Breiman, 2001; Elavarasan et al., 2018).

Bayesian Network (BN): BNs analyse interactions

between variables in a dataset to generate outcomes,

making them suitable for environmental and agricultural

predictions (Chen and Pollino, 2012).

Unsupervised learning

Unsupervised learning algorithms generate outputs

from unlabeled input data, detecting structures and

patterns within datasets. Key unsupervised ML algorithms

include:

Markov Chain Model (MCM): MCM records

transitions in complex systems and has applications in

rainfall prediction and agriculture (Sonnadara and

Jayewardene, 2015).

DBSCAN: DBSCAN identifies dense regions or clusters

in data, useful for crop yield prediction and plant location

identification (Leroux et al., 2019; Shi et al., 2023).

K-means clustering: K-means classifies data into

clusters based on similarity, with applications in various

fields including agriculture (Kodinariya and Makwana,

2013).

Reinforcement Immune Algorithm (RIA): RIA

mimics the human immune system and is used for

resource allocation in agriculture (Elavarasan et al.,

2018; Jiang et al., 2018).

Fig. 1. An overview of supervised machine learning classification and algorithms
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Reinforcement learning - agent-based modelling
(RL-ABM): RL-ABM combines reinforcement learning

with agent-based modelling for applications in disease

prediction and ecosystem behaviour (Jiang et al., 2018;

Sert et al., 2020).

Least square dynamic programming (LSDP): LSDP,

combining statistical tools and AI, is used for weed

identification in agricultural fields (Bonneau et al., 2014).

Semi-supervised learning

Semi-supervised learning utilizes a small amount of

labelled data along with unlabelled data to train models,

aiming to overcome drawbacks of both supervised and

unsupervised learning. Key algorithms include:

Gaussian fields and harmonic functions (GFHF):
GFHF is used for classification tasks, including land

cover classification in agriculture (de Sousa, 2015; Ma et
al., 2016).

Linear Support Vector Machine (LSVM): LSVM
determines vegetation indices and has applications in
weed mapping using UAV imagery (Tang, 2013; Pérez-
Ortiz et al., 2015).

Difference of convex function semi-supervised SVM
(DC-SS-SVM): DC-SS-SVM is an extension of SVM
for classification tasks, with applications in seed toughness
determination using NIR spectroscopy (Sun and Park,
2017).

Fuzzy C-Means (FCM): FCM is used for image
segmentation and land cover classification in agriculture
(Nowpada et al., 2011; Ngo et al., 2021).

Affinity Propagation (AP) algorithm: AP is a clustering
algorithm with applications in analysing hyperspectral

data for agriculture, such as determining soluble solid

content in apples (Zhu et al., 2013).

Fig. 2. An overview of unsupervised machine learning classification and algorithms
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ML IN NEMATODE IDENTIFICATION

Plant parasitic nematodes (PPNs) pose a significant

threat to agriculture, and traditional control methods are

often expensive, time-consuming, and labour-intensive.

Moreover, nematode infections are challenging to detect,

as infected plants may exhibit general symptoms similar

to those caused by other factors. Additionally, PPNs can

form disease complexes with other pathogens, further

complicating control efforts. Accurate identification of

PPN species is crucial for effective control measures,

but the declining number of skilled taxonomists presents

a challenge. Automation of this task offers a promising

solution in terms of accuracy, efficiency, and cost-

effectiveness, with machine learning (ML) algorithms

emerging as a key approach for nematode identification.

Several databases and ML-based systems have

been developed for image-based species-level

identification of PPNs:

NEMANet

Developed by Abade et al. (2022), NEMANet is a

convolutional neural network (CNN) system trained on

image data of nematodes damaging soybeans. CNNs,

known for their ability to automatically extract features

from data, are a state-of-the-art algorithm for image

detection and classification. NEMANet achieved an

impressive accuracy of 96.99–98.88 per cent on average,

demonstrating its effectiveness in identifying PPN

species.

NemaRec

NemaRec is a database designed for the identification

of soil nematodes, utilizing a convolutional neural network

for image processing and identification. Although user-

friendly, NemaRec’s identification accuracy averages

only 54.7 per cent, indicating room for improvement

(Qing et al., 2022).

Fig. 3. An overview of semi-supervised machine learning classification and algorithms
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NemDST

NemDST is a decision support system developed to
identify and count populations of root-knot nematodes
(RKNs) in soil. Utilizing a deep-learning approach based
on YOLOv5 model, NemDST demonstrates high
accuracy in detection, classification, and counting of
nematodes (Pun et al., 2023).

Artificial Neural Network (ANN) system

Ropelewska et al. (2023) developed an ANN system
for identifying cyst nematodes, achieving accuracies
ranging from 83.7 to 98 per cent for different species.

Free-living marine nematodes identification

ML algorithms including Random Forest (RF),
Support Vector Machine (SVM), K-nearest neighbour
(KNN), and Stochastic Gradient Boosting (SGBoost)
were used for identifying free-living marine nematodes.
Among these, the Random Forest algorithm demonstrated
the highest precision, correctly identifying 100 per cent
of Sabatieria species (Brito de Jesus et al. 2023).

These databases and ML-based systems represent
promising advancements in the field of nematode
identification, offering efficient and accurate solutions
for agricultural management.

CONCLUSION

Although crop losses caused by PPN attacks often
go unnoticed, they are estimated to exceed 12 per cent
globally across the 40 most important crops (Kumar et
al., 2020). Effective nematode management has become
a pressing concern. Presently, machine learning
algorithms are being developed for precise nematode
identification. Most of these tools have demonstrated
high accuracy in classifying and identifying PPNs. The
integration of computation into nematode identification

and management holds significant potential for disease

control and warrants thorough exploration. The creation

of more databases is necessary to enable growers to

accurately identify species and implement appropriate

pesticide measures. Successful implementation of

machine learning in pest management represents a

significant step toward a sustainable future.
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ABSTRACT: Nematodes, parasitizing crop plants, are one of the key biotic stressors that cause substantial yield loss to the global
food production system. According to a conservative estimate, PPNs cause an annual yield loss of 173 billion US dollars globally
in diverse crops.  Understanding the basis of nematode-host interaction along with functional genomic studies on plant parasitic
nematodes has helped in designing molecular strategies for nematode management. Engineering resistance against plant parasitic
nematodes by developing transgenic plants through transferring the R gene, or host-delivered dsRNA molecules targeting crucial
nematode genes are seen as academic successes but have not translated into any product that can be cultivated because of the non-
availability of permissions from the biosafety regulators of scientific bodies in the country. CRISPR/Cas9 gene editing technology
will transform agriculture as newer varieties can be produced at a very fast pace with easy and cheap protocols. Nematode resistance
can also be engineered in crop plants using this technology.

Keywords: CRISPR/Cas 9, genome editing, nematode

INTRODUCTION

Nematodes are envisaged as the most plentiful

creatures inhabiting the planet Earth. One square meter

of the top layers of soil may have up to 100 million

nematodes (Peterson and Luxton, 1982). In soil,

nematodes may parasitize crop plants or predate on

microorganisms (Blaxter and Koutsovoulos, 2015). Plant

parasitic nematodes (PPN) feed on plant tissues of all

kinds of crops (horticultural, cereal, feed,  oilseed, pulse,

fibre,  spice, ornamental) and forest trees (Schmitt and

Sipes, 1998; Williams et al., 2021).  Most of the PPNs

are root feeders and suck cell sap using their stylet,

thereby impacting the efficient use of water and nutrients

by the crop plants. PPN feeding affects crop yields and

threatens the world’s food security (Bernard et al.,

2017). More than 4100 species of PPNs have been

recorded (Decraemer and Geraert, 2006), which causes

an annual loss of about US$173 billion to agriculturally

important crops globally (Elling, 2013).    

Plant parasitic nematodes have evolved to survive in

varied ecosystems existing on Earth.  This survivability

characteristic makes nematode control a challenging

task. It is pragmatic to reduce or manage the nematode

population significantly below the economic threshold

level.  Several approaches like the use of chemicals, crop

rotation, resistance and biological control strategies have

been implemented to manage PPNs but each of the

approaches has its own advantages and disadvantages.

Chemicals are very effective and fast in reducing the

nematode population but are detrimental to public health

and the environment and that is why the use of many

chemicals has been banned or restricted. Eating food

with pesticide residues can cause serious health illnesses

in humans as well as other life forms (Singh et al., 2020).

Crop rotation with plants that are not good hosts of the

predominant nematode species can reduce the nematode

population in the field, but many a times farmer may not

opt for such crops in view of their economic viability.

Cultivating nematode-resistant crops is one of the best
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options of management but there are very few such

options available amongst the commercially cultivable

crops against the important PPNs. The use of nematode

natural antagonists (fungi, bacteria, and other

microorganisms) is another environment-friendly option

for the control of PPNs but is expensive, slow in reducing

the nematode population and many a times the biological

organism may not naturally establish in the soil.  In view

of the above-stated scenarios, there is a dire need to find

new green molecules or use molecular and

biotechnological approaches to transfer/engineer

resistance in crop plants against PPNs.

R-GENE ENGINEERING

Understanding the nematode-host interaction at the

molecular level has helped researchers to develop/design

new strategies for their management. DNA recombinant

technology allows the movement of genes across species

barriers. Experiments conducted to transfer nematode

resistance genes across the same or different plant

species/genera have yielded mixed results. The root-

knot nematode resistance gene of tomato (Solanum

lycopersicum), Mi-1.2 (Milligan et al., 1998),  also

exhibits resistance against two insects, (i) the potato

aphid (Macrosiphum euphorbiae, Rossi et al., 1998),

and (ii) whitefly (Bemisia tabaci, Nombella et al., 2003).

The gene arbitrates a hypersensitive reaction at the initial

stage of giant cell formation.   Transgenic aubergine (S.

melongena) plants having the Mi-1.2 gene showed

resistance against Meloidogyne javanica, but were

susceptible to  Macrosiphum euphorbiae; whereas a

susceptible transgenic tomato lines of the same gene

exhibited resistance against insects and root-knot

nematode (Goggin et al., 2006), suggesting that Mi-1.2

could only confer nematode resistance in plants belonging

to the Solanaceae family but the potato cyst nematode

(PCN) resistance gene of tomato,  Hero A (Earnst et al.,

2002), when transferred to potato didn’t show any

resistance to   Globodera rostochiensis and G. pallida

(Sobcjak et al., 2005).  This could mean that possibly

some more genetic elements are needed for the complete

expression of the R gene in related species. Apart from

transferring R genes across genera or species, for

generating resistance against PPNs, nematode toxin-

producing genes can also be used for engineering

resistance in host plants. Insect pest-resistant cotton,

eggplant, soybean, and sweet corn having Cry protein

genes of Bacillus thuringiensis, are being successfully

cultivated in several countries but no such product has

been released for nematode management. Few Bt proteins

viz.,  Cry14, Cry5B, Cry6A against root-knot nematodes

(Li et al., 2007; Li et al., 2008; Ravari and Moghaddam,

2015), Cry14Ab against the soybean cyst nematode

(Kahn et al., 2021) and Cry31Aa against the rice white

tip nematode (Liang et al., 2022) have been found to

provide resistance.

RNAi-BASED RESISTANCE ENGINEERING

Another technology-driven approach that has proved

effective in reducing nematode populations is RNA

interference (RNAi). It is a gene-silencing technology

that is sequence-specific and homology-dependent.  Host-

delivered RNAi has been put to use for resistance

generation against the PPNs.  A  dsRNA construct for

the specific nematode target gene is developed by

cloning a part of the gene cDNA in sense and antisense

orientation separated by an intron or spacer region and

transferred into the host plant. Self-complimentary hairpin

structures are formed on transcription of the sense and

antisense strands (Smith et al., 2000). PPNs can directly

ingest these dsRNA molecules or siRNA molecules

while feeding on the transformed plants (Bakhetia et al.,

2005; Dutta et al., 2015a). Several important genes

having role in nematode parasitism and development

have been targeted for resistance engineering against

root-knot nematode, Meloidogyne incognita in our and

NIPB laboratories (Dutta et al., 2015b; Kumar et al.,

2017; Banerjee et al., 2017a, Banerjee et al., 2017b;
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Banerjee et al., 2018; Kohli et al., 2018; Joshi et al.,

2019; Joshi et al., 2020; Koulagi et al., 2020; Kumar et

al., 2022). The use of root-specific or feeding tissue-

specific promoters instead of constitutive promoters can

limit the production of the dsRNA in the host roots or the

galls. Patents for (i) nematode-induced root-specific

(Jain et al., 2024) and (ii) nematode-induced gall-specific

(Jain et al., 2023) promoters have been awarded to

ICAR-National Institute for Biotechnology along with

our lab at ICAR-IARI, New Delhi. Various levels of

reduction in the root-knot nematode population have

been observed in the above-cited works. In spite of no

protein formation of the incorporated transgene in the

RNAi-based resistance engineering approach, very few

RNAi GM crops have been commercially released.

A new technology of exogenous dsRNA application

for pest management has been developed by scientists

which doesn’t fall under the ambit of GMO regulations

and may have a bright future. It is also termed as spray-

induced gene silencing (SIGS). The SIGS has been

demonstrated for virus management (Mitter et al., 2017a;

Mitter et al., 2017b); insect management (San Miguel

and Scott, 2016; Jain et al., 2019; Worrall et al., 2019);

and fungal pathogens (Koch et al., 2016; McLoughlin et

al., 2018; Hofle et al., 2020). However, no reference is

available for SIGS for managing plant parasitic

nematodes. SIGS, in principle, is suitable for sustainable

agriculture as it has proven very effective in pest

management and also has a minimal environmental

footprint.

GENOME EDITING TECHNOLOGY

Genome editing technology has tremendous potential

for use in plant and animal sciences. Its use in agriculture

can bring a paradigm shift by developing crops that are

highly productive, pest and pathogen-resistant, drought

and heat/cold-tolerant, nutritionally rich and with improved

commercial properties (shelf life, seedless fruits, colour,

appearance, flavour etc.). Great impetus is being observed

in the scientific community of the country in the area of

genome editing research after the Ministry of

Environment, Forest and Climate Change order vide OM

F. No. C-12013/3/2020-CS-III, dated March 30, 2022.

The order exempted the genome-edited plants in the

categories of Site-Directed Nuclease 1 and Site-Directed

Nuclease 2, which are free of exogenously introduced

DNA, from biosafety assessment. Genome editing can

be processed by using tools like the CRISPR-Cas system,

TALENs, and Zinc finger nucleases.

The Clustered Regularly Interspaced Short

Palindromic Repeats/crisper-associated protein 9 is the

full form of the acronym CRISPR/Cas9. It is the most

promising and used genome editing technology in the

present time. Accurate gene mutations are created by

initiating site-specific double-stranded DNA breaks

(DSBs). CRISPR was brought to light and characterized

by Ishino et al. in the year 1987, but the term was devised

by Jansen et al. in 2002. CRISPR-Cas9-based genome

editing is the simplest, most versatile and precise method

of genetic manipulation which banks on the increasingly

available pangenomes and whole-genome DNA

sequences of the crop plants. Genome editing can

accelerate the release of varieties superior to the elite

varieties because mutations can be directly introduced in

the elite or commercial varieties (Lowe et al., 2016;

Debernardi et al., 2020), eliminating the need for repeated

backcrossing, thereby reducing nearly two-thirds of the

time taken for developing a better variety.

A short noncoding guide RNA (gRNA) and a

nuclease, CRISPR-associated protein 9 (Cas9) constitute

the CRISPR-Cas9 system. A target-specific CRISPR

RNA (crRNA) and an auxiliary trans-activating crRNA

(tracrRNA) are the two constituents of the gRNA. The

5¹crRNA complementary base pair component helps the

gRNA to identify the target sequence of the gene of

interest and it binds with the target DNA by way of the
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protospacer adjacent motif (PAM). The Cas9 protein

has two lobes, the recognition (REC) lobe and the

nuclease (NUC) lobe and requires sgRNA to function.

As the name suggests, the REC lobe, having two domains

REC1 and REC2, is responsible for binding guide RNA,

and the NUC lobe is responsible for nuclease activity

because of the interactive domains of RuvC, HNH, and

PAM. When the Cas9 protein is added to a cell, it fastens

up with the gRNA and then glides along the strands of the

target DNA till it locates and attaches to the 20-base

pair-long sequence of the target gene that matches part

of the gRNA sequence (spacer sequence). Then a

double-stranded break (DSB) at a site 3 base pair

upstream to PAM is made by the Cas9. The

complementary strand is cleaved by the HNH domain of

Cas9, and the non-complementary strand of target DNA

is cut by the RuvC domain to produce predominantly

blunt-ended DSBs. Two cellular repair mechanisms, the

Non-homologous end joining (NHEJ), and homology-

directed repair (HDR) play an active role in mending the

DSBs. NHEJ cellular repair mechanism facilitates the

joining of DSBs by an enzymatic process and is active in

all the phases of the cell cycle but is error-prone.   It may

yield small arbitrary insertion or deletion (indels) at the

cleaved site, thereby creating premature stop codon or,

a frameshift mutation leading to the loss of gene function.

HDR, on the other hand, is mostly active in the late S and

G2 phases of the cell cycle but is very specific as it uses

the homologous DNA template for repair (Liu et al.,

2018; Yang et al., 2020). CRISPR/Cas9 technique has

been widely accepted because of its high degree of

flexibility and specificity in cutting and pasting DNA on

a large scale at a very low cost.

NEMATODE MANAGEMENT BY GENOME
EDITING

Plant parasitic nematodes have very close

interrelation with their host plants and manoeuvre the

host metabolic apparatus to their self-advantage.

Nematode host parasitism studies indicate up-regulation

of genes that promote and sustain susceptibility (S

genes) and down-regulation of genes that are associated

with host defence mechanisms. Mutation or functional

loss of the S gene can limit/reduce the ability of the

nematode to parasitize on the host plant. Knocking out

the susceptibility (S) genes or genes that promote

nematode parasitism, with CRISPR/Cas9 technology, in

crop plants looks to be a feasible approach to PPN

management. Such induced mutations in the S genes,

tend to be long-lasting and will impact their expression in

the host system and hence may provide resistance of a

certain degree against the feeding nematode.

In our lab, we used the genome editing tool CRISPR/

Cas9 to modify two host susceptibility genes, WRKY45

and KRP6, associated with the formation of Meloidogyne

incognita feeding-site complex in Arabidopsis plant.

Nematode bioassays demonstrated a significant reduction

in gall formation and the development of adult females in

the mutated lines compared to wild-type plants. The

KRP6.1 and WRKY45.1 edited Arabidopsis lines

exhibited a reduction in the number of galls by 62.14 and

46.16 per cent, respectively. The decrease in the adult

female development was 60.39 per cent in the KRP6.1,

and 53.33 per cent in the WRKY45.1 transformed lines

(Neeraj, 2023). Several genes conferring or supporting

nematode susceptibility in host plants have been identified

and are well documented in a review by Dutta et al.

(2023). These genes facilitate (i) nematode penetration,

(ii) induction, (iii) maintenance of the feeding sites for

sustained food supply, and (iv) negative regulators of

immune signalling. All such genes can be potential

targets for genome editing; however, each such gene

may yield a variable degree of engineered resistance

against PPN. As of date, no single specific S gene which

controls complete nematode parasitism in any host crop

against any plant parasitic nematode has been reported

in the literature. Hence, expecting absolute resistance

against a plant nematode by using this technology will be
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a far-fledged dream. Published research in nematology

suggests improved nematode resistance in the CRISPR/

Cas9 edited plants.

CRISPR/Cas9 system is a very powerful tool of

genome editing having immense potential for applications

in agriculture, veterinary and medicine. In spite of it being

a very safe and easy-to-use technology, some concerns

regarding efficiency, specificity, delivery and stability

may still need to be improved further, the genome editing

components included. Several ways to ameliorate the

specificity of the CRISPR/Cas9 system have been

proposed by many researchers. Computational algorithms

may help envisage the specific designing of the gRNA

sequences and also address the off-target risks involved

in the technology. An in-depth understanding of the

plant-nematode interactions at the gene level shall lead to

wider and more effective use of this technology for the

management of the plant parasitic nematodes.

CONCLUSION

CRISPR/Cas9 technology being easy to use, cheap,

specific and effective, has a very promising future.

Editing the target cells’ genomes of the commercially

viable crop varieties and to further improving them,

makes it a unique strategy for crop improvement.  The

technology can be applied to enhance crop yield, improve

nutrition, resist biotic or abiotic stresses, etc. It can

credibly be envisioned that CRISPR/Cas-based genome

editing will come into being as an indispensable breeding

technology for crop improvement. The technology is still

in its infancy and the real potential shall be visible in the

forthcoming years as delivery systems improve and

become error-free. The possibilities of using CRISPR/

Cas9 system are innumerable and will depend on the

available knowledge and the imagination of the

researchers but ethical, legal, biosafety and social issues

should always be kept in mind. CRISPR/Cas9 technology

can revolutionize agricultural research and has the

potential to solve the food and nutritional security of the

ever-growing human and livestock population on our

planet.
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PROF. MOHAMMAD SHAMIM JAIRAJPURI
(1942–2024)

Professor Mohammad Shamim Jairajpuri, one of the outstanding Nematologists
and a renowned world authority on nematode taxonomy passed away peacefully after a
prolonged illness on 10th January, 2024 at the age of 82 at his residence, Jamia Nagar, New
Delhi.

Prof. Jairajpuri started his life journey from a humble village (Jairajpur) of district
Azamgarh in Uttar Pradesh on 8th April, 1942.  He completed his early education at Shibli
High School and National Shibli College, Azamgarh from where he passed High School
and Intermediate examinations (U.P. Board) with a high percentage of marks in 1955 and
1957, respectively. In the same year, he was admitted to the prestigious Aligarh Muslim
University (AMU) for higher studies and was awarded B.Sc. and M.Sc. degrees in 1959
and 1961, respectively; and Ph.D. (1964) at a very young age of 23 years. Since Prof.
Jairajpuri was having keen interest in animal science since his childhood, he had already
made up his mind in B.Sc. to get admission in Zoology for post-graduation and conduct research for the Ph.D. degree.
It is worth mentioning that he had prepared two research papers, under the supervision of his teacher Prof. Ather H.
Siddiqi, on the systematics of helminth parasites collected by himself while he was an M.Sc. final student. His hard
work and meticulous nature made it possible for him to receive a D.Sc. degree from AMU in 1969 in a minimum record
time (5 years after his Ph.D. degree).

Prof. Jairajpuri was recognized as one of the versatile Nematologists because of his tremendous original
contribution to Nematode taxonomy. For over five decades he worked on the taxonomy, morphology, reproductive
biology, ecology and behaviour of plant and soil nematodes. He authored/edited 28 books and published over 400
research papers in reputed National and International Journals. Of these, over 80 research papers in Nematologica
(Nematology) and about 40 in Revue de Nematologie (Fundamentals and Applied Nematology), the foremost
international journals in Nematology, are worth mentioning. During his research career, he has added to the science
of nematology more than 400 new species, scores of new genera, subfamilies, families, superfamilies and new
suborders and new order (Mononchida) of nematodes. His books on DORYLAIMIDA (1992) and MONONCHIDA
(2010), co-authored with Prof. Wasim Ahmad, are the two most authentic publications which are often referred to
as the Bible on these two important groups of nematodes by European Nematologists like Andrássy and Peña Santiago,
etc. In recognition of his contribution to Nematode Taxonomy, a large number of new genera (e.g., Shamimonema,
Jairajpuria, Moshajia, etc.) and new species have been named after his name by taxonomists from different
countries.

Prof Jairajpuri was an excellent teacher and research guide; he guided 28 students to a Ph.D. degree, three of
whom were later awarded a D.Sc. degree. Besides them, scores of research students and Faculty from Traditional
and Agricultural Universities and Research Institutes were also trained by him in the taxonomy of plant parasitic
nematodes in the South-East Asia Nematology Course (sponsored by the State University of Wageningen, The
Netherlands), jointly organized by I.A.R.I., New Delhi and A.M.U. Aligarh during the 1960s and 1970s for ten years.
Many of his students are world-renowned taxonomists in nematology.

Prof. Jairajpuri had a very illustrious career, starting as a Lecturer (1964) in Zoology at AMU Aligarh, Reader
(1972), Professor (1983), Chairman (1988–89 & 1997–98) and Dean of the Faculty of Life Sciences (1993–95 and
1997–98), AMU. He was Principal Nematologist, International Institute of Parasitology, Commonwealth Agricultural
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Bureau, U.K. (1981–83). Despite having a better position and research facilities at that time, he preferred to come
back to India because he never thought of settling down abroad. Just after coming back to Aligarh, he was appointed
Professor of Zoology at AMU in 1983.

In October 1988, Prof. Jairajpuri was appointed as Director, Zoological Survey of India (ZSI), one of the most
prestigious institutions at the age of 46 years. Realizing the need for the conservation of biodiversity in the late 1980s,
he organized a National Symposium titled “Taxonomy in Environment and Modern Biology” in 1990 (Platinum Jubilee
year of ZSI) at Kolkata. During the Platinum Jubilee Celebrations, the release of a Book edited by him “Animal
Resources of India: Protozoa to Mammalia - State of Art” comprising papers by ZSI scientists is worth mentioning.
His vision in publishing this book may be assessed from the fact that India was the only country, among all those who
participated in the Biodiversity Convention at Rio de Janeiro in 1992, which had updated their record of faunal resources
in one volume. Though Prof. Jairajpuri was very successful in providing able leadership to ZSI, he left Kolkata for
personal reasons and joined back at AMU Aligarh.

After coming back to Aligarh, Prof. Jairajpuri was appointed as Founder Director of the newly established Institute
of Agriculture, AMU. Above all, he was appointed as Founder Vice Chancellor of Maulana Azad National University
(MANUU), Hyderabad in 1998, where he served for five years, and was responsible for establishing the beautiful
campus of MANUU from scratch and introducing various professional degree courses in Urdu.

He served as Chief Editor (1977–79) of Indian Journal of Nematology and President (1979–81) of Nematological
Society of India; President Indian Society of Parasitologists (2000–02); Vice President of Indian National Science
Academy (INSA) from 2001–03; President Section of Zoology, Entomology and Fisheries, Indian Science Congress
(2001–02); Programme Advisory Committee ZSI/BSI, Ministry of Environment, Forest and Climate Change; and
several Scientific Societies and International Journals in various capacities. He also served as a member of the
Programme Advisory Committee (PAC) of DST and DBT for a number of years.

Prof. Shamim Jairajpuri was a Fellow of the India National Science Academy (INSA); Indian Academy of
Sciences (FASc); National Academy of Sciences (FNASc); National Academy of Agricultural Sciences (FNAAS);
Third World Academy of Sciences, Italy (FTWAS); Institute of Biology, London (FIBiol); Linnean Society of London
(FLS), and others. He was an honourary fellow of the Nematological Society of India. He has been the recipient of
various National Awards which include the prestigious First ever Janaki Ammal National Award for Taxonomy (1999)
by the Ministry of Environment, Forests and Climate Change, Govt. of India; D’Souza Memorial Award by the
Nematological Society of India (2005); Har Swarup Memorial Award (1998) and Jawaharlal Nehru Fellowship (2008)
by INSA. He was also conferred with Life Time Achievement Awards by the Nematological Society of India (2006),
Indian Society of Parasitology (2007), Zoological Society of India (2008 and 2011), and Aligarh Muslim University
(2009). In addition to his contribution to science and education, he was awarded “Al Ameen’s All India All Community
Leadership Award” by the Al-Ameen Educational Society, Bangalore (2010) for his excellent contribution and
planning as founder Vice Chancellor of Maulana Azad National Urdu University, Hyderabad.

Prof. Jairajpuri was a simple, humble, honest to the core, most cooperative human being but at times an extremely
stern and hard taskmaster when the need arose. In his demise, the scientific community, especially the Nematologists,
has lost a great scientist, teacher and wonderful human being. The Indian Nematology Community prays to Almighty
God to give peace to the departed soul in heavenly abode and solace and strength to the bereaved family and his students
to bear the great loss. He is survived by his wife Professor Durdana Shamim Jairajpuri and three daughters Sheeba,
Zeeba and Deeba.

Aligarh Wasim Ahmad
           Qaiser H. Baqri
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