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Preface

Nematodes can infect humans, animals, and plants. They can cause serious damage 
and yield losses in a wide range of crops throughout the world. This imposes a chal-
lenge to the sustainable production of food worldwide. 

Thus, finding sustainable methods to control these pathogens is very important. 
In this book, we discuss identification and characterization methods based on 
molecular and morphological techniques, incidence and impacts on large crops, and 
nematode parasitizing of alternative species (weeds, ornamentals, invasive plants, 
and volunteer plants). 

We also examine the management of these parasites in an integrated manner, using 
specific monitoring, chemical and biological control methods, genetic host resis-
tance, and cultural methods of nematode control, taking into account the capacity 
of these phytoparasites to be affected by the imbalance of productive systems and to 
comply with the function of environmental bioindicators. 

This book discusses the current and emerging challenges of the presence of nema-
todes in different crop production systems.

Cristiano Bellé, Ph.D.
Phytus Institute,

Santa Maria, Rio Grande do Sul,
Brazil

Tiago Edu Kaspary, Ph.D.
Instituto Nacional de Investigación Agropecuaria del Uruguay,

Montevideo, Uruguay
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Chapter 1

Nematodes Diseases of Fruits and 
Vegetables Crops in India
Amar Bahadur

Abstract

Nematodes are the most plentiful animals on earth, commonly found in soil 
or water, including oceans. Some species of nematodes are parasites of plants and 
animals. Plant-parasitic nematodes are non-segmented microscopic, eel-like round 
worms, obligate parasite possess stylets that live in soil causing damage to plants 
by feeding on roots or plant tissues. Plant-parasitic nematodes feed on roots, either 
within the root, some nematodes feed leaves. These nematodes cause breakdown 
of resistance to fungal diseases in fruit crops. Plant-parasitic nematodes living host 
tissue to feed on to grow and reproduce. Nematode life cycle consists of an egg, 4 
pre-adult stages (juveniles) and an adult, life cycle depending on the species and the 
temperature. Nematodes do not move long distances (less than 6 inches per year). 
They are usually transported over long distances on machinery, in nursery stock, 
transplants, seeds, or by animals, moves soil, water and wind. They acquire nutri-
ents from plant tissues by needle-like feeding structure (stylet/spear). Nematodes 
can be classified into three groups depending on feed on the plants such as ecto-
parasitic nematodes are always remaining outside the plant root tissues. Migratory 
endoparasitic nematodes move through root tissues sedentary endoparasitic nema-
todes penetrate young roots at or near the growing tip. They steal nutrients, disrupt 
water and mineral transport, and provide excellent sites for secondary pathogens 
(fungus and bactria) to invade the roots and decay. Several nematode species that 
cause problems in fruit orchards that are major limiting factors in fruit crop produc-
tion cause extensive root necrosis resulting in serious economic losses. The root-
knot nematode (Meloidogyne spp.), burrowing nematode (Radopholus similis) and 
citrus nematode (Tylenchulus semipentrans) are the major nematode pests that infect 
fruit crops. Parasitic nematodes that can damage tree fruit roots. Many kinds of 
nematodes have been reported in and around the roots of various fruit crops, only 
few are cause serious damage, including Root-knot nematodes (Meloidogyne spp.), 
Lesion nematodes (Pratylenchus species), Ring nematodes (Mesocriconema spp) are 
cigar-shaped that are strictly ectoparasitic, Dagger nematodes (Xiphinema spp) are 
relatively large ectoparasites that feed near root tips, Sting nematodes (Belonolaimus 
species) are ectoparasitic, Citrus nematodes (Tylenchulus semipenetrans) are sed-
entary semi-endoparasites. Nematodes reduce yield without the production of any 
noticeable above ground symptoms. Typical above ground symptoms of nematode 
infections stunting, yellowing and wilting. Major nematodes associated in large 
number of vegetables crops in India such as root-knot nematodes (Meloidogyne 
spp.), cyst nematodes (Heterodera spp.), lesion nematodes (Pratylenchus sp.), 
reniform nematodes (Rotylenchulus sp.) lance nematodes (Hoplolaimus spp.), stem 
and bulb nematode (Ditylenchus spp.) etc. Root-knot nematodes are important 
pests of vegetables belonging to solanaceous (brinjal, tomato, chili), cucurbitaceous 
(biter ground, cucumber, pumpkin, bottle gourd) leguminous (cowpea, bean, 
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pea), cruciferous cauliflower, cabbage, broccoli, brussels, sprout), okra and several 
other root and bulb crops (onion, garlic, lettuce, celery, carrot, radish). Four species 
(M. incognita, M. javanica, M. arenaria and M. hapla) are more than 95% of the 
root-knot nematode population worldwide distribution. Stem and Bulb nematode 
(Ditylenchus spp.) commonly attacks onion, garlic, potato, pea and carrot etc. The 
nematodes spread from one area to another mainly through infested planting mate-
rials, water drains from infested areas into irrigation system, soil that adheres to 
implements, tyres of motor vehicles and shoes of plantation workers. Management 
recommendation through bio-pesticides, cultural practices, enrichment of FYM, 
Neem cake and other organic amendments.

Keywords: fruits, vegetables, nematodes, symptoms, management

1. Introduction

Nematodes are microscopic roundworms live in soil, marine, freshwater. Plant 
parasitic nematodes cause economic damage to cultivated crops in the tropics and 
subtropics areas, estimated about 10 percent of world crop production is lost due to 
nematode [1]. More than 4100 species of plant-parasitic nematode of global food 
security [2] and damage caused by plant nematodes has been estimated at $US80 
billion per year [3]. Presently 25 genera of plant parasitic nematodes, include species 
that are economic pests of crop plants. Ten most important nematode genera are 
significance at global level viz., Meloidogyne, Pratylenchus, Heterodera, Ditylenchus, 
Globodera, Tylenchulus, Xiphinema, Radopholus, Rotylenchulus and Helicotylenchus 
[4]. The root-knot nematode (Meloidogyne spp.) include over 100 species, with 
Meloidogyne incognita, Meloidogyne javanica, Meloidogyne arenaria, and Meloidogyne 
hapla, are the most destructive to agricultural crop [5]. Root knot nematodes 
develop primary feeding site of the giant cell [6]. Multi-nucleated giant cell -induced 
within the host cell in the absence of cytokinesis. Cysts nematodes (Heterodera and 
Globodera spp.) eggs in cyst body of the female releases larvae (J2) infect the host 
and develop into adult stages within host tissue. Cyst nematodes enter root tips 
and induce specialized feeding structures syncytia. [7, 8]. Root-lesion nematodes 
(Pratylenchus spp.) are distributed worldwide and wide host range of plant species 
[9]. Lesion nematodes are migratory endoprasite, feeding mainly in the root cortex. 
Typically symptoms are lesion formation on roots and aboveground chlorosis of leaf 
[10]. Radopholus similis (burrowing nematode) is a migratory plant parasitic nema-
tode causes severe economic losses in yields and quarantine plant pest worldwide 
[11]. considered the most important phytopathogenic nematode in banana-growing 
areas and also damages the crop banana, citrus, pepper, coffee [12].

Plant Parasitic nematodes are associated in agricultural crop in global food 
security. Agriculturally important root-knot nematodes and identified by Berkeley 
[13] (1855) who observed galls on cucumber roots. Plant-parasitic nematodes have 
a stylet, which is used for penetration of host plant tissue and release proteinaceous 
secretions from the glands to the host cell. These glandular secretions induce 
cellular metabolically active feeding cell [14]. Cellulose is the primary component 
of plant cell walls, cellulases (β-1,4-endoglucanases) are secreted to degrade the 
cell wall which allows nematode entry into host tissue. On the basis of their feed-
ing habits, they are migratory ectoparasites, endoparasites, semi-endoparasitic. 
Ectoparasitic nematodes in the soil, feed at the root surface and Endoparasitic 
nematodes feed within the root. Endoparasitic nematodes are further divided 
into migratory and sedentary groups. Migratory endoparasitic nematodes include 
Pratylenchus spp. (lesion nematode), Radopholus spp. (burrowing nematodes) and 
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Hirschmanniella (rice root nematode). Nematodes associated with cultivated crops 
that are considered economically important. Viz., cyst nematodes (Heterodera spp.), 
lesion nematodes (Pratylenchus spp.); root knot nematodes (Meloidogyne spp.); and 
stem nematode (Ditylenchus dipsaci). Plant parasitic nematodes feed underground 
plant tissues, such as roots, rhizomes, tubers, bulbs and symptoms appears on the 
aerial parts and often confused with those from abiotic stress, such as lack of nitro-
gen and water deficit. Some nematode species feed stems, leaves, flowers, fruits 
and seeds. Some Plant parasitic nematodes are highly polyphagous in nature, such as 
Meloidogyne spp. and Pratylenchus spp., which can infect many species of plants [15].

The most economically important nematodes, the root-knot and cyst nematodes 
are wide range of species [16]. The potato (Solanum tuberosum) crops suffering 
root-knot nematodes (Meloidogyne spp.), stem nematode Ditylenchus destructor 
and cyst nematodes are cause losses in yields. Root-knot nematode (Meloidogyne 
chitwoodii) is considered the most important species [17]. Globodera rostochiensis 
and Globodera pallida originate from S. America are known pests [18]. In sweet 
potato (Ipomoea batatas L. Lam) Ditylenchus destructor is a major pest cause up to 
100% yield losses in China [19, 20]. Lamberti [21] (1979) reported 50–60% losses 
in tomato and eggplant by RKN. Bhatti and Jain [22] estimated a loss of 46.2% in 
tomato due to M. incognita. Alam and Jairajpuri [23] estimated that nematodes are 
responsible for causing up to 70–90% yield losses in tomato and brinjal.

Pratylenchus coffeae in an area of about 1,000 ha in Karnataka was estimated to 
be Rs. 25 million is assessed in coffee. G. rostochiensis in Nilgiris, about 3000 ha area 
is infested with this nematode and total crop failure. Meloidogyne spp. attack more 
than 3000 crop plants, include vegetables, tuber crops, pulses, number of fruits, 
ornamental crops, tobacco etc. In India, the nematodes that cause most severe 
damage to horticultural crops viz., Meloidogyne and Rotylenchulus reniformis in veg-
etables, Radopholus similis in banana, black pepper and coconut (toppling disease of 
banana, slow wilt of pepper and coconut), Pratylenchus coffeae in coffee, Tylenchulus 
semipenetrans in citrus (Citrus decline/Slow decline of citrus). Root-knot nematode 
(Meloidogyne spp.) ranks first damage at global level and worldwide distribution, 
wide host range, destructive nature caused disease complexes. Plant parasitic 
nematodes often interact with fungal, bacterial and viral pathogens to cause disease 
complexes. Solanaceous vegetables yield losses by root-knot nematode have been 
assessed in various parts of the country. Developing countries suffer a crop loss of 
14.6% compared to 8.8% in developed countries.

Fruits are the most important rich in Vitamins A and C and minerals like 
Calcium and Iron, low caloric values and low in fats. The plant parasitic nematodes 
are economic importance in fruit production. Fruit crops are perennial in nature, 
harbor and build-up of nematode population. Roots damaged by the nematodes lose 
efficiency in the utilization of available soil moisture and nutrients and easy prey 
to many fungi and bacteria which cause root decay. Symptoms of nematode attack 
often include reduced growth, chlorosis, wilting and death of plants. These resulted 
in reduced yields and poor fruit quality of fruits viz., citrus, banana, grapevine, 
pineapple, pomegranate and papaya. Nematode management is important for high 
yields and quality of fruits production. The integrated Nematode Management is 
population reduction of plant parasitic nematodes and development of resistant 
varieties of crops.

1.1 Root-knot nematodes (Meloidogyne spp.)

Root-knot nematodes (Meloidogyne spp.) are obligate parasites and are a major 
economic importance distributed world-wide. Root-knot nematodes (Meloidogyne 
spp.) attack in tropical and subtropical areas of crops by M. incognita, M. javanica 
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Figure 1. 
Root-knot of infected roots, Meloidogyne females and egg mass.

and M. arenaria are known [24]. Meloidogyne females almost spherical in shape, 
deposit eggs in an egg sac, galling of the roots is common. Eggs are broken by 
temperature increasing after a cool period [25]. The Meloidogyne life cycle consists 
of six developmental stages; egg, four larval stages (juvenile) and adult, taking 
approximately 25 days for completion. Second larval stage (J2) able to penetrate 
and parasite the host cells [26, 27]. Lifecycle involves four developmental stages, 
larval stage (J1) within the egg, larval stage (J2) migratory, larval stage (J3) sed-
entary, larval stage (J4) sedentary and adult stage (sedentary). Females are char-
acteristic “apple” shape Greek nomenclature Meloidogyne. Infective second-stage 
juveniles (J2s) are often attracted to root exudates and migrate to root tips behind 
the root cap at the elongation zone. The Meloidogyne genus well recognized spe-
cies, M. incognita, M. javanica, M. arenaria, and M. hapla are the most important 
ones [28]. Root-knot nematodes are major pests of horticultural crops and infect 
more than 50 horticultural plant species. Meloidogyne is cosmopolitan genus, and 
distribued in temperate, subtropical, and tropical areas [29]. In warmer regions on 
volunteer grass hosts, more than one generation per season is possible [30]. Plant 
parasitic nematodes present some of the most difficult pest problems evaluated in 
our agricultural economy, because nematode damage is often overlooked due to 
mostly non specific symptoms. Mature females lay eggs in a protective gelatinous 
matrix which forms an egg mass. Meloidogyne species have a broad host range and, 
in general, hatching is dependent solely on suitable temperature and moisture 
conditions, with no stimulus from host plants being required. After embryogenesis, 
the infective second-stage juvenile (J2), hatches from the egg. J2 usually penetrate 
the roots directly behind the root cap, combination of physical damage through 
thrusting of the stylet and breakdown of the cell wall by cellulolytic and pectolytic 
enzymes. The J2 initiates a permanent feeding site, consists of several giant cells. 
These cells function as specialized sinks, supplying nutrients to J2. The head is 
embedded in the periphery of the vascular tissue. Symptoms in patches of poorly 
growing, yellowing plants few square metres to larger areas. Typical symptoms 
include stunted growth, wilting, leaf discoloration and deformation of the roots. 
The increased metabolic activity in giant cells mobilizes photosynthetic products 
from shoots to roots [31]. The damage by some Meloidogyne species has been given 
by Wesemael et al. [32]. Disease complexes with Fusarium wilt, Rhizoctonia solani 
and Thielaviopsis basicola, have been reported (Manzanilla-López and Starr, 2009). 
Many vegetable crops are susceptible to Meloidogyne spp., such as potato, tomato, 
carrot, lettuce, okra, cucumber and gourds. The root-knot damage in potato can be 
recognized by plants withering even in moist soil and yellowed leaves and stunt-
ing growth [33]. Meloidogyne hapla causes more root gall proliferation in potato. 
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Root-knot infection symptoms in ginger formation of gall characterized on rhizome 
showing brown to black lesions with accumulated fluid [34, 35]. In carrots, infec-
tion results in excessive root growth, forking formations and galls around the lateral 
roots and galls can be easily observed in okra and pumpkin roots [34, 36]. Among 
the fruits the root-knot nematodes hosts of banana (Musa spp.), grapevine (Vitis 
vinifera), and papaya (Carica papaya) Figure 1.

1.2 Cyst nematodes (Heterodera spp.)

Cyst nematodes (Heterodera spp.) attack wide range of pulses, grains, and 
vegetables including carrots, beans and peas cause huge economic losses for farm-
ers. Vegetables viz., carrots, beans, peas, beetroot, cyst nematodes cause significant 
losses to agricultural crops. The beet cyst nematode (Heterodera schachtii) can 
cause yield loss in vegetable crops such as cabbages, Chinese cabbages, cauliflow-
ers, Brussels sprouts, broccoli, turnip, radish beets and spinach, damaging root 
especially during summer. Nematodes feed on plant roots, reducing the ability 
of plants to take up nutrients and water. The above-ground symptoms look like 
nutrient deficiency, poor growth, stunting, yellowing and wilting. The sign of beet 
cyst nematode is the appearance of glistening white-yellow bodies about the size 
of a pin head attached to the fibrous roots. These mature and harden to produce a 
light-brown to reddish-brown cyst. Cyst nematodes (Heterodera spp.) are one of the 
most important groups of plant-parasitic nematodes worldwide. The most economic 
importance on cereals cyst nematode (Heterodera avenae), detected in India [37, 38]. 
Heterodera avenae has polymorphous with many pathotypes [39, 40]. H. avenae is 
sexual dimorphism, female lemon-shaped and eggs are retained within body, after 
the female died, body wall hardens resistant brown cyst, which protects the eggs and 
juveniles. The eggs within the cyst remain viable for several years [30] (Figure 2).

1.3 Lesion nematodes (Pratylenchus spp.)

The genus Pratylenchus is a large group of species affecting both monocots and 
dicots, polyphagous migratory endoparasites. Lesion nematodes (Pratylenchus spp.) 
are most common genus and have a very wide host range crops such as vegetables, 
and tree fruits. In fruit orchards, this nematode can be a major cause of orchard 
replant failures. It major problem causing damage in apple, peach, cherry, grape  
and potato. Eggs are lay inside root tissues and emerging juveniles enter in the 
roots and cause root injury, and allow other soil microorganisms to enter the root 
tissues and contribute to root rot and decay. Root lesion nematodes are migratory 

Figure 2. 
Cyst of Heterodera sp. and cyst attached with the roots.
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and capable of repeatedly entering and exiting from root tissue, several generations 
occur inside the roots. Nematodes cause small brown lesions on the white lateral 
roots and kill the fine feeder roots. Affected plants lose all feeder roots, its serious 
problem in orchard replant. The infected tree often exhibits stunting, chlorosis, and 
twig dieback with a decline in vigor, especially in peach and cherry orchards. The 
nematode invades the tissues of the plant root, migrating and feeding inside the 
root causing characteristic dark brown or black lesions on the root surface.

Pratylenchus pratensis was first described in 1880 [9]. Currently, the genus 
Pratylenchus is found worldwide, with more than 75 species described [41]. Lesion 
nematodes an important group of root migratory ecto-endoparasites in a variety 
of hosts. The damage caused by lesion nematodes in roots and tubers. Pratylenchus 
attack host tissues due to their free movement through the root and feeding in the 
plant cortex, resulting in dark spots or lesions. Members of the Pratylenchus genus 
may be sexual or asexual depending on the species. Pratylenchus neglectus, P. thornei 
and P. brachyurus reproduce by parthenogenesis, while P. penetrans must mate 
before producing fertile eggs. Pratylenchus thornei is considered the most economi-
cally important species. Pratylenchus females lay an average of one egg per day, 
the life cycles range from 45 to 65 days [42, 43]. All stages are capable of infecting 
and feeding from plant roots. Lesion nematode damage in plant roots is generally 
evidenced by necrosis and death of plants. The most economically important spe-
cies in potato and tubers worldwide are P. penetrans and P. scribneri [34]. Root lesion 
nematodes get inside tubers using lenticels and surrounding tissue causing variable-
sized circular lesions [44]. These lesions are usually superficial and decrease the 
marketable quality [9]. The symptoms of root lesion nematode infection in yam are 
more severe, and infection is characterized by a dehydrated, cracked skin, and soft-
ness of the tuber. Pratylenchus attack in broadleaf plants, especially lettuce, results 
in a reduction in growth, yellowing, and small head formation [36] Figure 3.

1.4 Burrowing nematodes (Radopholus spp.)

Radopholus genus is known as burrowing nematode, species are migratory endo-
parasitic. The Radopholus genus has a relatively wide host range and the most impor-
tant species for horticulture crops. Radopholus citri and Radopholus similis infect 
citrus and banana respectively. Burrowing nematode causes damage worldwide and 
found especially in tropical and subtropical areas [45]. Radopholus genus similar 
behavior and life cycles as Pratylenchus spp. Burrowing nematode highly infective 
and complete their life cycles within the host root cortical cells, causing root cell 
death and necrosis. Radopholus reproduces sexually; 2 to 5 eggs are laid per day in the 

Figure 3. 
Lesions on roots caused by Pratylenchus sp.
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root tissues, and life cycle completed in 3 weeks under favorable conditions [46]. The 
most characteristic symptoms of infected plants are lesions, burrows in the roots and 
malnutrition [34]. The disease caused by Radopholus similis in banana is known as 
‘blackhead’ due to feeding on the root cortex, cause internal necrosis, symptoms on 
above ground parts of banana are stunted growth, yellowing leaves, small bunches 
and uprooting [47]. Radopholus similis has already been recorded as the cause of 
100% losses in Cavendish banana [48]. Radopholus similis is also a problem for gin-
ger, and the symptoms are similar to those seen in Meloidogyne infection. Radopholus 
citri and Radopholus similis are serious problems for citrus, causing stunted growth 
and reducing fruit in terms of quantity and quality Figure 4.

1.5 Citrus nematode (Tylenchulus semipenetrans)

The citrus nematode was first discovered in California, later described as a new 
species, Tylenchulus semipenetrans, and causal agent of slow decline in citrus Cobb 
[49]. Citrus nematode (Tylenchulus sp.) is a semi-endoparasitic nematode cause’s 
slow decline in citrus crops, it’s also problem in grapes and apple. Second stage juve-
niles (J2) are infective; partly invade roots and exposed part of female body becom-
ing enlarged on the surface of the roots. The highest numbers of nematodes are 
found in late spring and late autumn. Infected plants show aerial symptoms similar 
to nutrient deficiencies. Damage root system of fruit trees in all soil types and. 
Having high pH. Tylenchulus semipenetrans reported in every citrus growing areas 
of the world [50]. Tylenchulus semipenetrans disseminated in citrus growing areas 
by infected preparative plant material. Higher populations are found in orchards 
in sandy soils with high organic matter [51]. Mature females are attached to roots 
covered by soil particles stick to the gelatinous matrix. Tylenchulus semipenetrans is a 
dimorphic species at both the juvenile and adult stage. The female juveniles feeding 
on the epidermis and superficial layers of the cortical parenchyma of the roots. The 
immature female penetrates into the deep cortical layers. It becomes sedentary and 
establishes a permanent feeding site consisting of specialized cells (nurse cells). 
The posterior portion of body swells and protrudes from the root surface while its 
elongate neck and head remains embedded into the cortex. Mature females produce 
eggs that are embedded in a gelatinous matrix secreted through the excretory pore. 
The length of the female life cycle from egg to egg ranges from four to eight weeks 
[52]. Tylenchulus semipenetrans is a sexually reproducing species, occasionally repro-
duce by facultative parthenogenesis. Nematod has a restricted host range, includes 
citrus, trifoliate orange, grapevines, persimmon, and olive [53–55]. Currently, three 
biotypes are accepted, citrus, poncirus and mediterranean [55, 56]. Slow decline 

Figure 4. 
Infected banana plan and lesion on roots.
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depend on age of trees and time of infection, reduced leaf and fruit size, most 
conspicuous symptoms of slow decline [50]. Yield losses due to T. semipenetrans 
range between 10–30% depending on the level of infection Figure 5.

1.6 Reniform nematode (Rotylenchulus sp.)

Reniform nematodes (Rotylenchulus spp) are a semi-endoparasitic species, 
females penetrate the root cortex and establish a permanent-feeding site in the 
stele region and become sedentary. The head region embedded in the root and 
tail region protrudes from the root surface and swells to form kidney-shaped. 
Genus Rotylenchulus have ten species; Rotylenchulus reniformis is the most economi-
cally important species [57] and called the reniform (kidney-shaped) nematode. 
Rotylenchulus reniformis is largely distributed in tropical, subtropical [58]. 
Rotylenchulus reniformis, has a wide host range on cultivated and noncultivated 
plants. First reported as a parasite of cotton in Georgia and tomato in Florida, and 
on cowpea roots in Hawaii [59]. Its associated with several kinds of tropical fruit 
trees [60–62]. Eggs hatch one to two weeks after laid. The second-stage juvenile (J2) 
that emerges from the egg. Rotylenchulus reniformis is sexually dimorphic, males 
and females population are usually equal. Some populations of reniform nematodes 
reproduce parthenogenetically. Females produce eggs and deposited into a gelati-
nous matrix about 60 to 200 egg. The life cycle usually three weeks depends on soil 
temperature. It can survive two years in the absence of a host through anhydrobiosis 
[63] R. reniformis parasitizes a large number of plants and fruit trees. R. reniformis is 
a tropical nematode, thus soil temperature is not important factor [64]. Nematode 
causes root rotting and reduced uptake of water and soil nutrients. R. reniformis is 
pathogenic to sweet potato first time reported by Martin [65]. The reniform nema-
tode causes root necrosis, dwarfing of plants, yellowing and wilting. The immature 
female formed C-shaped when killed by heat. The life cycle from egg to egg is from 
22 to 29 days in susceptible host. Management recommendation by crop rotation 
with resistant plant species is recommended. These include mustard (Brassica 
nigra), oats, onion, sugarcane, and sun hemp [57, 66]. Sugarcane, Sorghum, maize 
and soybeans are recommended as rotation crops [67]. Managenet through crop 
rotation, non-host crops, resistant crops can be planted trap and antagonistic crops 
and use of organic mendments. Planting Tagetes erecta and Crotolaria spectabilis 
in nematode infested soil. Paecilomyces lilacinus, fungal egg parasite and effective 
against the reniform nematode Figure 6.

Figure 5. 
Infected roots by Tylemchulus semipenetrans and female.
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1.7 Stem and bulb nematodes (Ditylenchus spp.)

Stem and bulb nematodes (Ditylenchus spp) are migratory endoparasitic nema-
todes that infect plant stems and leaves feeds upon parenchymatous tissue in stems 
and bulbs and continues in storage. Hosts crops are beans, onion, garlic, maize, oat, 
pea, potato, rye, strawberry, sugar beet, tobacco, alfalfa, faba, bersem, clover, and 
tulip. All stages of nematodes are infective. In adverse conditions species survive 
in dormant structure known as ‘nematode wool’, which is a bundle of juveniles [68, 
69]. Fourth-stage juveniles aggregate just below the surface of infested tissue form 
“eelworm wool” and survive under dry conditions for several years. Runoff water 
is very important in the spread of stem nematodes within a field and to adjacent 
fields. In onion crop infected seedlings by Ditylenchus dipsaci, plant became twisted 
and deformed, leaves fall, bulbs become empty and roots yellow often death of 
plants. In garlic crops extensive longitudinal splitting of the cotyledons and leaves 
short and thick and often brown or yellowish spots, swelling above the bulb in the 
pseudo-stem [70]. Nematodes complete life cycle about 20 days in onion at 15° C. 
Infections are usually swollen, distorted stems, with reddish-brown to black lesions 
[71]. D. dipsaci and D. destructor causing dry rot in potato crops [69]. They enter 
potato tubers through the lenticels and multiply rapidly and invade the whole tuber 

Figure 6. 
Infected roots by Rotylenchulus sp.

Figure 7. 
Infected garlic and onion bulb by Ditylenchu sp.
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and develop within tubers in storage. Ditylenchus distructor can also infect tulip 
and peanuts. However, horticultural losses caused by Ditylenchus have been most 
associated with Allium production [72]. Ditylenchus dipsaci and Ditylenchus destruc-
tor are important in commercial crops. Ditylenchus dipsaci is economic importance 
in temperate zones [30]. Ditylenchus dispaci is a migratory endoparasite that invades 
the foliage and the base of the stem. Characteristic symptoms of stem basal swell-
ings, dwarfing and twisting of stalks and leaves, shortening of internodes and an 
abundance of axillary buds. Ditylenchus dipsaci have more than 10 biological races 
with limited host range. The only economic effective method is the use of host resis-
tance [73]. Crop rotation with non-hosts crops including barley and wheat Figure 7.

2. Common practices in nematode management

Management practices should be effective, environmentally safe, and economi-
cal and must focus on reducing nematode populations to levels below the damage 
threshold. The common methods of nematodes management used resistant variet-
ies, rotating of crops, soil amendments, soil solarization and applying pesticides. 
Soil solarization is very effective for control of many nematodes and soil-borne 
pathogens. Soil solarization of field to ensure adequate moisture, cover with plastic, 
to make it air tight, at least 45 days during June and July. Resistant plant cultivars is 
limited because few nematode very specific for specific resistance, correct identi-
fication of the nematode species and race before cultivar selected. Crop resistance 
cultivars with crop rotation is the best management practices.

In crop rotation, crops must be select carefully because some species of nema-
todes viz., root-knot, reniform, and burrowing are very wide host ranges. Crop 
rotation and cover cropping are often practices in integrated pest management to 
reduce plant-parasitic nematode incidence. Soil nematode effectively decreased 
by rotational cultivation of non-host cultivars of wide host range of Meloidogyne 
spp. [74]. Leguminous cover crops Mucuna pruriens L., and Crotalaria spectabilis 
showed multiple resistance to root-knot nematodes (Meloidogyne arenaria, M. 
incognita, M. javanica) [75]. Flooding and bare fallowing was shown to decrease 
nematode soil populations and increase strawberry yields [76]. Marigold, sudan 
grass and Brassica spp. can be used as green manure crops to control plant parasitic 
nematodes and boost free-living nematode populations in the soil. Glucosinilate 
or isocthiocyanate content in many Brassica species is known to control many 
plant parasitic nematodes. Cyst nematode can efficient manage through grass-free 
rotations using non-host crops. Clean fallow and deep summer plowing reduce the 
population density of the nematode. Cultivar resistance is considered one of the 
best methods for nematode control and has been found to be successful in several 
countries. Management of root lesion nematodes, the crop rotation is limited due to 
the polyphagous nature of the nematode. The role of crop rotation in controlling the 
lesion nematodes some field and laboratory work [77–79]. Cultural methods need to 
be integrated with other control measures. Mulching fields with polyethylene film 
for six to eight weeks suppressed populations by 50 percent [80]. Citrus nematodes 
can manage by use of resistant rootstocks and certified propagative citrus plants 
free from nematode for preventing the damage to citrus [81].

Green manuring as sudangrass and corn are excellent green manure crops that 
provide good nematode control. The organic agriculture for environmental welfare, 
biological controls are great interest for crop producers. The efficacy of nematopha-
gous bacteria and fungi in the control of cyst and root-knot nematodes has been 
well-documented [82, 83]. Parasitic bacteria (Pasteuria spp.) have been reported 
to infect both plant-parasitic and free-living nematodes [84]. The application of 
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P. penetrans for nematode control viz., seed, transplant, and post-plant treatments 
[85]. Bacillus spp. have shown great promise in nematode management. B. cereus 
strain S2 resulted in a mortality of 90.96% to M. incognita [86]. Inhibition of egg 
hatch and motility reported in M. incognita, [87]. Nematophagous fungi (Pochonia 
chlamydosporia) has potential as a biological control agent for M. incognita in 
vegetable crops. Nematophagous fungal products chitinases and their potential for 
the development of biopesticides. Plant extracts often contain a myriad of com-
pounds which demonstrate nematode suppressive properties. Ethanolic extracts 
of Azadirachta indica, Withania somnifera, Tagetes erecta, and Eucalyptus citriodora 
were reported to nematicidial activity against Meloidogyne incognita, Helicotylenchus 
multicinctus and Hoplolaimus [88]. Organic matters contribute to biological activity 
in the soil and enhance the natural activity of organisms antagonistic to nematodes. 
Large populations of free-living nematodes can help control many different plant 
parasitic nematodes in the soil, so provide enough organic matter to increase free-
living nematode populations. Natural biological control to incorporate soil amend-
ments such as manure (poultry manure) and compost.

Most nematicides are highly toxic synthetic pesticides health risk. Limitations 
uses of chemical pesticides are alternative methods and great attention to nematode 
control. Chemical nematicides are often used in the management of root-knot 
nematodes, restrictions in some soil fumigants due to increased environmental 
toxicity expensive costs and risk to humans.

Nematode release β-1,4-endoglucanase and polygalacturonase during primary 
infection and feeding site and in plants growth proteins are secreted during processes 
to allow for cell enlargement [89]. Several root-knot resistance gene (Mi-1) identified 
in tomato [90]. In carrots, two root-knot nematode resistance genes Mj1 [91] and Mj2 
[92] to M. javanica. Many specific genes involved in plant immune responses by root-
knot nematodes [93]. Reactive oxygen species (ROS) accumulation is toxic to nema-
todes and lead to hypersensitive response during the response to root-knot nematode 
invasion [94]. Pathogenesis-related (PR) proteins have been identified based on their 
enzyme function [95]. The PR family are characterized b-1,3 glucanases, chitinases, 
proteinase inhibitors, defensins, ribonucleases and thionins. PR gene expression 
is often induced by ethylene, salicylic acid, jasmonic acid, xylanase, and systemin 
signaling pathways. PR transcripts accumulate in high concentrations with the long 
distance immune response termed systemic acquired resistance (SAR) [96]. The roles 
of plant developmental hormones, ethylene, jasmonic acid and salicylic acid boost up 
plant immunity [97]. Jasmonic acid (JA) and ethylene (ET) signaling pathways work 
synergistically while the salicylic acid (SA) pathway is antagonistic to JA/ET path-
ways [98]. Exogenous ethyhlene (ethephon) and jasmonic acid (methyl jasmonate) 
application triggered the induction of PR proteins and the activation of systemic 
defense against root-knot nematodes on rice [99]. The role of jasmonic acid in activa-
tion of systemically induced resistance, exogenous application of jasmonic acid and 
arachidonic acid, decreased galling on tomato roots [100]. The role of salicylic acid in 
host resistance against root-knot nematodes. Pathogenesis-related protein expression 
of salicylic acid-dependent systemic required resistance in tomatoes root-knot nema-
tode [96]. Expression of a NahG which encodes for an enzyme that degrades salicylic 
acid to catechol, reduced Mi-1 gene in root-knot. Nematode-resistant genes found in 
gene pools of a variety of plant species have been introgressed into the genomes of 
economically important crops through transgenic technologies [101, 102].

Management of nematodes is an integrated method of pest management system. 
Because of most commonly practiced methods including crop rotation, developing 
resistant and tolerant cultivars, using chemicals and cultural practices [24, 73]. 
Effective management practices are required accurate diagnosis, and proper effec-
tive management techniques.
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3. Conclusion

There are several genera and species of nematodes that are of economic impor-
tance. Correct nematode diagnosis can developing management program. The 
nematodes must be eliminate minimize the damage to determine the appropriate 
method. Commonly practiced methods are including crop rotation, resistant and 
tolerant cultivars, cultural practices and chemicals. The ability to reduce yield losses 
caused by nematodes is need to understanding about pathogen biology and the 
application of appropriate control measures. Use of chemicals is impractical com-
mercial and cultural methods fail to complete control. Breeding for resistance and 
tolerance is the major strategy for long-term and environmentally sound control. 
It is necessary to research particularly nematodes race and pathotype, and a great 
need for global collaborative research to control of these important pathogens.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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The Emerging Nematode Problems 
in Horticultural Crops and Their 
Management
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Abstract

Plant-parasitic nematodes (PPNs) are responsible for significant monetary 
losses to horticultural crops. They are unseen foes of crops and devitalize plants by 
causing injury to plant roots or aboveground parts. From last few decades, increased 
attention has been paid to nematode problems in horticultural crops in open as 
well as under protected cultivation. PPNs are obligate parasites, mostly have wide 
host range and are widespread pathogens of horticultural crops. The dimension of 
damage is density dependent and their management options vary with type of crop, 
nematode species and other factors. Recent approaches to combat losses caused by 
nematodes are the use of nematicides, cultural practices and resistant cultivars that 
may be used singly or in an integrated manner. This book chapter gives an overview 
of the emerging nematode problems in horticultural crops and their management 
strategies.

Keywords: nematode, horticultural crops, disease complex, management

1. Introduction

Horticulture has emerged as an important and viable diversification option 
in agriculture which transformed the subsistence farming system into a high 
value commercial enterprise [1]. It has led to the revolutionary changes in the 
socio-economic status of farmers in various parts of the country. Due to the rich 
diversity of agro-climatic conditions prevailing in the country, India is regarded as 
a horticultural paradise. Estimated 234.2 tonnes of horticultural produce are being 
produced from about 20.66 million hectares [2]. The horticulture has proven 
its credibility as a potential sector to enhance agricultural production, improve 
household nutritional security and income generation through diversification and 
employment, value addition and export [3]. Innovative technologies and their 
execution coupled with supporting infrastructure has brought India at the door-
step of golden revolution, which has enabled India the global leader in production 
of many horticultural crops [4]. In spite of the enormous success achieved in the 
horticulture sector, several constraints still exist. Besides new emerging chal-
lenges, poor productivity per unit area continues to be a concern in most of the 
horticultural crops with climate change impacting productivity further. Phyto-
nematodes are among the important biotic stresses in the horticultural sector 
cause severe losses in these crops (Table 1). The introduction of new species, new 
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mutant of the species and resistance among the present species to various environ-
mental conditions are emerging threats to all horticultural crops.

2. Emerging nematode problems

2.1 Nematode as emerging threat to protected cultivation

In the present era protected cultivation is an emerging technology adopted by 
farmers on a large scale, for growing seasonal as well as off-season crops. Under 
protected conditions farmers’ taken several high economic value crops such as 
vegetables and ornamentals. Growers can noticeably increase their income by cul-
tivation of vegetables in off-season as the vegetables produced during their normal 
season generally do not fetch good returns due to glut in the markets. Polyhouse 
crops attacked by a number of insects, pests and diseases including plant parasitic 
nematodes, they are interfering with the successful cultivation of vegetables and 
ornamentals under protected structures. Favorable conditions such as moisture, 
temperature and continuous availability of host in polyhouses favor the multiplica-
tion of phyto-nematodes. Among plant parasitic nematodes, root-knot nematode, 
Meloidogyne spp. are the most overwhelming pest in protected structures. Root-
knot nematodes have wide host range attacking on almost all the crops grown 
under polyhouses and causes significant damage. Many a times complete crop 
failure due to association of nematode and soil borne fungi (disease-complexes) 
have been reported (Figure 1). In Haryana, 63.15% polyhouses were found infested 
with root-knot nematodes [6].

Capsicum (bell pepper), cucumber, chillies, tomato, muskmelon, gerkins and 
ornamentals like chrysanthemum are very common crops in protected cultivation. 
These crops are grown throughout India and are seriously infested with Meloidogyne 
incognita, Meloidogyne javanica (Root-knot nematodes) and Rotylenchus reniformis 
(Reniform nematode). Other nematodes such as lesion nematode (Pratylenchus 
spp.), foliar nematode (Aphelenchoides spp.) and burrowing nematode (Radopholus 
similis) which may develop in vegetable and ornamental crops grown under poly-
houses. The overall annual yield losses due to nematodes goes up to 60% under 

S. No. crops Nematode affecting the 
crop

Per cent yield 
losses

Monetary losses  
(Rs. in millon)

1. Banana Meloidogyne incognita 15 9710.46

2. Guava Meloidogyne spp. 28 2350.88

3. Citrus Tylenchulus semipenetrans 27 9828.22

4. Pomegranate Meloidogyne spp. 23 3023.44

5. Brinjal M. incognita 21 3499.12

6. Chili M. incognita 15 744.90

7. Cucumber Meloidogyne spp. 12 110.46

8. Okra Meloidogyne spp. 19.5 2480.86

9. Tomato Meloidogyne spp. 23 6035.20

10. Capsicum Meloidogyne spp. 10 52.92

Kumar et al. [5].

Table 1. 
The losses caused by plant parasitic nematodes to economically important crops in India.
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protected structures and also reduced the quality of the produce of crops in the 
market due to unthrifty growth.

2.2 The emerging threat of nematodes in orchards and plantation crops

Nematodes are serious menace in fruit orchards and plantation crops in the 
country. Recently, the threat has been increased due to the introduction of new 
nematode species such as Meloidogyne enterolobii is an emerging threat to guava 
[7]. Growers of fruits such as guava, pomegranate, citrus, banana are facing the 
nematode problems in their orchards such as root-knot nematodes, citrus nema-
tode, reniform nematode, burrowing nematode and lesion nematode etc. Farmers 
are not aware to this menace due to hidden nature and non-diagnostic symptoms 
which is of major concern in their multiplications in the orchards. Recently, 
pomegranate and guava growers are encountering the problems of yellowing of 
leaves, stunting and less productivity of trees (Figure 2). Such trees were found 
to be severely infested with root-knot nematodes on the basis of soil and root 
samples. Crop losses caused by phyto nematodes to fruit crops are very high, 
with an average annual yield losses estimated at about 20–40% worldwide [5]. 
The losses have increased tremendously when two or more species occurs simul-
taneously or mainly with secondary pathogens like fungi and bacteria forming 
disease-complexes.

2.3 Potato cyst nematodes, Globodera species on potato

Outbreaks of potato cyst nematodes are reported in most of the potato grow-
ing temperate areas of the world and declared as a quarantine pest throughout the 
world. In India, it was reported from the Nilgiri hills during 1961and triggered 
the implementation of domestic quarantine in 1971 under the Destructive Insect 
Pest Act 1914. Under this act movement of potato for seed purposes was restricted 
realizing the potential threat to potato production and trade [8, 9]. However, recent 
reports on the presence of potato cyst nematode in some of the potato growing 
areas in our country have implications of the movement and production of potato. 
Recently it has been reported from Himachal Pradesh, Uttarakhand and Jammu and 
Kashmir [10].

Figure 1. 
Nematode infestation under polyhouses a. root-knot nematode infested root B. crop failure (source: Original 
photos).
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2.4 The emerging nematode problem in mushroom cultivation

Several biotic factors such as fungi, bacteria, nematodes, insects and mites have 
challenged mushroom cultivation. Among these, mushroom nematodes are the most 
dreaded ones. Once they get entry into the mushroom houses, it becomes almost 
impossible to get rid of these worms. Their multiplication is very fast because of 
very short life cycle (8–10 days). They attack on a variety of fungi, including plant 
pathogenic ones. They are stylet bearing like other plant parasitic nematodes and 
have the same feeding mechanism. Nematodes affected mushroom hyphae produced 
less yield by sucking cell sap. Their presence in mushroom beds is associated with 
severe losses, often leading to crop failure [11]. Unlike the management practices 
commonly used for plant parasitic nematodes like crop rotation, summer plowing, 
use of chemicals’ etc., are not applicable here due to the different nature of the crop.

2.5 Nematodes in flowers

Apart from root-knot nematodes and lesion nematodes on various crops, 
Aphelenchoides besseyi has raised as new peril in floriculture. Interestingly, in recent 
years, as a single flower, tuberose, Polianthes tuberosa L. occupies the lion share in 
the global publications on the nematode problems in flowers. Phenological factors 
influenced nematode population towards consistent variation with several ups 
and downs synchronizing with that of the flower production. Heavy infestation at 
early stages of the plants resulted stunting, hardening of the stalks and spikes and 
development of the prickle like structures on them.

2.6 Nematode problems in the nursery of horticultural crops

Nematode infested nursery is the important threat in horticultural crops, and 
most of these crops are raised in the nursery. Infested nursery is the source of 
dissemination of nematode in the horticultural field. Once the nematodes have 
introduced in the main field it is impossible to get rid from these worms. Seedling 
raised in nursery are infested by several nematodes produced in Haryana and other 
part of the country. Nematodes attack on seedlings form galls and stunted growth 

Figure 2. 
Guava orchard infested with root knot nematode (source: Original photos).
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are the indicators of nematode damage in nursery (Figure 3). Meloidogyne spp. 
(root-knot nematodes) and Rotylenchulus reniformis (reniform nematode) are the 
most damaging nematode among the plant parasitic nematodes in nursery.

2.7 Nematode-pathogen interaction: a real threat

Nematodes associated with other secondary micro-organism increased the losses’ 
manifolds. Phyto parasitic nematodes provide avenues for secondary pathogens viz., 
fungi, bacteria, viruses, etc. and favor the establishment on host. Nematode alter 
the host physiology for colonization of secondary microbes. However, nematode 

Figure 3. 
A. Nematode infestation in the nursery B. guava nursery infested with root knot nematode (source: Original 
photos).

Figure 4. 
Root infested with Meloidogyne spp. and wilt fungus (source: Original photos).
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themselves are capable of causing significant losses in the crops, their connotation 
with secondary microbes preponed the disease and compound the damage. The 
rotting fungi (Rhizoctonia bataticola, R. solani) and wilt fungus, Fusarium oxysporum 
has been reported in compounding the disease severity by nematode [12]. Combined 
infection of nematode and fungal pathogens leads to sever rotting and death of 
plants (Figure 4). Sometimes, presence of both pathogens, nematode and secondary 
pathogens breaks the resistance in resistant cultivars of plants [13].

3. Nematode management in horticultural crops

Aim of nematode management is to reduced crop losses in yield and quality of 
crops and manage the nematode population below economic threshold level.

4. Preventive measures

4.1  Soil testing for nematode mandatory before establishing polyhouses/
net-houses

Soil testing is mandatory for the farmers before erection of the polyhouses, 
green house, net houses and orchards.

4.2 Nematode-free planting materials

Infested planting material is the foremost important means of spreading of 
nematodes in horticultural crops. At present, there is no chemical or non-chemical 
methods are available that resolve the nematode problem in protected cultivation 
once introduced into the crops. Nematode-free planting material that produced on 
soilless substrates are increasingly used to exclude soil borne species of nematodes, 
but also to promote the plant establishment and crop production.

4.3 Hot-water treatment

Hot water treatments was successfully used to manage plant parasitic nematodes 
spread through planting material in some crops like strawberry, citrus. In this tech-
nique temperature and time combination is very important otherwise the planting 
material may become unfit for transplanting.

5. Curative measures

5.1 Sanitation

Rapid destruction of infested planting material and weeds from the field that 
can help in minimizing the nematode population and prevent further spread of 
nematodes. Entry points and equipment used in protected structures should be 
sanitized. Using clean water also helps in minimizing the further spread of pest.

5.2 Tillage and soil solarization

Soil solarization in the hottest part of the year by using transparent polyethylene 
plastic (LLDP 25 μm) 6–8-week period after harvesting of the crop are very helpful 
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in reducing nematode population in the soil. A plowed field with moist soil covered 
with polyethylene sheet help in raising the soil temperature and is lethal for the soil 
borne pests.

Soil tillage in the months of May–June in northern Indian conditions for two 
to three times also helps in reducing the nematode populations. Soil solariza-
tion or tillage is dependent on hot weather and fallow soil with the crop-free 
period of 4–6 weeks is necessary which may not be economically feasible to the 
growers.

5.3 Crop rotation

Continuous monoculture of the susceptible crop has tremendously increased 
the pest problem including plant parasitic nematodes. In such circumstances, crop 
rotation with the non-host crop is one of the good options to reduce nematode 
build up. Popularity of this method depends upon the availability of suitable 
non-host crop. The length of rotation is however related to the magnitude of the 
initial nematode population and the rate of population decline during rotation. In 
protected structures, rotating susceptible crops with poor or non-hosts, trap crops, 
antagonistic crops or biofumigants such as brassicas, that fetch profit to grower, can 
be an alternative.

5.4 Resistant variety or grafting on resistant rootstock

Resistant variety or grafted resistant root-stock is one of the convenient methods 
of nematode management in horticultural crops. In India, still there is no released 
resistant variety to nematodes in protected conditions. However, in India work is 
restricted to evaluation of germplasm against plant parasitic nematodes. Grafting 
of commercially important crop genotypes on nematode resistant rootstocks (eg. 
scion of commercial tomatoes on wild eggplants root stocks, Solanum toxicarium, S. 
sisymbriifolium and S. torvum) is an efficient choice for management of Meloidogyne 
spp. in vegetables under protected cultivation system [14]. Susceptible but agro-
nomically desired arabica scion on resistant Robusta root stock of coffee have been 
effective against Pratylenchus coffee.

5.5 Organic amendments

Use of organic amendments is a good option to reduce nematode build up as well 
increase plant tolerance by raising nutrient status. Both edible and non-edible oil 
cakes are used for suppressing nematode population in soil. Organic amendments 
manage the nematode population by release of toxic compounds during decom-
position, improve soil fertility increased the plant vigor, tolerance and promoting 
antagonistic microbial activity.

5.6 Biological control

Recently, bio-agents has paid much attention due to popularity in suppression 
of nematode population as well as environmentally sound option for manage-
ment. Bio-agents such as egg parasitic fungi – Purpureocillium lilacinum, Pochonia 
chlamydosporia, antagonistic fungus – Trichoderma viride, Trichoderma harzianum, 
bacterial parasites – Pseudomonas fluorescence, Pasteuria penetrans and Mycorrhizal 
fungus, Glomus fasciculatum has to be used in nematode management. Amendments 
(neem cake, vermicompost or FYM) enriched with bio-agents was found potential 
for management of plant parasitic nematodes in polyhouses [15].
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5.7 Chemical nematicides

New nematicides such as 3-F nematicides that all having Trifluoro group in their 
molecular structure (fluensulfone, fluopyram, and fluazindolizine) are very effec-
tive against plant parasitic nematodes but till now they are not registered for use in 
many crops in India.

At present, there are no conventional fumigant or non-fumigant nematicides 
registered for greenhouse use in India. Thus, protected cultivation growers are 
dependent on other IPM practices such as exclusion, sanitation, nematode resistant 
plant varieties when available, and other cultural and biological means of nematode 
management.

6. Integrated nematode management

Pre-plant application of fumigants followed by neem cake fortified with bio-
agents suppressed the plant parasitic nematode populations under polyhouses. 
Nonetheless, integrated nematode management in protected structures have certain 
limitations such as non-host availability, crop preference, plant parasitic nematode 
incidence at different geographical locations. Keeping in view of this, suitability of 
integrated management practices with general farming practices has to be remolded 
according to local conditions.

7. Conclusions

Farmers/growers neglect the nematode diseases in the crops because of hidden 
nature and non-diagnostic symptoms produced by nematodes on crops. Plant para-
sitic nematodes associated with secondary microbes present in the rhizosphere form 
disease-complexes and increase crop damage. Changes in the cropping system, 
also changes the nematode community structure and there by nematode problem. 
A menace of plant parasitic nematodes is increasing day by day under protected 
conditions, orchards, plantation crops, mushroom houses and field crops.

Clearly, recent research on nematode management in polyhouses has focused 
primarily on plant parasitic nematode and soil borne fungal pathogens. Nematodes 
are extremely diverse habitats, ubiquitous and vary enormously in their lifestyles, 
we shall gain knowledge of nematode behavior and biology of nematode taxa 
for the comparative approach under more realistic environmental conditions. 
Thorough knowledge of tolerance, behavioral and sensitivities of nematodes to 
various environmental extremes is an important for fundamental science and 
management.
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Chapter 3

Role of Microbial Enriched 
Vermicompost in Plant-Parasitic 
Nematode Management
Sunil Kumar, Ranjit Kumar and Pankaj Sood

Abstract

Earthworm causes increase in availability of soil organic matter through  
degradation of dead matters by microbes, leaf litter and porocity of soil. 
Vermicompost is a non-thermophilic biodegradation process of waste organic 
material through the action of microorganism with earthworm. Vermicompost is rich 
in many nutrients including calcium, nitrates, phosphorus and soluble potassium, 
which are essentially required for plant growth. Different plant growth hormones 
like gibberellins, auxins and cytokinins are present in vermicompost, which has 
microbial origin. Nematodes are mostly small, colorless and microscopic organisms 
which remain under soil, fresh or marine water, plants or animals, and act as parasite 
in different conditions, while very few have direct effect on human. The nematodes 
which are parasitic on plants use plant tissues as their food. They have well developed 
spearing device, like a hypodermic needle called stylet. It is used to penetrate host 
cell membrane. Management of plant-parasitic-nematodes therefore is necessary and 
several means are adopted. Of which, use of bio-chemicals and organic compost have 
shown encouraging results and proved to be potential in suppressing the nematode 
population. Vermicompost plays an important role of soil fortification on growth 
characteristics, such as length, weight, root, shoot branches, number of leaves and 
metabolism of host plant against nematode infection. Vermicompost fortified plants 
showed increment in sugar, protein and lipid over untreated control. Increment of 
these metabolites helps treated plants to metabolically cope up the infection and 
promotes excessive plant growth. The vermicompost caused the mortality of nema-
todes by the release of nematicidal substances such as hydrogen sulfate, ammonia, 
and nitrite apart from promotion of the growth of nematode predatory fungi that 
attack their cysts. It favours rhizobacteria which produce toxic enzymes and toxins; 
or indirectly favors population of nematophagous microorganisms, bacteria, and 
fungi, which serve as food for predatory or omnivorous nematodes, or arthropods 
such as mites, which are selectively opposed to plant-parasitic nematodes.

Keywords: Vermicompost, nematode, nematophagous, Meloidogynae

1. Introduction

The term vermicompost is derived from a latin word “vermes” meaning 
“worms” and the process of composting of organic material using earthworms 
is known as vermicomposting. Earthworms directly influences the microbial 
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community of soil and it maintains normal chemical and physical properties ofsoil, 
due to which it is popularly called the “farmer’s friend”.

Earthworm causes increase in availability of soil organic matter through degra-
dation of dead matters by microbes, leaf litter and porocity of soil. Vermicompost 
is a non-thermophilic biodegradation process of waste organic material through the 
action of microorganism with earthworm. The product produced through vermi-
compost is highly fertile, very finesoilparticles with marked porosity, adequate aera-
tion, low C: N ratios and high water-holding capacity [1]. The termed “drilosphere” 
is coined for microflora and microfaunain soil influenced by earthworms [2].

Due to decrease in land availability for cultivation, waste disposal and exponen-
tial increase in human population there is urgent need to improve crop production 
and waste disposal mechanism. Crop intensification has led to huge use of chemical 
fertilizers and pesticides which plays key role in ecological disturbances by destroy-
ing natural predators of crop pests, plant growth-promoting bacteria and other soil 
micro/macro flora and fauna. These pesticides pollute environment very adversely, 
necessitating demand for safe organic farming to protect us from adverse effect of 
these pollutants. Organic waste composting is a technique which converts organic 
wastes into useful composts, which could be used as biofertilizer for sustainable 
agriculture growth. Conventional composting through microbes is a thermophilic 
process, in which many microbes are lost due to excess temperature emitted during 
the composting process. While vermicomposting is a mesophilic process, which con-
serves all microbes and earthworm associated with it to provide associated beneficial 
effect for degradation of organic matter by preserving the diverse community of all 
beneficial microflora. Vermicompost provides more biologically active and nutritive 
biofertilizers in soil as earthworms transform different organic waste material into 
useful vermicompost material by grinding, churning and digesting these substanc-
esin association with microbes which is essential in biogeochemical processes [3]. 
Earthworms enhance the beneficial microbes and suppresses harmfulmicrobes to 
convert different infectious hospital wastes into risk-free materials [4].

Vermicomposts are rich in many nutrients including calcium, nitrates, phos-
phorus and soluble potassium, which are essentially required for plant growth [5]. 
Different plant growth hormoneslike gibberellins, auxinsand cytokinins are also 
present in vermicompost, which has microbial origin.

Nematodes are mostly small, colorless and microscopic organism remain under soil, 
fresh or marine water, plants or animals They act as parasite in different conditions, 
while very few has direct effect on human. Almost 50 percent nematodes are living in 
marine environment while about 25 percent of the nematode species live in soil and 
fresh water feeding on different decomposer organism including bacteria and fungi, 
many small invertebrates and organic waste Only 15 percent of the nematode species 
are parasitic in nature, infecting animals, ranging from small insects, many inverte-
brates and man. Only almost 10 percent nematode species are plant parasite in nature.

The nematodes which are parasitic on plant use plant tissues as their food 
through well developed spearing device like a hypodermic needle called style used 
to penetrate host cell membrane. Plant-parasitic nematodes release an enzyme into 
a host plant cell through stylet for partial digestion of cell content before entry into 
gut. Nematode causes injury to plants in two ways involving their feeding mecha-
nism. Few nematodes are ectoparasitic which utilizes different plant tissues outside 
the plant for their food, while few nematodes are endoparasitic which utilize inner 
part of plant tissues as their food. Few nematodes are migratory known as foliar 
nematodes which utilizes the leaves and buds of ferns, chrysanthemums, strawber-
ries and many other ornamentals as their food. Foliar nematodes cause death of 
buds, distortion of leaf and formation of dark-brown to yellow lesions between 
major veins of the leaves.
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Management of plant-parasitic nematodes therefore is necessary and several 
means are adopted. Of which use of bio-chemicals have shown encouraging results 
and proved to be potential in suppressing the nematode population. Vermicompost 
plays an important role of soil fortification on growth characteristics, such as 
length, weight, root, shoot branches, number of leaves and metabolism of host 
plant against nematode infection. Vermicompost fortified plants showed increment 
in sugar, protein and lipid over untreated control. Increment of these metabolites 
treated plants and metabolically cope up the infection and promote excessive 
plant growth. Use of Vermicompost as fertilizer also helps in suppression of plant 
diseases and pest as it provides better nutrient availability and greater strength, 
immunity, and resistance against infection. Compost and vermicompost are 
effective in eliminating root-knot nematodes (Meloidogyne incognita) in tomato 
plants. Almost 40 species of bacteria and 22 species of fungi were identified in 
soil treated with vermicompost, of 40 bacterial species majority were found 
under the genus like Azotobacter, Bacillus, Rhizobium, Pseudomonas, Beigerinicka 
and Enterobactor and in fungal the genus such as Aspergillus, Rhizopus, Pencillum, 
MucorCladosporium, and Fusarium were commonly found [6]. Arancon et al. [7] 
had also observed a reduction in plant-parasitic nematodes following the applica-
tion of vermicompost.

2. Vermicompost

2.1 Nutritional composition

The nutrient content obtained from vermicompost directly depends on the 
constituent of waste material where it feeds. It enhances levels of different material 
in casted soil than available mineral concentration due to microbial activity in its 
gut [8]. According to reports of Hand et al. [9] the earthworms enhance nitrogen 
mineralization in the soil, consequently resulting in more availability of nitrate 
in the soil. The vermicompost is also involved in reduction of organic carbon and 
carbon nitrogen ratio than in the normal composts. The combined earthworm and 
microorganism action lowered causes loss of different organic matter from the soil 
substrates as CO2 introduces 20–43% of total organic carbon material in soil the 
completion of vermicomposting period. Vermicompost also contains all essential 
nutrients including nitrates, phosphate, exchangeable calcium and soluble potas-
sium which are quickly absorbed by plants (Edwards, 1998; [10]). Also observed 
more micro and macro nutrients in the vermicompost which are rich in the earth-
worm casts.

2.1.1 C/N ratio

The carbon and nitrogen (C/N) ratio is most important parameter during 
composting process which clearly indicates about the decomposition rate. Plants are 
able to take mineral nitrogen in the form of nitrates, only when carbon and nitro-
gen ratio falls below 20 [11]. The proper ratio of carbon and nitrogen is therefore 
required for the proper plant growth. Earthworms cause reduction in carbon level 
thereby increasing the nitrogen content in fresh organic matter.

2.1.2 Nitrogen

Nitrogen is very essential constituent of all amino acids and protein. Deficiency 
of nitrogen directly decreases the growth of plants leading to chlorosis, stunted and 
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slow growth. According to Hand et al. [9] mineralization with nitrogen was highly 
facilitated in earthworm presence and it leads to deposition of nitrate in the soil.

2.1.3 Phosphorus

Earthworms activity causes increase in total phosphorus concentration in soil 
in comparison to the food source available in soil. This clearly indicates that the 
vermicomposting causes increase in phosphorus level through the mineralization of 
phosphoric organic compounds [12, 13].

2.1.4 Iron (Fe)

Iron (Fe) is also an important element required for growth and productivity 
of all plants. Only very trace amount of iron is required in comparison to other 
minerals by plant like carbon, oxygen, hydrogen, nitrogen, phosphorus, sulphur 
and potassium for proper plant growth. The iron functions like a cofactor, as it has 
a catalytic site for many essential enzymes activity which are even required for 
chlorophyll synthesis.

2.1.5 Magnesium (Mg)

It is a important component used in formation of chlorophyll, which play vital 
role in photosynthesis. It is also required for carbohydrate metabolism and acts 
as enzyme activator in nucleic acid synthesis. Magnesium serves as a carrier of 
phosphate compound in plants and also supports uptake of many essential elements 
into plant. It enhances production of oils and fats through the translocation of 
carbohydrates.

2.1.6 Manganese (Mn)

Manganese (Mn) plays vital role in nitrogen assimilation by, as enzyme activa-
tor. It is very important constituent of chlorophyll. Low plant manganese usually 
causes leaves to turn yellow due to reduced chlorophyll content. Organic soils 
usually contain intermediate amounts of manganese.

2.1.7 Zinc (Zn)

Low presence of zinc leads to high yield of crops. Zinc efficiency has been 
reported in many enzymatic activities of plants [14]. Zinc utilization mechanism 
in plant tissue is most important mechanism of zinc in plant tissues. Heavy metal 
bioaccumulation study showed that increased duration of vermicompost concentra-
tion of Zn and Cu decreases soil [15].

2.2 Role of vermicompost in plant growth promotion

Wide variety of plant species grows effectively in vermicompost rich soil, 
including many horticultural crops like tomato, cauliflower etc. [16], aubergine [17], 
garlic, pepper [18], strawberry, green gram and sweet corn [19]. Vermicompost is 
also very much effective on enhance production of many medicinal plants rich in 
aromatic compounds [20], cereals such as rice and sorghum [21], fruit crops such 
as papaya and banana, and ornamentals like geranium [22], petunia, marigolds 
and poinsettia. Effect of vermicompost was also observed in forest trees including 
eucalyptus, acacia and pine tree [23]. Vermicompost are very beneficial and used 
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as a partial or total substitute for chemical fertilizer in agriculture and artificial 
greenhouse potting media. Likewise, few studies show that water-extracts obtained 
from vermicompost, vermiwash were used as foliar sprays, which enhances growth 
of tomato plants [24], strawberries and sorghum. Vermicompost also stimulates 
seed germination in green gram and other plant species [25], tomato plants [26], 
pine trees and petunia. Vermicompost are used effectively for vegetative growth 
of leaf, stimulating growth of root and shoot [27]. These effects cause increase in 
root branching and leaf area and alterations in morphology of seedling plant [28]. 
Vermicompost stimulates flowering in plants, increasing flowers produced [29], and 
increase in fruit yield [30].

2.3 Bacterial diversity associated with earthworms

A variety of bacterial species have been reported associated with earthworms/
vermicompost though the bacterial species varied with its isolation site includ-
ing soil, intestine, and excrements. Almost 43 bacterial species were isolated 
from earthworm intestines and 25 obtained from fresh excrements of which, 9 
were common. Among 40 bacteria species isolated from soil and intestine, 13 
were shared species; 9 were gram-positive, and 6 Bacillus species were spore-
forming. Comparison of soil and excrements bacteria revealed similarity of 
only 6 isolated species, of which three species were gram-positive and three spe-
cies were gram-negative. Brevundimonas diminuta (α-Proteobacteria), Kocuria 
palustris (Actinobacteria) and D. acidovorans (β-Proteobacteria), were isolated 
from all three substrates. Comparison of bacteria isolated from the intestine of 
Aporrectodea caliginosa, Lumbricus terrestris, and Eisenia fetida earthwormsre-
vealed that the highest number of 43 bacterial taxa was isolated from A. caliginosa 
digestive tract; while from L. terrestris and E. fetida, 22 and 21 taxa were isolated 
respectively. Few members of bacteria were isolated from all earthworm spe-
cies, which includes Bacteroidetes (classes Flavobacteria and Sphingobacteria), 
Actinobacteria, Proteobacteria (classes α-, β-, γ-) and Firmicutes (class Bacilli). 
Five bacterial species isolated from earthworm exhibited relatively low similarity 
between the sequenced 16S rRNA gene fragments (approx. 1490 nucleotides) and 
the genes of known bacterial taxa (93–97%), which includes Ochrobactrum sp. 
341-2 (αProteobacteria), Sphingobacterium sp. 611-2 (Bacteroidetes), Massilia sp. 
557-1 (β-Proteobacteria), Leifsonia sp. 555-1, and a Microbacteriaceae, isolate 521-1 
(Actinobacteria).

Micromycetes were observed in digestive tracts of fasted earthworm species. 
The incubation temperature had no effect on the number of fungal CFU isolated 
from the intestines. Fungi isolated from the earthworms after 20 days of starva-
tion, are Bjerkandera adusta and Syspastospora parasitica identified by light-colored 
sterile mycelia, as well as Geotrichum candidum, Alternaria alternata, Acremonium 
murorum (A. murorum var. felina), A. versicolor, Aspergillus candidus, Rhizomucor 
racemosus, Mucor hiemalis, Cladosporium cladosporioides, Fusarium (F. oxysporum, 
Fusarium sp.), and Penicillium spp.. The density of fungal colony in the air dry 
intestine was 103–104 CFU; this value is very close to the fungal populations density 
in soil mineral horizons. These fungi are most resistant to the conditions within 
earthworm digestive tract.

2.4 Role of vermicompost in nematode control

The application of vermicompost resulting in reduction of free-living nema-
todes populations owing to, its adverse effects on these nematodes. The manage-
ment of plant-parasitic nematodes is very difficult in comparison to management 
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of other insect pests and pathogens. The plant-parasitic nematode generally resides 
in soil and attacks the underground parts of plants. While cyst nematode manage-
ment faces a unique challenge owing to hard protecting cyst wall protects egg 
of gravid females. Prevention is the most common economical control method, 
because once any plant is parasitized by nematode, it is essential to destroy host 
for killing worm effectively. At present chemical nematicide is commonly used in 
controlling different types of plant-parasitic nematodes in the soil [31]. Frequent 
treatment of soil with different chemical is dangerous and adversely affects soil 
organisms, environment, as well as animal and human health. Gabour et al. [32] 
observed inhibitory effect of vermicompost application on the populations of the 
plant-parasitic nematode Rotylenchulus reniformis. In addition to vermicompost, 
recent studies have shown that the application of vermicompost tea has the poten-
tial to control plant-parasitic nematodes. In this sense, Edwards et al. [33] studied 
a significant suppression in the number of galls caused by Meloidogyne hapla in 
tomato when the plants were subjected to aerated vermicompost tea. The effects 
of vermicompost are likely on nematodes due to the mortality of nematodes by the 
release of nematicidal substances such as hydrogen sulfate, ammonia, and nitrite 
produced [34]. promotion of the growth of nematode predatory fungi that attack 
their cysts [35]; favoring of rhizobacteria that produce toxic enzymes and toxins 
[36]; or indirectly by favoring populations of nematophagous microorganisms, 
bacteria, and fungi, which serve as food for predatory or omnivorous nematodes, 
or arthropods such as mites, which are selectively opposed to plant-parasitic 
nematodes [37].

3. Mechanisms that mediate nematode control

3.1 Crop rotation

It reduces many soil-borne diseases and improves soil for agriculture. Many 
nematodes can reproduce, grow and survive on selected plants and not able to grow 
on other crops and hence die with practice of crop rotation. Repeatedly growing of 
single crop in particular field will enable any organism to reproduce successfully 
and increase their number. While introduction of crops which does not support 
nematode growth will prevent reproduction and growth of nematode and allow 
natural mortality factors to act on these to reduce their numbers. Through the 
planned rotation of crop and sequential alteration of crop, it is possible to reduce 
excessive growth of all pests of all of the major agriculture crops. Hairy indigo 
would reduce numbers of sting and rootknot nematodes and can be planted as a 
summer crop in between other crops. Pangola digitgrass a common agriculture crop 
of West Indies and Florida, which control burrowing and root-knot nematodes in 
vegetable lands. Use of crop rotation usually provides multiple benefits including 
mineralization of soil as well as effective pest control in agriculture field.

3.2 Crop root destruction

Through destruction of root whole pest colony which resides on root are 
destroyed, and leads to decline in number of nematodes through increased mortality. 
This can stop nematode reproduction and should encourage their decline through 
normal mortality. Crop root systems are reservoir for many soil-borne diseases and 
nematodes. These small insects and nematodes can multiply on root system of crop 
whenever it will remain alive. Almost 10 folds increase in nematode concentration 
were observed when soil temperature were high. Even when soil temperatures are 
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declining, at least one additional generation of nematode were found. It was very 
good practice in nematode management to destroy root of previous crop to prevent 
growth and reproduction of nematode.

3.3 Flooding

Flooding the agriculture land was also used to reduce numbers of soil infesting 
pests including plant-parasitic nematode. It is done through regular maintenance of 
high water level in field for many weeks in controlled manner. This high water level 
is maintained in field for two or three weeks followed by drying the soil and flood-
ing again for two to three weeks is more effective way of controlling plant-parasitic 
root nematode. Flooding generally kills root nematodes by inhibition of nematode 
parasite with interaction to host plants for longer period.

3.4 Fallowing

It is a process in which a field is left without any type of vegetation and plants 
for longer period; it leads to starvation of nematodes or other pests in absence of 
vegetation. Most soil pests and nematodes were decreased due to lack of food in 
the form of host plants. The field must be regularly cultivated to prevent growth 
of different weeds and it leads to proper cycling of drying and heating to different 
layers of soil.

3.5 Plant resistance

Many plants are resistant to different types of pests, And their use in agriculture 
field is most effective and less expensive way of pest control strategy. But this 
method requires detailed knowledge on various resistant plants and pest categories 
and situation which does not support pest survival, but most of nematode resistant 
crop has resistant for only few nematode species and it would not be completely 
resistant to all species of nematode.

3.6 Biological control

Many biological agents like bacteria and fungi are nature well known enemies of 
nematodes. These do not support growth of nematode species when concentration 
of these bacteria and fungi are high. Many scientific studies on nematode are able to 
reduce nematode population with the help of these bacteria and fungi under labora-
tory conditions. But at field levels this is emerging field of research and success rate 
are not very high. However, the use of organic materials to the soil has been found 
reported to increase the availability of food for fungivorous and bacteriophage 
nematodes, increasing the competition between them with other groups.

4. Nematode associated with agricultural crops

Nematode species varies greatly in different countries. Few nematode species are 
cosmopolitan, likespecies of Meloidogyne while many are geographically restricted to 
particular region e.g. different species of Heterodera, Globodera, etc. Nacobbusspecies 
are highly specific attacking only carrots. Some crops are infected with very few 
species of nematode pests while others are infected with wide range of nematode 
species. Crop like rice, maize and sugar cane are infected with variety of plant-
parasitic nematodes. Common plant-parasitic nematodes associated with different 
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agricultural crops are: Meloidogyne, Heterodera, Globodera, Pratylenchus, Radopholus, 
Rotylenchulus, Tylenchorhynchus, Xiphinema, Longidorus, Paralongidorus, Aphelechoides, 
Ditylenchus etc.

5. Nematode management through microbial biogents

Nematode mainly attack underground parts of plant, due to which management 
of nematode are very difficult in comparison to other plant parasites [38]. At pres-
ent synthetic nematicides are frequently used for management of plant-parasitic 
nematodes [39]. Although, nematicides are very efficient and fast acting, but are 
relatively unaffordable to many small scale farmers.

Application of organic amendments is one of the best practised alternative 
strategies for the management of plant-parasitic nematodes in the soil [40]. Organic 
amendments have shown beneficial effect on soil physical conditions, soil nutri-
ents, and soil biological activity, thus improving plant health and reducing colonies 
of plant-parasitic nematode [41]. Integrated pest management (IPM) uses differ-
ent strategies for the management of plant-parasitic nematode but the biological 
control would be the most effective and economical way of nematode management. 
Different groups of beneficial bacteria have been utilized for the management of 
plant-parasitic nematode in soil. Various fungi such as Aspergillus, Paecilomyces, 
Trichoderma, Verticillium, Pochonia, Fusarium and Penicillium have been reported 
to cause juvenile mortality and egg inhibition of nematodes. An increase in nemati-
cidal potential of microorganisms were observed when such bacteria, fungi or other 
biocontrol agents are integrated with either organic amendments or nematicides for 
integrated control of nematodes [42, 43].

6. Ecological and economical importance of biomanagement

The nematodes can survive in different environments including aquatic (such as 
fresh water, estuarine and marine water), terrestrial (as free living in the soil) and 
parasitic (either endoparasites and ectoparasites of animals and plants). Pokharel, 
and Larsen [44] and Pokharel., et al. [45], reported that soil nematodes are very 
important in protecting the organic nature of soil, Phytoparasitic nematodes on 
feed tissue of plants and reduce the growth and productivity of infected plants. Soil 
nematodes assist colonization of microbial substrates and nutrients mineralization 
in the soil. Metabolism in nematodes produce important nutrients like nitrogen and 
vitamins which speed up bacterial growth in the soil. Many nematodes feed on bac-
teria, fungi and protozoa within soil and acts like predatory or omnivorous nema-
todes it would improve cycling of nutrients and causes slow release of nutrients into 
soil. The free-living nematode in soil enhances mineralization of nutrient in soil. 
These nematode groups also feed different plant pathogen and few soil microbes 
including plant pathogens such as bacteria and fungi. Free-living nematodes can 
protect system crop by protecting nature of soil. The nematodes which attack insect 
pests are useful biological insecticide [46].

According to data of the American Phytopathological Society, nematodes have 
great economic benefits of both harmful and useful effect, most plant nematodes 
has a sharp needle-like structure found in mouth part called stylet. They is cause 
more than 15percent loss of crops per annum world-wide, equal to almost US$78 
billion. Majority of plant feeder nematodes found in the soil, feed on plants and 
reduce water and nutrient absorbed by the plants root, reducing their drought 
resistance ability. Some other nematodes transmit disease causing organisms like 



41

Role of Microbial Enriched Vermicompost in Plant-Parasitic Nematode Management
DOI: http://dx.doi.org/10.5772/intechopen.97934

viruses to plants while feeding. Large number of nematode species cause decompo-
sition and recycling of nutrient by release of relevant nutrients for the plant growth.

From more than 4000 described plant-parasitic species of nematodes, only 
some cause economic losses in crops. Some of the major genera of phytoparasitic 
species of nematodes causing crop losses are Xiphinema, Rotylenchulus, Pratylenchus, 
Meloidogyne, Hoplolaimus and Heterodera [47]. The majority of soil nematodes are 
present in the rhizosphere of plant root area in the soil surrounding the root of plant 
where microbiological activity is exceptionally high.

7. Enrichment of beneficial microorganisms in vermicompost

7.1 Enrichment of vermicompost with bacteria

Earthworm’s gut microflora has high ability to increase plant nutrient avail-
ability. Earthworms highly influence the soil dynamics and chemical processes, 
by adding its litter and affecting the soil micro-flora activity [8]. Earthworms and 
microorganisms interaction seem to be very complex. Earthworms excretes plant 
growth-promoting substances and making soil fertile. Pseudomonas oxalaticus 
an oxalate-degrading bacterium was isolated from intestine of different species of 
earthworm and Streptomyces lipmaniifrom actinomycetes group was identified in 
the gut of Eisenia lucens. Scanning electron micrographs showed presence of endog-
enous microflora in guts of earthworms, L. terrestris and Octolasion cyaneum. Gut 
of E. foetida contained various anaerobic N2-fixing bacteria such as C. Beijerinckii, 
Clostridium butyricum and C. paraputrificum.

7.2 Enrichment of vermicompost with fungi

A total of 194 fungal entities comprising 117 mitosporic fungi, 45 ascomycetes, 
15 zygomycetes, 14 SM morphotypes and three basidiomycete morphotypes were 
reported from the vermicompost. Mitosporic fungi including the ascomycetes 
in their anamorphic state are the most dominat. The thermotolerant fungus, 
Scedosporium state of Pseudallescheria boydii also display a significantly high load 
in vermicompost, However Penecillium and Aspergillus showed highest load in 
vermicompost.

8. Enrichment of vermicompost and agriculture benefits

Vermicomposting is biotransforming process, stabilizing waste organic materi-
als into humus by joint activity of microorganism and earthworms. Earthworms 
excrete casts which are partially digested waste materials, commonly known as cast-
ings or vermicast, and are homogeneous in composition of minerals than the source 
waste material. Vermicompost has very least levels of contaminants, and contains 
increased amount of minerals, plant hormones, symbiotic microbes and organic 
acids including fulvic and humic acids. Vermicomposting is a process of compost 
production by breeding, growing and maintaining earthworms population in soil. 
The earthworms cause biooxidation of waste by relentless turning, aeration, and 
fragmentation resulting in formation of homogeneous and stabilized humus in soil, 
which is useful for plant thus used as manure in agriculture field. Vermicomposting 
is very effective for maintenance of biodegradable household waste and Municipal 
Solid Waste at many places. Aerobically incubated extract of compost are now in 
high demand commercially for agriculture work. As being are rich in carbohydrate 
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and a protein source. It is known as ‘compost teas’ which is microbially very 
rich. The casting by earthworms consists of many nutrient including Nitrogen, 
Phosphorus, Potassium, Calcium and Magnisium.

9. Conservation of microbial biogents

9.1 Bacteria

Bacteria are generally found in very diverse habitat including marine water, 
fresh water, soil and compost piles. Many bacteria are found in gastrointestinal 
tract of animal system. Few bacteria also reside in oxygen deficient conditions like 
in flooded soil. While most bacteria required well aerated soil. Many of bacteria 
grow and reproduce very rapidly in acidic and neutral soil conditions. Bacteria are 
first decomposer found in soil which initiates process of decomposition of different 
material in it. Through the process of decomposition bacteria makes different min-
erals available to plants. Phosphorus is also dissolved by bacteria and plants can uti-
lize this dissolved phosphorus easily for their growth. Nitrogen fixing bacteria fixes 
nitrogen in soil for plants. Plants require large amount of nitrogen in agriculture 
soil for proper growth. It is well known fact that nitrogen present in atmosphere 
is neither consumed by animals nor plants for their nutrition and growth. Few 
nitrogen fixing bacteria has ability to convert these nitrogen gas into nitrate which 
is easily absorbed by plants. Plants use this nitrogen compound to form different 
types ofamino acids and proteins. This process of formation of nitrate compound 
through free nitrogen is called nitrogen fixation. Nitrogen-fixing bacteria generally 
reside in root nodules of plant to form mutually beneficial symbiotic associations 
with plants. Rhizobium bacteria reside in root nodule of different leguminous plant 
and fixes nitrogen present in air effectively while these bacteria uses sugars of plants 
for their energy source. Bacteria in alfalfa field can fix many hundreds pounds 
nitrogen per acre per year.

Pea plant fixes very less amount of nitrogen in field, it accounts for only 30 to 
50 pounds per acre. Large molecules of lignin were broken down into very smaller 
in size through actinomycetes. Lignin is a complex and large molecule found in 
plant tissue, it protect cellulose from decomposition, bacteria acts on it and degrade 
it in to simpler form during the process of decomposition. Earthworms can also 
facilitate the dispersion of microorganisms by the excretion of their spores in the 
coprolites. However, the dispersion of nematophagous fungi by earthworms might 
be responsible for the reduction of the nematode populations in the substrates. The 
mechanisms by which vermicomposts and their aqueous extracts suppress plant-
parasitic nematodes after application to soil, are speculative. Larger predator–prey 
populations can also contribute to lower densities of plant-parasitic nematodes 
in vermicompost-treated soils [48]. Vermicomposts can increase the numbers of 
predatory or omnivorous nematodes or arthropods such as mites that selectively 
prey on plant-parasitic nematodes [48, 49]. Vermicomposts can promote the growth 
of nematode-trapping fungi and fungi that attack nematode cysts and may thereby 
influence the populations of plant-parasitic nematodes [35].

9.2 Fungi

Fungi are also important constituent of plant microorganism. Many fungi 
produce a number of antibiotics. Fungi also initiate the decomposition of waste 
as well as fresh organic residues. They act on surface of material, making it soft 
and available for other microorganism for initiating the decomposition of organic 
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material. Decomposition of lignin also require fungal activity followed by bacterial 
decomposition process.

9.3 Algae

Many algae, like crop plants, make sugars with the use of sunlight and carbon 
dioxide, which is used for energy need and formation of other complex molecules. 
Flooded soil and rice paddy field are rich in many species of algae. These algae grow 
on surface of wet soil and form mutually beneficial relationship with other organ-
ism for enhancing nitrification and mineralization process in soil. It also shows 
formation of lichens in agriculture field.

9.4 Protozoa

Different species of protozoa use a variety of means for increased productiv-
ity of soil. Protozoan’s feed on bacteria, fungi and other protozoa and waste 
materials. Protozoa acts like secondary consumers of organic materials. Protozoa 
consuming nitrogen rich organisms and excreting wastes rich in nitrogen ele-
ment this is believed to be responsible for mineralizing much of the nitrogen in 
agricultural soils.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Chapter 4

Plant Parasitic Nematodes: 
A Major Constraint in Fruit 
Production
Nishi Keshari and Gurram Mallikarjun

Abstract

The plant parasitic nematodes are one of the major limiting factors in fruit trees 
specially in citrus, banana, papaya, jackfruit, guava etc. The root knot nematodes are the 
major problem amongst all those nematodes infecting on these trees. Besides, directly 
causing a huge losses, they are also inviting the secondary plant pathogens, like fungi, 
bacteria, viruses etc. amongst which, the wilt fungus, Fusarium species increase the 
severity of the diseases. This complex disease is becoming much severe in banana and 
guava recent years. In citrus also, the citrus nematodes, Tylenchulus semipenetrans, is 
causing havoc by slow decline disease and it is becoming a major problem in horticultural 
nurseries because these nurseries are a hot spot of citrus nematodes. So, unknowingly 
these nematodes get spread to different places. The management of these nematodes by 
simple, cheap and eco friendly methods, is very important as it will decrease the mon-
etary pressure on cultivators as well as it helps in improving environmental pollution.

Keywords: plant parasitic nematodes, fruits, Meloidogyne spp., Tylenchulus 
semipenetrans, Pratylenchus spp.

1. Introduction

Plant parasitic nematodes cause considerable economic losses in fruit crops. The 
main loss is the destruction of roots which hinders the movement of nutrients and 
water through the vascular system, so, there is drastic reduction in fruit or bunch 
weights, the quality of fruits is deteriorated and there is a drastic reduction in plant 
numbers. Furthermore, roots damaged by nematodes are easy prey to fungi and 
bacteria which invade the infected roots and feed on them and thus roots decay 
rapidly. The root-knot nematode, Meloidogyne incognita; the burrowing nematode, 
Radopholus similis and citrus nematode, Tylenchulus semipenetrans are the major 
nematode pests that infect these fruit crops. Around 30–40% loss in yield is due to 
these nematodes. The nematode infestation in fruit crops not only aggravate disease 
complexes but also breaks down disease resistance in certain varieties of fruit crops. 
These nematodes mainly spread through infested planting material to other unin-
fested sites. For an instance, in banana, paring or trimming of suckers is carried out 
before planting which is usually not adequate to eliminate deep infections in the 
suckers. The residual nematode population builds up and disseminates when they 
enter the irrigation system. Other routes of their dispersal include soil adhering to 
tractor tyres, shoes of labour and tillage implements. The major fruit crops which 
suffer severe nematode infestation, are discussed here.
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2. Citrus

Citrus is grown in more than 125 countries in a belt between 35° latitude north or 
south of the equator. The citrus is generally consumed as fresh fruit, approximately 
68% of the world’s citrus production, and in international trade, about 11% of 
total production is used [1]. Citrus spp. are naturally deep-rooted plants [2, 3], and 
optimum growth requires deep, well-drained soils. The first nematode discovered 
in citrus, was, Meloidogyne sp. which parasitized the citrus in Florida in 1889 but 
people were unaware about these nematodes. Again in 1913, Thomas discovered 
the citrus nematode infecting citrus in California. Nathan Cobb had reported it as 
a new species, T. semipenetrans, and this was the causal agent of mottling disease 
in citrus in California, later identified as ‘slow decline’ because the trees declined 
in vigour but very slowly about in 10–15 years. T. semipenetrans has been found in 
every citrus-growing region of the world since its discovery [4]. Field infestations 
within United States, infect 50–90% of citrus orchards in Arizona, California, 
Florida, and Texas, as well as local vineyards in California [4–6]. The major eco-
nomic nematodes causing diseases in citrus, are T. semipenetrans, Pratylenchus spp. 
and Meloidogyne spp.

2.1 Citrus nematode (T. semipenetrans)

In world, Cobb in [7] first described its distribution, morphology and life his-
tory. In India, it was first reported by Siddiqi [8] at Aligarh, Uttar Pradesh. About 
80% of the citrus trees were reported to be infected with this nematode. This slow 
decline further results in ‘die back’ disease in most of the citrus trees in India and 
is a major problem that is estimated at 8.7–12.2%. The citrus nematodes are found 
highly in number when the citrus orchards are established in the soil which is finely-
textured or sandy having high organic matter content. Nematode reproduction was 
positively favoured when there are fluctuations in soil salinity from high to low, 
while sandy soils poor in organic matter, hinder population increase [9]. In Florida 
and California (USA), there is 24–60% of T. semipenetrans infection in citrus 
orchards while it is 70–90% in commercial orchards of Brazil and Spain [10]. This 
shows that the citrus nematodes can infect under extreme range of environmental 
conditions. Unfortunately, infected nursery seedlings which are the main infection 
material transported from one to another, are not easily detected by the personnel 
involved in that business just because of unawareness [10]. If the infection is not 
severe, the roots show only lesions but, during severe infection, the sloughing of 
root cortex appears and roots die finally. Nematode infection increases the levels of 
the cell-damaging enzymes [11].

2.2 Symptoms

1. Reduction in vigour of the plant

2. Reduction in tree growth

3. Reduction in fruit number

4. Reduction in fruit size

5. Decline is from upper side to the lower side of the plant, so, called ‘die back’

6. If the initial population is high, the death of plants occurs in very early age
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7. The roots became sticky because of gelatinous matrix secreted by the females 
and soil particles glued to the roots which do not go after washing with water

8. The cortex separates easily if there is heavy infection because the females are 
feeding semiendoparasitically on the roots having their posterior two third 
of body part outside the root where they lay eggs and excrete the gelatinous 
matrix to protect the eggs

9. Leaves become smaller and chlorotic

10. Leaves fall due to poor vigour

11. If there is water stress during infestation, then wilting occurs

12. There is poor root development

13. The feeder roots decay very fast

14. Root death occurs due to heavy infestation

15. The diseased trees become dwarf and yield less than the healthy ones

16. Duncan [4] reported that the symptoms like reduced leaf and fruit size, 
canopy thinning, and die back of upper branches, are the most conspicuous 
symptoms of slow decline and that result in less yield

2.3 Life cycle

T. semipenetrans exhibits sexual dimorphism, i.e., different shape of male and 
female individuals at both the juvenile and adult stage. The life cycle duration is of 
6–8 weeks from egg to egg [12]. The T. semipenetrans biology and ecology have been 
extensively studied [10]. The egg hatching takes place in 12–14 days at 24°C. The 
male larvae after second stage, do not feed and become mature in 7 days whereas 
the female takes 14 days to find the feeding site on the root and start feeding and 
moulting. The female juveniles can survive more than 2 years in the absence of 
roots [13]. The life cycle was of 14 weeks on Poncirus trifoliate, 10 weeks on Ruta 
bracteosa and 7 weeks on Citrus aurantianum and C. limettoides [14]. The mature 
males are vermiform and mobile found in the soil or in the egg masses. Therefore, 
the feeding apparatus (stylet and oesophagus) of adult males is poorly developed 
and may be difficult to observe. T. semipenetrans is a sexually reproducing species 
that can occasionally reproduce by facultative parthenogenesis without the need 
of males. The mature females and their eggs are found attached to roots which are 
protected by soil particles that sticks to gelatinous matrix. The females are swollen 
and enlarged posteriorly often protruding on the root surface in a finger like protru-
sions while elongated and not swollen anteriorly generally embedded and hidden in 
cortical parenchyma. After hatching at optimum temperature, i.e., at 25°C, females 
lay eggs after 6 weeks, on the root surface in a gelatinous egg mass secreted from the 
excretory pore.

2.4 Histopathology

The second stage larvae enter the root surface and start feeding on the mature 
part. After moulting, the immature females penetrate deeper in the cortex region 
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and their neck becomes longer to feed inside. The posterior portion remains outside 
of the root. They establish a feeding site around their stylet where the cortical cells 
change into food sink by reaction of dorsal oesophageal gland secretions. These are 
called ‘nurse cells’ which provide food to the developing females. The nurse cells are 
thick-walled cells with modified cell organelles like enlarged nucleus and nucleolus. 
These cells have no vacuoles. The cells are gradually destroyed by their feeding and 
hence the plants can not draw food and water for their growth, so change in devel-
opment proceeds which finally results in poor vigour.

2.5 Host range

Unlike many nematodes, T. semipenetrans has a restricted host range. Many 
plants belonging to Rutaceae family, were found as hosts of this nematode. It was 
reported that from 23 countries, 29 species of Citrus, 21 citrus hybrids and 11 
other species as the hosts [15]. Except these plants, it was also reported to attack 
on other plants like Andropogon rhizomatus, Panicum spp., Olive (Olea spp.), 
grapevines (Vitis spp.), Persimmon (Diospyrous lotus), Pear (Pyrus communis), 
Calodendrum capense, climbing hemp weed (Mikania batatifolia) and Lilac 
(Syringa vulgaris) [16–19]. Parvatha Reddy and Singh [20] reported that the citrus 
nematode also attacked grapes and loquats. It can parasitize more than 75 plant 
species belonging to rutaceous species (especially citrus and their close relatives) 
which are its suitable hosts [13]. Till now, there have been no reports of T. semipen-
etrans infecting herbaceous plants [17]. El-Mohamedy et al. [21] reported numer-
ous citrus varieties from Egypt, Washington Navel, Valencia orange, Mandarins 
group varieties (C. reticulata), lemon (C. aurantifolia), and Balady orange (C. 
sinensis), Grapefruit (C. × paradisi), Sour orange (C. aurantium), and Kumquat 
(C. japonica) infected with this nematode [22, 23].

2.6 Complex disease

The citrus nematode also interacts with other plant pathogens and increase 
the severity of the disease. The wilt fungus, Fusarium oxysporum and F. solani 
with citrus nematode caused the death of citrus trees. The interaction between T. 
semipenetrans with such microorganisms occurs in inconsistent ways. It can reduce 
the infection of roots by Phytophthora nicotianae after the infection to citrus seed-
lings and it can also increase the virulence of Fusarium solani [10]. It was reported 
that the high population level of nematodes when interacted with F. semitectum, got 
synergistic effect on the infected citrus seedlings [24]. Fusarium spp. can be patho-
genic on citrus roots alone [25] or in combination with nematodes [26], which leads 
to the great destruction of the feeder roots. The loss of feeder roots due to feeding 
of nematodes results in increase of drought stress and decrease of soil nutrient 
uptake, leading to chlorosis and loss of leaves. Affected trees do not die, but have an 
unthrifty appearance and yield fewer, smaller fruits than uninfested trees.

2.7 Nematode spread

The major cause for the spread of this nematode is because of distribution of 
infested planting material from the horticultural nurseries. Once the infested soil 
is taken with the planting material to distant places, it will spread this nematode to 
new sites. The other spreading agents are human and animals with the infested soil 
on their feet, agricultural implements, and water. They can survive in the soil for 
long periods in the absence of host that enables them to infect after a long time also. 
The main source of infection in the citrus plant, are, infected seedlings, organic 
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fertilizers, plant materials, irrigation, and machinery which are affecting growth 
and yield in the newly planted area [27]. In Egypt, which is a highly ranked citrus 
producing country [27], the citrus orchards were incorporated with the soil brought 
from silty soil from the Nile Valley for mulching and improving the soil quality 
but that soil was nematode infested, so the disease incidence got aggravated [28]. 
So, with time, the nematode spread their populations in that soil and the losses 
increased [27]. Soil moisture is often inversely related to population growth of  
T. semipenetrans [29–31].

2.8 Management

2.8.1 Preventive measures

The most important and effective method is to take every effort to avoid the 
use of infested planting materials and contaminated farm implements when new 
plantations have to be established. In the orchard, proper drainage and light should 
be there and shade should be avoided as far as possible. New nurseries should not be 
established near the old citrus orchards. All sanitation practices should be taken to 
avoid nematode infestations. Use of certified nematode-free material for planting, 
is also very important. If there is established infection, the citrus orchard should 
be rotated with annual crops for 1–3 years before replanting helps to reduce citrus 
nematode populations. For intercropping, Marigold is an excellent crop which has 
repellent action and reduces the population of nematodes in citrus [32].

2.8.2 Biological measures

Application of Pseudomonas fluorescens @ 20 g/tree. Paecilomyces lilacinus para-
sitize nematode eggs and females, reduces the number of plant parasitic nematodes 
in soil, T. semipenetrans. Park et al. [33] reported that P. lilacinus could produce 
leucino toxin and other nematicidal compounds. Trichoderma spp. play major roles 
in controlling plant diseases in roots and soil. The Trichoderma spp. have antagonis-
tic activities to be used as effective biological control agents for many plant diseases 
which are caused by soil borne fungi and nematodes [34]. Although Bacillus subtilis 
was reported as a bio-agent against soil borne fungi [35] some strains of B. subtilis 
exhibited enormous potential as bioagent in the management of nematodes [36]. 
B. subtilis produces antibiotics as bacterocin and subitisin [37, 38]. Streptomycetes 
are the major group of actinomycetes producing secondary metabolites that could 
decrease the invasive juveniles of root-knot nematodes. Streptomyces is known for 
its chitinolytic activity which produces more extracellular chitinase [39]. Some spe-
cies of streptomycetes release compounds like antibiotic that inhibit the growth of 
plant-pathogenic fungi [40] and plant parasitic nematodes [41]. Qingfei et al. stated 
that Streptomyces spp. produce lytic enzymes and nematicidal compounds and can 
be one of candidates for bio-agents against nematodes. Le Roux et al. [42] demon-
strated that P. lilacinum individually controlled T. semipenetrans Cobb on mandarin 
and rough lemon effectively, but when the fungus was combined with oil-cakes, the 
results were more significant.

2.8.3 Chemical measures

In heavy infestation, many nematicides have successfully been used to lower down 
the population of T. semipenetrans on citrus in many locations. The soil treatments 
with soil solarization and nematicides is highly beneficial in both replanting condi-
tions and already established orchards. Pre-plant application of carbofuran 3 G @ 
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100 g/tree, was found highly beneficial. The nematicide application often increases 
the citrus yield [10]. Nemastop (natural oils) as commercial nematicide, play very 
important role in controlling nematodes. The effect of Nemastop on the nematode 
might be due to alkyl cysteine sulphoxides which released a mixture of volatile 
alkyl thiols and sulphides [43]. Whereas, Nemaphos belonging to organophosphate 
group [44] showed a highly performance systemic nematicide. When halogenated 
hydrocarbons are used as pre-plant soil fumigants, these can effectively control T. 
semipenetrans for many years [45–48]. However, to maintain the low population and 
higher yield, one has to apply the chemicals repeatedly. In the first year of treatment, 
the effect will be little on yield and fruit quality but the efficacy to increase the growth 
and yield parameters can be observed in the following year [49–51].

Oxime carbamates (aldicarb, oxamyl, Carbofuran) and organophosphates 
(fenamiphos, ethoprophos and cadusaphos) are the two main groups of nemati-
cides which are available in the market for the management of citrus nematode. Of 
these, granular formulation of Cadusaphos has shown greater efficacy against the 
T. semipenetrans [52–55]. Irrigation is generally recommended before nematicide 
application for better results.

2.8.4 Resistant rootstocks

The use of resistant root stock is the best method to avoid the disease if avail-
able. It was reported by many workers that the use of resistant (Swingle citrumelo) 
rootstocks and certified propagative material which are free from nematode 
parasites of citrus, are promising cultivars for preventing the loss caused by T. 
semipenetrans to citrus [56–58]. In Florida, this approach has significantly reduced 
the spread of this parasite, making the land free from nematode infestations [59]. 
In California vineyards, resistant (Ramsey) or moderately resistant (vinfera Dog 
Ridge) grape rootstocks were used successfully [60] (McKenry, personal commu-
nication). To get sustainable agriculture, planting of nematode certified citrus and 
grape rootstocks, is an excellent practice that should be adopted for other fruit crops 
also which are susceptible to nematode infections. Resistance-breaking biotypes 
were developed on Swingle citrumelo [61]. The commercially resistant rootstock, 
Swingle citrumelo is common in Florida and combined with regulation program of 
the citrus nematode, has decreased the spread of T. semipenetrans dramatically [62]. 
Using a resistant rootstock is recommended whether or not nematodes are present. 
Trifoliate orange is known to be tolerant to citrus nematode.

2.8.5 Soil solarization

Soil solarization is an effective method to disinfest the upper soil layers by moist-
ening the soil and covering with a clear plastic sheet in regions with hot and dry sum-
mer months. This method is highly beneficial to manage the population of insects, soil 
borne pathogens, weed seeds and nematodes by altering the physical, chemical, and 
biological properties of the soil. In South Africa, solarization has not shown promising 
and there was inconsistent suppression of the citrus nematode and tree growth [63], 
which may be because these nematodes are found deep within the soil profile and so, 
are not affected by solarization that is most effective for the upper soil layers [64].

2.8.6 Steam treatment

Steam treatment of soil is widely used for the control of nematodes in planting 
material and is shown very effective. In this method, the soil is heated up to 70°C, 
mainly by means of aerated steam. It is very useful and economical for disinfestation 
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of nursery beds. Steam treatment of vermiculite or tuff stones is usually effective 
but is more difficult for peat soils due to their high water content [65]. The dipping 
of planting material in hot water is also effective but here the temperature of water 
should be taken care of, otherwise the germination may get affected. Bare root 
dipping of citrus seedling in hot water at 45°C for 25 min [66] or 50°C for 10–20 min 
[67] was found to be effective without any adverse effect on the germination.

2.9 Lesion nematodes (Pratylenchus spp.)

There are three species of Pratylenchus which can affect citrus i.e., P. coffeae, P. 
brachyurus, and P. vulnus. All are reported from Egyptian citrus orchards [68]. The 
most pathogenic species is P. coffeae [10]. Lesion nematodes, being a migratory 
endoparasites, cause infection mainly in the feeder roots during their movement 
by penetrating the cortical tissue, but they do not invade the vascular tissues. After 
their infection, the secondary organisms infect the root tissues and then the vascu-
lar tissues also got infected. P. coffeae is obligatorily amphimictic, all stages infective 
with males feeding in the roots [69]. Its reproduction is highest at high (26–30°C) 
soil temperatures. At those temperatures, the life cycle is completed in less than 
a month, and it can achieve densities of up to 10,000 nematodes/g root [70] and 
persist in soil roots for at least 4 months. This leads to root weight reduction by half 
and growth reduction ranging from 49 to 80% in young trees in field conditions. A 
3-fold to 20-fold differences between infected and non-infected trees was observed 
in terms of the numbers of fruit [71]. Commercial rootstocks resistant to P. coffeae 
are yet to be identified. A lesion nematode, P. coffeae, was detected on citrus in Sao 
Paulo State, Brazil and found to infest about 1% of the nurseries and orchards [72].

The biology of P. brachyurus is similar to that of P. coffeae. [13]. It has been 
established as a pathogen of citrus seedlings across several soil types. [73]. After 
controlling P. brachyurus with aldicarb, yields of Valencia orange trees grafted on 
rough lemon were increased, and plants sustained reduced frost damage in the win-
ter [51]. Some studies failed to note the fact that P. vulnus has been found associated 
with citrus plants in Egypt [10, 13, 68]. This species is capable of causing significant 
damage to citrus seedlings but has not been reported to damage mature plants [74]. 
Biology, population growth rates, and root damage are similar to those described for 
P. coffeae [13]. Several Pratylenchus species have been identified in Egyptian citrus 
orchards based on field studies [68].

Host range: Citrus limon, C. sinensis, C. reticulata, banana [75] and Citrus 
jambhiri [76].

2.9.1 Management

Chemical: Fensulfothion or phenamiphos @ 4.4 kg a. i./ha and aldicarb or 
carbofuran @ 4 kg a. i./ha [77].

Resistant root stocks: Trifoliate orange (Poncirus trifoliata), Rubiboux 70-A5, 
hybrids of Microcitrus australis x M. australasica.

2.9.2 Root knot nematodes (Meloidogyne spp.)

Root knot nematodes attacking citrus trees, are not reported much and is little in 
distribution [10]. Only a few locations in world, have been found to be infested with 
this nematode. A pathogenic root knot nematode species (known as Asiatic pyroid 
citrus nematode) recorded from Taiwan and New Delhi could cause elongated 
galls on citrus roots [13]. It can complete its life cycle on several citrus and other 
plant species. The common species are Meloidogyne incognita, M. javanica, and M. 
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arenaria reported to infect roots of Troyer citrange and sour orange, causing small 
galls, but their multiplication is not recorded [78]. M. indica was reported from 
citrus tree at some locations in India [79].

2.9.3 Symptoms

1. Severe stunting of the plants

2. Yellowing of the leaves

3. Plants show unthriftiness

4. Symptoms of twig blight appear

5. Slow drying of the tree

6. Small to large galls on the roots are the characteristic symptoms

7. Poorly developed root system [80]

8. The trees do not flower and fruit

9. Large cavities are found on the roots

10. Egg masses float on the root surface

2.9.4 Management

Chemical methods: Seedling dip treatment with carbosulfan @ 500 ppm for 6 h 
can effectively control root knot nematodes.

Organic amendments: Mustard cake, farm yard manure and poultry manure 
@ 2.5 kg/plant were found effective against root knot nematode and increasing the 
plant growth.

Host resistance: Resistant rootstocks, like, Rangpur lime 8784, Sour orange 
Tirupati, Citrumello 4479, Rangpur 8748, Rangpur lime chethalli, Trifoliate orange 
chethalli, Nasnaran, Hazara Australia, Rangpur lime Kirumakki, Pramalini and 
Anand Selection were moderately resistant.

3. Guava

The common guava (Psidium guajava L.) is indigenous to tropical America. It is a 
popular fruit generally consumed as fresh fruit but also processed as jam, paste, puree, 
canned shells and juice for round the year use. It is grown throughout the tropics and 
subtropics and is of commercial importance in more than 60 countries [81]. This 
fruit tree also suffers many nematode infections. Mostly root knot nematodes were 
reported from guava roots and after infection, the roots are predisposed to wilt fungus 
which is common wilt disease causing pathogen found in guava. This interaction 
resulted increased disease severity. Khan et al. [82] observed greater damage to guava 
with both Helicotylenchus dihystera and Fusarium oxysporum than with the nematode 
alone. In India, Hoplolaimus indicus was found to be a pathogen of guava [83, 84] and 
Tylenchorhynchus cylindricus, in numbers of up to 2000 nematodes/100 cm3 of soil, was 
found associated with damaged guava trees in Iran [85]. In the past two decades, the 
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root-knot nematodes, Meloidogyne spp. Göldi, have been reported on some species of 
the tropical fruit trees grown in the region [86]. Gomes et al. [87] demonstrated that 
guava trees infected with M. mayaguensis had deficiencies in nitrogen, potassium, 
phosphorus, calcium, and magnesium, and that these mineral deficiencies were pro-
portionally related to the severity of root galling and root decay, which eventually led 
to the death of guava trees within a few months. Recently a new species, M. enterolobii 
has been found to be widely associated with many guava trees.

3.1 Symptoms

1. Yellowing of trees

2. Leaves shed prematurely

3. The branches start drying

4. The trees show less vigour

5. The trees fruit very less

6. The affected trees dry within three months

7. Multiple small galls can be seen on the roots

8. The affected roots show necrosis

9. There is decrease of feeder roots [88]

3.2 Spread

In guava, grafts are often produced in polythene bags with a substrate mixture 
(sand + soil + FYM or other organic manure). In most cases the substrate mixtures 
harbour the aforementioned nematodes as well as other harmful fungi and bacteria. 
Generally, nurserymen do not treat the soil combination used in the production of 
fruit seedlings or grafts in their nurseries. As a reason, before applying the  
substrate, it should be treated with biopesticides.

3.3 Management

3.3.1 Prevention

Nematode free plants should be used for new planting and the orchard should 
be planted in nematode free soil. The soil used for the preparation of new plants 
should be sterilized. The equipment should be sterilised before using.

3.3.2 Deep summer ploughing

The soil for the planting of new guava plants, should be deeply ploughed during 
hot summer months. It should be repeated twice or thrice at 15 days interval.

3.3.3 Biological method

For biological control, many fungal and bacterial bioagents are used for the 
management of nematodes. The fungal bioagents, Purpureocillium lilacinum and 
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Verticillium clamydosporium were found as the most potent fungal parasites that 
can effectively control Meloidogyne spp. on many host plants [89]. Another fungal 
bioagent, Trichoderma harzianum effectively suppressed the population of the 
root-knot nematode, M. enterolobii in both soil and roots of guava in Thailand [90]. 
In Saudi Arabia, Al-Hazmi et al. [91] found a heavy colonization of the cysts of 
Heterodera avenae Woll. with the fungus, Verticillium clamydosporium. Rao [92] who 
reported that the fungus, P. lilacinum and the bacteria, P. fluorescens enriched the 
farm yard manure, fairly controlled the reniform nematode, R. reniformis and the 
root knot nematodes.

3.3.4 Organic and inorganic nitrogenous amendments

These amendments are useful both for managing plant parasitic nematodes 
as well as to improve the soil fertility [93]. At rates as low as 300–400 mg/kg soil, 
urea and ammonia were found to be effective in controlling plant parasitic nema-
todes [94]. Guava decline disease, a disease complex caused by M. mayaguensis in 
association with the fungus, Fusarium solani, has been successfully managed in a 
commercial guava plantations, with significant yield gains obtained by the use of 
cow manure and poultry compost [95]. Urea and nitrogenous fertilizer are consid-
ered to be good nematicides when applied at levels as low as 300–400 mg/kg soil 
because due to root infections, the roots become unable to take the minerals and 
nutrients [94, 96–98]. Previously it was also reported that organic and inorganic 
nitrogen amendments had a nematicidal effect against plant parasitic nematodes 
[93, 94, 99]. Gomes et al. [95] reported that the guava canopy when treated with 
organic soil amendments, particularly poultry compost and cow manure, gave 
better control of the root knot nematode, M. mayaguensis. Organic soil amend-
ments not only promote the growth of soil microorganisms that are antagonistic 
to plant parasitic nematodes but also release specific toxic compounds during 
their decomposition that may have nematicidal effects against nematodes [99]. 
These organic amendments also improve crop nutrition and growth which lead to 
increased tolerance of plants against plant-parasitic nematodes [100].

3.4 Production of healthy rootstocks/grafts

Enriched substrates should be used for producing healthy grafts or rootstocks 
of fruit crops. A mixture of enriched FYM can be produced by mixing one ton of 
soil mixture consisting red soil and sand in equal proportions with 500 kg of FYM 
which is added with 2 kg each of P. fluorescens 1% W. P., Trichoderma harzianum 1% 
W. P., Paecilomyces lilacinus 1% W.P. + 50 kg neem or pongamia cake +5 kg carbofu-
ran or phorate.

3.5 Spraying or drenching the nursery seedlings or grafts with bio-pesticides

The nursery seedlings or grafts can be treated by dissolving 5 g or 5 ml/l of water 
once in 10 days.

3.6 Management of nematodes in the main field

3.6.1 Soil application

Before planting the saplings of guava, the land should be thoroughly ploughed 
and soil should be brought to fine tilth. Then recommended doses of fertilisers 
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should be added because the vigour plants resist the nematode attack. Now carbofu-
ran or phorate @ 20 kg–25 kg + 200 g neem/pongamia/mahua cake per acre should 
be added to reduce the initial population of nematodes. The optimum moisture 
should be maintained in the beds which is necessary for proper decomposition of 
organic matter. In case of organic farming, during the land preparation, application 
of two tons of FYM or 500 kg of neem cake/pongamia cake or one ton of enriched 
vermicompost with P. fluorescens + Trichoderma harzianum + Paecilomyces lilacinus.

3.6.2 Process of enrichment of FYM

For enrichment of FYM, 2 kg each of P. fluorescens, Trichoderma harzianum and 
Paecilomyces lilacinus formulation should be mixed with one ton of well decomposed 
FYM under shade and covered with mulch. An optimum of 25–30% moisture 
should be maintained for a period of 15 days. This mixture should be thoroughly 
mixed once in a week to promote maximum multiplication along with even growth 
of the microorganisms in the entire lot of FYM.

3.6.3 Process of enrichment of neem cake

Neem cake can be enriched by mixing with 2 kg each of P. fluorescens, Trichoderma 
harzianum and Paecilomyces lilacinus with one ton of neem cake under shade and 
covered with mulch. For next 15 days, an optimum moisture of 25–30% has to be 
maintained followed by thorough mixing once in a week to ensure maximum multi-
plication & uniform growth of the microorganisms in the entire lot of neem cake.

3.6.4 Process of enrichment of vermicompost

Similarly, vermicompost can be enriched by mixing with 2 kg each of P. fluores-
cens, Trichoderma harzianum and Paecilomyces lilacinus with one ton of vermicom-
post under shade and covered with mulch. For next 15 days, an optimum moisture 
of 25–30% has to be maintained followed by thorough mixing once in a week to 
ensure maximum multiplication & even spread of the microorganisms in the entire 
lot of vermicompost.

3.6.5 Application of bio-pesticides at the time of planting

At the time of planting, application of bio-pesticide enriched FYM @ 3 kg 
or enriched neem cake @ 250 g or enriched vermicompost @ 500 g/plant at an 
interval of six months.

3.6.6 Spraying

Spraying plants with organic formulation containing P. fluorescens & 
Trichoderma harzianum at regular 30-day intervals at a dosage of 5 g/l or 5 ml/l.

3.6.7 Drenching or application through drip irrigation system

Drenching of the above biopesticide @ 5 g/l or 5 ml/l at regular interval of 30 days.

4. Banana

It is also one of the important fruit crops in India, cultivated over 0.83 million 
ha, constituting about 44.3% of total fruit production. Generally, the farmers and 
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cultivators grow banana as cash crop and do the intensive cultivation on a com-
mercial scale and as monoculture in the same field. This system invited several 
pests and diseases to this crop. Among these major biotic stresses, plant parasitic 
nematodes are causing severe losses in banana production not only individually but 
also with the interaction of wilt fungi, Fusarium oxysporum f. sp. cubense [101]. The 
major nematode causing economic yield loss globally, is the burrowing nematode, 
Radopholus similis (Cobb, 1893) Thorne, 1949. Other nematode species that are 
found in banana cultivation along with R. similis, are, lesion nematode (Pratylenchus 
coffeae), spiral nematode (Helicotylenchus multicinctus) and Meloidogyne spp. In 
South Africa, 34 plant parasitic nematode species have been found associated with 
banana [102] (SAPPNS1). Likewise, Meloidogyne incognita (Kofoid and White, 
1919) Chitwood, 1949, Meloidogyne javanica (Treub, 1885) Chitwood, 1949 and 
Meloidogyne arenaria (Neal, 1889) Chitwood, 1949 are most commonly reported 
root knot nematode species found in association with local banana cultivars in 
Zimbabwe [103]. Root knot nematodes were the most abundant and together with 
spiral nematodes constituted 72% of the total plant parasitic nematode complex 
[104]. The root knot nematodes become larger in size in banana root tissue as the 
root tissues are thicker. These nematodes attack root and corm tissues causing 
damage which results in long vegetative growth cycle, late fruiting, production of 
small bunches, less fruiting and finally toppling of the plants. The spiral nematodes 
produce root lesions in the corm which attract the secondary pathogen, fungi and 
bacteria, that aggravate the damage of the root system [105]. Root knot nematodes 
are present in almost all banana plantations [106]. The general perception is that 
these nematode pests can cause severe damage to young plants, resulting in subopti-
mal growth and yield.

4.1 Host range

Both M. incognita and M. javanica has a wide host range of cultivated crops 
including most broad leaf weed species. To effectively control root-knot nematodes 
in bananas, special attention should be paid to weeding during fallowing or crop 
selection for rotation [107].

4.2 Losses

The diseases in banana are caused by 3–4 nematodes so, the quantification of the 
damage by individual species is, therefore, not possible. Willers [108] estimated that 
these pests caused a direct loss of 19% in total production of the crop.

4.3 Symptoms caused by burrowing nematode, R. similis

The origin of burrowing nematode is believed to be from Australia and New 
Zealand [109] from where recently new species have been described. The relative 
increase in worldwide distribution is mainly due to transfer of infected planting 
material domestically as well as internationally. The importation of banana cul-
tivar Cavendish which is susceptible to nematode attack is often correlated with 
the wide distribution of R. similis. It is assumed that R. similis was introduced in 
Latin America and the Caribbean, on the cv. Gros Michel where it subsequently 
infested the more susceptible Cavendish cultivar [110]. In a study, 55 out of 
57 burrowing nematode isolates, collected from Australia, Cameroon, Central 
America, Cuba, Dominican Republic, Florida, Guadeloupe, Hawaii, Nigeria, 
Honduras, Indonesia, Ivory Coast, Puerto Rico, SA and Uganda were morphologi-
cally similar to R. similis.
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The following are the symptoms:

• Dwarfing of plants

• The size and number of leaves are reduced and bunch weight is also reduced.

• Dark red lesions appear on roots which is the identification of fungal infection 
after nematodes.

• The whole plant topples down in windstorms or heavy rains due to less vigor-
ous roots after infection of plants.

• Heavily infected plants have thin pseudostems, while the leaves are yellowish 
or discoloured, greenish yellow bands appeared along the leaf blades [111].

• Infected plants are also prone to wilting during hot days because the plants 
could not take water due to root damage.

4.3.1 Management

• Field fallowing for a period of six months or longer should be done to avoid the 
continuity of the nematode generation.

• Crop rotation with non-host crops should be done.

• Use of disease-free planting material.

• Storage of large corms in the sun for two weeks prior to planting to kill the 
nematodes and their juveniles.

• Use of cover crop calapogonium is very useful to avoid the population.

• Removal of infested portions of corm before planting.

• Hot water treatment at 55°C for 15–25 min and the time and temperature limit 
should be strictly followed.

• Paring and Pralinage are important practice to take care the plants after 
infection

• Carbofuran 3 g @ 40 g/plant at 90 days after planting as this is systemic 
nematicide.

• Application of neem cake also enhances the plant growth as well as the man-
agement of nematodes

• Host range: Grapevine, Papaya, Pomegranate, Banana

Symptoms caused by Lesion nematode, Pratylenchus coffeae

• Extensive black or purple necrosis on roots, are found

• Stunting of plants as a characteristic symptom
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• Reduction in size and number of leaves and in bunch weight.

Symptoms caused by Root knot nematodes, Meloidogyne spp. and Reniform 
nematode, Rotylenchulus reniformis

• There is not normal growth, the leaves become hard and brittle

• The fields look in patches because of abnormal growth due to distribution of 
nematodes.

• The yield is reduced finally.

• Heavily infested plants have a much reduced root system with large elongated 
galls in root-knot infested plants.

• Small galls along feeder roots and large galls on the main roots, are found in 
root knot infested plants.

• Rabie [112] reported that the combination of root-knot nematodes and other 
stress factors, such as drought and cold temperatures, are responsible in inflict-
ing symptoms of ‘False Panama Disease,’ which is similar to ‘Panama Disease’.

• In the former case transverse sections of rhizomes of infected plants showed 
reddish brown to brownish purple discoloured vascular tissue while in later case, 
reddish brown ring like symptoms were observed in cross section of pseudostem

• Leaf symptoms include progressive dying back of older leaves, starting at the 
tips. Galls occur on the primary and secondary roots, whilst distortion of roots 
and sometimes bifurcation occurs after heavy nematode infections.

4.3.2 Management

• Planting stocks which should be certified and free of infection.

• Application of carbofuran 3G @ 60 g/vine helps to improve the plant growth.

• Application of P. fluorescens @ 50 g/vine as biocontrol agent.

• Application of neem cake, vermicompost and pressmud, coriander intercrop and 
marigold intercrop in banana resulted in a general reduction in the population of 
plant parasitic nematodes. The nematicidal effect of neem cake, vermicompost, 
pressmud, marigold and coriander have been reported earlier [113–115].

4.3.3 Helicotylenchus spp. (Spiral nematodes)

Spiral nematodes are one of the most common group of nematodes infesting 
banana which include H. multicinctus (Cobb, 1893) Golden, 1956, Helicotylenchus 
dihystera (Cobb, 1893) Sher, 1961, and Helicotylenchus erythrinae (Zimmermann, 
1904) Golden, 1956 [103, 106]. A survey of commercial banana plantations showed 
that species of Helicotylenchus (mainly H. multicinctus) were present in 95% of all 
the samples which had highest overall average [106]. These results were similar 
to previous studies. H. multicinctus was recorded in most of the soil and root 
samples collected in a survey [116]. Gowen and Quénéhervé [101] suggested that 
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H. multicinctus is often the major parasitic nematode on banana where temperature 
and rainfall conditions are suboptimal for the crop.

4.3.4 Damage

The above-ground symptoms are not specific and resemble damage caused by 
other nematode pests of banana. Symptoms of damage inflicted by H. multicinctus 
include discolouration of the root epidermis where small reddish lesions can be 
observed in the superficial cortical region also in rhizome tissue of infected plants 
along with reduction in the number of lateral roots [103]. Under severe infestations, 
the smaller lesions enlarge and coalesce leading to extensive necrosis in the outer 
cortical region of root and even root dieback sets in [117]. Toppling of plants can be 
observed due to poor anchorage under severe infestation [105]. No distinct biotypes 
or races have been reported in H. multicinctus [101].

4.3.5 Host range

H. multicinctus hosts range from most edible banana and plantain to various 
alterative host plants, such as pigweed (Amaranthus spp.), purslane (Portulaca 
oleracea) and ornamentals [101].

4.3.6 Nature of damage

Most damaging spiral nematode species spend most of their life cycle in root 
tissues of banana. Their buccal cavity is equipped with a hollow stylet which helps 
in puncturing and feeding the inner contents of cells. They multiply and build their 
population as high as a million in corm and root tissues and they alter the physical 
and functional integrity of the tissues. Nematodes disrupt nutrient and water uptake 
results in delay of growth and finally banana plants topple down. They destruct the 
primary roots so poor anchorage develops and that results in toppling of the plants.

4.3.7 Loss

In banana, the majority of the losses caused by R. similis infection is due to 
mass destruction of primary roots and could be present throughout entire root 
system, including the rhizome leading to poor anchorage [118]. During windy 
conditions, the plants with bunches often topple off due to heavy weight and poor 
anchorage, Hence the name “Toppling disease”. The nematodes move laterally in 
cortical region and colonize the cavities caused by parasitic and saprophytic fungi 
which results in greater lesion formation thus, leading to indirect disruption of 
stele which otherwise is rare. When this occurs, the entire root beyond the initial 
nematode entry site becomes functionless [103].

4.3.8 Host range

Duchame and Birchfield [119] established the existence of a R. similis biotype 
that also attacked citrus, it was confirmed that the R. similis did not attack citrus 
[120, 121]. An experiment to determine the host status was conducted to study the 
reaction of banana plants which were planted in R. similis infested soil. Out of 100 
plants tested, only 20 were found to be able to act as host for R. similis [120, 121]. 
However, in field conditions, no record of R. similis was found to be associated with 
banana in both the National Collection of Nematodes (NCN) and South African 
Plant Parasitic Nematode Survey (SAPPNS) records.
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4.4 Lesion nematodes (Pratylenchus spp.)

The lesion nematodes which are well represented in South African region, have 
a limited distribution in banana plantations. Two species of lesion nematodes which 
are most frequently found in South Africa plantations include Pratylenchus coffeae 
(Zimmerman, 1898) Filipjev and Schuurmans Stekhoven, 1941 and Pratylenchus 
brachyurus (Godfrey, 1929) Filipjev and Schuurmans Stekhoven, 1941 with the 
former one being more frequently encountered [116]. Pratylenchus coffeae was very 
effective in limiting the spread of R. similis in local banana-growing areas as the com-
bination of legislative measures with the development of tissue culture based propa-
gative material for producing nematode free plants, limited the spread of R. similis 
and P. coffeae. Tissue culture plants are developed in the laboratory using healthy 
planting material are free of pests and diseases. Before these plants are distributed 
to the producers, they have to be tested and declared virus free which is generally 
found in 25.9% of root and soil samples in commercial plantations [106]. Despite, 
these pests are widely distributed throughout the banana-producing areas, samples 
from several individual plantations had no lesion nematodes. The lesion nematode 
population in commercial banana plantations, varied from 0 to 1400 nematodes in 
30 g/root. A survey was conducted in rural areas producing banana had shown that 
lesion nematodes were present in all areas where P. coffeae constituted only 3.2% of 
the nematode pest complex present in banana roots and 7.6% in soil samples [116].

4.5 Damage

The symptoms of damage caused by P. coffeae are very similar to those caused 
by R. similis as both are migratory endoparasites. They cause stunting of the plants, 
slow growth in vegetative phase, reduced number of leaves, lower bunch weight and 
reduce life span of plantations. There was reports of P. coffeae infections on banana 
plantations [107] which rendered the whole plantations unproductive.

4.5.1 Host range

The grapevine, citrus and veld (dune thicket, grasses) are the well-known hosts 
of Pratylenchus coffeae although it has a wide host range including many broad leaf 
weed species [101, 102] and information from both NCN and SAPPNS databases).

4.6 Management strategies

4.6.1 Legislation

In South Africa, when R. similis was discovered in banana under severe infection, the 
Government passed a legislation to prevent the spread of this nematode in new areas. 
This legislation is named as, “The Agricultural Pest Act 36 of 1983 [122]”. According 
to this legislation, for the transport of planting material from one area to another area, 
a permit is required during transportation. In this act, the propagation materials are 
identified as suckers, rhizomes and setts. The tissue culture plants are the best technique 
to get rid of this nematode, because these plants are healthy and do not carry any plant 
pathogens but eventhough, a permit is required when any nursery is established there.

4.6.2 Preparation of plant material

In most developed countries, nematode free banana planting material is exclu-
sively produced from tissue culture-based methods for commercial purposes. 
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However, in underdeveloped countries particularly in rural areas, suckers and 
rhizomes are still being used to produce propagative material especially where 
tissue culture-based methods are lacking. This results in spread of plant parasitic 
nematodes to healthy soil from infected sites. In such cases, paring is recommended 
where visible lesions caused by nematode pests and banana weevil is removed 
so that only white rhizome tissue remains. In many African countries especially 
in South Africa paring is generally followed by hot water treatment for a specific 
period of time to kill remaining nematode population and found to be effective in 
managing nematode pests. Once the rhizomes are treated, they must be planted in 
nematode free soil and for that the soil should be tested in nematological labora-
tory. This could be obtained by using one or combinations of the following strate-
gies, like, keeping the field fallow for a certain period, organic amendments, soil 
sterilisation through heat by using transparent plastic cover for several weeks or 
planting the suckers in virgin soil. The soil sterilisation is not that much feasible in 
a large area as the use of polythene to a large area is not practical because of high 
input cost.

4.6.3 Cultural control

Cultural methods are the cheap and easily followed method and also eco friendly. 
These methods include, fallowing for at least six months, is very useful [123, 124] 
as this is generally used as monocropping and because of this practice, nematode 
population build up and cannot be controlled through any method. Another method 
under this is, crop rotation with selected cover crops before banana cultivation that 
helps in reducing the nematode population so that the new suckers will not get the 
infection from very beginning like, Milne and Keetch [121] tested several cover crops 
and reported that radish (Raphanus sativus) and Tagetes patula reduced populations 
of R. similis after 5 months compared to that of ethylene dibromide (EDB) fumiga-
tion. Rotation with Buffalo grass (Megathyrsus maximus var. trichoglum; syn Panicum 
maximum) and purple bean (Phaseolus atropurpureus) also reported to control R. 
similis and Meloidogyne spp. Sugarcane crop (Saccharum hybrid) eliminated R. similis 
after 10 weeks [118]. The third method is intercropping. Intercropping is the cultiva-
tion of some particular crops with the main crops to manage the nematodes. These 
crops may be coffee (Coffea arabica), vegetables, maize (Zea mays) and cassava 
(Manihot esculenta). The next method is incorporation of organic manures in large 
volume. These manures after decomposition, release some phenolic compounds 
which are harmful for the nematode survival [125]. Application of 15 tons chicken 
manure/ha or 30 tons cattle manure/ha is generally recommended before planting 
banana [118]. The organic amendments have multiple beneficial effects like, increase 
in plant growth by improving soil structure and fertility, improvement in plant 
resistance and the stimulation of micro-organisms, which act as natural enemies of 
nematodes [125]. In cases of severe nematode infections, treatment of banana plants 
with a nematicide is recommended.

4.7 Clean propagative materials

4.7.1 Banana tissue culture

To prevent the spread of pests and disease, use of tissue culture banana planting 
material is one of the best methods to avoid the nematode infection. The tissue cul-
tured propagating material is grown in such a media that it is free from any disease. 
So, this is an important practice to get rid of any pathogen or nematode. Using these 
materials, the spread of nematodes and other pathogens is controlled from diseased 
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field to healthy field. In Hawaii, most of the banana fields are infested with plant-
parasitic nematodes [126], micro-propagation from disease free materials using 
sterile techniques, offers a good way to obtain nematode free planting materials.

4.7.2 Hot-water treatment

A hot water dip has been successfully used to control burrowing nematodes 
and root knot nematodes in anthurium and ginger, respectively. Although, various 
temperature-time combinations ranging from 5 min @ 50°C to 25 min @ 55°C are 
recommended by researchers across the world, CTAHR researchers recommend 
soaking of banana suckers at 50°C for 10 min for disinfestion.

4.7.3 Modified solarization

Soil solarization involves heating the soil using natural solar radiation beneath 
a transparent plastic sheet to reach lethal temperatures for soilborne pests. The 
method is effective against a range of soil inhabiting pests, pathogens and nema-
todes which live in the top 4 inches (10 cm) of soil. The nematodes in the deep 
layers escape from the lethal temperature attained by this method.

4.7.4 Biological control

Many biocontrol agents like, fungal and bacterial bioagents are beneficial 
for the management of nematode pests of banana. In 1998, Daneel et al. [127] 
has demonstrated the efficacy of the soil fungus, Purpureocillium lilacinum (syn 
Paecilomyces lilacinus) for the control of banana nematode pests including R. similis 
and Meloidogyne spp. This bioproduct was also responsible for reducing the period 
of growth from flowering to harvesting which is helpful in escaping the nematode 
problems. This product was used at a dosage rate of 2 × 109 spores/g in suspension 
at 2–4 g/mat, depending on the severity of nematode infestation [128]. It was reg-
istered for use in South Africa on banana. P. lilacinus is a common soil fungus used 
as biocontrol agents that has been isolated from many different habitats around 
the world. It acts as a facultative egg pathogen of sedentary nematodes and also an 
important option to control juvenile and adult burrowing nematodes in banana. 
Mendoza et al. [129] reported that this nematode antagonistic fungus may be used 
as an integrated approach to control plant parasitic nematodes of banana.

4.7.5 Corm destruction

Since the most damaging stages of nematodes spend a considerable amount of 
their life cycle inside roots, killing of banana plants using a non-selective herbi-
cide i.e., Glyphosate simultaneously kills the obligate endoparasitic stages of the 
nematodes Thus greatly improving the potential of successive fallow to lower the 
nematode populations without using nematicides [130].

4.7.6 Cover-cropping

Since banana is a perennial crop, and farmers take the benefit of ratoon crop 
also within the same planting cost, it is difficult to manage nematodes over a longer 
period of time because the endoparasites are nearly impossible to manage even 
through chemicals. In this condition, growing of cover crop may become an option 
for the management. These cover crops release some chemicals which are having 
allelopathic compounds that are deleterious for the nematodes. Allelopathy is a 
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biological phenomenon by which an organism produces one or more biochemicals 
that negatively affect the growth, survival, and reproduction of other organisms. 
The plants like, marigold (Tagetes spp.), sunhemp (Crotalaria juncea), rapeseed 
(Brassica napus, [131]), velvet bean (Mucuna pruriens, [132]), sorghum-sudan grass 
(Sorghum bicolor × Sorghum arundinaceum var. Sudanense, [133]), are reported as 
cover crops having allelopathy against plant parasitic nematodes. Among all these 
crops, marigold was found the best in banana cropping system and the allelopathy 
differs with different species of nematodes and marigold and also the soil tempera-
ture has the influence over it [134].

4.8 Production of healthy seedlings of banana

For the preparation of healthy banana suckers, a mixture of soil with biocontrol 
formulations and organic cakes can be prepared and used for hardening the seedlings. 
This mixture may include two kg each of P. fluorescens 1% W. P., Trichoderma harzia-
num 1% W. P. and Purpureocillium lilacinus 1% W. P. + five kg of carbofuran or phorate 
or 25 kg of neem cake or pongamia cake for preparing one ton of final mixture.

4.9 Chemical control

Conventionally, synthetic derived nematicides have been widely used for nema-
tode control on banana. Although fumigants have been highly effective [135], such 
products are not used in banana production mainly due to high input costs and now 
these are banned also to be used in agriculture. The carbamates and the organophos-
phates are used regularly in the banana cultivation as pre and post application. These 
chemicals are used as granular or liquid formulations. During application, these are 
sprayed around the base of pseudostems or suckers. In South Africa, a chemical, 
Furfuraldehyde is registered for banana and it can be used when the population of 
nematodes is below economic damage level [128]. Because of unawareness and hidden 
mode of life cycle of plant parasitic nematodes, they are not given so much importance 
although they cause sufficient loss in the yield. Therefore, it is recommended that 
nematode samples are taken annually for nematode population estimation and that 
nematicides are only applied to reduce nematode pest populations likely to limit yield 
or cause long term yield decline. Although pre plant treatments such as soil fumiga-
tion with Telone II® (1,3-dicloropropene) are very effective in suppressing nematode 
populations, such treatments are short lived compared to the life of a banana plot. The 
following treatments should be done to manage the nematodes in banana:

1. Use of tissue cultured (in vitro produced) plants.

2. Rotation with alternative crops for minimum of 2 years.

3. Fallow in the absence of banana ‘volunteers’ for 10–12 months.

4. Selection of disease-free suckers.

5. Paring of diseased tissue from corms.

6. Immersing suckers in hot water for a particular time and period.

7. Flooding for 8 weeks after having destroyed previous banana crop.

8. Applying a nematicide to planting hole and in fill soil.
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9. Regular spot applications with nematicides.

4.10 Practices that maintain productivity and vigour

1. Support plants with bamboo poles or with string or ropes to prevent plants 
toppling.

2. Regular application of mulches of grass, leaves or organic waste.

3. Grow cultivars with robust stature and wind tolerance and endophytes [136] 
including Trichoderma viride and non-pathogenic F. oxysporum [137, 138].

5. Conclusions

In banana cultivation, plant parasitic nematodes are not causing much dam-
age or the loss and is not that much economical but there is yield reduction and 
the production cost increases very high when compared to the yield. Nowadays 
in banana cultivation, tissue culture propagation became a common practice, 
so, after planting in an orchard, there is rare chance of getting infection of plant 
parasitic nematodes in the first year. The cultivators also become very aware about 
the monitoring and testing the soils before planting and after planting every year. 
After getting tested from the designated authorities, they follow the recommenda-
tions given by them. Thus, these producers manage effectively the infestation of 
nematode problems. But, we have to be very careful and always be ready with some 
alternative management practices that could be followed if found any severe infec-
tion. The need for the management is more necessary in small holding farmers and 
growers because of their small holding size.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
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Abstract

Pointed gourd belongs to cucurbitaceae family and is extensively cultivated in 
eastern Uttar Pradesh (10000 Hectares), Bihar (14000 hectares), West Bengal, 
Assam, Orissa, Madhya Pradesh, Maharashtra and Gujrat. Its plants are perennial 
in nature and can survive for several years even if left uncared. This crop occupies 
large area of land in India. The system of cultivation varies from region to region 
such as trained on pandals or ardours especially during the rainy season in south-
ern and western India. However, it is most susceptible to root-knot nematode, 
Meloidogyne incognita, the population level or density of root-knot nematodes were 
found in the range of 15–100 per cent of the root and soil samples. This nematode 
induces severe damage to pointed gourd on coarse-textured sandy soils, particularly 
during droughts stress. Crop failure is noticed at earlier stage of vines. In view of 
fact it is necessary to evolve the integrated strategies for management of root-knot 
nematode in this viny crop.

Keywords: Pointed Gourd, Root-Knot Nematode, Integrated management

1. Introduction

Pointed gourd (T. dioica,Roxb.), locally known as parwal in India is a staple 
vegetable of people of India and frequently used in various cuisines. Belonging to 
the Cucurbitaceae family, fruits of pointed gourd can be either oblong or rounded 
and mostly recognised with white to yellow stripings on the outer skin. The veggie 
has white and mushy flesh and used in various cuisines. Parwal/pointed gourd is 
not only consumed as a fresh vegetable but possess proven medicinal value. It is 
said to be useful in disorders of the circulatory system. Parwal leaves with the bark 
of Azadirachta indica are used for the treatment of leprosy. The nutritive value of 
parwal as reported by [1, 2] is as protein 2 g, fat 0.3 g; mineral 0.5 g, carbohydrate 
2.2 g, calcium 30 mg, phosphorus 40 mg. iron 1.70 mg, carotene 153 mg, thiamine 
0.05 mg, riboflavin 0.06 mg vitamin 2.0 g. Its crunchy seeds are also edible.  



Nematodes - Recent Advances, Management and New Perspectives

80

In India, it is stir-fried, used in stews, soups, and meat dishes. It is full fill maxi-
mum nutritional requirements of human vegetable diets which are rich in several 
important vitamins and minerals including it in a brilliant way to stay active and 
fit. Here are some of its popular health benefits.

• It is rich in fibre and promotes good digestive health by treating ailments in the 
digestive system.

• It improves the immunity of the body and prevents you from catching regular 
flu, cold and sore throat.

• According to Ayurveda, Pointed gourd is a natural blood purifier and filters 
out all the toxins and impurities.

• Its seeds help in controlling blood sugar levels and protect you from the verge 
of becoming a diabetes patient

Pointed gourd (T. dioica) is extensively cultivated in eastern India. Substantially, 
the habit of crop is perennial and vegetatively propagated through the cuttings and 
root-suckers, while seed propagation is avoided due to poor germination. The crop 
fetches more prices in the market and its demand due to everyday consumption 
as vegetable and stupendous nutritive value. A preliminary survey of the crop in 
eastern U.P. India indicated the association of root knot nematode with unthrifty 
growth of plants in many areas [3, 4]. It is extensively grown in eastern part of Uttar 
Pradesh (10000 ha), Bihar (14000 ha), West Bengal (25000 ha) and to some extent 
in Assam (5000 ha), Orissa, Madhya Pradesh, Maharashtra and Gujarat states in 
India. This crop is viny in nature and occupies large areas and hence the system of 
cultivation varies region wise such as trained on bamboo stack or arbours especially 
during rainy season. The plants of pointed gourd are perennial in habit and can 
survive for several years even if left uncared.

It is most susceptible to many pest and diseases resulting heavy loss of fruit 
yield reducing the income of marginal farmers whose are mostly cultivated in India 
and elsewhere. Among these, nematodes cause severe losses to pointed gourd. 
The extent in production of crop fruit yield by phytoparasitic nematodes depends 
to a large extent on the farming system employed. In general nematodes may be 
less injurious to the plants under more extensive and varied growing systems i.e. 
multiple crop farming and shifting or staking cultivation in subsistence agriculture 

Figure 1. 
Crop infected with root- knot nematode.
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or in widely spaced rotations of commercial farming systems than in more intensive 
production where more cropping and narrow rotations are practiced [5].

Perennial cropping systems, promote nematode population build up with time. 
The extent of the increase depends on the nematodes initially present and on the 
percentage of susceptible plant per unit area. Intensity of damage usually increases 
slowly with time in the perennial cropping system, as compared to the rapid 
increase in damage encounter in large scale parwal production where near annual 
cropping is practiced (Figure 1).

1.1 Noxious threat to pointed gourd

Root-knot nematode caused by M.incognita is a serious problem associated with 
field production of pointed gourd and cause major losses in crop in commercial 
farms, green houses and home gardens elsewhere. This disease is worldwide in 
distribution, essentially occurring in the area where hot summer is long but winter 
is short and mild. Nevertheless, it is not confined only to tropics and sub-tropics. It 
is also found in temperate regions.

In a fortified survey conducted by [6–8] of pointed gourd cultivated area of the 
farmer fields of eastern U.P. and another areas of the state showed that the popula-
tion level of root-knot nematode (Meloidogyne incognita) was the range of 15–100 J2 
per cent in root and soil samples.

Root-knot nematode (M.incognita) induces severe damage to pointed gourd on 
coarse textured sandy soils, particularly during drought due to low water content of 
the soil. However, the nematode also occurs in sandy clay loam and loam soils.

1.2 Parasitic nematodes incidence

Important diversity presence among the polyphagous nematodes of various locali-
ties of eastern part of India including a part of U.P. Mostly pointed gourd has been 
recorded as a host during frequent survey made by many scientists for at least one of 
the most frequently occurring species of root-knot nematode, M.incognita. Important 
other nematodes like Hoplolaimus indicus, Rotylenchus reniformis, Tylenchorhynchus 
vulgaris are only a local importance in crop growing areas (Table 1). Conversely 

Nature of feeding Common name Scientific name Symptom caused

A.Ecto-Parasitic Lance 
nematodes

Hoplolaimus indicus Stunting the vines and 
foliage of crop

Spiral 
Nematodes

Helicotylenchus dihystera

H.abunaami

H. crenacauda

Dagger 
nematodes

Xiphinema Root tip swelling

Hirschmanniella gracilis

Criconemella ornata

B.Endoparasitic Root-knot 
nematode

M.incognita Galls on roots,twigs or vines 
creeped on grounds

C.Semi-endoparasitic Reniform 
nematodes

Rotylenchulus reniformis Yellowing of foliage

Table 1. 
Diversity in plant parasitic nematodes associated with pointed gourd.
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root-knot nematodes that predominate in upland region are in gangatic river belt of 
pointed gourd prone area [7, 9].

Root-knot nematode, which increase to damaging levels within a few season 
in susceptible crop are so common in perennial crop production that frequently 
they are taken to represent “Hidden enemy “in general. The other nematodes also 
cause heavy losses alone or in synergistically associated with other disease causing 
pathogens like fungi, bacteria, viruses etc.

1.3 Crop losses

No authentic information on crop loss due to attack of root-knot nematode in 
available. Thus an experiment was conducted at farmer field where crop was treated 
with Carbofuran@2.0 kg a.i./ha to determine the avoidable yield loss by keeping 
untreated check. Observation revealed that Carbofuran @2 kg a.i./ha reduced root-
knot infection by 43.80% and which helped to increase the fruit yield by 43.80% 
over untreated control [3, 8]. It has been recorded drastic decline in marketable 
fruit yield when initial population of J2 had 2–3 juveniles/gm. field soil which was 
above threshold level. The quantitative loss in fruit yield had 43.8 per cent (Table 2) 
where field was not protected with nematode but protected field crop had mark-
edly higher fruit yield was observed through the fruit picking period with a seven 
day interval. In the non-protected plants, fruit yield is suppressed and difference 
was marked in months of July and August picking when fewer fruits have been 
picked but no such difference had noticed during March and April picking of crop 
season [10].

2. Symptomatology of root-knot nematode, M.incognita in crop

2.1 Symptoms

The common symptoms of root-knot nematode on pointed gourd have been 
found out the general stunting which are not grown as much as plants grown in 
nematode free soil, low vigour, chlorosis, necrosis, defoliation and twig die back. 
Twig galls has also been observed along with root galls (Figure 2) [9]. Infected 
plants are more susceptible to other diseases caused by fungi, bacteria [11] and tend 
to stop producing early. In pointed gourd the presence of galls on the root system 
and on propagated vines is the primary symptoms associated with Meloidogyne 
infection. During the warm days of July –August, the infected plants showed 
unhealthy growth and severe disease symptoms and a tendency to wilt. Stunting, 
non-emergence of sprouts, premature drying and shedding of leaves have been 
found in nematode infected fields where crop was being cultivated [2, 12].

Treatment Fruit Yield  
(Q /ha)

Root-knot 
index(1–5)

Per cent loss in fruit yield

Carbofuran 2 kg a.i./ha 69.40
(+77.90)

1.00
(+80.00)

43.80

Untreated 39.00
(−43.80)

5.00

Figures in parentheses show, per cent increase (+) or decrease (−) over untreated.

Table 2. 
Yield losses due to M. incognita in pointed gourd (T.dioica Roxb.).
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2.2 Gall formation

In galls formed by the nematode swelling of the central cylinder, highly deformed 
vascular elements and the spherical part of the nematode surrounded by the cortical 
parenchyma can be easily observed at low magnification in stained roots. During warm 
period, gall formation on roots and twigs is more conspicuous than in colder climate. 
Infected plants show fewer small rootlets, reduction in aerial growth in first year, while 
in second year and onwards crop showed marked decline in its production with the 
increase in nematode population and number of gall, smaller root system to support 
plant growth (Figure 2). The stunted plants showed poor root system, sometimes with 
large and confluent galls on the main root and twigs. The size and form of the galls 
depends on the species involved, number of nematode in the tissue host and plant age. 
In parwal the roots forms large, fleshy galls whereas twigs and shoot-galls unlike the 
root galls are of woody consistency. The size of galls varies considerably with age of 
plant parasitized by root-knot nematode species. In such cases the examination under 
the microscope revealed that infected young roots are full of pearly white nematode 
females attached by their heads and their egg masses covered by gelatinous matrix 
adhering with soil particles. This nematode completed its life cycle on pointed gourd 
within 30–45 days (Table 3) during warm season [13]. When plants are severely 

Figure 2. 
Profuse gall formation on vines of pointed gourd.

Penetration 
and 
development 
stages(J2)

Number, days after inoculation

1 3 6 9 12 15 18 20 24 27 30 34 P = 0.05

Penetration of J2 145 118 182 140 — — — — — — — — 3.72

Spiked tail stage — — — 175 95 105 95 — — — — — 2.95

Moulting of J2 — 90 75 70 105 130 — — — — — — 1.87

Third stage — — — — 95 115 68 37 55 — — — 2.05

Fourth stage — — — — — 105 80 75 44 26 40 — 2.14

Young female — — — — — — 40 60 50 85 45 — 1.98

Deposition 
of gelatinous 
matrix

— — — — — — — 130 45 65 20 — 1.65

Emergence of J2 — — — — — — — — — — 40 75 0.95

Penetration = 58.5%, eggs per egg sac = 385, male formed = 0.35%, females formed = 90.12%.

Table 3. 
Biology of root-knot nematode, Meloidogyne incognita, on pointed gourd.
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infected by Meloidogyne the normal root system is reduced to a limited number of 
severely galled roots with a completely disorganised vascular system. Rootlets are most 
completely absent. The translocation of nutrient and water by roots is severely ham-
pered. Plants wilt rapidly, especially under upland growing conditions and are often 
stunted. Growth is retarded and leaves may be chlorotic. In case where infection at 
sprouting time has taken place, numerous plants die in the field and sprouting do not 
survive to grow new plants and creeping. The sprouts that survive to form new plants 
flowering and fruit production are highly reduced. As the season advances the galls are 
often invaded by fungi and bacteria that induce rotting. Wherever nematode popula-
tions are very high, young sprouts may be killed over large areas even without a trace of 
gall formation appearing on roots. In such cases the examination under the microscope 
will reveal that frequently the young roots are full of females attacked their heads and 
their egg masses covered by adhering soil particles [14, 15].

3. Biological study of root-knot nematode on crop

3.1 Biology and life cycle of nematode

It is a perennial crop, vegetatively propagated through vine cuttings and root 
suckers. One of the most important limiting factors in its profitable cultivation is 
heavy infestation by root-knot nematode. Due to non-availability of information 
on biology of nematode on this crop it was ascertained and determined the biology 
and reported that penetration of J2 in roots continued up to 9 days with maximum 
numbers penetrating on 6th day. After penetration, the juveniles oriented them-
selves longitudinally near the vascular area behind the root tip and started moulting 
in 72 hrs. Young females appeared from 18th day after inoculation. Deposition of 
gelatinous matrix and egg-masses started from 20 to 24 days followed by emergence 
of J2. Majority of the eggs were retained in the egg masses. The number of eggs varied 
from 50 to 385 per egg mass. The larval penetration in roots resulted in the formation 
of necrosis and irregular shaped syncytia. The infection also caused the formation of 
confluent round to spindle shaped galls laterally on roots [16] (Table 3).

The root-knot nematode is primarily root parasites. The adult females are 
sedentary and remain inside the root while males are vermiform and are inhabitant 
of soil. Sexual dimorphism is pronounced.

Several workers have been studied to determine the biology of root –knot 
nematode, M.incognita on pointed gourd. The J2 penetrated the root after 24 hour of 
inoculation and 58.5% penetration was recorded in roots while 90.12% penetrated 
J2 were moulted into different stage of juveniles however, moulting was started 
from third day and development of young females from 18th day after inoculation. 
The juvenile’s stages (J3 and J4) become sedentary. Maturation of females was 
started from 20th to 22nd days. Deposition of gelatinous matrix and egg mass were 
started from 20th–24th days and emergence of J2 was initiated immediately even 
before the egg masses turned into brown. Whereas, number of males which were 
observed (0.35%) after 26th days of inoculation and eggs were 385 per egg mass. 
The fecundity of the nematode was not affected by the host. Thus root-knot nema-
tode M.incognita is able to complete its life cycle from J2 to next generation within 
30–35 days at a temperature ranged of 30-40°C(Table 3) [13, 17].

3.2 Ecology

The population density and damaging potential of root-knot nematode and 
other phytoparasitic nematode on pointed gourd vary considerably from field to 
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field. During field survey conducted by [5, 7, 18] assayed the population density 
of each plant parasitic nematode and compared with growth parameter of pointed 
gourd. The strongest correlation between the population densities of root-knot 
nematode and growth responses recorded when soil assayed for nematodes were 
made on first, second and third year old crop. Root-knot nematode Meloidogyne 
incognita was the most damaging parasite as evidenced by high negative correlation 
between population densities and plant growth responses.

3.3 Pathogenicity

There is a study on which has been worked out the damaging threshold of 
M.incognita on pointed gourd and revealed that progressive decreased on plant 
growth was observed with increased in nematode inoculum level. Significant reduc-
tion in length, fresh weight of shoot and root was reported at different inoculum 
level (100, 1000, 10000 J2) except at 10 J2/plant. The number of galls, egg masses 
and multiplication of nematode continued to increase with the increasing inoculum 
level for pointed gourd [19].

4.  Integrated management of root-knot nematode, M.incognita in 
pointed gourd crop

Reduction in crop yield due to nematode can be greatly managed by using avail-
able management practices [20]. Crop rotation is one of the oldest and most economic 
methods of controlling nematodes. However, these management practices must be 
taken before planting or propagating the crops through its vine nature. Once the 
nematode are persisted inside the roots/twigs (Figure 2) effective and potential 
treatments are not available, therefore, control strategies needs to be preventive rather 
than curative in nature and aimed from the onset at preventing the build-up of high 
population densities. Many techniques used for managing root–knot Meloidogyne 
invasion [21, 22] on pointed gourd simultaneously control other phytoparasitic nema-
tode affecting the crop [23]. Combining and effective rotational scheme and selected 
cultural practices and use of chemical give excellent control with little added cost. 
In severely affected field, chemical/nematicides may be very useful [24] in lowering 
down the nematode population with its threshold level [25–27].

4.1 Cultural practices

Cultural practices may be minimised root-knot nematode damage. Practices 
such as removing the roots of each crop as soon as harvest is being completed, 
followed by tilling or summer deep ploughing of the soil two to three times is very 
effective in reducing nematode population [20].

4.1.1 Root-knot free field and propagating material

Nematode free planting material should be used for propagation. Field must be 
ensured free from root-knot, nematode in order to reduce dissemination. Chemical 
disinfection of propagating material is a common and effective measure in large 
areas where as other methods must be deployed for subsistence farming [28].

4.1.2 Crop rotation

Several workers [6, 11] have already been suggested rotation designed to 
reduce the impact of root-knot nematodes in tropical cropping system. A number 
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of rotations exist in the pointed gourd growing areas which are predominantly 
composed of cruciferous crop, moderately resistant to tolerant against root-knot 
nematode. Usually farmers are grown pointed gourd perennially, it should be fol-
lowed a mix cropping of inter-cropping system or companion cropping which can 
be reduced the susceptibility and promote tolerance of pointed gourd to root-knot 
nematode disease. Recommendations of a survey carried out by the various sci-
entists [5, 18] helped to impede root-knot nematode invasion in pointed gourd by 
using the mustard crop in rotational cropping system.

4.1.3 Destruction of roots and vines

Practices such as removing the roots of each crop as soon as harvest is com-
pleted, followed by tilling the soil two to three times is every effective in reducing 
nematode levels. The tilling operations destroy the plant roots and prevent further 
reproduction of the nematode. It also exposes the nematodes to the drying action 
of the sun and wind, which reduces the level of nematode population. Maintaining 
optimum conditions for plant growth in terms of soil pH, fertility and soil moisture 
increases the tolerance of light to moderate nematode attack and makes plants less 
susceptible to other stresses as well. Galled roots and vines remaining in the field 
after harvest should be eliminated by uprooting and destruction. The spread of 
nematode can be retarded and the initial population density reduced because the 
nematode cannot survive and reproduce on the roots in the soil after harvest.

Practices such as removing the roots of each crop as soon as harvest is com-
pleted, followed by tilling the soil two to three times is very effective in reducing 
nematode levels. The tilling operations destroy the plant roots and prevent further 
reproduction of the nematode. It also exposes the nematodes to the drying action 
of the sun and wind, which reduces the level of nematode population. Maintaining 
optimum conditions for plant growth in terms of soil pH, fertility and soil moisture 
increases the tolerance of.

4.2 Organic amendments

In eastern U.P., India, growing areas of the crop wherein it was revealed the 
dreaded association of root-knot nematode, M.incognita infestation with unthrifty 
growth of vines in many areas (Verma and Anwar, 1993; Anwar, 2004). The root-
knot nematodes delayed and suppressed the emergence and subsequent growth of 
sprouts, which had a marked influence on the performance of the host. The use of 
organic amendments in the soil is greatly emphasised as an alternative easy, cheap 
and satisfactory method of nematode control. The incorporation of chopped leaves 
of medicinal plants into the soil reduces root-knot densities [8, 21, 28]. The applica-
tion of organic amendment as a means of biological control of root-knot disease 
leads to better plant growth and significant sprouting emergence, reduction in 
inoculum density and reduction in host susceptibility. Various oil cakes, different 
botanicals [3, 27, 29] and meals like neem (Azadirachta indica), mahuva (Madhuca 
longifolia) and castor(Ricinus communis) cake @ 25 qt/ha, plant parts of subabul 
(Leucaena leucocephala) and Calotropis gigantea are used as a source of organic 
amendments [29]. Further they have been revealed in their studies that powder 
form of cakes of mahuva (M. longifolia) and neem (A. indica) are incorporated/
amended into the soil at the rate 250 kg/ha impeded the incidence of M.incognita 
in T. dioica but mustard cake application with the carbofuran applied at 2kga.i./ha 
have completely been suppressed the nematode population in soil and significantly 
avoid the invasion of J2 in roots of pointed gourd (Table 4). Although the use of 
organic amendments for effective nematode control is often limited by the large 
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quantities needed, they will reduce nematode population densities to different 
level. In addition to their suppressive effect on nematode population they improve 
soil structure and water holding capacity [27]. Effect of plant extract or exudates 
and anthelmintic drugs on nematode hatching and mortality has been studied by 
different workers [23, 30] which indicated the natural occurrence of anti-nematode 
prohibitions in extract of different plant parts of marigold (Tagetes erecta). Their 
studies have been concluded and confirmed the toxic nature of tissue extract to 
M.incognita by inhibiting hatching process and increased mortality. The highest 
toxic effect had recorded in leaf extract followed by root, flower bud and seed 
extract. Mortality in nematode population gradually decreased when dilution of 
extracts increased in contrast to hatching.

4.3 Companion crops

Pointed gourd is an important profitable cash crop which is extensively cul-
tivated in eastern part of Indian continent. This crop has been raised along with 
different marigold varieties as companion crops which have been shown lowed gall 
formation and egg mass development in roots. The highest toxic effect due secre-
tion of metabolites and various root amino-acids on gall formation was exhibited 
by marigold varieties such as Saffron Spice variety of marigold allowed to lowest 
gall formation than that of Yellow Gate. Whereas, lowest reproduction factor has 
been recorded in root-knot nematode, M.incognita was observed when Saffron Spice 
variety of marigold was planted together and maximum had been observed in the 
companion planting of marigold varieties, FM-561 and Yellow Gate. The highest 
toxic effect of Saffron Spice has been recorded in reduction of soil population of 
M.incognita, while, Hoplolaimus indicus, Helicotylenchus dihystera, Tylenchorhynchus 
vulgaris and Tylenchus spp. were also to be reduced by FM-2,Hormony Boy and 
Sunset Geantee Variee [30].

4.4 Resistance sources

Resistant varieties reduce the population of root-knot nematode and produce a 
good crop even in the presence of nematodes. The effectiveness is increased when 

Soil 
amendments 
with

Emerged 
sprouts 

per plant 
pit

Infected 
plants/

vines(%)

Length(cm) 
of vines

M.incognita 
population 
density in 

200 cc soil

Galls/gm 
of root 
system

Females/
gm of 
root 

system

Root-
knot 

index

Neem 
cake@25Q/ha

17.00 28.00 185.50 35.00 4.00 6.00 3.00

Mahuva 
cake@25Q/ha

12.00 32.00 172.300 42.00 5.00 8.00 4.00

Press mud 
@25Q/ha

13.00 49.00 175.10 50.00 6.00 14.00 4.00

Neem leaves 
@25Q/ha

18.00 30.00 181.60 40.00 3.00 7.00 4.00

Carbofuran @ 
5 kg a.i./ha

14.00 24.00 187.40 32.00 3.00 6.00 3.00

Unamended 
field

6.00 100.00 145.50 200.00 20.00 25.00 5.00

Table 4. 
Management of root-knot nematode, M.incognita on pointed gourd (T.dioica).



Nematodes - Recent Advances, Management and New Perspectives

88

combined with crop rotation. By alternating root-knot resistant and susceptible 
crop within a given site from one year to the next, the overall nematode problem can 
be reduced by preventing a build-up of high populations. This practice may reduce 
the risk of serious damage to the susceptible crop. There are many reports of root-
knot, Meloidogyne sp. parasitizing plants which have been reported non-host, an 
important factor in developing rotation based control system [8]. The effectiveness 
is increased when resistant host combined with crop rotation. By alternating resis-
tant and susceptible crop within a given site from one year to the next, the overall 
nematode population can be reduced by minimising high population build-up. There 
is so any resistant material available in pointed gourd against root-knot nematode 
hitherto, Verma and Anwar, 1993 reported that except BP-2 all the germplasm of 
pointed gourd viz. BP-1,BP-3,BP-4,BP-5,BP-7 and BP-8 were highly susceptible to 
M.incognita. Variety BP-2 has some tolerance against root-knot nematode [5, 18].

4.5 Effect of potential Rhizospheric fungi

Various scientists have been revealed standard concentration of culture filtrate 
of saprophytes exhibited nematotoxic effect by inhibiting the hatching of root-knot 
nematode, M. incognita. Among the saprophytes, the minimum larvae had been 
encountered by Aspergillus candidus and A. niger while as Verticillium albo- atrum 
recorded maximum inhibitory effect on hatching [31]. Larval emergence had 
however inversely proportional to filtrate concentration which may be due to the 
differences in the nature of toxic metabolites by fungi. Species of Aspergillus [32], 
Penicillium and Trichoderma etc. are known to produce toxins and antibiotics like 
oxalic acid, malformin, penicillin and giotoxin [22]. Certain rhizospheres which are 
stimulated on addition of organic matter either become a part of mycoflora popula-
tion for decomposing the organic matter or directly affect hatching of nematodes. 
It has revealed greater inhibition of root penetration by M.incognita, development 
of females and galling occurred with simultaneous presence of R.solani and M. 
incognita [33, 34]. They were confirmed with the in vitro trial wherein nematode 
inoculated prior and after, fungus exhibited slight to moderate inhibition of galling 
and female development but simultaneous presence of fungus and nematode 
showed linear decrease in final population of nematode in crop. Most of the fungi 
colonising eggs and egg masses in soil ecology where pointed crop was being culti-
vated [14]. Five genera of fungal fauna had been encountered from egg masses like 
Fusarium(F.solani, F.oxysporum, F. dimerum); Aspergillus (A.flavus, A.niger, A. ter-
reus); Drechslera(Drechslera sp., D. ravenelii); Rhizoctonia bataticola and Curvularia 
lunata from crop prone areas which are exhibited toxic effect against hatching and 
survival of J2 [14, 30, 33].

5. Chemical

Chemical control is the most advocated and no doubt paracticable method of 
root-knot nematode control. However, for pointed gourd crop of high economic 
value it becomes a must. The pit application of Carbofuran, phorate @ 2 kg a.i./
ha gave a satisfactory control. Application of carbofuran, oncol and hostothian @ 
0.1% as vine dip treatment are also useful in increasing sprouts and suppressing 
nematode population. The plants vines get infected when buried in soil fields for 
cultivating the crop fetching remarkable fruit yields of the crop. Various chemi-
cals including different dosages of basamid Gr have been reported as successful 
in controlling by significant reduction in gall formation stimulating the growth 
enhancements of the crop [24].
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6. Conclusion

The crop fetches more prices in the market and its demand due to everyday 
consumption as vegetable and stupendous nutritive value. A preliminary survey of 
the crop in eastern U.P. India indicated the association of root knot nematode with 
unthrifty growth of plants in many areas. It is most susceptible to root-knot nema-
tode resulting heavy loss of fruit yield reducing the income of marginal farmers 
whose are mostly cultivated in India and elsewhere. In case where nematode infec-
tion at sprouting time of pointed gourd has taken place, sprouting does not survive 
to grow new plants and its proper growth. The sprouts that survive to form new 
plants flowering and fruit production are highly reduced. As the season advances 
the nematode galls are often invaded by fungi and bacteria that induce rotting. 
Wherever nematode populations are very high, young sprouts may be killed over 
large areas even without a trace of gall formation appearing on roots. Reduction 
in crop yield due to nematode can be greatly managed by using available manage-
ment practices. Crop rotation is one of the oldest and most economic methods of 
controlling nematodes. However, these management practices must be taken before 
planting or propagating the crops through its vine nature. Once the nematode are 
persisted inside the roots/twigs effective and potential treatments are not available, 
therefore, control strategies needs to be preventive rather than curative in nature 
and aimed from the onset at preventing the build-up of high population densities. 
Many techniques used for managing root–knot Meloidogyne invasion on pointed 
gourd simultaneously control other phytoparasitic nematode affecting the crop. 
Combining and effective rotational scheme and selected cultural practices and use 
of chemical give excellent control with little added cost. In severely affected field, 
chemical/nematicides may be very useful in lowering down the nematode popula-
tion with its threshold level.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Chapter 6

Effects of Irrigation and 
Bioproducts of Microbial Origin 
on Nematode Community and 
Mycorrhizal Root Colonization  
in Soybean
Ivana Majić, Ankica Sarajlić, Emilija Raspudić, 
Marko Josipović and Gabriella Kanižai Šarić

Abstract

Soybean (Glycine max L. Merr) is the most important legume and threaten by 
diverse pests and diseases. Complex interactions among rhizosphere organisms 
are found in all agro-ecosystems. Results of these interactions can be positive and/
or negative in terms of plant production. Soil nematode community consists of 
different trophic groups of nematodes. Nematodes are the most abundant soil 
invertebrates. Several nematode species penetrate soybean roots as parasites, and 
can cause loss in yields. Arbuscular mycorrhiza fungi are obligate plant symbionts 
that colonize soybean roots naturally. The aim of the study was to evaluate effects of 
irrigation and amendments of bioproducts containing beneficial soil microorgan-
isms (ABM) on nematode community and mycorrhizal root colonization in soy-
bean. Field experiments were conducted in soybean in 2013 in Osijek, Croatia. The 
plots were either rain fed or irrigated to 60-100% field water capacity (FWC). We 
tested soil amendments and soil + foliar amendments of three commercial products 
containing beneficial organisms. Average number of nematodes per soil sample 
varied from 186,67 (soil ABM in non-irrigated plots) to 297,57 (soil+foliar ABM 
in plots with 60-100% FWC), and there were no significant differences between 
the treatments. Bacterial feeding nematodes were the most abundant, while plant 
parasitic genus Pratylenchus was the most abundant among other plant parasitic 
nematodes. There was no clear influence of any of the treatments on soil nematode 
community. Amendments of the bioproducts increased mycorrhizal root coloniza-
tion in rain fed plots, while it decreased the mycorrhizal root colonization when 
soybeans were irrigated. Irrigation increased mycorrhizal root colonization in plots 
without amendments of the bioproducts, and mycorrhizal colonization differed 
significantly between the sampling dates. Further research is needed to determine if 
irrigation alters the potential of mycorrhiza to colonize the roots.

Keywords: soybean, nematodes, Pratylenchus, arbuscular mycorrhiza fungi, 
irrigation, soil and foliar amendments, beneficial microorganisms
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1. Introduction

Soybean (Glycine max L. Merr) is economically the most important legume. The 
largest production area under soybean is in North and South America (USA, Brasil, 
Argentina), China and India [1]. Soybean is used for food and feed because of the 
rich nutrition profile, proteins and oil. For that reason, it is widely used in different 
industry branches such as food, oil, pharmaceutical, textile and chemical industries 
[2]. An abiotic stress is a major constraint in crop production. Drought can reduce 
soybean yield over 50% annually. Drought stress is also transmitted from parental 
plants to F1 generation and reduces the seed germination rate, therefore optimal 
water supply is a must for the best seed quality [3]. In temperate climatic regions 
where natural precipitation during the growing season is lower than 300 mm, irri-
gation is necessary [4]. Adaptation of soybean to abiotic conditions in a site, along 
with plant interactions with other living organisms, represents principal factors for 
successful crop production [5]. Inoculation of soybean plants with beneficial bacte-
ria and mycorrhizal fungi can facilitate water stress and increase yield, as much as 
other parameters like seed fat content [6].

Rhizosphere or soil near the soybean root zone is the most dynamic environment 
of microbe-plant interaction [7]. Soil organisms depend on each other for carbon 
and energy, and represent major component for assessment of soil health. Several 
groups of organisms are distinguished in rhizosphere, mainly saprophytes and plant 
symbionts. Multi trophic interactions in soil directly influence the biodiversity 
of soil organisms and indirectly promote plant growth and ability to withstand 
pathogen attack [8].

Plant growth-promoting microorganisms (PGPM) include bacteria, and 
fungi, that live in soil and rhizosphere and stimulate plant growth by synthesizing 
phytohormones, producing siderophores, fixing atmospheric nitrogen, dissolving 
inorganic forms of elements such as phosphorus, and increasing plant resistance to 
stress and abiotic biotic environmental conditions [9–11]. The most commonly used 
inoculant of PGPM in the soybean crop belongs to rhizobium bacteria that colonize 
the root creating nodules which supplies plant with biologically fixed atmo-
spheric nitrogen. Mixed cultures of microorganisms such as Bradyrhizobium with 
Azospirillum, Bacillus, Pseudomonas and Glomus are considered valuable and used in 
soybean production [10, 12, 13]. This type of co-inoculation shows great efficiency 
especially in soils where stressful environmental conditions such as low phosphorus 
content prevail [10]. The use of mineral fertilizers can be minimized when soybeans 
are inoculated with PGPM, and this measure is desirable since it is environmentally 
sustainable [13]. Higa and Parr [14]. isolated group of beneficial microorganisms 
from the soil and named them effective microorganisms. This group included 
approx. 80 species, mostly photosynthetic bacteria, lactic acid bacteria, yeasts, 
actinomycetes, and fermenting fungi such as Aspergillus and Penicillium.

2. Interactions of nematodes and mycorrhizal fungi in rhizosphere

Nematodes are the most abundant soil invertebrates, with beneficial and 
detrimental role in agriculture. They serve as good bioindicators of the effect of 
agricultural practices and contaminants on the functioning of the soil food web 
[15]. Mainly, five nematode trophic groups are commonly found in agricultural 
soils: plant parasitic, bacterial feeding, fungal feeding, omnivorous and predaceous 
[16]. Soybean is an important oilseed crop and source of high quality protein. Plant 
parasitic nematodes are economically important plant pathogens for all agricultural 
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plants, and pose treat to production of globally demanding high yield soybeans. The 
most important soybean nematodes are soybean cyst nematodes (Heterodera glycines 
Ichinohe) and root lesion nematodes (Pratylenchus spp.). In Croatia, Pratylenchus 
is the most frequent and abundant genus of plant parasitic nematodes found in 
soybean, however economically important yield reductions due to root lesion 
nematodes damage have not been reported [17].

Rhizosphere microorganisms are often antagonistic to plant parasitic nematodes. 
By decomposing organic matter in rhizosphere, microorganisms release nematicidal 
compounds in surrounding soil. Their derivates are often toxic and negatively affect 
nematodes. Soil microorganisms also compete with nematodes for the same source 
of food, or feed upon the nematodes. Lowering the amount of space for living 
and food source, the microorganisms could suppress nematode population. This 
interaction occurs in both directions. Nematophagous fungi (e.g. Paecilomyces spp., 
Pochonia spp., Verticilium spp., Trichoderma spp. etc.) and antagonistic bacteria (eg. 
Pasteuria penetrans, Pseudomonas fluorescens etc.) are soil-borne microorganisms 
that are very useful bioagents against plant parasitic nematodes.

Efficacy of biocontrol agents often depends on ability to adopt to different crop-
ping techniques and soil conditions. Bioproducts containing beneficial microorgan-
isms are mostly registered as fertilizers or plant growth promoters, and claim to 
enhance plant tolerance and defense system, and finally increase yields by suppress-
ing plant parasitic nematodes by associating with mycorrhiza [18]. Interactions 
among beneficial soil organisms and plant parasitic nematodes are mainly evaluated 
under laboratory or greenhouse conditions [19]. Nematode trophic groups other 
than plant parasitic are beneficial, since they contribute to nitrogen mineralization 
by feeding on and by dispersing beneficial bacteria, also they are regulating rates of 
decomposition [20].

Arbuscular mycorrhiza fungi (AMF) are obligate symbionts that colonize the 
roots of most cultivated plant species. The most plant species form mycorrhizal 
symbiosis naturally [21]. Association of plants with AMF increase the absorptive 
surface of the plant root system, enhance plant access to immobile soil minerals, 
and increase plant growth rates, respectively. Mycorrhizal symbiosis provides 
soybean with nutrients, mitigates abiotic stress such as draught and improves host 
plant resistance against pests and diseases [21]. It induces a variety of physiological 
and molecular biological changes in the host plant and may improve plant resistance 
and tolerance to the most important plant parasitic nematodes [22]. Direct and 
indirect effects of AMF on rhizosphere organisms are observed as results of altered 
plant exudation Direct and indirect effects on the soil biota may include altered 
plant exudation, and via competition and mutualism [23]. The aims of the study 
were to evaluate effects of irrigation and amendments of beneficial soil microor-
ganisms nematode community and mycorrhizal root colonization in soybean.

3. Experimental design

Field experiments were conducted in soybean in 2013, at Agricultural Institute 
Osijek, Croatia (45°32” N and 18°44″ E, altitude 90 m). Size of the experimental 
field was 405 m2. The field has a history of a long-term soybean-maize rotation. The 
soil is characterized as eutrical non-calcareous brown soil developed on calcare-
ous loess substrate middle gleyed and silt/clay loam texture. Soybean (cultivar 
Ika) was grown and maintained by conventional farming practices. To examine 
effects of amendments of bioproduct of microbial origin on soil nematodes and 
mycorrhizal colonization, plots were assigned to three types of treatments: control, 
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soil amendments and soil + foliar amendments in irrigated and rain fed plots. The 
experiment was set according to randomized block design in three replicates. Three 
commercial bioproducts were used in experiment: EM Aktiv (Multikraft), Nourivit 
and Nourivit plus (Nourivit Technologies GmbH). These products contain more 
than 40 different species of beneficial soil microorganisms (mainly lactic acid 
bacteria, photosynthetic bacteria, and yeasts) and sugarcane mollases, claimed by 
the manufacturer. In plots with soil amendments, EM Aktiv was applied in dosage 
30 L ha−1 prior sawing of soybean to enable activation of microorganisms. In plots 
with soil + foliar treatment, soil amendment of EM Aktiv (30 L ha−1) was applied 

Treatment Quantities of the irrigated water (mm) and date of the 
treatments

Grain yields 
(kg ha−1)

mm date

Control 0 — 3000

Irrigated plots 35 June 3-6

35 July 12-14 4050

35 July 21-23

35 August 2-4

Treatments: control – 0 mm of added water by irrigation; irrigated plots – maintenance of soil water content from 
60 to 100% field water capacity (FWC).

Table 1. 
Irrigation schedule at the experimental site.

Figure 1. 
The experimental field setup: a) soybeans in the experimental plots, b) the watermark sensors of soil moisture, 
c) self-propelled sprinkler (typhon), d) boom irrigation systems.
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prior sawing and two foliar treatments of Nourivit (4,5 kg ha−1) and Nourivit plus 
(4,5 L ha−1) were applied during vegetation.

Self-propelled sprinkler (typhon) was used to irrigate plots 60–100% of the field 
water capacity (FWC) (Figure 1). Irrigation depended of the soil water content, the 
weather characteristics, mainly precipitations (Table 1).

Quantities of water and frequency of irrigation are presented in Table 1. 
Irrigation rate was 35 mm, and following measures of soil moisture were done at 
root depth of 30 cm. The method consisted of Watermark sensors and hand-held 
field meter. Sensors were buried in the soil after sowing the soybeans at two depths: 
15-20 cm and 25-30 cm and removed after the harvest. Measurements were taken 
twice a week or after the significant rainfall and irrigation regime.

Long-term mean (LTM, 1961-1990) of precipitations is 368 mm during the 
growing season (April–September) in Osijek (Figure 2). Investigated area has a semi-
humid and drought prone climate. In 2013, the environmental conditions were mod-
erate, with minimal deviations from total precipitation and air temperature of LTM.

Soil and root sampling for nematode and mycorrhizal fungi analysis was done 
twice during the vegetation, in July and September. Extraction of nematodes from 
soil was done following modified Baermann funnel method [24]. Nematodes were 
counted and separated according to their feeding habit to trophic groups [16]. and 
according to the morphological characteristics plant parasitic nematodes were iden-
tified to the genus level [25, 26]. Ten soybean roots were excavated in three replica-
tions from each and subjected to microscopic analysis for mycorrhizal colonization. 
Soybean root and mycorrhizal preparation, and staining was done according to 
the method described by Vierheilig et al. [27]. The presence of mycorrhizae was 
determined according to the method described by Trouvelot et al. [28]. and follow-
ing parameters were determined: mycorrhizal frequency in the root system (F), 
intensity of mycorrhizal colonization in the root system (M), arbuscule abundance 
in the root system (A), intensity of mycorrhizal colonization in the root fragments 
(m) and arbuscule abundance in mycorrhizal parts of root fragments (a). The data 
were log(n+1) transformed prior analysis of variance (PROC GLM). The means are 
back-transformed and presented in Tables. The means were separated by Tukey test 
(P<0,05) (SAS 9.2; SAS Institute, Carey, NC, USA).

Figure 2. 
Precipitation and air-temperature in growing season 2013 and long-term means (LTM) (Osijek weather 
bureau).
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4. Results

4.1  Influence of irrigation and amendments of beneficial organisms on soil 
nematode community

Soil samples in soybean were taken twice to estimate the effect of irrigation 
and amendments of bioproducts of microbial origin on nematode trophic groups 
(Table 2). According to F-statistics for group of plant parasitic nematodes irrigation 
level (F=11,51, P<0,001), month of sampling (F=14,95, P<0,001) and interac-
tion treatment*month was found as statistically significant (F=5,56, P<0,001). 
Population density of bacterial feeding nematodes significantly changed only when 
affected simultaneously by two variables treatment*month (F=4,58, P<0,05). 
Omnivorous nematodes were significantly affected only by the month of sam-
pling (F=4,16, P<0,05), while significant response of predators was found only in 
simultaneous effect of two variables irrigation*month (F=14,14, P<0,05). Group of 
fungal feeding nematode did not respond significantly to any of the tested vari-
ables. Statistics revealed that interaction of treatment with bioproducts and month 
of sampling significantly affects total nematode community (F=3,47, P<0,05).

Plant parasitic nematodes Effects

Treatment Month Treatment*Month

Ditylenchus 1,71 9,27** 1,41

Filenchus 0,32 4,29* 1,25

Malenchus 1,63 0,20 3,20*

Merlinius 0,60 2,16 0,17

Pratylenchus 3,58* 3,44 1,87

Tylenchorynchus 0,83 4,36* 1,72

Tylenchus 0,28 3,68 1,65

Data are F-values.
*P<0,05.
**P = 0,001.

Table 3. 
GLM analysis of the effects of treatments with bioproducts, month of sampling, and their interaction on plant 
parasitic nematodes in soybean.

Nematode trophic group Total

PP F B O P

Irrigation 11,51** 0,95 1,91 0,38 0,45 1,84

Treatment 1,78 0,66 1,68 1,95 1,20 1,51

Month 14,95** 0,03 1,37 4,16* 0,45 0,85

Irrigation*Treatment 0,00 0,64 0,04 1,45 2,49 0,02

Irrigation*Month 0,31 0,42 0,14 1,52 14,14* 0,03

Treatment*Month 5,56** 0,44 4,58* 0,46 2,49 3,47*

Data are F-values; PP – plant parasitic, F – fungal feeding, B – bacterial feeding, O – omnivorous, P – predator.
*P<0,05.
**P<0,001.

Table 2. 
GLM analysis of effect of irrigation level and amendment of bioproducts on nematode trophic groups densities.
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Seven plant parasitic nematode genera were identified from soil samples of each 
treatment (Table 2). Treatment of soybean with bioproducts significantly affected 
plant parasitic genus Pratylenchus (F=3,58, P<0,05) (Table 3). Month of sampling 
significantly affected population of Ditylenchus (F=9,27, P<0,001), Filenchus 
(F=4,29, P<0,05), and Tylenchorynchus (F=4,36, P<0,05). Simultaneous effect of 
treatment and month of sampling was statistically significant for the population of 
Malenchus (F=3,20, P<0,05).

Nematodes belonging to the genus Pratylenchus were the most abundant 
among all other plant parasitic nematodes (Table 4). In the treatment with a soil 
amendment of bioproducts, populations of Pratylenchus were significantly higher 
compared to the treatment with two amendments of bioproducts (i.e. soil+foliar). 
The lowest population density of Pratylenchus spp. (31,86% of plant parasitic 
nematodes per soil sample) was found in plots with soil and foliar amendment. 
However, the treatments did not significantly differ from the control plots, where 
on average 42,94% Pratylenchus spp. of total plant parasitic nematodes per soil 
sample was identified. In previous studies from Croatia, Pratylenchus was also 
the most dominant genera in soybean [17, 24, 29, 30]. In Brasil, one of the world’s 
leading soybean production area plant parasitic nematodes are major constrain and 
the most dominant nematode trophic group [31]. In the same study, Pratylenchus, 
Helicotylenchus and Meloidogyne were found as the most important plant parasitic 
nematode genera in soybeans. Total population of plant parasitic nematodes in 
our study did not significantly differ when comparing types of amendments of 
bioproducts.

Another study tested long term amendments of effective microorganisms, 
compost and mineral fertilizers on soil nematode community [32]. The results 
of the cited study showed that effective microorganisms applied together with 
compost increased the abundance of total bacterial and plant parasitic nematodes 
compared to the plots with mineral fertilizer, compost and control. Plant parasitic 
nematodes were the most dominant trophic groups in their study, and increased 
in relative abundance by 34.33% in effective microorganisms’ plots compared to 
the mineral fertilizer plots. Wheat biomass in the cited study was also increased by 
amendments of effective microorganisms, which could be the reason for increase in 
plant parasitic nematodes populations, since more food was available. Amendments 
of manure, a source rich with diverse species of microorganisms, to soil increase 
abundance of nematode community [33].

Plant parasitic nematodes Treatments

Control Soil Soil+foliar

Ditylenchus 1,86 a 2,92 a 5,20 a

Filenchus 16,04 a 8,33 a 19,36 a

Malenchus 7,29 a 0,83 a 2,50 a

Merlinius 1,25 a 0,90 a 2,91 a

Pratylenchus 42,94 ab 71,67 a 31,86 b

Tylenchorynchus 9,38 a 20,08 a 16,25 a

Tylenchus 8,96 a 11,25 a 11,67 a

Data are percentage of relative nematode abundance; Values in rows with different letters are statistically significant 
at P<0,05.

Table 4. 
Analysis of variance for the effects of amendments of bioproducts on plant parasitic nematodes.
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4.2  Influence of irrigation and amendments of beneficial organisms on 
mycorrhizal root colonization

Statistical analysis revealed significant influence of irrigation (F=34,95, 
P<0,001), month of sampling (F=94,70, P<0,001), and interaction 
irrigation*treatment and treatment*month (F=14,29, P<0,001; F=13,16, P<0,001) 
on mycorrhizal frequency in the root system (Table 5). Intensity of mycorrhizal 
colonization in the root system and in root fragments is under a significant influ-
ence of irrigation (F=38,17, P<0,001; F=34,16, P<0,001), treatment (F=4,48, 
P<0,05; F=6,00, P<0,05), month (F=145,99, P<0,001; F=61,87, P<0,001), 
interaction irrigation*treatment (F=17,29, P<0,001; F=13,40, P<0,001) and 
treatment*month (F=11,43, P<0,001; F=16,78, P<0,001). Arbuscule abundance 
in the root system and in root fragments was significantly affected by irrigation 
(F=10,99, P<0,01; F=21,92, P<0,001) and all interactions: irrigation*treatment 
(F=14,73, P<0,001; F= 6,04, P<0,05), irrigation*month (F=68,83, P<0,001; 
F=95,42, P<0,001) and treatment*month (F=10,11; P<0,001; F=3,33, P<0,05).

Effects of commercial AMF products on growth, nutritional, and physiological 
responses of soybean in another study reveal the difference between the products 
with regard to their response to water deficit [34]. Inoculation of plants with 
AMF was found more important than soil moisture in improving plant growth to 
overcome drought stress [35]. We found month of sampling and irrigation as the 
most important factor for mycorrhizal root colonization. However, treatments with 
bioproducts were similarly important only in interaction with date of sampling.

4.3  The importance of irrigation on the effect of different amendments of 
beneficial organisms

In previous study, irrigation and nitrogen fertilization increased significantly 
soybean grain yields [36]. The grain yields in this study were also considerably 
increased in irrigated plots with more than 1000 kg ha−1 difference between control 
and irrigated plots (Table 1). Average number of nematodes per soil sample varied 
from 186,67 (soil treatment in non-irrigated plots) to 297,57 (soil+foliar treatment 
in plots with 60-100% FWC), and there were no significant differences between 

Root colonization (%)

F M A a m

Irrigation 34,95*** 38,17*** 10,99** 21,92*** 34,16***

Treatment 2,06 4,48* 2,56 0,99 6,00*

Month 94,70*** 145,99*** 0,08 1,17 61,87***

Irrigation*Treatment 14,29*** 17,29*** 14,73*** 6,04* 13,40***

Irrigation*Month 1,09 0,70 68,83*** 95,42*** 3,45

Treatment*Month 13,16*** 11,43*** 10,11*** 3,33* 16,78***

Data are F-values; F – mycorrhizal frequency in the root system, M – intensity of mycorrhizal colonization in the 
root system, A – arbuscule abundance in the root system, a – arbuscule abundance in mycorrhizal parts of root 
fragments, m – intensity of the mycorrhizal colonization in the root fragments.
*P<0,05.
**P<0,01.
***P<0,001.

Table 5. 
GLM analysis of effects of treatments with bioproducts, month of sampling, irrigation level, and their 
interaction on mycorrhizal colonization of root system.
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the treatments (Table 6). Bacterial feeding nematodes were the most abundant in 
all treatments, ranging from 152,50 to 265 nematodes per sample, but no significant 
effects of treatments were found as well. Soil amendment of bioproduct in irrigated 
plots significantly increased the number of plant parasitic nematodes, where in 
average 11,87 nematodes were found per sample. Nematodes live in a film of water 
around the soil particles, so they respond quickly to any changes in environments 
and irrigation could affect the nematode survival. In another study, only the propor-
tion of omnivores and the number of taxa identified was affected by irrigation [37]. 
Artificial irrigation could change soil physical and chemical properties, and abun-
dance and diversity of nematode community is correlated with these changes [38]. In 
this study, there was no clear influence of irrigation on soil nematode community.

Mycorrhizal root colonization frequency in the root system was higher in the 
plots with bioproduct amendments in non-irrigated plots (Table 6). Significantly 
highest mycorrhizal frequency in the root system (30,11%) was observed in the 
treatment with soil+ foliar amendments of bioproduct in non-irrigated plot. This 
treatment had the greatest impact on root mycorrhiza. Irrigation also significantly 
affected the mycorrhizal colonization, since F was as low as 16.28% in non-irrigated 
control (without bioproduct amendments), compared to significantly high F 
(20,78%) in irrigated control. However, irrigation affected the mycorrhizal colo-
nization in plots with bioproducts amendment. Bioproduct increased mycorrhizal 
root colonization for all tested parameters in non-irrigated plots. When applied 
twice in soybean vegetation, in soil and on foliar, bioproduct significantly decreased 
the mycorrhizal colonization (for all parameters, except parameter a) in irrigated 
regime 60-100% FWC. In other studies, higher mycorrhizal root colonization was 
observed during the dry comparing to the wet period [39]. but different results 
were also reported [40]. Difference in mycorrhizal root colonization also depend on 
the plant genotype [24].

Irrigation level

Control 60-100% FWC

Bioproduct amendment Soil Soil+foliar Control Soil Soil+foliar Control

Nematode 
community

PP 7,92 a 6,14a 6,32a 11,87b 9,23a 9,65a

B 152,50a 212,50a 206,25a 235,00 a 265,00 a 155,83a

F 15,42a 28,95a 16,25 a 22,50 a 20,00a 19,58a

O 9,17a 10,00a 12,50a 10,00 a 3,33a 3,33a

P 1,67a 1,60a 0a 2,50a 0a 2,50a

Total 186,67a 259,27a 241,32a 281,87a 297,57a 190,90a

Mycorrhizal 
root 
colonization

F 25,78b 30,11b 16,28a 18,55a 6,89a 20,78b

M 3,31b 3,93b 2,09a 1,99b 0,79a 4,62b

A 0,37b 0,22ab 0,17a 0,02a 0,03a 0,39b

m 11,70b 9,52ab 7,61a 5,23a 3,32a 12,66b

a 11,05a 6,33a 7,23a 1,06a 1,23a 3,72a

Data are means of nematode population density and percentage of mycorrhizal root colonization; Values in rows 
marked with different letters are statistically significant at P<0,05; PP – plant parasitic, F – fungal feeding, 
B – bacterial feeding, O – omnivorous, P – predator; F – mycorrhizal frequency in the root system, M – intensity 
of mycorrhizal colonization in the root system, A – arbuscule abundance in the root system, m – intensity of the 
mycorrhizal colonization in the root fragments, a – arbuscule abundance in mycorrhizal parts of root fragments.

Table 6. 
The effects of different amendments of bioproducts of microbial origin and irrigation level on nematode 
community and mycorrhizal root colonization.
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5. Concluding remarks

Studies aiming to evaluate effect of commercial products containing benefi-
cial microorganisms on soil nematode community, especially on plant parasitic 
nematodes and mycorrhizal root colonization are scarce. Nematode community 
structure respond quickly to changes in their environment resulting from agricul-
tural practices and other changes in soil properties. The results we presented in this 
chapter reveal weak effect of irrigation and amendments of bioproducts contain-
ing beneficial organisms on abundance and structure of nematode community in 
soybean. However, the treatments we used had considerable effect on mycorrhizal 
root colonization. This result is positive for soybean production, since AMF could 
increase plant performance in drought stress and consequently impact on greater 
grain yields. Our results indicate that amendments of the bioproduct increase 
mycorrhizal root colonization in rain fed plots, while it decreased the mycorrhizal 
root colonization when soybeans were irrigated.
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Root-Knot Nematodes a Major 
Peril to Protected Cultivation 
System in India: Current Status 
and its Management
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Abstract

Growing of vegetable crops under protected conditions are relatively, an  
innovative technology and most popular among farmers throughout the country. In 
last few decades protected cultivation has shown potential enhancement in horti-
cultural production. The southern root-knot nematode, Meloidogyne incognita, is an 
emerging nematode under protected conditions. This nematode can cause chlorosis, 
stunting and reduce yields associated with the induction of many root galls on 
host plants. Root-knot nematode severely affect the plant root system by inducing 
specialized feeding cells i.e., giant cells in the vascular tissues. Recently, this nema-
tode has been considered as a worldwide menace for combat root-knot nematodes, 
integrated nematode management strategies such as soil solarization, biological 
control, organic amendment, crop rotation, field sanitation, and fumigants have 
been developed and successfully used in the past. Here, in this book chapter 
discussed on biology and life cycle, control measures and proposed future strategies 
to improve Megalaima incognita management under protected conditions.

Keywords: protected cultivation, root knot nematode, vegetable crop and integrated 
nematode management

1. Introduction

Cultivation of crops in protected structures is relatively a new or advance  
technology, growing crops in controlled environments (temperature, humidity, light 
and such other factors can be regulated as per requirement of the crop). It is popular 
among farmers/growers globally. Commonly used structures are forced ventilated 
greenhouse, naturally ventilated polyhouse, high-tech polyhouse, insect proof net 
house, shade net house, plastic tunnel and mulching. Protected structures may be 
demarcated as “Alteration of environmental condition in such a way to accomplish 
maximum growth and yield” [1]. Recently, incipient technology for raising high 
value crop in the country and it has very decent potential in semi-urban areas (nearby 
cities). Altered environmental conditions, bounces manifolds increase in yield per 
unit area. Modernized protected cultivation are very popular among growers in all 
over world and approximately 405000 ha area covered under protected cultivation 
globally [2] as compared to India 30000 ha area under protected cultivation, is still 
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in infancy stage [3]. In India, protected structures are being initiated by National 
Horticulture Mission to increase per capita income of framers. Protection of pest and 
diseases under controlled environmental conditions, farmers are getting very good 
returns from this technology. Globally, among polyhouse cultivated crops, Cucumis 
sativus L. is an important vegetable and second most popular crop.

In polyhouses, three types of crops are grown, viz. vegetable crops such as cucum-
ber, capsicum, tomato, ornamental crops such as, carnation, roses, gerbera, chrysan-
themum and fruit crop like strawberry. Growing vegetables and flower crops under 
protected cultivation is receiving utmost attention and gaining popularity among 
farming community across the country. The ideal conditions provided by protected 
cultivation and continuous availability of the host plant round the year often results in 
high population buildup of soil borne pathogens including plant parasitic nematodes. 
However, Plant parasitic nematodes are becoming a major constraint in production 
of the horticultural crops under protected cultivation in India. Root-knot nematode, 
Meloidogyne spp. has to be the major plant parasitic nematode under protected condi-
tions [4]. There are various management strategies viz., soil solarization, biological 
control, organic amendment, chemical and integrated nematode management 
practices have been followed for the management of the plant parasitic nematodes.

Protected structures aided crops with altered climatic conditions to get supreme 
yield potential than open field by shielded from adversities [5]. Ancient records, 
during 14–37 AD, when Roman Empire was controlled agricultural production, cer-
tain limited structures were present. Nevertheless, commercial protected cultiva-
tion had been initiated in England trailed by France, Netherlands, Japan and China 
at ending of eighteenth and nineteenth century [6]. Charles Lucien Bonaparte, 
French botanist (1803–1857) are accredited for making the first modern greenhouse 
(http://english.reachgreenhouse. com/news_view_32_105.html). High value agri-
cultural crops are mostly preferred for protected structures to optimize production 
cost as well as reduced biotic and abiotic stresses.

2. Prevalence of root-knot nematode under protected cultivation

Root-knot nematode, Meloidogyne spp. are foremost important parasite in  
protected cultivation and having ability to parasitize on most of the crops. Around 
232 plant species attacked by root-knot nematodes including vegetables, fruits, 
fiber, ornamentals, medicinal, cereals and weeds also. Root-knot nematodes are 
obligate parasites causes severe damage to vegetable crops (Figures 1–3), leading to  
major yield reductions and significant economic losses worldwide [4, 7–9]. Root-knot 
nematode development and fecundity are very high and very with populations/
races. Second stage juveniles randomly move in soil and attracted by chemicals 
released from host roots thus seek to infect roots. Meristematic zone is the most 
preferred site for penetration of second stage juveniles. Galls on roots are the diag-
nostic symptom, results from hypertrophy and hyperplasia after nematode feeding. 
As endoparasites, all stages were found in root tissues, except vermiform male and 
second stage. Optimum temperature required for development was 15 to 30°C. One 
generation, from egg to egg, was completed within 25 to 30 days. In a conducive 
environmental condition, nematode population build-up increases rapidly and 
reaches as high as 20–25 eggs and juveniles per g soil.

Root galls are the most characteristic symptom of root-knot nematode infection 
(Figure 1). As vascular feeder, destroy the xylem and phloem, ultimately transloca-
tion of water and nutrient uptake was debilitated. Due to poor transportation, above 
ground symptoms such as yellowing, wilting, poor fruiting has manifested on plants 
in patches. These patches gradually increase every year as inoculum has increased.
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3. Interaction of Meloidogyne spp. with other microorganisms

Nematode have long been alleged of playing a bigger role in plant disease 
scenario with other microorganisms like fungus and bacteria rather than alone. 
Different role has been played by nematode in complex diseases such as aggrava-
tor, predisposer, vector etc. nematodes may act as wounder, host substrate modi-
fier, rhizosphere modifier and vector to make the environment more conducive 
for development of other secondary pathogens. In complex diseases, root-knot 
nematode with wilt and root rot fungus causes grater damage to susceptible 
plants as compared to each pathogen alone [10, 11]. Host physiology has been 
altered by nematode for secondary pathogens results, complete failure of crop in 
some instances.

Nematodes provide ready avenues for entry of secondary microbes. Besides 
avenues, biochemical changes have been initiated in nematode infected plants 
and enriched giant cells also favor the wilt causing fungi. Seedling mortality was 

Figure 1. 
Cucumber crop infested wish root-knot nematode, Meloidogyne spp. under polyhouse conditions. A) above 
ground symptom B) below ground symptoms. (Source: Original photos).
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preponed by about a week due to interaction with fungi with nematode. Nematode 
may also play the role in resistance braker for other pathogens. Some varieties lost 
the resistance against fungal pathogens in the presence of root-knot nematodes. 
Due to disease complexes sometimes complete crop failure faces by growers.

4.  Reasons for multiplication of root-knot nematode under protected 
cultivation

4.1 Moisture

Moisture is the foremost important factor for multiplication of nematodes. 
Continuous moisture availability around root zones through drip irrigation under 

Figure 2. 
Tomato crop infested wish root-knot nematode, Meloidogyne spp. under polyhouse conditions. A) above ground 
symptom B) below ground symptoms. (Source: Original photos).
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polyhouses is responsible for fast nematode build-up and movement as compared to 
open field where flooded and dry conditions prevail. Continuous moisture avail-
ability flare-up the nematode population and more infectious.

4.2 Temperature

Temperature affects overall life profile activities of nematode such as hatch-
ing, movement, reproduction, development, and survival and also the host plant. 
Optimum temperature range for survival of plant parasitic nematodes is 15-30°C 
and become inactive or less active from above and below temperature conditions 
or may lethal for nematode. Under polyhouses optimum range of temperature for 
nematode build-up exist. Under optimum moisture and temperature conditions 
in polyhouses nematodes are able to complete several generations in less period of 
time as compared to open field conditions.

Figure 3. 
Capsicum (Bel pepper) crop infested wish root-knot nematode, Meloidogyne spp. under polyhouse conditions 
A) above ground symptom B) below ground symptoms. (Source: Original photos).
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5. Continuous cultivation of susceptible host

Crops grown under polyhouses are generally susceptible to nematode pest such 
as tomato, cucumber, ornamentals etc. due to high economic value monoculture 
has been adopted by growers. Intensive monoculture of susceptible crops leads to 
nematode build-up and multiplication rate. All three conditions, susceptible host 
with favorable microclimate favor fast build-up of nematode population and once it 
introduced it is very difficult to get rid from this.

6. Current management approaches

Favorable climatic conditions concentrated majority of the protected structures 
in the regions between 25° and 65° latitude  [12]. Solar irradiations and temperature 
is low at higher latitude, that’s wants maintenance of humidity and temperature and 
the conditions created favor the pest incidence. Intense solar irradiation at lower 
altitude persuades stress in the crops rendering them susceptible to pest incidence  
[12]. Irrespective of the diverse protected structures and materials for buildup, the 
microclimate inside the protected structures favor the multiplication of pest and 
diseases including plant parasitic nematodes [13]. Henceforth, it become extremely 
difficult to manage the nematode pest from single management options. Keeping 
in view of this, integration of all available management techniques/tools for bet-
ter resolution of the nematode pest. The integrated strategies for control of plant 
parasitic nematodes can be based upon two basic principles: 1) preventive measures 
and 2) on-farm techniques. Preventive measures avoid the introduction pest species 
in newer areas and second one is based upon control measure (cultural, biological 
and chemical) adopted by growers, to reduce pest population below ETL.

7. Preventive measures

Preventive measures are adopted to avoid the introduction of nematode pest in 
newer areas where nematode problem not exist before. Some practices have been 
adopted as preventive measures to control the spread of nematode. New or emerg-
ing species spread has been checked by regulatory methods to avoid the introduc-
tion in newer areas. Soil testing are mandatory for all the farmers before erection of 
polyhouses, green houses and net houses for plant parasitic nematodes. Entry points 
for protected conditions should also contain sanitizing stations for hands, shoes, 
boots, tools, and other equipment. Nematode free transplanting material is one of 
the important methods to avoid the nematode infestation under field conditions. 
Always use nematode-free transplants or plants that build upon soilless substrates 
from production are increasingly used to exclude soil borne species of nematodes, 
but also to promote the plant establishment and crop production.

Raising of crop on soilless media: One of the most important method to prevent 
spreading of nematodes in nematode free areas through growing of nursery crops 
in soilless media such as organic growing media: peat, coir, bark, sawdust, compost; 
inorganic: rockwool, perlite, pumice, sand, vermiculite.

8. Curative measures

Curative measures are used to reduce the nematode population below economic 
threshold level in nematode infested areas so, growers can get maximum returns. 
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Sanitation can minimize the nematode problems from polyhouses include rapid 
destruction of infested plant debris and weeds after harvest.

8.1 Soil solarization

Soil solarization is a most effective method to reduce the nematode population 
in hot weather areas (temperature around 40-50o c). In India, northern conditions 
are best to adopt this practice to reduce nematode infestation under polyhouses. 
Transparent polyethylene plastic (25 μm thick LLDP) mulch is used to cover the 
moist soil for 4–8 weeks in the month of May–June [14–17]. Green house effects 
have been created under transparent polyethylene sheet leading to higher tempera-
ture was lethal to nematode.

8.2 Crop rotation and inter cropping

Cultural practices are non-chemical method such as crop rotation with resistant 
cultivars or non-host crops to reduce pest population. Rotating or inter cropping 
tomato/ cucumber with non-hosts such as garlic (Allium sativum), Marigold 
(Tagetes sp.) (Figures 4 and 5), lettuce, radish, cabbage and cauliflower could 
reduce root knot nematode populations in soil. Few options are available in pro-
tected conditions to grow non-host crop, so, resistant cultivars are a very good 
option under protected structures.

8.3 Resistant cultivars

Resistant cultivars are one of the convenient options against plant parasitic 
nematodes. Grafting of commercially desired susceptible cultivars on resistant 
rootstock is a trending method among vegetable crops under protected conditions 
[18]. Resistant rootstock of brinjal wild relatives, Solanum toxicarium, Solanum 
sisymbriifolium and S. torvum have been grafted by commercial tomatoes, notice-
able reduction in galling was observed [19]. Various grafted rootstock of melon and 
capsicum were produced that confirmed extraordinary results in minimize root 
galling in the greenhouses [20].

Figure 4. 
Cucumber intercrop with marigold for the management of root-knot nematode under polyhouse conditions.
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8.4 Organic amendments

Enormous organic amendments are used for suppression of plant parasitic 
nematodes in protected cultivation. Suppression efficacy of organic amendments 
depends on the active ingredient and their concentration. Non-edible oil cakes of 
Neem (Azadirachta indica), castor (Ricinus communis) Karanj (Pongamia glabra), 
Mahua (Madhuca latifolia) etc. are used for management of rot-knot nematode 
in protected cultivation [21]. Other organic substances like FYM, vermicompost, 
slurry, green manure etc. are also effective for suppression of PPNs.

8.5 Biological control

Higher efficiency, targeted results, environmentally sound and local accept-
ability among the growers gain much popularity of the bio-agents in recent era. Egg 
parasitic fungus- Paecilomyces lilacinus, Pochonia clamydosporia, antagonistic fun-
gus- Trichoderma viride, T. harzianum, VAM fungus- Glomus spp., bacterial parasite- 
Pasteuria penetrans and PGPR bacteria- Pseudomonas fluorescence is used as potential 
bio-agents against plant parasitic nematodes [17, 22–24]. Bio-agents enriched organic 
amendments are very effective strategy to control nematodes in protected cultivation.

8.6 Chemical nematicides

Till now, there are not a single nematicide registered for protected cultivation 
use in India. Thus, the growers depend on other integrated pest management prac-
tices for nematode management under polyhouses. Combination of all preventive, 
curative measures to control nematode under polyhouses is an effective strategy and 
locally adopted by growers.

9.  Novel methods of resistance to root knot nematode under protected 
conditions

Wide susceptibility range, fast multiplication and cause potential treat at low 
density are the main constraints for management of root-knot nematode under 
protected structures. Recently, genetic engineering has made it possible to express 

Figure 5. 
Marigold crop rotation with cucumber/tomato for management of root-knot under polyhouse conditions.
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and incorporate heterologous and indigenous protein from one to other organisms 
and develop heightened pest resistance in plants. Genetic engineering approaches 
has made natural resistance with synthetic resistance may be the auspicious tools 
for management of nematode in tomato production [25–27].

RNA Interference (RNAi): RNAi has emerging tool to downregulate gene 
activity and recognized efficient tactic against root-knot nematode [28]. RNAi first 
performed for Caenorhabditis elegans and it was used for gene silencing by over-
whelming their expression in a plant parasitic nematode [29]. Nematode feeding 
site formation gene has been silenced by using dsRNA or siRNA that elicit a sys-
temic RNAi response [30]. Root-knot nematode produces effector proteins deter-
mined by parasitism genes, and these effectors epitomize the molecular interface 
between the nematode and host [28]. Effectors secreted in nematode esophageal 
glands play perilous roles in parasitism [31].

Exploiting Efficient Genome Editing Using the CRISPR-Cas9 Technique: The 
advancement of the clustered regularly interspaced short palindromic repeats 
(CRISPR) technology has become a commanding alternative to gene silencing 
[32]. Foreign DNA sequences has incorporated host loci to produce short crRNAs 
(CRISPR RNAs) that direct sequence-specific cleavage of homologous target 
dsDNA by Cas endonucleases [33]. Recently, documentation of pathogen and host 
novel genes responsible for infection help in developing the CRISPR technique for 
improving the resistance to Meloidogyne spp. under protected systems.

Advantages of protected cultivation

• Higher productivity and higher income

• Quality produce

• Off season or round the year cultivation

• Hardening of tissue culture plants

• Better management of insect pest

• Less use of chemicals

• Efficient use of resources

10. Downsides of polyhouse cultivation

In spite of protected structures crops grown under these structures are not fully 
protected from insect pest. Hostile environment, intensive or mono cropping, 
availability of moisture (drip irrigation) and poor hygienic conditions are increas-
ing the pest problems mainly nematodes under protected environment [34]. Among 
plant parasitic nematodes root-knot nematodes is the important parasite under 
polyhouses [4]. Once nematode introduced in the protected cultivation, it’s impos-
sible to eradicate the nematode problem. It can build up in less time and causes huge 
number of losses among the crops. Major source of adulterations in protected struc-
tures are planting material, soil and pooting media, water and general cleanliness.

11. Conclusions and future directions

Recently, nematode and soil borne pathogens under protected structures paid 
much attention. Till now efficient management practices under protected structures 
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Abstract

Nematodes are considered a serious problem for agriculture. Nematodes of the 
Meloidogyne genus can attack a wide range of plants, needing different management 
methods to decrease its population. Fungi from the Trichoderma genus has been 
related to have potential as biological control agents. However, before an organism 
is used as biological control agent, first it is necessary to prospect, characterize and 
test its potential as biocontrol agent, so the objective of this work was to character-
ize and test fungi isolates of the Trichoderma genus to control M. javanica. We 
obtained forty isolate to carry out this experiment. We extracted the DNA of each 
isolate to discover which species we were testing, by doing a PCR and sequencing. 
We tested in vitro their parasitism effect using ELISA plate. Also, we extracted 
their filtrate to see if their metabolites have potential to reduce nematode popula-
tion by showing a high mortality or inhibiting hatching. The results confirmed the 
high potential of the fungi of Trichoderma genus as a biological agent to control 
Meloidogyne javanica.

Keywords: Biological control, Integrated management, root-knot nematode,  
fungal filtrates, nematicide

1. Introduction

Soybean (Glycine max L.) is one of the most important agricultural commodities 
in the world. For this reason, it is constantly sought to increase productivity without 
increasing the cultivated area. Yield can be affected by several factors, among them 
are diseases caused by plant-parasitic nematodes, an important cause of reduced 
grain production in this crop. Worldwide, there are approximately 100 species of 
known plant-parasitic nematodes that decrease the production of this commodity 
[1]. In Brazil, these species are distributed primarily among the genera Meloidogyne, 
Heterodera, Pratylenchus and Rotylenchus [1–4]. Among these species, the root-knot 
nematodes, specifically Meloidogyne javanica, stands out because it has the ability to 
parasitize and cause significant damage to soybeans [5, 6].

Agricultural systems have had little crop diversification over the years, which 
means that these organisms have good availability of food throughout the year. 
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This availability causes the nematode population to grow more and more, making 
control even more difficult. Therefore, new control alternatives are being studied 
to minimize the damage caused by these organisms. Currently, biological control 
within integrated management stands out as an efficient and economically viable 
alternative to the use of chemical nematicides [7, 8]. In general, biological products 
have low toxicity and environmental risk, and we would be using a wide variety of 
microorganisms that can naturally parasite nematodes and their eggs in natural and 
agricultural environments. Among the main groups of microorganisms responsible 
for the biocontrol of nematodes, fungi stand out, representing up to 75% of the 
microorganisms used in the control of plant-parasitic nematodes [9, 10]. The ability 
to colonize the soil and persist for a long period makes these organisms increasingly 
visible. When we think about long persistence, we are comparing it with chemicals, 
which do not have a long-lasting residual. We can observe in the field chemical 
products that are used in seed treatment in soybean culture lose their efficacy even 
before the reproductive period of the culture.

Therefore, the possibility of incorporating organisms that have a long per-
sistence in the soil can be a very important control measure, given the worrying 
scenario that the nematodes have been presenting. Fungi of the Trichoderma 
genus are considered one of the most used and promising in biological control [9]. 
This can be explained due to the versatility of the mechanisms of action against 
agricultural diseases and pests. Trichoderma species are capable of using different 
mechanisms of action, such as parasitism, production of metabolites (antifun-
gal substances and antibiotics), production of polymer and protein degrading 
enzymes (glucanases, chitinases and proteases) [11]. In addition, these fungi 
can stimulate plant growth (production of phytohormones) and induce systemic 
resistance against diseases, which makes their use in agricultural systems even 
more promising [11].

Besides that, some isolates also have survival strategies that make them highly 
competitive in the environment, such as: survival in acid and / or saline soils; 
survival in conditions of high temperature and low humidity; fungicide resistance; 
adaptation to different environments and climatic zones, as they can inhabit soils in 
tropical regions and temperate climates; production of resistance structures; high 
efficiency in the use of resources as nutrients, thus making them excellent compet-
ing organisms; extraordinary capacity for proliferation in the rhizosphere and 
communication with plants, among others.

Due to the variation of environmental conditions (soil, climate, vegetation, 
etc.) on the planet, a species may have strains (variants) with specific adaptations 
to different environments. Thus, it is suggested that the antagonistic activity of a 
Trichoderma strain may change in relation to the same organism, if the fungus is 
used in regions with a microclimate different from the original fungus isolation 
site. This makes the search for antagonist agents from different regions relevant 
for obtaining isolates with potential application in biological control [12]. In this 
context, the objective of this work was to characterize and test fungi isolates of the 
Trichoderma genus to control M. javanica.

2. Material and methods

2.1 Meloidogyne javanica inoculum

The root-knot nematode inoculum, specifically Meloidogyne javanica (Est. J3), 
was obtained from a commercial soybean crop (Glycine max) in the municipality of 
Júlio de Castilhos, Rio Grande do Sul (29°04′55.5”S 53°41′07.7”W). Subsequently, 
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the nematodes were extracted from the soybean roots by the method that consists 
of grinding in a blender with the addition of 0.5% sodium hypochlorite followed 
by sifting and centrifugation with sucrose solution, carried out at the Soil Biology 
laboratory of the Federal University of Santa Maria (UFSM). The extracted nema-
todes were inoculated in tomato plants cultivar “Santa Cruz” (Solanum licopersycum 
L.), to maintain the population. The tomatoes remained in a greenhouse with tem-
perature controlled at 25°C ± 2°C. The females of the population were periodically 
submitted to electrophoresis with the esterase enzyme [13] to confirm the purity of 
the population.

2.2  In vitro evaluation of the nematicidal and nematostatic effect  
of Trichoderma spp. on Meloidogyne javanica

2.2.1 Obtaining Trichoderma isolates

Forty Trichoderma isolates from different regions of Brazil were used in this 
study showing the city that the isolates were provided (Figure 1). Isolates provided 
by private companies are from the Southeast and Midwest regions, however their 
locations were not provided.

Of the 40 isolates used in this study, 6 isolates are from the fungi bank of the 
laboratory of Soil Biology, 10 isolates were provided by the Federal University of 
Santa Maria, Frederico Westphalen (FW) campus, 6 isolates were supplied by the 
UFSM Phytosanitary Defense laboratory (D, DFS), 4 isolates were supplied by the 
University of Pelotas (Pel), 2 isolates were supplied by the UFSM campus Palmeira 
das Missões (PM), 1 isolate was supplied by the University of Passo Fundo (PF), 
6 isolates were provided by Biota Innovations in the Midwest (BIF), and 5 control 
isolates were obtained from commercial products already reported as biological 
nematicides (Table 1).

The isolates were kept in Petri dishes containing the Potato-Dextrose-Agar 
(PDA) medium and incubated at 25°C ± 2°C in BOD (Biochemical Oxygen 

Figure 1. 
Map of Brazil showing the provided locations of the isolates used in this work. The 1–5 are the cities-state where 
we obtained Trichoderma isolates. The “A” is the location where the nematodes where collected. 1 – Frederico 
Westphalem-Rio Grande do Sul (RS); 2 – Santa Maria-RS; 3 – Palmeira das Missões-RS; 4 – Passo Fundo-RS; 
5 – Pelotas-RS; A – Júlio de Castilhos-RS.
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Demand). Each specimen of the fungi was stored in inclined test tubes with PDA 
medium and kept refrigerated at a temperature of 6 to 10°C ± 2°C.

2.2.2 Parasitism test on M. javaniva eggs

For the parasitism test of the Trichoderma isolates on M. javanica, eggs of the 
nematode were extracted manually. These eggs were disinfected so that there was 
the least possible interference from other microorganisms that could be located 
on the outside of the eggs. For this, the eggs were placed in a test tube with 0.5% 
sodium hypochlorite solution, and stirred manually for one minute. After this 
stage, the eggs were also disinfected with 1% streptomycin and 0.1% 2-mercapto-
ethanol (Sigma Aldrich) for four minutes; washed in sterile water and collected 
with micropipette.

From the obtained suspension, 50 eggs were added, and transferred to indi-
vidual wells of ELISA plates. In each well, together with the J2, 100 μL of fungal 
suspension (108 conidia / ml) was added. Then the plates were kept in the dark in 
a BOD under a temperature of 25°C ± 2°C. Evaluations were performed 15 days 
after application. The numbers of parasitized eggs were determined. This test was 
repeated twice for greater data reliability.

2.2.3 Obtaining Trichoderma filtrates

Each fungus was grown in Petri dishes with PDA culture medium. Seven days 
after incubation at 25°C ± 2°C, three disks of 5 mm in diameter were removed 
from the edges of the cultures and placed in a 250 mL Erlenmeyer flask containing 
100 mL of Czapek Dox liquid medium (0.5 g KCl, 1 g of KH2PO4, 2 g of NaNO3, 
30 g of sucrose, 0.01 g of FeSO4.H2O and 0.5 g of MgSO4.7 H2O per 1000 mL of 
distilled water).

Erlenmeyer flasks were sterilized using the autoclave for 30 minutes. A different 
isolate was placed in each sterile Erlenmeyer. The flasks were kept in an incubator 
at 25°C with constant agitation for 15 days. After this period, the entire content of 
each Erlenmeyer was filtered through a cellulose acetate membrane, with an open-
ing of 0.22 μm. For each isolate, the cellulose acetate membrane was exchanged. The 
fungal filtrates obtained were kept refrigerated for 48 hours at a temperature of 6 to 
10°C ± 2°C, until the assay was established.

2.2.4 Nematode mortality and hatch inhibition test

For the mortality test of second stage juveniles (J2) of M. javanica, the Baermann 
funnel methodology modified by [14] was followed. The suspension with J2 was 
obtained from the hatching chamber with a tissue. From this suspension, 50 nema-
todes were removed through individual capture. In Elisa plates, 20 μL of water were 
pipetted and added to 80 μL of the fungal filtrates along with 50 captured nematodes. 
Mortality was assessed 48 hours after the application of the nematode suspension.

For the hatching test, first the egg suspension was obtained according to the 
methodology of [7]. Then we placed 50 eggs per well of the ELISA plate for the 
trial. The evaluation was made on the 21st day, when the count of 50 eggs was 
performed. In each treatment, eight repetitions were performed, kept at 25°C in 
the dark. These tests were repeated twice, aiming at increasing the data reliability. 
In the study, two controls were used, one containing only distilled water and the 
other containing only Czapek Dox medium, to eliminate the possibility of some 
type of unexplained alteration caused by the Czapek Dox medium that was used to 
perform the filtrates.
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Isolates Origin (Brazil)* Treatment code Species

FW09 South-FW T1 T. asperellum

FW13 South-FW T2 T. asperellum

FW14 South-FW T3 T. virens

FW16 South-FW T4 T. asperellum

FW21 South-FW T5 T. asperellum

FW23 South-FW T6 T. asperellum

FW31 South-FW T7 T. virens

FW33 South-FW T8 T. asperellum

FW36 South-FW T9 T. virens

FW40 South-FW T10 T. virens

UFSMQ1 South-SM Til T. virens

PM50 South-PM T12 T. harzianum

PM63 South-PM T13 T. harzianum

UFSM14 South-SM T14 T. harzianum

PF102 South-PF T15 T. harzianum

D33 South-SM T16 T. asperellum

DFS03 South-SM T17 T. virens

DFS04 South-SM T18 T. asperellum

DFS05 South-SM T19 T. asperellum

DFS06 South-SM T20 T. harzianum

DFS07 South-SM T21 T. asperellum

Pel210 South-Pel T22 T. asperellum

Pel219 South-Pel T23 T. harzianum

Pel221 South-Pel T24 T. asperellum

Pel233 South-Pel T25 T. harzianum

UFSMQ36 South-SM T26 T. asperellum

UFSM27 South-SM T27 T. asperellum

BIF0113 Southeast-** T28 T. asperellum

BIF0111 Southeast-** T29 T. asperellum

BIF0107 Southeast-** T30 T. harzianum

BIF0119 Southeast-** T31 T. asperellum

BIF0162 Southeast-** T32 T. brevlcompactum

BIF0115 Southeast-** T33 T. atroviride

UFSM34 South-SM T34 T. asperellum

UFSM35 South-SM T35 T. harzianum

CCT-7589 Midwest-** T36 T. harzianum

SF-04 Midwest-** T37 T. asperellum

12616 Midwest-** T38 T. asperellum

T-22 Midwest-** T39 T. harzianum

ESALQ-1306 Southeast-** T40 T. harzianum

*FW: Frederico Westphalem-RS; SM: Santa Maria-RS; PM: Palmeira das Missões-RS; PF: Passo Fundo-RS;  
Pel: Pelotas-RS.
**The city of origin of these isolates are not known or were not disclosed by the provider.

Table 1. 
Trichoderma isolates obtained from different regions of Brazil.
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2.2.5 Experimental design and statistical analysis

The experimental design used was completely randomized with eight replicates 
for each treatment, and each fungal isolate corresponded to one treatment (40 iso-
lates). The variables evaluated were: number of live and dead J2 nematodes, count of 
J2 hatching, count of the number of parasitized and darkened eggs. The results were 
subjected to analysis of variance, and the means of each treatment were compared by 
the Scott-Knott cluster test at 5% probability of error, by the SISVAR software [15].

2.2.6 Molecular identification of Trichoderma spp.

The total genomic DNA was extracted by the method described by [16]. The 
Trichoderma isolates were placed in a 1.5 mL microtube with 400 μL of extraction 
solution (Tris–HCl 100 mM pH 8.0; EDTA 20 mM pH 8.0; NaCl 1.4 M; CTAB 2%; 
PVP 1%; 2-Mercaptoethanol 0.1% and Proteinase K 0.01%) previously heated to 
65°C for 3 min. and vortexed for 10 seconds. Then, it was incubated in a water bath 
at 65°C for 45 minutes, shaking every 15 min.

Then 400 μL of chloroform was added and stirred by gentle inversions for 
5 min. Afterwards, it was centrifuged at 14000 rpm, 20°C, for 5 min. After 
centrifugation, approximately 400 μL of the aqueous phase was removed and 
transferred to a new 1.5 mL microtube, where 200 μL of chilled isopropanol 
(2-propanol) was added and homogenized by gentle inversions for 1 minute and 
incubated at −20°C for 30 min. The solution was centrifuged at 1400 rpm, 20°C, 
for 5 min. The supernatant was discarded, keeping only the pellet at the bottom of 
the microtube. For DNA precipitation, 200 μl of cold 70% ethanol (4°C) was added 
to the tube, followed by centrifugation at 14000 rpm at 4°C, for 5 min. and the 
supernatant was discarded keeping the pellet formed. The precipitate was dried at 
room temperature, and recovered in a volume of 50 μL TE [1 mM Tris and 0.1 mM 
EDTA] + RNAse and incubated at 37°C for 30 min., and its DNA was quantified 
and stored at −20°C until use.

The genomic DNA samples extracted from the fungi were subjected 
to polymerase chain reaction (PCR) with that performed for partial 
amplification of the elongation factor gene (EF-1α) with the primers 
5’-ATGGGTAAGGARGACAAGAC-3′ and 5’-GGARGTACCAGTSATCATGTT3-’. 
For this, 3 μL of the fungi DNA were added to the final volume of the 25 μL PCR 
reaction, containing 10 mM Tris HCl pH 8.3; 50 mM KCl; 1.1 mM MgCl2; 10 mM 
of each dNTP; 25 nmoles of each EF1 and EF2 primer; 1.5 μL of Taq DNA poly-
merase (Invitrogen, Brazil) and ultrapure water to complete the reaction volume. A 
negative control without DNA was included in the PCR. The amplification reac-
tions were carried out in a thermocycler (Applied Biosystems 2720, Thermo Fisher 
Scientific, USA), under the following conditions: 94°C for 1 min., 35 cycles of 95°C 
for 3 min., 95°C for 1 min., 72°C for 1 min. and 30 seconds, and 72°C for 10 min. At 
the end of the reaction, the amplified fragments were kept at 4°C. To verify ampli-
fication, electrophoresis was performed on 1.5% agarose gel, in TBE 1X buffer, 
stained with Sybr Gold (Invitrogen, Brazil). PCR products were purified with the 
Gen Elute PCR clean-up Kit® kit (Sigma, USA) and sequenced (ABI PRISM 3100, 
Thermo Fisher Scientific, USA). The sequences were analyzed using the Staden 
Package 2.0.0b program [17] to obtain consensus.

2.2.7 Phylogenetic analysis

The alignment of the nucleotide sequences was performed in the programs 
Clustal W and Clustal X [18], and sequences deposited in the databases were used 
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for comparisons. The Neighbor-joining method, using the Jukes-Cantor model, was 
used to estimate the evolutionary distance. The phylogenetic tree was built in the 
MEGA X program [19], with the Maximum Likelihood algorithm and the bootstrap 
values calculated with 1,000 replicates.

3. Results and discussion

3.1 Molecular identification of Trichoderma spp.

The Trichoderma isolates used in the study were identified from DNA extraction 
and separated into five distinct species, with 20 isolates belonging to the T. asperel-
lum (50% of the isolates) species, 12 isolates of T. harzianum (30%), six isolates of 
T. virens (15%), an isolate of T. brevicompactum (2.5%) and an isolate belonging to 
the T. atroviride (2.5%) species.

The isolates T36 to T40 are commercially used Trichoderma spp. The T36, T39 
and T40 were identified as T. harzianum, and T37 and T38 as T. asperellum. Using 
these isolates as references we compared with the sequences of other isolates and the 
clusters that resulted are in the phylogenetic tree (Figure 2).

Analyzing the bootstrap values presented in the dendrogram, we can say 
that within the clades of the species T. asperellum, T. virens and T. harzianum, we 
obtained sequences of small size, which caused low bootstrap values, as there was 
no enough support for the node. In [20], the authors reported that bootstrap values 
below 70 are normally hidden, and above 70 usually correspond to probabilities 
greater than 95% that the clade is real.

Figure 2. 
Dendogram of the partial sequences of the EF-1α elongation factor (TEF) gene of Trichoderma spp. using the 
maximum likelihood method based on the Jukes-Cantor model.
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3.2  In vitro evaluation of the parasitic, nematicidal and nematostatic effect of 
Trichoderma spp. on M. javanica

In this study, it was observed that all species of Trichoderma tested showed high 
potential for suppression of M. javanica (Table 2). This was confirmed by the effect 
of parasitism of eggs and nematodes and also by the production of metabolites that 
killed and/or inhibited the hatching of J2 eggs. The percentage of parasitized J2 
nematodes was greater than 85% for all tested isolates, and 35% (14) of the isolates 
showed a parasitism capacity greater than 95%. The isolates that stood out with the 
highest parasitism averages, forming a group statistically different from the other 
isolates, were: T. harzianum ESALQ-130 (99%), T. virens DFS03 (98.8%), T. harzia-
num UFSM14 (98.7%), T. atroviride BIF0115 (98.7%), T. asperellum 12616 (98.4%), 
T. asperellum SF-04 (98.4%), T. harzianum T-22 (98.3%) %), T. asperellum UFSM27 
(98.4%), T. asperellum BIF0119 (97.9%) and T. harzianum PF102 (96.8%).

Regarding the mortality of M. javanica using fungal filtrates (Table 2), it was 
observed that 16 (40%) of the isolates had a mortality rate ranging from 85% to 
93.1%. Thus, the Trichoderma isolates that had the highest mortality values were: 
T. harzianum CCT-7589 (93.1%), T. brevicompactum BIF0162 (92.2%), T. asperellum 
BIF0111 (91.9%), T. atroviride BIF0115 (91.9%), T. asperellum UFSM27 (91.8%), T. 
asperellum BIF0111 (91.7%), T. harzianum BIF0107 (91.7%), T. harzianum ESALQ-
1306 (91.7%), T. asperellum UFSM34 (91.6%), T. harzianum UFSM35 (91.0%), T. 
asperellum SF-04 (90.9%), T. asperellum 12616 (90.8%), T. harzianum T-22 (90.6%), 
T. harzianum PM63 (90.1%), T. virens DFS03 (88.7%), T. asperellum Pel221 (85.8%) 
and T. asperellum BIF0119 (85%). In contrast, the isolates that obtained the lowest 
percentages of J2 mortality from M. javanica were T. asperellum FW16 and T. asperel-
lum DFS04, with 70.8 and 65.3% mortality, respectively.

Results similar to the present study were obtained by [21], where all the filtrates 
obtained from the isolates of Trichoderma spp. (22 isolates) proved to be efficient 
in promoting juvenile mortality in a population of M. incognita after 24 hours of 
application of the filtrates in vitro. It is reported that the parasitic effect of fungi of 
the genus Trichoderma against nematodes from egg to adult stages, requires some 
facilitating mechanism [22], such as the presence of lytic enzymes. The mortality 
of J2 de Meloidogyne may be related to the presence of enzymes proteases and 
chitinases that act in the degradation of the cuticle of nematodes, a resistant coating 
structure composed of proteins and chitin. For this reason, metabolites obtained 
from fungal isolates that may have these facilitating mechanisms are also sought.

Trichoderma isolates produce metabolites, such as lytic enzymes, which are 
released into the rhizosphere solute, in our case, culture medium solute. Thus, 
the inhibition of J2 hatching from the application of Trichoderma filtrates may be 
related to enzymatic activity in the solution. Meloidogyne eggs are composed of 
approximately 30% chitin in the outer layer, in addition to other structural proteins, 
and lipids in the inner layer. In this sense, the action of inhibiting the hatching of 
J2 indicates the presence of enzymes proteases, chitinases and lipases that acted on 
the enzymatic degradation of the outer and inner layers of the eggs of M. javanica, 
reducing the hatching capacity of J2 of the eggs.

Regarding the nematicidal and nematostatic effect in the inhibition of the 
hatching of J2 by fungal filtrates, it was observed that 25% of the isolates resulted 
in a high inhibition of the hatching of M. javanica J2, varying from 91.6% to 94.4% 
hatching inhibition (Table 2). The isolates that showed the highest percentage 
of inhibition statistically were: T. harzianum CCT-7589 (94.4%), T. asperellum 
UFSM34 (94.0%), T. asperellum SF-04 (93.8%), T. harzianum BIF0107 (93.4%), T. 
atroviride BIF0115 (92.6%), T. brevicompactum BIF0162 (92.5%), T. harzianum T-22 
(91.9%), T. harzianum UFSM35 (91.8%), T. harzianum ESALQ-1306 (91.8%) and 
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Treatments Species J2 
parasitized 

(%)

J2 
mortality 

(%)

J2 hatching 
inhibition 

(%)

T1 Trichoderma asperellum 92.62 C 74.9 C 84.6 C

T2 Trichoderma asperellum 90.87 C 80.4 B 81.5 C

T3 Trichoderma virens 87.81 E 81.7 B 73.1 D

T4 Trichoderma asperellum 91.56 C 70.8 D 84.9 C

T5 Trichoderma asperellum 93.37 C 81.5 B 79.4 C

T6 Trichoderma asperellum 88.12 E 84.3 B 80.6 C

T7 Trichoderma virens 91.25 C 82.5 B 83.5 C

T8 Trichoderma asperellum 87.62 E 77.9 B 86 C

T9 Trichoderma virens 85.5 E 75.9 C 83.6 C

T10 Trichoderma virens 93.37 C 80.3 B 66 E

T11 Trichoderma virens 94.62 B 79.2 B 84.8 C

T12 Trichoderma harzianum 90.43 C 79.4 B 85.3 C

T13 Trichoderma harzianum 89.87 D 90.1 A 87.3 B

T14 Trichoderma harzianum 98.68 A 83 B 87.2 B

T15 Trichoderma harzianum 96.81 A 84.2 B 86.7 B

T16 Trichoderma asperellum 92.5 C 75.5 C 77.7 C

T17 Trichoderma virens 98.81 A 88.7 A 87.2 B

T18 Trichoderma asperellum 95 B 65.3 D 85.3 C

T19 Trichoderma asperellum 93.31 C 74.8 C 85.5 C

T20 Trichoderma harzianum 94.81 B 79.3 B 83.6 C

T21 Trichoderma asperellum 94.18 B 78.9 B 81.5 C

T22 Trichoderma asperellum 95.75 B 80.2 B 79.9 C

T23 Trichoderma harzianum 92.62 C 80.8 B 79.7 C

T24 Trichoderma asperellum 94.06 B 85.8 A 88.7 B

T25 Trichoderma harzianum 94.87 B 81.2 B 85.2 C

T26 Trichoderma asperellum 92.18 C 82.4 B 83.8 C

T27 Trichoderma asperellum 98.43 A 91.8 A 88.3 B

T28 Trichoderma asperellum 89.75 D 74.8 C 82.9 C

T29 Trichoderma asperellum 89.68 D 91.9 A 88.5 B

T30 Trichoderma harzianum 93.93 B 91.7 A 93.4 A

T31 Trichoderma asperellum 97.93 A 85 A 87.2 B

T32 Trichoderma 
brevicompactum

92.62 C 92.2 A 92.5 A

T33 Trichoderma atroviride 98.68 A 91.9 A 92.6 A

T34 Trichoderma asperellum 96.18 B 91.6 A 94 A

T35 Trichoderma harzianum 94.12 B 91 A 91.8 A

T36 Trichoderma harzianum 95.68 B 93.1 A 94.4 A

T37 Trichoderma asperellum 98.43 A 90.9 A 93.8 A

T38 Trichoderma asperellum 98.43 A 90.8 A 91.6 A

T39 Trichoderma harzianum 98.31 A 90.6 A 91.9 A
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T. asperellum 12616 (91.6%). In contrast, the isolate T. virens FW40 resulted in the 
lowest inhibition capacity of J2 hatching (66% inhibition).

In [23], they concluded that two Trichoderma isolates (T. asperellum M2RT4 and 
Trichoderma sp. MK4) significantly reduced the number of hatched J2s, between 
60.8 and 81.8%. In the same work, it was observed that T. asperellum M2RT4 was the 
most efficient isolate for the control of galls, egg mass and deposited eggs, reducing, 
respectively, 81.8, 78.5 and 88.4%, indicating that isolates from this species have 
potential for biocontrol. Both results coincide with data on egg and J2 mortality and 
inhibition of hatching of J2, obtained in this work. On the other hand, T. atroviride 
F5S21 had no significant effect in comparison to the control, which goes against the 
result obtained in the present study, whereas T. atroviride (T33) showed positive 
results in parasitism, mortality and inhibition of hatching of J2.

The authors [24] mention that Trichoderma filtrates have toxic effect on adults of 
Meloidogyne sp. The same was observed by [25], in which all filtrates showed toxic 
activity against M. incognita, obtaining 98% of immobile and dead J2.

In a study by [26] with the objective of evaluating the effect of T. harzianum for 
the biological control potential of M. javanica, they also found promising results for 
nematode suppression. In this study, they also evaluated the metabolite production 
capacity and its relationship to nematode suppression. The authors concluded that 
the increased activity of the chitinase enzyme is directly related to the capacity of 
suppression of M. javanica by the species T. harzianum.

The production of lytic enzymes also helps in the penetration of the fungus, 
especially visualized in T. harzianum [27, 28]. The ability to produce metabolites, as 
we can see, is also an important factor in the suppression of nematodes [29]. In our 
study, the production of metabolites by fungi, through fungal filtrates, also had a 
positive result for biocontrol of M. javanica. The production of metabolites by the 
fungi inhibited the outbreak of J2, and the isolate that obtained the lowest percent-
age of inhibition of J2 was a T. virens isolate. However, we can observe that this same 
species had percentages above 80% of mortality, parasitism and inhibition of hatch-
ing, which shows us an important difference between the Trichoderma isolates.

Results from [30] showed that, fungi of the Trichoderma genus, specifically T. 
harzianum in this study, presented positive results for the mortality and hatch inhi-
bition of J2 comparing with control, Paecilomyces lilacinus and humic acid. And [31], 
also observed for 3 different isolates of Trichoderma 100% larval mortality for M. 

Treatments Species J2 
parasitized 

(%)

J2 
mortality 

(%)

J2 hatching 
inhibition 

(%)

T40 Trichoderma harzianum 99 A 91.7 A 91.8 A

Control 
H2O*

0 F 6.3 E 8 F

Control 
Czapek 
Dox**

— 5 E 7.1 F

CV (%) 4.37 6.9 7.8

Means followed by different capital letters are differentiated by the Scott-Knott hierarchical cluster test with 95% 
confidence.
*Only used H2O as control treatment.
**Only used Czapek Dox medium as control treatment.

Table 2. 
Effect of parasitism of Trichoderma spp. and nematicidal and nematostatic effect of metabolites of fungal 
filtrates in Meloidogyne javanica.
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javanica and between 94,1 and 100% larval mortality of M. incognita. Both studies 
support our findings for the potential of Trichoderma for Meloidogyne mortality.

As we can see in the results of this work and supported by others, there is a 
significant difference in the suppression of nematodes among isolates of the same 
species. We observed in our work species of T. asperellum that ranged from 87.62% 
of parasitized J2, up to 98.43%, and also, other strains of the same species showed 
65.3% of J2 mortality, while others showed 91.9%, and for the percentage of inhibi-
tion of J2 hatching, there was a variation from 77.7–94%, within the same species. 
In the species T. harzianum, there were variations of 89.87–99% in parasitism, of 
79.3% to 93.1% of J2 mortality from the filtrates, and from 79.7% to 94.4% of hatch-
ing inhibition, in different strains.

This is due to the fact that each strain has a different gene expression, that is, it 
has genetically the ability to produce different lytic enzymes [22, 32], or it has the 
parasitic capacity expressed by virulence genes. For this reason, selections of highly 
efficient strains are carried out in the biocontrol of pests and diseases.

It was tested by [12] 230 isolates, and only 8 belonging to the South region. All 
organisms obtained in prospecting processes should be tested as potential antago-
nistic agents for different pathogens and pests. The authors affirm the importance 
of prospecting for biological control agents and characterizing them, mainly fungi, 
in the entire Brazilian territorial area, since good antagonists may be dispersed in 
different regions of the country. This work shows the potential of five species of 
Trichoderma in the biological control of M. javanica, and future experiments in 
natural conditions could help to widen the differences of each of the studied strains.

4. Conclusion

All Trichoderma isolates tested showed potential for Meloidogyne javanica 
biocontrol.

Acknowledgements

We thank the Federal University of Santa Maria and the Graduate Program in 
Soil Science, for offering the entire structure for the development of the work. To 
CNPQ (National Council for Scientific and Technological Development) for the 
12 months of scholarship.

Conflict of interest

The authors hereby declare no conflict of interest.



Nematodes - Recent Advances, Management and New Perspectives

134

Author details

Ricardo R. Balardin1*, Cristiano Bellé2, Daiane Dalla Nora1, Rodrigo F. Ramos1,  
José Carlos V. Rodrigues3 and Zaida I. Antoniolli1

1 Federal University of Santa Maria, Santa Maria, Brazil

2 Phytus Institute, Santa Maria, Brazil

3 University of Puerto Rico, San Juan, Puerto Rico

*Address all correspondence to: ricardorbalardin@gmail.com

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 



135

Molecular Characterization and Pathogenicity of Trichoderma Isolates to Meloidogyne…
DOI: http://dx.doi.org/10.5772/intechopen.99035

References

[1] Dias WP, Garcia A, Silva JFV, 
Cameiro GEDS. Nematóides em soja: 
identificação e controle. Embrapa Soja. 
Circ. 76 [Internet]. 2010;1-8. Available 
from: http://agris.fao.org/agris-search/
search/display.do?f=2012/BR/
BR2012113100131.xml;BR20101854178

[2] Almeida AMR, Ferreira LP, 
Yorinori JT, Silva JFV, Henning AA, 
Godoy CV, Costamilan LM & 
Meyer MC. Doenças da soja. In: 
Kimati H, Amorim L & Rezende JAM 
(Eds.) Manual de fitopatologia: doenças 
das plantas cultivadas. São Paulo, 
Agronômica Ceres. 2005;4:570-588.

[3] Mattos V. Variabilidade genética e 
agressividade a soja de populações de 
Meloidogyne spp. do Cerrado e de áreas 
de cultivo. 2013; Available from: http://
repositorio.unb.br/handle/10482/14040

[4] Kirsch VG, Kulczynski SM, 
Gomes CB, Calderan A, Gabriel M, 
Bellé C, et al. Helicotylenchus Associadas 
À Soja No Rio Grande Do Sul. 
Nematropica. 2016;46:197-208.

[5] Moens, M, Roland NP, and James LS. 
Meloidogyne species–a diverse group of 
novel and important plant parasites. 
Root-knot nematodes 2009;1:483.

[6] Coyne DL, Cortada L, Dalzell JJ, 
Claudius-Cole AO, Haukeland S, 
Luambano N, et al. Plant-parasitic 
nematodes and food security in Sub-
Saharan Africa. Annu. Rev. Phytopathol. 
2018;56:381-403.

[7] Hussain MA, Mukhtar T, & 
Kayani MZ. Efficacy evaluation of 
Azadirachta indica, Calotropis procera, 
Datura stramonium and Tagetes erecta 
against root-knot nematodes 
Meloidogyne incognita. Pak. J. Bot, 
2011;43(1):197-204.

[8] Singh V, Mawar R, & Lodha S. 
Combined effects of biocontrol agents 

and soil amendments on soil microbial 
populations, plant growth and incidence 
of charcoal rot of cowpea and wilt of 
cumin. Phytopathologia Mediterranea, 
2012:307-316.

[9] Sikora RA, Schäfer K, & 
Dababat AA. Modes of action associated 
with microbially induced in planta 
suppression of plant-parasitic 
nematodes. Australasian Plant 
Pathology, 2007;36(2):124-134.

[10] de Freitas Soares FE, Sufiate BL, & 
de Queiroz JH. Nematophagous fungi: 
Far beyond the endoparasite, predator 
and ovicidal groups. Agriculture and 
Natural Resources, 2018;52(1):1-8.

[11] Monte E, Bettiol W, & Hermosa R. 
Trichoderma e seus mecanismos de ação 
para o controle de doenças de plantas. 
Trichoderma, 2019:181.

[12] Louzada GADS, Carvalho DDC, 
Mello SCM, Lobo Júnior M, Martins I, 
& Braúna LM. Potencial antagônico de 
Trichoderma spp. originários de 
diferentes agroecossistemas contra 
Sclerotinia sclerotiorum e Fusarium 
solani. Biota neotropica, 
2009;9(3):145-149.

[13] Carneiro RM, Moreira WA, 
Almeida MR, & Gomes ACM. Primeiro 
registro de Meloidogyne mayaguensis 
em goiabeira no Brasil. Nematologia 
Brasileira, Brasília, 2001;25:223-228.

[14] Christie JR, & Perry VG. Removing 
nematodes from soil. Proceedings of the 
Helminthological Society of 
Washington, 1951;18(2):106-108.

[15] Ferreira DF. Sisvar: a computer 
statistical analysis system. Ciência e 
agrotecnologia, 2011;35(6):1039-1042.

[16] Doyle JJ, & Doyle JL. Isolation 
ofplant DNA from fresh tissue. Focus, 
1990;12(13):39-40.



Nematodes - Recent Advances, Management and New Perspectives

136

[17] Staden R, Judge DP, & Bonfield JK. 
Analyzing sequences using the Staden 
Package and EMBOSS. In Introduction 
to bioinformatics. Humana Press, 
Totowa, NJ, 2003:393-410.

[18] Thompson JD, Gibson TJ, 
Plewniak F, Jeanmougin F, & 
Higgins DG. The CLUSTAL_X windows 
interface: flexible strategies for multiple 
sequence alignment aided by quality 
analysis tools. Nucleic acids research, 
1997;25(24):4876-4882.

[19] Kumar S, Stecher G, Li M, Knyaz C, 
& Tamura K. MEGA X: molecular 
evolutionary genetics analysis across 
computing platforms. Molecular biology 
and evolution, 2018;35(6):1547.

[20] Hillis DM, & Bull JJ. An empirical 
test of bootstrapping as a method for 
assessing confidence in phylogenetic 
analysis. Systematic biology, 
1993;42(2):182-192.

[21] Freitas MA, Pedrosa EMR, 
Mariano RLR, & Maranhão SRVL. 
Seleção de Trichoderma spp. como 
potenciais agentes para biocontrole de 
Meloidogyne incognita em cana-de-
açucar [Screening Trichoderma spp. as 
potential agents for biocontrol of 
Meloidogyne incognita in sugarcane]. 
Nematropica, 2012:115-122.

[22] Szabó M. Potential of Trichoderma 
species and nematodetrapping fungi to 
control plant–parasitic nematodes: in 
vitro confrontation and gene 
expression assays using Caenorhabditis 
elegans model system (Doctoral 
dissertation, Ph. D. thesis. Szent Istv 
án University, Gödöllo, 
Hungary), 2014.

[23] Kiriga AW, Haukeland S, 
Kariuki GM, Coyne DL, & Beek NV. 
Effect of Trichoderma spp. and 
Purpureocillium lilacinum on 
Meloidogyne javanica in commercial 
pineapple production in Kenya. 
Biological Control, 2018;119:27-32.

[24] Bokhari FM. Efficacy of some 
Trichoderma species in the control of 
Rotylenchulus reniformis and Meloidogyne 
javanica. Archives of Phytopathology 
and Plant Protection, 
2009;42(4):361-369.

[25] Costa MJ, Campos VP, Pfenning LH, 
& Oliveira DF. Toxicidade de filtrados 
fúngicos a Meloidogyne incognita. 
Fitopatologia Brasileira, 
2001;26:749-755.

[26] Sahebani N, & Hadavi N. Biological 
control of the root-knot nematode 
Meloidogyne javanica by Trichoderma 
harzianum. Soil biology and 
biochemistry, 2008;40(8):2016-2020.

[27] Spiegel Y, & Chet I. Evaluation of 
Trichoderma spp. as a biocontrol agent 
against soilborne fungi and plant-
parasitic nematodes in Israel. Integrated 
Pest Management Reviews, 
1998;3(3):169-175.

[28] Albehadeli Y, Mamarabadi M, & 
MahdiKhani E. Possibility of the 
biocontrol of Meloidogyne javanica using 
the fungus Trichoderma harzianum 
under greenhouse condition. Plant 
Archives, 2019;19.

[29] Goswami J, Pandey RK, Tewari JP, 
& Goswami BK. Management of root 
knot nematode on tomato through 
application of fungal antagonists, 
Acremonium strictum and Trichoderma 
harzianum. Journal of Environmental 
Science and Health Part B, 
2008;43(3):237-240.

[30] Al-Hazmia AS, Al-Yahyaa FA, 
AbdelRafaab OA, & Lafia AH. Effects of 
humic acid, Trichoderma harzianum 
and Paecilomyces lilacinus on 
Meloidogyne javanica. Int J Agric 
Environ Biores, 2019;4(1):61-74.

[31] Migunova V, Sasanelli N, & 
Kurakov A. Effect of microscopic fungi 
on larval mortality of the root-knot 
nematodes Meloidogyne incognita and 



137

Molecular Characterization and Pathogenicity of Trichoderma Isolates to Meloidogyne…
DOI: http://dx.doi.org/10.5772/intechopen.99035

Meloidogyne javanica. Biological and 
integrated control of plant pathogens 
IOBC-WPRS Bulletin, 2018;133:27-31.

[32] Szabó M, Csepregi K, Gálber M, 
Virányi F, & Fekete C. Control plant-
parasitic nematodes with Trichoderma 
species and nematode-trapping fungi: 
The role of chi18-5 and chi18-12 genes in 
nematode egg-parasitism. Biological 
Control, 2012;63(2):121-128.





139

Chapter 9

Biological Control of  
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Abstract

Agriculture is an important activity globally since it ensures food security and 
is a source of income for many families, especially those living in underprivileged 
countries. The continuous growth in the global population has seen farmers 
increase the crop production acreage to meet the increasing demand for food and 
avert food shortage. Despite this, farmers continue to harvest lower yields than 
anticipated, which threatens global food security. The reduced yields result from 
outdated and ineffective farming practices as well as pests and diseases. Diseases 
are a significant cause of reduced crop yields globally. Biotic and abiotic factors 
cause diseases. Of the recognized biotic causes of disease, root-knot nematodes, 
also known as Meloidogyne spp. are plant-parasitic nematodes that cause significant 
losses to farmers in terms of reduced plant yields. Over the years, researchers 
have conducted several studies on the effective use of Trichoderma spp. fungi as a 
biocontrol agent for these pathogens. This paper analyzes the advancements made 
towards the effective and efficient biocontrol of Meloidogyne spp. using Trichoderma 
spp. and the implications of these advancements for agriculture and food security.

Keywords: Food security, root-knot nematodes, Trichoderma spp., biocontrol,  
plant growth promotion

1. Introduction

Agriculture is an important economic activity globally because almost 65% of 
working adults in underprivileged populations earn their livelihood from agricul-
ture and it contributes significantly to the global gross domestic product (GDP) [1]. 
Since farmers engage in both cash crop and subsistence farming, they can either use 
their agricultural produce locally or export it. Due to the high demand for agricul-
tural produce, farmers have increased the acreage of land used to grow their crops 
[2]. However, the increase in acreage of the land used for production is indirectly 
proportional to the yields obtained from the fields [2]. These results imply that the 
technologies used by the farmers either are becoming obsolete or applied ineffi-
ciently. Another implication is that the farmers do not use their land efficiently [1]. 
With the continuous increase in the global population comes the increased demand 
for food to sustain the population. Therefore, farmers need to employ better and 
more efficient farming technologies on their farms and use their land resourcefully. 
Failure to remedy the situation might result in a food crisis worldwide, and espe-
cially in populous developing countries.
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Pests and diseases reduce crop yields on farms for several crops like potato, 
millet, maize, rice, wheat, and soybean. Controlling plant pests and diseases is 
difficult due to various factors including the co-evolution of pests, pathogens, and 
plants over the years in addition to the high numbers and large diversity of the pests 
and pathogens. Categories of pests that attack crops include rodents, insects, and 
birds [3]. Insects damage crops either directly or indirectly. Direct damage involves 
insect activity that causes injury to crops such as burrowing holes in different plant 
tissues and feeding on them [3]. The resulting damage to plant tissues disrupts the 
physiological activities of plants, for example, photosynthesis and water uptake 
and this leads to the decreased yields. Insects, mainly aphids, can also cause 
indirect damage to crops by acting as vectors of plant-parasitic microorganisms, for 
example, nematodes. Birds and rodents cause direct damage to crops by feeding on 
different crop tissues. The indiscriminate feeding habits of rodents is a significant 
challenge to farmers since the pests can feed on any crop grown in the field. If 
farmers are to improve their yields, they must identify the pests in their farms and 
use effective technologies for control.

Diseases, on the other hand, arise from biotic and abiotic factors. Crop diseases 
affect the physiological activity of plants resulting in a significant reduction in crop 
yields in addition to unprecedented costs for farmers. Abiotic factors that cause 
plant diseases include unfavorable growth conditions such as inadequate nutrients 
and insufficient sunlight and mesobiotic factors [4]. Mesobiotic factors are entities 
that exhibit an intermediate state of living and non-living organisms. These entities 
include viroids and viruses. Biotic factors that cause plant diseases are animate and 
pathogenic. These organisms are both eukaryotes and prokaryotes. Prokaryotic 
organisms are of bacterial origin and cause diseases such as soft rot in vegetables 
and wilting in potatoes. Eukaryotes that cause plant diseases include fungi (pow-
dery mildew, rust and smut), protozoa (phloem necrosis in coffee and hart rot in 
palm and coconut trees), algae (red rust in mango and papaya trees), and nema-
todes (root-knot in vegetables, ear cockle of wheat, and molya disease in wheat and 
barley) [4]. Apart from reducing the crop yield, plant diseases can also result in a 
disruption of the natural ecosystem, causing an imbalance of living organisms in 
the environment.

Further, different types of Meloidogyne spp., a polyphagous, endoparasitic 
and sedentary root-knot nematode, attack plants in the field resulting in reduced 
yields. These include M. chitwoodi, M. incognita and M. javanica, also known as the 
southern root-knot nematode [5, 6]. These nematodes produce aboveground and 
belowground symptoms in the affected plants. These symptoms affect plant growth 
and development and therefore reduce yields [6]. It is therefore vital to control 
the nematode population of Meloidogyne spp. in farms to prevent the occurrence 
of a global food crisis. Due to the high economic impact of root-knot nematodes, 
companies, researchers, and farmers have developed several strategies for control-
ling them [7]. One strategy involves the use of chemical nematicides. However, 
since these chemicals are detrimental to human health and pollute the environment, 
authorities and other concerned organizations increasingly discourage their appli-
cation [7, 8]. Another method used by farmers is crop rotation. The disadvantage 
of using this method is that nematodes might form dauer stages that enable them 
to survive in the soil until they detect a potential host and infect it again. Strategies 
related to biocontrol are safer and more effective for the management of root-knot 
nematodes because biocontrol agents target specific organisms and reduce their 
populations and this reduces the damage to crops and the costs farmers incur when 
purchasing broad-spectrum nematicides.

The use of biological control agents to mitigate the damage caused by root-knot 
nematode infestation has several advantages. These advantages are of significant 
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value to food crop and cash crop farmers and the environment. First, biocontrol 
agents are specific to the target organism; therefore, they do not destroy other 
beneficial organisms in the process [3]. Biocontrol can also provide a long-term 
solution to crop pests, reducing the costs required for pest control on the farm. 
Additionally, the biocontrol agents do not cause environmental pollution; therefore, 
their application does not harm other organisms and humans in the environment 
[3]. Further, unlike chemicals, pests do not develop resistance to biological control 
agents. It is possible to control root-knot nematodes at different stages of their 
lifecycle; therefore, the farmer can apply the biocontrol agent depending on the 
nematode stage and the agent’s effectiveness at that stage [7]. One of these stages is 
the hatching stage. Given that the eggs produce the infective stages of the endopara-
site M. incognita, it would be more desirable to control the nematodes at this stage 
before they get to the plants and damage them. Another stage of plant-parasitic 
nematode control is the infective J2 larva stage. Controlling M. incognita larvae at 
their infective stage ensures that the nematodes do not infect susceptible host plants 
and establish feeding sites from where they absorb plant nutrients and develop into 
adults, which produce subsequent generations. Research also shows that biocontrol 
agents can control adult root-knot nematodes.

According to research, different microbes are viable options for the biocontrol 
of root-knot nematodes. These microorganisms use different mechanisms includ-
ing the production of toxins and antibiotics, parasitism, and boosting a plant’s 
immunity for biocontrol [8–10]. Since Trichoderma spp. fungi have a double effect – 
acting as biocontrol agents and promoting plant growth, this chapter focuses on the 
genus, comprising free-living microbes found in the soil. Several studies indicate 
that the fungi is a potential biocontrol agent against the root-knot nematodes in the 
Meloidogyne genus, which are a global menace. For the effective application of the 
fungi as a biocontrol agent, it is important to understand its biological and physi-
ological processes because a biocontrol agent should compete favorably and persist 
in the environment. Additionally, the agent should colonize newly formed  
roots rapidly, multiply on the roots efficiently, and benefit the colonized crop  
continuously until harvest.

2. Root-knot nematodes

The dynamic relationship between nematodes and their plant hosts resulted in the 
evolution of plant-parasitic nematodes over time [11]. Due to these evolutions, the 
nematodes acquired favorable characteristics for their survival and development. These 
characteristics include the development of feeding structures like the stylet that differen-
tiates plant-parasitic nematodes from other nematodes and secretions that are essential 
for infecting the plant host and absorbing nutrients [11]. Currently, there are more than 
4,100 species of plant-parasitic nematodes [6, 8]. These microorganisms cause damage 
to crops and this has significant economic implications for farmers and consumers. On 
average, farmers around the world incur losses that range between 80 and 118 billion 
dollars each year because of the activity of plant-parasitic nematodes [6]. Fifteen percent 
of plant-parasitic nematodes that have a huge economic impact are those that infect the 
roots of the host plant and therefore hinder the uptake of water and nutrients by the 
plant [6].

The most successful plant-parasitic nematode species are sedentary endopara-
sitic nematodes. These nematodes establish a permanent feeding site within the 
roots of the host and obtain nutrients from this site while completing their lifecycle 
[6, 11]. The major genera of plant-parasitic nematodes associated with significant 
crop damage and losses are Xiphinema, Pratylenchus, Hoplolaimus, Heterodera, 
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Rotylenchulus, and Meloidogyne. Crops affected by these nematodes include wheat, 
finger millet, rice, maize, potato, and sweet potato [6]. Root-knot nematode species 
belonging to the Meloidogyne genera are the most dominant root-knot nematodes 
[11]. The genus has over 100 species. Of these species, the ones that cause the most 
devastating damage to crops include M. javanica, M. halpa, M. graminicola, M. 
chitwodii, M. arenaria, and M. incognita. Meloidogyne spp. have a global distribution 
especially in the tropical and subtropical regions and a wide host range [6].

Root-knot nematodes (RKNs), whose scientific name is Meloidogyne spp. are 
polyphagous microorganisms, meaning they have a wide host range. The pathogens 
belong to the order Tylechnida and family Meloidogynidae and inhabit the soil 
[11, 12]. Environmental factors that promote the development and presence of 
Meloidogyne spp. are warm temperatures and moist soils. The optimum temperature 
for root penetration by Meloidogyne spp. is 27°C; however, depending on the spe-
cies, this temperature ranges from 10 to 25°C [12]. Female RKNs lay eggs when the 
temperature ranges from 14.2–31.7°C [12]. Under these temperatures, the females 
lay 300 to 800 eggs in a gelatinous matrix [12]. If the conditions are favorable, RKNs 
can produce a new generation within 25 days; therefore the pathogens can produce 
multiple generations within a year or during a planting season, which increases the 
intensity of the damage they cause [12]. If the conditions are not ideal, it takes 30 
to 40 days for RKNs to produce a new generation [12]. The developmental stages 
involved in the life cycle of RKNs are the egg stage, four juvenile stages (J1, J2, J3, 
and J4), and the adult stage. The first juvenile stage, J1, molts within the egg and 
undergoes a second molt, which results in the emergence of the J2 stage from the 
egg. The J2 stage is the infective stage of RKNs and the only motile stage for these 
sedentary endoparasitic nematodes. After hatching, the juvenile moves towards the 
plant roots and penetrates a root tip using its stylet and enzymes produced by its 
secretory glands [12, 13]. Following penetration, the juvenile moves along the cells 
(intercellular movement) to the zone of cell differentiation, where they become 
sedentary and form giant feeding cells, which are their permanent feeding sites 
[12]. Here, the J2s molt into J3s and J4s and finally into an adult male or female. 
After mating, the adult male moves out of the plant into the soil where they die 
while the female develops an ovoid shape and lays eggs that give rise to another 
generation.

2.1 Plants susceptible to attack by root-knot nematodes

Various plants are susceptible to attack by root-knot nematodes because they are 
polyphagous microorganisms. The host plants for Meloidogyne spp. include toma-
toes, finger millet, cucumbers, eggplants, peas, cotton, cowpeas, coffee, okra, paw-
paw, sugar beet, sunflowers, tobacco, potatoes, beans, and peppers [12–16]. RKNs 
also have a complex relationship with Striga weeds, which are plant-parasitic weeds 
that compete with crops in farms for nutrients and therefore affect crop yields [17]. 
Root-knot nematodes can affect these plants during different developmental stages 
including the seedling phase, vegetative growth phase, and maturation phase [12]. 
Further, the RKNs affect the whole plant, its roots, or leaves, producing observable 
symptoms. Conditions that favor the development of root-knot nematodes include 
warm temperatures, moist and well-aerated soils, planting monocultures, growing 
susceptible crops in infested soils continuously, and weeds in fields [12].

2.2 Symptoms associated with root-knot nematode attack

RKNs produce aboveground and belowground symptoms in affected plants 
[7, 12]. The aboveground symptoms of nematode infestation include yellowing of 
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leaves, patchy fields and stunted growth while belowground symptoms include 
galled, swollen, or distorted roots, reduced root volume, and stunted root growth. 
The diameter of the galls (root knots) ranges from smaller than a pinhead to 
25 mm [12]. According to the plant parts affected, root-knot nematode infestation 
produces the following symptoms: wilting in leaves, galling, swelling, distortion, 
or reduced volume in roots, and dwarfing or wilting for the whole plant. Since 
these symptoms such as wilting and yellowing leaves might be similar to symp-
toms produced by other biotic or abiotic factors, it is important for farmers to 
contact specialists for accurate diagnosis of their crops, to avoid further damage 
by plant-parasitic nematodes, and to implement effective and long-term corrective 
measures [7, 8, 12].

2.3 Methods for managing root-knot nematodes

While the most reliable measures for controlling RKNs are preventive, manage-
ment measures exist. Farmers can use different strategies for the management of 
root-knot nematodes. These include crop rotation, planting resistant varieties, use 
of plant extracts that suppress the activity of RKNs, use of trap crops, sanitation, 
and use of chemical nematicides [7, 8, 18]. These methods enable farmers to reduce 
existing RKN populations and are suitable for seasonal crops and the establishment 
of woody plants [12]. Even though these methods are effective, they are short-term 
solutions to RKN infestations and mostly reduce their populations in the top layer 
of soil. Additionally, since Meloidogyne spp. have a wide host range; the effective-
ness of cultural practices becomes reduced.

Mostly, farmers use pesticides to control the nematodes. While some of these 
pesticides are effective, they are non-specific and therefore harm non-pathogenic 
microorganisms in the environment [3]. Additionally, due to the chemical nature of 
the pesticides, they act as environmental pollutants with a high residue effect. Since 
biocontrol confers several benefits to the farmers, the crops, and the environment, 
it is the most suitable method to use for the inhibition of the parasitic activities of 
M. incognita. Plant extracts from Eucalyptus citriodora (eucalyptus), Azadirachta 
indica (neem), and Tagetes erecta (marigold) are effective against M. incognita, 
Hoplolaimus, and Helicotylenchus multicinctus [6]. Farmers can also use nema-
tophagous fungi and bacteria in the biocontrol of M. incognita. Parasitic bacteria 
belonging to the Pasteuria and Bacillus genera are effective against M. incognita [6]. 
Nematophagus fungi like Lecanicillium psalliotae, Pochonia chlamydosporia, and 
Trichoderma spp. are also effective biocontrol agents [6, 19].

3. Trichoderma spp.

Trichoderma spp. are ubiquitous and saprotrophic microorganisms classified as 
Ascomycetes [15, 20]. One can isolate these fungi from decomposing wood, soil, 
and other organic materials from plants. The scientific classification of the fungi 
identifies it as imperfect fungi because it has no known sexual (haploid) stage [21]. 
Asexual reproduction of the fungi occurs through the production of conidiospores. 
In culture, the fungi exhibit a rapid growth rate and produces numerous spores 
that have different shades of green at maturity (Figures 1–3) [21]. On the reverse 
side of a culture plate, Trichoderma spp. appears uncoloured, yellow, yellow-green, 
or amber [21]. The biological control and plant promotion properties of differ-
ent strains in this genus have generated significant scientific interest, resulting in 
numerous studies since the discovery of the microbe. Additionally, the potential of 
Trichoderma spp. resulted in industries producing the fungi commercially.
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Figure 2. 
Trichoderma atroviride growth on a PDA plate. The yellow or cream growth represents immature spores 
while the green growth represents mature spores.

Figure 1. 
Trichoderma asperellum growth on a PDA plate.
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3.1 Trichoderma spp. in plant growth promotion

Scientific studies on the interactions between plants and Trichoderma spp. 
have made it possible to understand how Trichoderma spp. promote plant growth 
[18–24]. Additionally, these studies show that selecting efficient strains of the fungi 
is crucial because the efficient strains develop a chemical communication with the 
host plant after infecting and colonizing the outer layers of its plant roots [22]. 
Initially, the infection and colonization produce host plant resistance mechanisms 
against the fungi that inhibit further colonization in most plants. However, in some 
plants like the cocoa plant, the response allows the fungi to ramify the plant struc-
ture [23]. Several chemical factors including peptides, hydrophobin-like proteins, 
and smaller molecules initiate plant responses [23]. While some scientists continue 
to discover these factors, others have documented the identified active metabolites 
[23]. Following colonization and development of chemical communication by effi-
cient strains, Trichoderma spp. persist in association with the host plant and confer 
several benefits to the plant throughout its lifecycle.

Trichoderma spp. are endophytic plant symbionts that can multiply and grow in 
soil [23, 24]. The root colonization and subsequent establishment of chemical com-
munication with the host plant result in an alteration of the plant’s physiology due 
to a change in the plant’s genetic expression [8, 9, 11, 14, 20, 23]. The change affects 
several known plant genes or proteins and generally enhance a plant’s performance. 
Remarkably, although the fungal containment is in the roots, there is a greater 
change in gene expression in the shoots compared to the roots. One advantage of 
root colonization by Trichoderma spp. is improved systemic resistance against plant 
diseases through the plant’s innate defense mechanisms [9, 11]. Activating the 
innate defenses reduces the diseases caused by many pathogenic microorganisms 

Figure 3. 
Trichoderma hamatum growth on a PDA plate.
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including bacteria, fungi, and viruses. The induced systemic resistance occurs 
in both monocotyledonous and dicotyledonous plants [11]. Even though innate 
defense mechanisms are not fully effective and rarely approach immunity, 
Trichoderma spp. offsets this setback by inducing long-term resistance, since the 
induced protection persists for months after application, and provides integrated 
control for pathogenic microorganisms because Trichoderma sp. show resistance 
to most chemical pesticides [11]. Commercial seed treatment systems demonstrate 
that a good approach for integrated control involves the application of a chemical 
pesticide with effective Trichoderma spp. [11]. By applying these two control agents, 
plants have increased pathogen protection because pesticides offer comparatively 
short-term but more effective pathogen control while Trichoderma spp. offers long-
term protection.

Apart from protection, some Trichoderma strains confer other benefits to 
plants by enhancing the plant’s resistance to abiotic stresses such as unfavorable 
temperature and water and nutrient unavailability [11]. A principal mechanism that 
Trichoderma spp. uses to offer resistance to abiotic stress is enhancing the expres-
sion of the enzymes involved in foraging reactive oxygen species [11]. Plant expo-
sure to biotic or abiotic stressors leads to the production of destructive amounts 
of reactive oxygen species and some symptoms of this exposure result from this 
toxicity. Enhancing enzymes in pathways like the glutathione-ascorbate cycle 
improves the speed with which antioxidant recycling occurs, reducing the effects of 
stress exposure [11]. Further, Trichoderma spp. induce better nitrogen use efficiency 
in plants. In research to identify the amount of applied nitrogen fertilizer taken 
up by plants, the researchers found that plants take up only 33% of the fertilizer, 
which is a low quantity [11]. Further research in this area shows that it is possible 
to reduce the application of nitrogen fertilizer by 30–50% without affecting the 
yield [11]. Even though research has not fully discovered the mechanisms involved 
in the induction of nitrogen use efficiency in plants, one factor that contributes 
to this phenomenon is Trichoderma’s ability to increase the depth of a plant’s 
root system. Even though the effects triggered by Trichoderma infection require 
energy and would therefore lead to reduced plant growth, scientists continuously 
observe increased growth [11]. An explanation offered for this observation is 
that Trichoderma spp. can improve a plant’s photosynthetic efficiency, which has 
significant implications in plant growth given that plants depend on sunlight and 
photosynthesis for energy [23].

Newer strains of Trichoderma with the discovered beneficial characteristics 
have significant advantages for farmers in developed and developing countries 
because first, since they grow together with plant roots, the farmers need only a 
small amount of inoculum to realize the fungi’s long-term benefits [11]. Developing 
countries can source their inoculum from developed countries, which produce the 
microbe under high quality and controlled environments. The developed transac-
tion relationship is economical because the shipping of small inoculum amounts 
is sufficient and since developing countries might not have the resources required 
to produce pure isolates for inoculation, sourcing them from developed countries 
would be more logical.

Effective induction of plants to cope with biotic and abiotic stressors has desir-
able environmental implications that include reduced water and air pollution due to 
the production and use of nitrogen fertilizers. Additionally, farmers in developed 
and developing countries experience improved yields, which gives them a good 
return on their investments. The improved yields being the cumulative effect of 
a plant’s improved photosynthetic efficiency and responses to biotic and abiotic 
stressors [11, 23]. Apart from improved yields, the reduced application of nitro-
gen fertilizers improves farmers’ savings. In developing countries, since farmers 
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with small farms might not afford commercial fertilizers and pesticides, applying 
Trichoderma spp. that cost comparatively less to improve plant growth can contrib-
ute significantly to global food security. Due to the progressive increase in the global 
population, these improved yields are crucial to preventing a possible food shortage 
crisis. Trichoderma spp. fungi are significant in plant growth promotion because 
they are easy to manipulate or select since it is possible to grow and select several 
strains using simple techniques. Additionally, the fungi have a reasonably long 
shelf life that is important in commercialization [11]. However, since the benefits 
of Trichoderma spp. are strain-specific, it is impossible to generalize the effects of 
one strain to others. Consequently, with the discovery of a new strain, researchers 
should study its plant growth characteristics.

3.2 Trichoderma spp. as a biocontrol agent

Different species within the Trichoderma genus exhibit different biological 
control mechanisms; consequently, to apply a Trichoderma spp. fungus efficiently 
and effectively, scientists and farmers need to understand its mode of action and 
limitations.

3.2.1 Mycoparasitism and antibiotic (toxin) production

A salient characteristic of members of Trichoderma spp. as research indicates is 
the ability to parasitize fungi in other genera [8, 21]. Mycoparasitism is an obligate 
mode of nutrition for mycoparasitic fungi, for example, T. lignorum because despite 
an external supply of essential nutrients the fungi still parasitizes other fungi [21]. 
The biocontrol mechanisms exhibited by mycoparasitic fungi are coiling around the 
pathogen’s hyphae, penetrating the hyphae, and dissolving the pathogen’s cyto-
plasm. Later, research showed that a T. lignorum strain produces toxic substances 
into its environment to facilitate mycoparasitism [21]. The substance produced is 
toxic to Rhizoctonia solani and Sclerotinia americana. The researcher who discovered 
this toxic substance named it gliotoxin. Following this discovery, researchers show 
that it was Gliocladium virens, later renamed Trichoderma virens that produces 
gliotoxin [21]. After this discovery, subsequent studies ascribed effective biocontrol 
by Trichoderma spp. to antibiosis and mycoparasitism [21]. The antibiotic activity 
of different fungi in the Trichoderma genus is specific to some microorganisms. For 
example, gliovirin produced by T. virens is effective against Pythium ultimum and 
Phytophthora sp. but not against several other microorganisms including the bacte-
ria Bacillus thuringesis, Pseudomonas fluorescens, and the fungi R. solani and Rhizopus 
arrhizus [21]. Other Trichoderma spp. that produce toxic substances against patho-
genic microorganisms are T. koningii strain T-8 and T. harzanium strain T-12. Later, 
research showed that T. virens strains deficient in toxin and mycoparasitism genes 
were still effective biocontrol agents, which gave rise to the concept of competition 
and rhizosphere competence as a biocontrol mechanism for Trichoderma spp. [21].

3.2.2 Enzymes

Recent research shows iterative results for another mechanism used by 
Trichoderma spp. for biocontrol [21]. Based on these results, fungi in the genus 
produce chitinases and/or glucanases, which are enzymes that hinder the develop-
ment of plant pathogens [8, 15, 21]. The mode of action of these enzymes involves 
breaking down the glucans, polysaccharides, and chitin that confer rigidity to the 
cell walls of pathogenic microorganisms such as fungi and plant-parasitic nema-
todes. Consequently, Trichoderma spp. interfere with the cell wall integrity of the 
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pathogens. Further research that involved disrupting or over-expressing the genes 
that code for chitinase showed mixed biocontrol activity by Trichoderma spp., 
with the transformant fungi showing increased or decreased biocontrol activity 
towards select pathogens [21]. Due to these results, Scientists concluded that other 
factors and mechanisms apart from chitinases are responsible for the biocontrol 
process [21]. Still, in research to determine the role of chitinases in biocontrol, 
scientist created transgenic plants by transferring the genes that encode endo and 
exochitinases from Trichoderma spp. to tobacco, potato, apple, and cotton plants 
[21]. The genetically modified crops showed increased resistance against plant 
pathogens compared to the non-transgenic lines, proving the role of chitinases in 
biocontrol by Trichoderma spp. fungi. Further, research shows that Trichoderma 
spp. produce protease enzymes that inactivate the hydrolytic enzymes produced by 
pathogenic microorganisms by breaking down the pathogen’s enzymes into their 
precursor molecules, destroying their ability to infect plant cells [21]. Consequently, 
Trichoderma spp., specifically Trichoderma harzanium, reduce the severity of 
diseases caused by root-knot nematodes and fungal pathogens through protease 
activity. Further research on the protease activity of T. harzanium in biocontrol used 
a transformed strain of the fungus and the results showed that the transformed 
strain was more effective than the wild type strain in reducing root galls due to 
root-knot nematode infestation [21]. Additionally, the transformed strain exhibited 
a unique trait by penetrating the egg masses and the eggs inside the galls, hence 
reducing their pathogenicity. In advanced studies, researchers used a combination 
of antibiotics and enzymes to illustrate the effects of synergizing two biocontrol 
mechanisms [21]. Based on the results of these studies, combining antibiotics and 
enzymes produced superior results in terms of reducing pathogenic activity com-
pared to each treatment alone. However, the effective application of the effects of 
synergism depends on a better understanding of the components in the association.

3.2.3 Induction of defense responses in plants

Studies also propose that the biocontrol activity of Trichoderma spp. is due to 
the fungi’s ability to induce resistance in their host plant [9, 24]. In studies using 
Trichoderma harzanium as the biocontrol agent, researchers demonstrated that 
specific concentrations of the fungus initiated defense responses in the roots and 
leaves of the host plants [21]. The plant responses involved enhanced chitinase 
activity, increased peroxidase activity, which causes the production of compounds 
that are toxic to fungi and deposition of callose-enriched wall appositions on inner 
cell wall surfaces. Since Trichoderma spp. are more resistant to antifungal plant 
responses compared to pathogenic fungi, the association between the plant roots 
and the fungi results in the formation of a symbiotic mycorrhizal relationship [21]. 
On the other hand, the enhanced host plant defense responses are lethal to patho-
genic microbes, hence their death.

3.2.4 Adjunct mechanisms

Even though these additional mechanisms are not primary biocontrol mecha-
nisms, they promote disease tolerance or resistance in the host plants [8, 21]. The 
manifestation of these characteristics includes increased root and shoot growth in 
plants, changes in a plant’s nutritional status, and a plant’s increased resistance or 
tolerance to biotic and abiotic stresses. For example, treating plants in nitrogen-
deficient soils with Trichoderma spp. results in healthier plants with improved yields 
compared to untreated crops [10, 21]. Research shows that this effect could result 
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from the symbiotic interactions between T. harzanium and Bradyrhizobium japoni-
cum, a nitrogen-fixing bacterium. Theoretically, the association between these two 
microorganisms improves the plant’s nitrogen utilization capacity, which decreases 
the need to use artificial nitrogen fertilizers on a farm [21]. Further, research shows 
that plants treated with T. harzanium have improved nutrient concentrations due to 
the beneficial interaction with Trichoderma spp.

3.3 Trichoderma spp. as a biocontrol agent for root-knot nematodes

Results from previous studies indicate that different Trichoderma spp. including 
T. atroviride, T. viride, T. asperellum, and T. harzanium are excellent biocontrol agents 
against root-knot nematodes [10, 19–24]. Using Trichoderma spp. when growing 
plants susceptible to root-knot nematodes reduces the formation of root galls due 
to nematode infestation and promotes plant tolerance and growth [8, 14, 18, 20]. 
Trichoderma spp. have highly branched conidiophores that produce conidia, which 
attach to various nematode stages. The attachment and parasitic activity of these 
conidia depend on the Trichoderma species and strain; however, successful parasit-
ism of root-knot nematodes during any stage requires mechanisms that promote 
penetration of pathogen eggs and cuticles by the antagonistic Trichoderma spp. [14]. 
Research on the attachment of these fungi shows that it results from the formation 
of appressoria due to fungal coiling. Further research shows that lytic enzymes for 
example β-1, 3-glucanase, chitinase, protease and lipase produced by Trichoderma 
spp. have a role in Meloidogyne spp. parasitism [14, 15]. Apart from direct antago-
nism, Trichoderma spp. use other techniques including induced plant resistance 
and fungal metabolites discussed earlier that are useful in the biological control of 
Meloidogyne spp. In research to determine the modulation of the hormone-signaling 
network of the host plant by Trichoderma spp. for induction of nematode resistance, 
the researchers observed that plant roots colonized by the fungi hindered RKN 
development locally and systematically [25]. The hindrance occurred at different 
stages including the reproductive, gall formation, and penetration stages. The 
fungi achieved this effect by priming defenses regulated by salicyclic acid, which 
prevents root invasion by J2s [24]. They also boosted the plant defenses controlled 
by jasmonic acid, which prevented the nematodes from provoking the deregulation 
of jasmonic acid-dependent immune responses that hindered the formation of root 
galls and female fertility [24].

Overall, to receive optimal outcomes, farmers and researchers should apply 
Trichoderma spp. to the soil before planting to promote the proper establishment 
of the fungi on the plant rhizosphere, which is crucial to the management and 
control of root-knot nematodes. Augmentative biological control describes the 
process of applying selected and mass-produced biological control agents such as 
Trichoderma spp. fungi in high densities one or many times during a planting  
season.

4. Conclusion

Agriculture is an important economic activity globally because it is a source 
of income for many families and contributes substantially to the global gross 
domestic product. Crop farmers engage in both subsistence and cash crop farming 
to sustain the ever-growing global population. Consistent with the population 
growth, farmers adopt other farming practices including using more land to 
increase their productivity. However, the pests and diseases that attack crops in 
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the field challenge this anticipation. Pests including rodents, birds, and insects 
cause direct and indirect damage to crops through their activity. Insects like 
aphids, for example, cause direct damage by sucking nutrients from the phloem 
of plant tissues and indirectly by acting as vectors for pathogenic microbes, which 
can enter plant tissues as the insect feeds and multiply leading to plant diseases. 
Plant diseases arise from abiotic, mesobiotic, and biotic factors. While abiotic fac-
tors are non-living components of a plant’s ecosystem, mesobiotic factors exhibit 
an intermediary state between a living and non-living organism, for example, 
virus particles. Biotic factors that cause plant diseases are prokaryotic and eukary-
otic organisms in a plant’s environment. The prokaryotic organisms are bacterial 
cells and eukaryotic organisms include fungi and nematodes. Plant-parasitic 
nematodes, especially root-knot nematodes, are among the most significant biotic 
pathogens worldwide because they cause significant losses to farmers of different 
food types. Controlling root-knot nematodes is usually difficult because they are 
polyphagous and can form dauer stages, which enable them to survive in the soil 
for long periods until they detect a susceptible host plant. However, biocontrol 
agents such as Trichoderma spp. fungi provide long-term and effective solu-
tions against RKNs. Additionally, the fungi promote plant growth in the plants 
it colonizes, hence a desirable double effect. However, it is crucial to understand 
the mechanism of action of the various fungi in the Trichoderma genus for their 
efficient application.

Acknowledgements

I would like to acknowledge my undergraduate supervisors, Ms. Beth Wangui 
Waweru and Dr. Njira Njira Pili, who spurred my interest in biological control 
agents for root-knot nematodes during my project, pointed me to quality resources 
for the subject matter and helped improve the quality of my work.

Conflict of interest

The author declares no conflict of interest.

Thanks

My gratitude goes to Njagi for encouraging me to write this chapter; Judah Leo, 
who inspires me to try out new opportunities, achieve greater heights and give my 
best; my parents, Mr. and Mrs. Mulusa, for supporting my academic goals; and 
IntechOpen for this opportunity.

Nomenclature

1. Abiotic factors – These are non-living components of an ecosystem that influ-
ence the ecosystem. Examples of abiotic factors are light, water, humidity, 
acidity, and temperature.

2. Biocontrol - Biological control of plant diseases involves using living organisms 
to suppress plant pathogen populations.
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3. Biocontrol agents - Scientists and farmers apply microbial biological control 
agents (MBCAs) to crops for the biological control of plant pathogens. The 
MBCAs use various modes of action to control the pathogens effectively. Some 
of them induce plant resistance and control the pathogen without any direct 
MBCA-pathogen interactions; others compete for nutrients with pathogens or 
exhibit other mechanisms that modulate the pathogen growth conditions; and 
others use antagonism through hyperparasitism and antibiosis, which inhibit 
the pathogens directly. Metabolic events that combine various modes of action 
regulate these interactions.

It is crucial to understand an MBCA’s mode of action to optimize its pathogen-
control abilities. Additionally, understanding the mode of action promotes the 
succinct knowledge and characterization of risk exposure for organisms higher 
up in the food chain and the environment as well as plant resistance develop-
ment towards a given MBCA.

4. Biotic factors – Biotic factors are living components of an ecosystem that af-
fect other living organisms within the ecosystem or the ecosystem as a whole. 
In a farm, the biotic factors can include insects, microorganisms, plants, and 
rodents.

5. Dwarfing – This is a process that occurs when there is a change in a plant so 
that its size is significantly smaller than that of other plants within the same 
species. The causes of dwarfing can be hormonal, genetic, or nutritional.

6. Fungus – A type of eukaryotic living organism with a filamentous, unicellular, 
or multicellular existence. The scientific name used to refer to the filament is 
hyphae (plural: hypha). The cells of fungi have chitinous or cellulose cell walls 
and while some fungi are parasitic, others are saprophytic. Further, fungi can 
produce either sexually or asexually.

7. Nematophagus fungi – These are fungi that trap, kill, and digest nematodes 
using specialized structures on their mycelia or spores for trapping vermiform 
nematodes or hyphal tips for attacking nematode eggs and cysts before pen-
etrating the cuticles of nematodes.

8. Nematicides – These are chemical pesticides used for killing plant-parasitic 
nematodes. Often, they are broad-spectrum toxicants with high volatility, 
which facilitates their movement in soil following application. An example is 
fosthiazate.

9. Pesticides – These are substances or a mixture of substances used to prevent, 
terminate, repel, or diminish pests. Application methods for pesticides include 
spraying, dusting, padding, granular application, and seed pelleting.

10. Plant extracts – These are substances with desirable properties drawn from 
a plant tissue for a specific use. Often extraction involves the use of solvents 
such as ethanol.

11. Pollutants – These are contaminants that when introduced to the environment, 
affect it adversely. They include particulate matter, greenhouse gases, and 
chemicals.
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12. Reactive oxygen species – These highly reactive chemical molecules result from 
oxygen’s electron receptivity. Examples are alpha-oxygen and peroxides.

13. Root galls – Unusual swellings or localized tumors in plant tissues. Often, their 
size varies, ranging between 1 and 10 mm in diameter. The size depends on the 
nematode species and the location of the gall on the root system. Severe galling 
causes root malformation, shortening, and thickening, which hinders develop-
ment and branching in roots.

14. Striga weeds – Commonly known as witchweed, this parasitic crop occurs 
naturally in parts of Australia, Africa, and Asia. The weed parasitizes cereal 
crops mostly, which reduces their yield significantly.

15. Wilting – A phenomenon observed when non-woody plants lose rigidity due 
to a decrease in the turgor pressure of non-lignified plant cells. Wilting occurs 
due to reduced water supply to the cells.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Abstract

Soil nematodes have advantages as bio-indicators, because they have beneficial 
role in the food web. Nematodes associated with bacteria are probably the most 
studied biological indicators of soil fertility. Saprophytic nematodes act as bio-
indicators of soil health because they have different beneficial ways to increase in 
soil functions such as in management of ecosystem; enhancement of nitrogen in soil 
by ingestion of nitrogen and secrete extra nitrogen as NH4, that is easily absorbable; 
putrefaction and by dispersion of bacteria and fungi to recently available organic 
residues. Therefore, nematode are beneficial in increasing soil health or plant 
growth by providing the nutrient through associated bacteria. So it can be evaluated 
that the nematodes use as biological indicators of soil fertility because of remark-
able diversity and nematode contribution in many functions of the soil fertility.

Keywords: Soil health, indicator, microorganism, nematodes, diversity, food web, 
nitrogen mineralization

1. Introduction

Biological indicators have association with different functions of soil and have qual-
ity to monitor the soil functions and enhance the health of soil [1, 2]. These indicators 
play a dynamic role to increase the soil properties, in decomposition and chemical con-
taminants. Many scientists [3] and Pankhurst et al., [4] Haitova and Bileva [5] preferred 
that biological indicator, indicates ecosystem processes; physical, chemical changes and 
biological properties and processes [6, 7]. Soil health is the quality of a soil to function 
within ecosystem’s limits to sustain in biotic activity [8], to keep environmental qual-
ity for the promotion of plant and animal health. A healthy soil will be needed to help 
in life processing such as plant production and support soil food web and maintain 
microbial diversity Vads et al., [9]. In agrarian countries the use of chemical fertilizers 
make independent in food production but it makes polluted atmosphere and cause 
hazardous impacts on anima and humans. Due to inadequate uptake of these chemical 
based fertilizer by plants, they absorb into water bodies through rainy water, by which 
water bodies enriched with nutrients and minerals and effect on biotic fauna flora and 
also the growth living microorganism. The extra uses of chemical fertilizers in agrarian 
fauna are more expensive and also have several antagonistic effects on soils as reduction 
of water holding capacity, soil fertility and disparity in soil nutrients.

Soil nematodes have been recognized as the part of agrarian fauna as they have 
a significant role in the ecosystem [10–12]; Bileva and Arnaudova, [13]. Nematodes 
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as bio-indicators have been played a key roles in the decomposition of soil organic 
matter, food chain cycling, degradation of soil pollution, and the formation of 
healthy soil structure [14]. They have the capability to make differences in their 
areas, such as stress due to deficiency and contaminants. Biological indicators may 
reproduce the overall population, category, and activity of microorganisms and the 
diversity of the living organisms in soil [15].

The presence of plant growth promoting rhizobacteria (PGPR) in soil, is also 
biological indicator because the microorganisms rebuild the nutrient cycle and 
maintain the organic matter in the soil. Through the use of PGPR, vital plants 
can be grown in the soil. Since they play several roles, a preferred scientific term 
for such beneficial bacteria such as B. cereus, B. subtilis [16] and some species of 
Serratia provide “eco-friendly” organic agro-input. Soil nematode of the family 
Rhabditidae are associated with different bacteria and the secondary metabolites 
produced by these bacteria have the ability to fix nitrogen in the soil. Oscheius is an 
excellent laboratory model to study internal gene transfer because these microbial 
worms are bacterial feeders, have vector viable bacteria B. cereus, B. megaterium, 
B. subtilis and Pseudomonas aeruginosa. They have the ability to absorb PO4. 
Insoluble PO4 is generally un-absorbable to the plant. The root system simply 
cannot absorb it. Soil microorganisms, such as B. subtilis, are beneficial to plant 
health and plant growth.

Besides saprophytic nematodes, free-living marine nematodes use as pollution 
indicators coastal areas. The use of benthic flora as bio-indicators of different water 
source like, ocean, river and lake quality can be examined in terms of population 
density and diversity, test morphology - including size, prolocular morphology, 
ultrastructure, abnormality, and the chemistry of the test. The study of pollution 
effects on benthic flora and their use as substitutions began in the 1960s [17–19], 
and has been increasingly developed in recent decades as a result of environmental 
research (for reviews, see [20–25]).

Soko, and Gyedu-Ababio [26] reported the relationship between different envi-
ronmental factors and with free-living marine nematodes. They found some metals 
such Cadmium, Colbat, Chromium, Copper, Iron, Manganese, Nickel, Vadium, 
Zinc and Aluminum affected the diversity and density of marine nematodes. 
Shannon-Wiener Diversity, Maturity Index and colonize-persisters percentage 
(c% - p%) were also found to be good tools for use as pollution indicators Chander 
& Brookes, [27]. Nematode genera such as Terschellingia, Theristus and Halalaimus 
were found during that study to be dominant at a site strongly impacted by both 
metals concentration and organic matters. The three genera are believed to be good 
indicators of pollution in the Incomati River Estuary.

2. Materials and methods

2.1 Soil sampling and nematode isolation

Surveys were conducted to check the soil fertility and nematode presence. 
The experiment was laid out in randomized complete block design (RCBD). The 
trial was conducted and was repeated to evaluate the nitrogen mineralization and 
presence of saprophytic nematodes associated with bacteria. In this experiment 5 
soils samples (each field) were collected from two different types of vegetation, one 
from healthy plantations and another from infected plants.

Soil samples consisting of 1.6 cm diam., x 10 cm deep cores were taken from 
each plot. The samples of the same plot were mixed thoroughly to form a composite 
sample. 100 g soil samples taken from each composite sample were processed by 
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Cobb sieving [28] followed by modified Baermann funnel method [29]. Nematodes 
were collected after 48 h. The population of saprophytic nematodes was increased 
in the presence of symbiotic bacteria. Plant growth was also increased so it indicates 
that nematodes use as bio-indicator of plant and soil health.

2.2 Soil analysis

In the present experiment sandy loam soil was used, which was collected from 
Botanical garden of University of University of Karachi. Soil analysis was  
performed in the Department of Environmental studies.

3. Results and discussion

In this experiment 5 soils samples (each field) were collected from two different 
types of vegetation, one from healthy plantations and another from infected plants. 
Saprophytic and parasitic nematodes were the most abundant groups in all samples. 
There were significant differences in the numbers of saprophytic (P ≤ 0.01) and 
plant parasitic nematodes (P ≤ 0.05) between the healthy and infected plantations 
but no difference was observed in the numbers of fungal feeding nematodes. The 
common genera were found in all samples (Aphelenchoides, Aphelenchus, Meloidogyne, 
Pratylenchus, Trichodorous, Helicotylenchus, Hoplolaimus, Xiphinema, Tylenchus and 
Mononchus. From healthy plantation the bacteria feeding genera, Acrobeles, Rhabditis, 
Cervidellus, Eucephalobus, Cephalobus, Heterocephalobus, Plectus and Tylocephalus were 
found, showed that these nematodes fixed the nitrogen fixing bacteria in the soil for 
which soil is healthy source for healthy plantation or it can be evaluated that the pres-
ence of nematodes indicates the soil health [30, 31].

3.1 Soil analysis

The soil composed of 55% of sand, 27.4% silt and 16.5% clay and contained PO4 
2.5 mg/kg, total N: 11.42 mg /kg by TKN method [32] and the pH was 7.1. Fresh soil 
passed through a 2 mm mesh to remove stones, macro-fauna and discernible. The 
half of soil was sterilized, which contained PO4 2.4 mg/kg, total N: 103 mg /kg by 
TKN method (Total Kjeldhal Nitrogen) and the pH was 6.8.

Figure 1. 
Healthy plants roots, stem and leaves showed the fertility of soil.
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The saprophytic nematode population significantly increased in healthy soil 
(RCBD- ANOVA: F = 17; df = 8, 18; P < 0.001) Figure 1. Plant parasitic and free-
living soil nematodes also differed significantly (RCBD - ANOVA F = 25, df = 2, 
18; P < 0.001) and the presence or absence of plant and soil also had marked effect 
on plant (RCBD- ANOVA: F = 26; df = 16, 18; P < 0.001). No detectable increase 
in the population of plant parasitic nematodes was observed in healthy soil. The 
population of Aphelenchoides sacchari was significantly decreased in healthy 
plantation (F = 33.57; df = 2, 6; P < 0.001) as compared infected plants whereas 
the population of A. sacchari (F = 17; df = 2,6; P < 0.001) and Hemicriconemoides 
mangiferae (F = 23; df = 2,6; P < 0.001) were significantly decreased in healthy 
soil. The population levels of Rotylenchulus reniformis and Helichotylenchus were 
also considerably decreased (P < 0.001) in healthy plants. Significant differences 
were observed between healthy and infected plants on reduction of parasitic 
nematodes. Overall population of free-living or saprophytic nematodes was high 
and significantly increased in fertile soil due to which the vegetables and fruits 
were reproduce more and more vegetables and fruits. The population of Acrobeles, 
Rhabditis, and Cephalobus, soil nematodes were showed significantly increased in 
healthy and fertile soil (F = 9; df = 2,6; P < 0.0001); (F = 4; df = 2, 6; P < 0.001); 
(F = 8; df = 2,6; P < 0.00), respectively Figure 2. The overall results showed that 
the presence of abundant number of saprophytic nematodes indicates that the 
soil was filled with nitrogen, plant growth promoting rhizobacteria (PGPR) and 
fertility. Soil nematodes was highly active to fix the nitrogen fixing bacteria in soil. 
The population of Acrobeles, Rhabditis, and Cephalobus, nematodes species were 
comparatively more active nematodes for fixing and indicating the health of soil 
(Figure 2).

3.2 Nematode population in soil act as indicator

Rhabditis significantly (P < 0.001) showed the presence of higher level of 
nitrogen in soil whereas Acrobeles (A.) also significantly increased the nitrogen level 
(Table 1 and Figure 3).

3.3 Plant root and shoot growth

Due to the presence of nematode associated bacteria the root, shoot length and 
number of forks was significantly (P < 0.01) increased shown in Figures 1 and 4.

Figure 2. 
Infected plants A, B and C and healthy plants D and E.
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The indication of soil fertility and the suppression of plant parasitic nematodes 
also studies in this study. This observation was already reported by the previous 
researchers [33–37]. Our findings using saprophytic nematodes associated with bac-
teria also suppress the population of plant parasitic nematodes on Cynodon dactylon 
grass. Most plant parasitic nematode genera in our experiment was suppressed in 

S. No. Plant and soil nematodes Healthy plant Infected plant

1 Acrobeles 75 15

2 Aphelenchus 12 45

4 Aphelnchoides 15 51

5 Cephalobus 59 25

6 Cervidellus 62 16

7 Eucephalobus 46 03

8 Hoplolaimus 19 28

9 Heterocephalobus 44 04

10 Helichotylenchus 21 55

11 Meloidogyne 00 10

12 Paratylenchus 09 37

13 Pratylenchus 01 18

14 Plectus 23 15

15 Rhabditis 82 20

16 Trichodorous 15 28

17 Tylenchorhynchus 24 65

18 Xiphinema 10 71

Table 1. 
Percentage of plant parasitic and soil nematode population captured from healthy and infected plant.

Figure 3. 
Population density of plant and soil nematodes found from healthy and infected plants.
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the abundant presence of free living bacterial feeding nematodes and also entomo-
pathogenic nematodes. So it can evaluated the saprophytic nematodes should be as 
effective in suppressing the population of plant parasitic nematodes [35, 38].

For this purpose an experiment was conducted in which sterilized and non-
sterilized soil by providing heat treatment were used. Four types of treatments with 
combination of control applied into soil (tomato pots) which has tomato seedlings. 
Treatments of nematodes culture obtained from the culture lab of NNRC, UoK. 
Nitrogen enhancement rates were calculated from soil. Different treatments dif-
fered in the amount of fixed nitrogen fixed in the soil, Oscheius A. treated pot show 
higher amount of nitrogen as compared to other treatments. The result of that study 
was conducted in green house condition where different factors were involved. 
The result of the experiment showed that Acrobeles significantly enhanced the soil 
fertility or nitrogen in soil [39].

The production of nematodes, which is bacterial feeding, nematodes directly 
associated to the rate of putrefaction of different organic modifications [40]. It is well 
known that saprophytic nematodes significantly increase soil nutrient absorption 
and bacterial population [41]. Inorganic nitrogen supports the plant growth initiates 
mostly from biotic activities in the soil. Thus indication about the richness, multiplicity 
and activities of different biotic fauna responsible for nitrogen mineralization is of 
vital position in the health of soil productivity. Soil organic materials could character-
ize the main source of inorganic nitrogen, even in the presence of fertilizer [42–44].

Nematodes, a diverse group of round worms, exist cosmopolitan in almost all 
biomes. Saprophytic free-living soil nematodes found as the part of agricultural 
fauna indicate an important role in the ecosystem. Usually 50 percent nematode 
fauna present in soil are saprophytic and the ratio reaches 80% at locations for high 
bacteriological population [40, 45–50] these are useful indicators of soil health 
because of their remarkable variety and their role in many functions of the soil food 
web. Many Scientists [51–53] have been studied and proved the evidence of the 
occurrence of saprophytic nematodes improved the nitrogen mineralization and 
later on stimulated plant growth experimented by different researchers [50, 54–57] 
and have indicating properties. They significantly enrolled in C mineralization and 
nutrient cycling, mainly by feeding on bacteria and fungi. Nematodes are the most 
abundant metazoans in soil.

Figure 4. 
Enhancement of nitrogen (TKN method) that showed by nematode as bio-indicator.
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Four of every five multi-cellular animals on the planets are nematodes. Normally 
twenty to fifty percent nematodes are bacterial feeders and the diversity of pres-
ence reaches 90–99% at locations of high bacterial activity [41, 46, 58]. These are 
the free-moving nematodes, not feeding on a particular plant but on the soil and 
bacteria. They are commonly associated with decaying root galls as probably they 
feed on decaying plant materials and increase soil fertility.

Different scientists of the world have been given the techniques to measuring the 
status of soil health by calculating the numbers of nematodes in different families in 
addition to their variety, they are beneficial indicators because of their population 
in response to fluctuations in moisture and temperature. Soil saprophytic nema-
todes preserved the level of plant -absorbable nitrogen in organic farming system. 
The process of recycling nutrients from organic to inorganic form is termed min-
eralization, Nematodes involved directly to nitrogen enhancement by their feeding 
interactions. For example nematodes ingest nitrogen in the form of proteins and 
other nitrogenous compounds and release extra amount of nitrogen as ammonia 
which is easily absorb for plant use. When nematodes graze on these microbes they 
give off CO2 and NH4 and increase soil fertility. Nematodes keep 1/6 of the nitro-
gen, they process and rest 5/6 is excreted to the soil for plant absorption. Classical 
management practices along with nematodes as bio-fertilizers are useful to increase 
soil conditions and crop productivity.

4. Conclusion

Results showed that Acrobeles and Rhabditis nematodes are significantly 
enhanced the soil fertility or nitrogen in soil. The increase in nematode numbers, 
especially bacterial feeding, especially bacterial feeding nematodes is directly 
associated to the rate of breakdown of different organic materials [40]. It is well 
recognized that soil nematodes significantly enhance nutrient in soil as well as 
bacterial populations [41]. The enhancing effect of bacterial-feeding nematodes on 
microbial population growth in soil microcosm has been reported by Mesfin et al., 
[48], they found that all the treatments having nematodes and bacteria had higher 
bacterial densities than the treatments without nematodes. Our results supported 
this conclusion, suggesting that nematodes increased the bacterial densities, and 
populations of nematodes and bacteria rose simultaneously.

There is need to use the bacterial feeding nematodes as bio-fertilizer for produc-
tion of healthy plants or crops. Based on the previous studies the practical use of 
nematodes seems to be more appropriate as they are effective to enhance nitrogen 
and carbon level in soil. Nematodes use as a bio-fertilizer gave benefits in agricul-
ture to raise productivity. About thirty percent of the total inorganic nitrogen was 
mineralized in the form of soil organic matter that was for consumption soil micro-
organism [48, 59, 60]. Microphagous nematodes, establish an important group that 
effects on micro-organism activity and are important regulators of decomposi-
tion and nutrient release processes [41, 55]. Interactions between nematodes and 
microbes and have been studied under temperate soil conditions. Nematodes are 
present in diverse habitat they play the major role in the ecosystem advancement, 
soil properties, soil microbe’s diversity, plant growth and crop production. The 
agrarian useful nematode fauna increase soil health with fixing the rhizobacteria, 
Nitrogen fixing cyanobacteria, plant beneficial bacteria and decomposition of 
microbes [1, 2, 61].
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Abstract

Anthelmintics used in animals to combat parasitic infections are mainly excreted 
in manure and cause negative effects on the environment and decomposers. 
Nematodes are associated with the rhizosphere; some are gastrointestinal parasites 
of animals, and others regulate insects and other arthropods (entomopathogenic 
nematodes) and are considered beneficial. The habitat and the similarities that exist 
among them give the opportunity to use nematodes as a biological model. The avail-
ability of target organisms is not always feasible; therefore, experimental studies 
with models similar to those of the target organisms are a possibility. In veterinary 
clinics, the study of drug susceptibility is a fundamental tool to monitor the devel-
opment of resistance. To conserve the biodiversity of the environment, it is neces-
sary to make adequate use of anthelmintics, avoid resistance to these pesticides and 
prevent the used products from damaging populations of beneficial organisms.

Keywords: Rhizosphere, parasites, intestinal, entomopathogens, anthelmintics, 
resistance

1. Introduction

Nematodes in nature show astonishing biodiversity since only approximately 
30,000 species have been described, but it is estimated that there are a million or 
more species of nematodes worldwide. Nematodes generally have a long, narrow 
and thread-like body (‘nema’ from the Greek ‘thread’), not segmented like earth-
worms. Its body is basically tubular, and the intestine and gonad are surrounded by 
the wall of the body with its dorsal and ventral longitudinal muscles, epidermis and 
cuticle. Between the inner and outer tubes, there is a pressurised cavity filled with 
fluid that acts as a hydrostatic skeleton, all of which allows the nematodes to move 
in sinusoidal waves. The morphological diversity in this group is restricted and 
much lower than that of other arthropods or vertebrates. All nematodes go through 
three or four larval stages, and at the end of each stage, a new cuticle is synthesised, 
and the previous cuticle is moulted. The nematode species are very diverse, and the 
most obvious differences are observed in size, which varies from fractions of a mil-
limetre to several metres, cuticular decorations and especially feeding structures. 
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The mouth of nematodes can be a simple tube, or it can be decorated with a perfo-
rating stylet (in plant parasites and fungal feeders) or with teeth that can cut, tear 
or bite in predatory species such as Mononchus and in some intestinal parasites such 
as Strongylus [1].

Nematodes are also the most numerous group of parasites of animals and 
humans and are widely distributed in a variety of habitats. Some are free-living, 
while others are in some part of their life cycle parasites of plants and vertebrates or 
invertebrates [2]. Parasitic nematodes of animals have great economic importance; 
due to the high frequency with which they occur, they are generally chronic and 
most interfere with good growth. They can be located in most organs, mainly in the 
digestive tract, have a direct or indirect life cycle, and some are zoonotic [3].

2. Anatomy

The cuticle is a noncellular, flexible and elastic structure that generally has 
externally arranged rings; however, since the cuticle is not visible, it has a smooth, 
shiny appearance and is secreted by the layer of cells that are immediately below, 
that is, the hypodermis (Figure 1). The cuticle is formed by several layers whose 
number and thickness vary according to the species in question and is composed of 
proteins such as albumin and glycoproteins [4].

The hypodermis is a thin layer of four tubular thickenings, called the dorsal 
cord, two lateral and one ventral. It contains cells that secrete the layers of the 
cuticle. The muscular system is composed of two types of muscles, specialised and 
nonspecialized or somatic, which occupy a position close to the hypodermis of the 
areas between the cords, forming a single layer of cells, which has an important role 
in body movements [5].

The specialised muscles are found in several positions and have important func-
tions, such as the oesophageal muscles in the wall of the oesophagus, the intestinal 
muscles in the wall of the intestine, the dilator and compressor muscles of the 

Figure 1. 
Nematode cross section (c) cuticle, (cd) dorsal field, (cl) lateral field, (cm) muscle cell, (cv) ventral field, (i) 
intestine, (o) ovary, (u) uterus.
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anus, the copulatory muscles, those of the copulatory bursa, of the spicules, of the 
gubernaculum and vulva [4].

Cordero del Campillo et al. [6] described the anatomy of nematodes in detail 
regarding the digestive system of nematodes, indicating that it is elongated and has 
a sac-like shape; it is composed of different organs (Figure 2). The mouth is located 
in the subdorsal or ventral apex, and the primitive model is made up of six lips with 
two papillae each distributed in two circles (internal and middle) and a third or 
external circle of four papillae and two lateral amphids, although there are extensive 
variations in morphology and position. The oral cavity or orifice is a dilation in 
which hooks or teeth are found both in the cuticular walls in the oral capsule or in 
the bottom of the cavity. The oesophagus is a radiated muscular organ covered by 
a thick cuticle, and the muscles that occupy the oesophageal lumen contain three 
glands, which produce enzymes for its digestive function (Figure 3). The intestine 

Figure 2. 
Schematization of (a) digestive system, (b) excretory system, (c) nervous system.

Figure 3. 
Different types of nematode oesophagus; (a) rhabditoid, (b) strongyloid, (c) filariform, (d) oxyuride, (e) 
trichuroid.
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is cylindrical in shape and is composed of a basal lamina and a single cell epithelium 
with a nonmuscular wall covered by microvilli (Figure 2). Finally, the rectum is 
found as an invagination of the cuticular lining that in males gives rise to the cloaca; 
in some species, it also has glands. In addition to the functions of absorption and 
defecation of the rectum, it fulfils other functions as an organ of secretion.

The excretory system contains two unbranched lateral tubes that are part of the 
lateral cords of the hypodermis. The excretory duct comprises the transverse canal 
to the excretory pore, which generally encompasses the cephalic and cervical region 
of the nematode.

The nervous system of nematodes is formed by the circumoesophageal ring, 
which contains ganglia and surrounds the oesophagus, with numerous longitudinal 
nerves (Figure 2). On the dorsal and ventral lines of the body of the nematodes 
are two of the six short nerves that pass through the anterior part of the body, and 
another six long nerves pass to the posterior end of the body, likewise a shorter 
nerve in the ventral line, and the longest in the dorsal line and two small ones in 
each lateral line. The main nerves emit nerve fibres that can become entangled 
throughout the body and rejoin these nerves or follow other routes. In general, the 
sensory organs of parasitic nematodes are less developed than those of nonparasitic 
nematodes since parasitic life degenerates and atrophies the sensory organs. For 
these, if we can find the oral papillae, a pair of cervical papillae, and amphidal 
papillae located in the anterior end, in the posterior end of the body of the male, we 
can find the genital papillae and other called phasmids in the posterior end of males 
and females, we can also find an anal ganglion.

The reproductive organs of nematodes are filiform, whitish, long and spirally 
wound, and their apical end is blind. They continue with long tubes of similar 
morphology that lead them to the genital cells to the outside. Both the ovaries and 
the testicles begin as thin threads and are transformed into a central cord, and the 
surrounding genital cells are later transformed into genital ducts. The male has 
only one testicle and a vas deferens through which sperm discharge, a seminal 
vesicle where sperm are stored, and an ejaculatory duct that ends in the cloaca. The 
testes of most nematodes are of the telegonic type; we also found spermatogonia 
that extend from the distal portion of the tube and complete along the walls of 
the central rachis. The spicules are the copulatory organs that are generally found 
in nematodes, which are elongated and filiform organs of varied dimensions. The 
spicules are formed in the dorsal sac of the cloaca and are formed by cuticular mate-
rial. The retractor and ejector muscles are responsible for supporting the spicules, 
and the gubernaculum is the accessory organ on which the spicules slide and are 
oriented into and out of the cloaca. Some species also have a caudal pouch, which 
helps the male attach himself onto the female, and those that do not have it have 
other cuticular structures, grooves and rough areas.

The female genital tract is formed by the ovary that goes through a maturation 
process where the oogonia begin in the germinal zone and end in the maturation 
zone. The oviduct is a short and narrow tube through which the oocytes pass, 
containing epithelial cells at its base. The seminal receptacle is widening at the 
beginning of the uterus where sperm are stored. The uterus has an epithelial layer, 
a basal lamina and muscular annular cells. The vagina is covered in its proximal 
part by a cuticle, and the vaginal opening is in the ventral medial line of the 
helminth. The reproductive system of females can be monodelphic, didelphic or 
polydelphic.

The eggs of the nematodes have a more or less oval shape, and depending on the 
species, they also vary in size and content. Generally, we find three layers: the lipid 
layer, the chitinous layer and the external or vitelline layer.
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3. Life cycle

Generally, parasitic nematodes are sexually reproduced; males produce sperm, 
and females produce ovules, which are fertilised after copulation. Embryonic 
development includes the stages of morula, blastula, gastrula, and tadpole where 
the embryo acquires its shape. The life cycle includes an egg stage, larval stages 
(three or four) and an adult stage. Between each larval stage, there is a moulting 
or change in the cuticle, which can be rigid or elastic and allow growth. Through 
enzymatic action, each larval stage is released from its envelope to reach the next 
stage, which may be preceded by lethargy. The life cycles may or may not have one 
or more intermediate hosts, and the eggs or larvae produced in the definitive host 
are not infectious, except for rare exceptions. Larval development need to reach 
the infective stage. In the direct cycles, this development occurs in wet soil, prairies 
or water. In the indirect cycles, the development up to the infective stage occurs in 
the intermediate host. In the direct cycle, infestation is usually orally through the 
ingestion of eggs or larvae; and in the indirect cycle, it can be orally through the 
ingestion of the intermediate host or arthropod bites [5].

Larval migration to reach the site where they reach sexual maturity can occur 
through the digestive, hepato-cardio-pulmonary or lymphatic-cardio-pulmonary 
tracts. The process in which a developmental stage reaches another host includes a 
complex system of relationships between the animal population and the environ-
ment, which vary in time and space. The influence of the environment is important 
with factors such as temperature, humidity, luminosity, winds, rainfall, types of soil, 
types of vegetation and seasonal variation. Direct sun rays and dehydration rapidly 
destroy the larval stages, and the temperature has a range in which the conditions are 
optimal; outside this range, the physiological process stops and can be destroyed [7].

4. Entomopathogenic nematodes

The entomopathogenic nematodes of the families Steinernematidae and 
Heterorhabditidae are obligate parasites of arthropods, which live in the soil and are 
ubiquitous and are used commercially to suppress insect pests that live in the soil in 
agricultural fields [8]. Their use is incipient in the veterinary field.

Nematodes of the Steinernematidae family are characterised by their mutu-
alistic association with bacteria of the genus Xenorhabdus. This family is cur-
rently comprised by two genera, Steinernema, with more than 70 species, and 
Neosteinernema, with a single species, N. longicurvicauda [1].

The family Heterorhabditidae consists of one genus, Heterorhabditis, with H. 
bacteriophora as the model and 17 other species described. These have a life cycle 
similar to that of nematodes in general, but the adults that result from infectious 
juveniles (IJs) are hermaphrodites. The eggs laid by the hermaphrodites produce 
juveniles that become males and females or IJ. Males and females mate and produce 
eggs that develop in IJ [1].

Natural entomopathogenic nematodes can suppress insects in a wide variety of 
ecosystems. Insects at any stage of life that come into contact with infested soil are 
potentially susceptible to infection, and persistent populations of entomopatho-
genic nematodes in agricultural systems can provide valuable assistance to produc-
ers by reducing the costs associated with the management of insect pests. Knowing 
the environments in which entomopathogenic nematodes persist successfully helps 
to conserve the natural populations of these insect pathogens that are potentially 
valuable for agricultural production [8].



Nematodes - Recent Advances, Management and New Perspectives

176

4.1 Isolation of entomopathogenic nematodes

Because entomopathogenic nematodes are found in the rhizosphere, moist 
soil must be sampled for their isolation; it must be sieved to keep it free of organic 
matter and placed in containers adding larvae of the last instar of greater wax moth 
Galleria mellonella (Linnaeus), which has the objective of being a trap insect to 
complete the isolation. G. mellonella larvae are susceptible to infection by entomo-
pathogenic nematode species [4].

The container with the soil and the larvae of G. mellonella is covered and inverted 
and incubated at 25 ± 1°C for seven days. After this time, the larvae and/or pupae are 
recovered and placed in Petri dishes with a double layer of wet filter paper to maintain 
a high relative humidity and favour the development of the infection [9, 10].

Once nematode infection is observed on the dead larvae, it is transferred to a 
White trap, which helps to separate infectious juvenile nematodes [11]. With the 
result of this isolation, they reproduce again in other larvae of G. mellonella to make 
their identification and later use them for the necessary assessments.

5. Anthelmintics

Anthelmintics are drugs used in the treatment against parasitic diseases, and 
they continue to be the cornerstone of parasite control programmes in animals; 
however, their irrational use has led parasites to develop resistance [12].

Since the parasites are grouped into three categories, Nematoda, Cestoda and 
Trematoda, there are also three categories or groups of drugs that are available for 
their treatment. Nematocidal drugs against intestinal worms, hookworms, Ascaris 
and Strongyloides include piperazine, mebendazole, thiabendazole, pyrantel, 
ivermectin and diethylcarbamazine, among others. Antitrematodal drugs include 
praziquantel, bithionol sulfoxide, oxamniquine, and metrifonate. The third group of 
antihelminths are anticestodal drugs, such as niclosamide, which are applied against 
Taenia, Echinococcus and Diphyllobothrium. Levamisole is often prescribed as an anti-
parasitic drug against nematodes such as Ascaris and tricostrongyloid species [13].

The most commonly used anthelmintics, their mode of action and mechanism 
of excretion to the environment are listed in Table 1.

5.1 Mechanisms of excretion of some chemicals used as anthelmintics

Because there is a diversity of anthelmintics, only some of the currently most 
used will be described as an example of the studies that have been performed for 
each of the active ingredients available.

There are several pharmacokinetic cycles for anthelmintics in animals, from which 
it is derived that excretion varies; for example, thiabendazole follows an enterohepatic 
cycle, the amount that is absorbed is rapidly metabolised in the liver by hydroxyl-
ation, and its main metabolite is 5-hydroxythiabendazole, which is also metabolised 
by glucuronidation and sulfate formation. After 8 h of its administration, 90% of the 
drug is eliminated as a metabolite through the urine and 5% in the faeces. Five days 
after the last dosage, it was completely eliminated from the body [13].

The fenbendazole that is absorbed is metabolised (and vice versa) and converted 
into oxfendazole (active compound), fenbendazole sulfone, fenbendazole-2-amino-
sulfone and other minor metabolites. The drug that is not absorbed (most of it) 
is eliminated in faeces and the rest in urine and milk, where 0.3% of the applied 
dose is detected. In sheep, cattle, and pigs, 44 to 50% of the fenbendazole dose is 
excreted unchanged in the faeces and less than 1% in urine [32, 33].
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For closantel, its elimination is up to 75% in faeces and to a lesser amount in 
urine 0.57, 50% of the administered dose is eliminated in 50 to 85 hours, excreting 
up to 90% of the dose unchanged [27, 34].

Chemical group Drug Target/mode of action Main mechanism of 
excretion

Aminoacetonitriles Monepantel* nAChR allosteric modulator Urine and feces  
[14, 15]

Benzimidazoles Albendazole*
Cambendazole
Fenbendazole
Mebendazole*
Oxfendazole
Oxibendazole
Parbendazole
Thiabendazole*
Triclabendazole

β-Tubulin inhibitor
Fumarate reduct
ase inhibitor
β-Tubulin inhibitor

Urine and feces  
[14, 15]

Benzimidazoles (pro-) Febantel
Netobimin
Thiophanate

β-Tubulin inhibitor Urine and feces  
[16, 17]

Cyclooctadepsipeptides Emodepside LAT-1/SLO-1 inhibitor Urine and feces [18]

Imidazothiazoles Tetramisole*
Levamisole*

L-subtype nAChR agonist Urine [19, 20]

Macrocyclic lactones Abamectin*
Doramectin
Ivermectin*
Moxidectin*
Nemadectin

Glutamate- and GABA-gated 
chloride channels receptor 
agonist

Urine and feces 
[21–23]

Organophosphates Dichlorvos
Haloxon
Trichlorfon

Acetylcholinesterase 
inhibitor

Urine [24]

Pyrazinoisoquinolines Phenothiazine
Piperazine
Praziquantel

GABA receptor agonist
Depolarization of the 
tegument. Rapid levels of 
Ca2+ in the sarcoplasmic 
reticulum

Urine [25, 26]

Salicylanilides Closantel
Niclosamide
Oxyclozanide
Rafoxanide

Uncoupler of the oxidative 
phosphorylation

Urine and feces  
[23, 27]

Spiroindoles Derquantel* nAChR antagonist Urine [28]

Substituted phenols Bithionol
Nitroscanate
Nitroxynil

Uncoupler of the oxidative 
phosphorylation

Urine and feces [18]

Tetrahydro-pyrimidines Morantel*
Pyrantel pamoate*
Pyrantel tartrate

L-subtype nAChR agonist Urine and feces  
[23, 29, 30]

Note: The compounds which are marked with an asterisk are also used in humans.
Abbreviations: GABA, γ-aminobutyric acid; LAT-1, latrophilin-1; nAChR, nicotinic acetylcholine receptor; SLO-1, 
slowpoke potassium channel type 1.
Table adapted from Sepúlveda-Crespo et al. [31].

Table 1. 
Anthelmintics most commonly used for treatment in humans and veterinary medicine, mode of action and 
mechanisms of excretion to the environment.
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Regarding the complete cycle of pharmacokinetics in animals, ivermectin, 
for example, is a commonly used drug that has been developed by laboratories 
for its application by different routes (subcutaneous, oral and topical). The oral 
route shows lower bioavailability, but its values in plasma can last from seven to 
14 days, so in low doses (10–40 μg/kg/day), it can be very effective for the control 
of infestations by parasites (the intramuscular route is not recommended). The 
absorption processes show differences according to the routes of application 
and the species treated. Some oily preparations applied subcutaneously reach 
therapeutic concentrations of 80 to 90 days with a half-life of 36 hours [35]. It has 
a high volume of distribution with slight variations between species. Because it 
is a natural lipophilic substance, it is widely distributed in all tissues and tends to 
accumulate in adipose tissue. The highest concentrations are found in the liver, 
bile and skin, while the lowest concentrations are in the brain. It is poorly metabo-
lised in the body; therefore, a large part of the dose is excreted unchanged [22].

It has been detected that the gastric content has the highest concentration of 
the drug. On the other hand, it is concentrated in large amounts in the mucus 
and intestinal content, so it is feasible to recover a large amount in the faeces, 
regardless of its route of administration. Ivermectin metabolism is carried out by 
hydroxylation processes in the rumen, stomach or intestine, regardless of the route 
of administration. Its metabolites are 24-hydroxymethyl-H2B1a, and 24-hydroxy-
methyl-H2B1b is eliminated by bile, so large amounts are detected in faeces, 
although it is also excreted in urine (2%) and in milk. Faecal excretion represents 
90% of the total administered dose and in cattle up to 98% or more [35].

In horses, unlike ruminants, the absorption process is faster after oral administra-
tion than with subcutaneous administration, and although the injection results in a 
greater bioavailability, the oral route is preferred, since parenteral administration can 
produce local swelling and other adverse reactions. Plasma concentrations are higher 
and are reached more quickly in horses than in sheep, probably because the rumen 
delays absorption in ruminants. However, the half-lives of sheep in subcutaneous 
and oral application were 3.7 and 2.8 days, respectively, similar to those of sheep. In 
horses, the mean residence time is also longer after oral administration (4.2 days) and 
subcutaneous administration (3 days) and longer in donkeys (6.5 days), with a half-life 
of 7.4 days. In horses treated subcutaneously, most of the dose (90%) was excreted 
faecally in 4 days. The higher concentrations found in equine faeces compared to cattle 
faeces have been attributed to a lower production of more concentrated faeces [22].

Once in the environment, ivermectin can be rapidly degraded when exposed 
to sunlight. This photodegradation occurs in the presence of ultraviolet light and 
can occur between 0.5 and 23 days, a period in which it can affect living beings 
that have contact with the drug, such as earthworms, beetles, insects, fish and 
even humans [36]. If the meat or by-products of treated animals are consumed by 
humans, it usually constitutes a public health problem. The residual effect of the 
drug can be 10 to 12 weeks, and this is considered ideal for the control of ectopara-
sites, such as fleas, ticks or flies [35].

6. Tests to determine the resistance of parasitic nematodes of animals

6.1 In vitro

6.1.1 Larval motility test

The test was performed in a flat-bottomed cell culture plate; to facilitate the pro-
cedure, a 24-well plate was used. Nematodes are applied, and counts are performed 



179

Entomopathogenic Nematodes: Biological Model of Studies with Anthelmintics
DOI: http://dx.doi.org/10.5772/intechopen.99663

in each of the wells. Finally, the treatments are inoculated to avoid mortality due to 
inadequate management [37]. The plate was incubated at 25 ± 1°C for 24 hours in 
complete darkness, after which a second nematode count was performed to deter-
mine the living and dead individuals in each well [38].

6.1.2 Larval migration inhibition test

For the larval migration inhibition test, a migration system is used that allows 
the physical separation of IJ with motility of the immobile ones through a 25 μm 
polypropylene mesh filter. The diameter of the pores allows active larvae, but not 
dead larvae, to pass through the mesh. In a new plate, the mesh filter is placed in 
each well, and the total volume of each well is transferred from the plate used in the 
motility test. The samples are incubated for 24 hours at 25 ± 1°C in complete dark-
ness, and then the live and dead nematodes were counted [39].

6.2 In situ

6.2.1 Faecal egg count reduction

The egg counts of parasitic nematodes present in the excrement are considered 
the main test for parasite control because it has been shown that animals maintain 
relatively consistent levels of egg excretion over time.

In this technique, a suspension of faecal material is dispersed in a solution of 
higher density than the eggs of parasites (solution with common salt, 33% zinc 
sulfate, 35% magnesium sulfate, saturated sugar solution, sodium nitrate, etc.). 
The difference in specific gravity causes the eggs to rise to the surface or all float 
to the same level. The solution mixed with the excrement is allowed to settle, and 
most of the faecal particles will fall towards the bottom since their density is greater 
than that of the solution. This step is important for some parasitological diagnostic 
techniques but not for this test. Therefore, the procedure should be completed in 
the shortest possible time or regularly homogenise the mixture.

To achieve the procedure and determine the reduction of eggs per gram of 
excreted faeces, it is necessary to use the parasitological technique that uses the 
device called McMaster chamber where the number of eggs in a given amount of 
liquid (0.15 mL) is verified and then procedures to estimate the amount of parasitic 
nematode eggs per gram of excrement used initially are performed, this activity 
must be done before and after treatments with anthelmintics, and subsequently 
calculate the percentage of reduction of the egg count with the following formula:

 
( )–

100
EPG pretreatment EPG postreatment

FECR x
EPG pretreatment

 
=   
 

 (1)

This technique is commonly used in the initial tests when populations of chemi-
cally resistant nematodes are suspected.

7. Biological models used for the assessment of anthelmintics

There are many limitations to conducting experimental studies on parasitic 
nematodes to assess the anthelmintic potential of a new product or drug, both for in 
vitro studies and in vivo studies. The difficulties, among others, are the difficulty of 



Nematodes - Recent Advances, Management and New Perspectives

180

evaluating their activity in adult stages of parasitic nematodes kept outside the host, 
the cost of infection and sacrifice of experimental donor animals, and the impos-
sibility of obtaining large quantities of the stages of the nematodes under study., the 
cost of maintaining the hosts, labour, the total time of handling the animals, and 
the approval of different ethics committees, among others not listed [40–42].

Although there are problems because in vitro studies with biological models 
different from parasitic nematodes sometimes do not offer reliable results, the use 
of entomopathogenic nematodes can help to standardise studies or preliminary tests 
that allow establishing the correct methodology. as its use to determine the effect on 
nontarget species.

Of the nematodes commonly used as a biological model for the assessment of 
anthelmintic products in vitro is Caenorhabditis elegans, and in vivo assessments 
have used rodents when the parasite allows it [43–45]. It is essential to consider 
that both physical and biological differences between nematode species can be a 
limitation for the assessment of new drugs developed to inhibit specific parasitic 
stages; therefore, this characteristic should be considered when using a nontarget 
species. (C. elegans, entomopathogenic nematodes, among others) for assessments. 
Currently, new tests or more specific tests are being published to mitigate the 
deficiency of not using the target species.

8. Nematocide assessment techniques on phytopathogenic nematodes

Nematocides are usually toxic with a broad spectrum and have high volatility 
or other properties that promote migration through the soil. The use of chemical 
nematocides is increasing every day even though they have been banned [46] or 
even though alternative nematocides are being created [47, 48].

Despite the diversity of methodologies used in the assessment of nematocides, 
the results are differences between assessed compounds, and the same assessment 
must be performed several times; sometimes, the limited number of nematodes 
cultured in laboratory conditions does not allow for the necessary repetitions. In 
addition, the standardisation time of tests can be prolonged.

There is a diversity in the assessment methodologies of phytopathogenic nema-
tocides. From petri dish assessments with the challenge of the chemical being in 
relatively large spaces, which allow the nematode much movement [49], to the 
assessment in cell culture chambers [50] with an incubation and assessment period 
similar to those carried out in studies on parasitic nematodes of animals [51].

Due to the characteristics of entomopathogenic nematodes, they will always be 
a biological model with great availability to establish an assessment technique in 
a new laboratory, since the availability of specimens allows us to test a bioassay a 
greater number of times before using phytopathogenic nematodes and thus train 
the personnel who will carry out the process.

9.  Advantages of the possible use of entomopathogenic nematodes as a 
model for the biological assessment of anthelmintics

As in all tests where biological organisms are used, there are advantages and 
disadvantages, in this case between the test performed and between the organisms 
used as a biological model, so the main objective is to strengthen and exploit the 
advantages. Below are some advantages and disadvantages of the possible use of 
entomopathogenic nematodes as biological models to determine the effectiveness of 
a biological or chemical nematocide of parasitic nematodes of plants or animals.
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Advantages

• Small size.

• The short life cycle is quickly completed.

• In the right conditions they reproduce all year round.

• Short life span.

• Known and simple anatomy.

• Abundant progeny.

• Simple and economical cultivation.

• It can be maintained for long periods in the laboratory.

• Several strains can be easily maintained in a small space.

• Constant motility with little stimulus.

• They are cosmopolitan.

• They live in the rhizosphere in more than one of their stages of the biologi-
cal cycle.

• Isolation and identification are relatively fast, inexpensive and do not require 
much training.

Disadvantages

• Relatively simple anatomy.

• Possible problem due to the type of feeding in its different stages of 
development.

• It is not possible to assess bioavailability and organic toxicity.

• It could only be used for standardisation of tests.

• The toxicity to entomopathogenic nematodes is probably not similar to that of 
parasitic nematodes.

• The differences in their anatomy and physiology should be considered in 
studies.

10. Conclusions

Currently, there is an urgent demand for the development of new anthelmintic 
drugs due to various circumstances; reaching their generation and assessment is not 
a short route and requires many economic resources; every time there has been the 
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need for them, it has been solved. However, the assessment of the product or the 
new drug in controlled or field conditions is extremely complicated.

Research is required for continuous improvement in the management of 
parasitic nematodes, emphasising the reduction of the use of chemotherapeutics 
and the development of resistance to anthelmintics, for which viable options are 
required for the assessment of this resistance. Entomopathogenic nematodes offer 
an opportunity that favours these aspects, in addition to helping to understand the 
interactions of these chemicals with the rhizosphere and the environment in general 
once they are excreted by animals.

Complications in the assessment of new drugs can be analysed in various ways; 
however, this chapter proposes an alternative solution for the lack of target nema-
todes (human or animal parasites) in sufficient quantity and in the biological stage 
of the nematodes in which the assessment is desired. Entomopathogenic nematodes, 
due to their characteristics, are an alternative to perform the assessments of new 
drugs on nontarget nematodes that even allow generating populations resistant to a 
chemical product to assess a new drug, combinations of them or to simulate activi-
ties that limit dispersion of the resistance.
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Abstract

The insect parasitoid nematodes are a means boon to agronomy and serve as 
important bio-pesticides for controlling crop damaging insect pests. These nematodes 
inhabit moist soils and have been to exist in all the continents excluding Polar Regions. 
These nematodes have 3rd larval stage infective which is the only free living stage exist-
ing outside the host. These infective stages are mutually associated with bacteria which 
reside in their alimentary canal and duo are responsible for mortality of the insect host. 
These nematodes are currently given great attention by scientific community because 
of their insect killing properties and can be used to replace hazardous pesticides. These 
nematodes include various species belonging to genus Heterorhabditis and Steinernema, 
and members of insectivorous group of genus Oscheius. Before their use as bio-control 
agents, these nematodes need to be properly identified. Currently, these nematodes are 
characterized by using morphological and morphometrical parameters and advanced 
molecular tools including cross hybridization and scanning electron microscope 
studies. Their associated bacterial partners are studied through advanced molecular 
and biochemical techniques. The properly characterized nematodes having more 
entomopathogenic properties can be easily mass produced through in vitro and in vivo 
methods. They can be formulated in various carrier materials and supplied to farmers 
for effective control of damaging insect pests. Several countries have formulated vari-
ous useful products of entomopathogenic nematodes which are available in markets for 
use by the farmer community and some have given very effective results. India is still 
at the early stage in the use of these nematodes for bio-control of insects in agronomy. 
More research in this field needs to be carried, especially in India to produce effective 
indigenous nematode products which may prove a boon for agriculture.

Keywords: Steinernema, Heterorhabditis, biological control, and pathogenicity

1. Introduction

1.1 Entomopathogenic nematodes

Entomopathogenic nematodes (EPNs) range in size from 0.3 to 10 mm and they 
can be more or less cylindrical [1]. In Greek vocables, the term entomopathogenic 
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nematodes comes from “entomos”, “insects”, “pathê”, “disease” and “guenos”, 
“producing” means a group of nematodes which have the ability to cause disease in 
insects by suppressing the immune system of insects. “Entomopathogenicity clari-
fied: “EPNs must rapidly kill their hosts with the aid of bacterial partners and must pass 
on the associated bacteria to future generations” [2]. They belong to the two families, 
the Steinernematidae consisting of two genera, i.e. Steinernema (100 valid species) 
and Neosteinernema (01 species only, N. longicurvicauda) [3]. The other genera 
Heterorhabditidae comprises of one genus, Heterorhabditis which contains 16 well 
described species globally [3] (Table 1). These two well-known genera, Steinernema 
and Heterorhabditis, have the ability of infecting and killing insects with the aid of 
symbiotic bacteria [91]. They are receiving a lot of interest in nematological and 
entomological studies because of their high virulence capacities, and able to kill 
the insect hosts within 24–48 hours. Besides this, they are ubiquitous and reside 
everywhere except Antarctica [76, 115–119].

S. No Species Place Reference S. 
No

Species Place Reference

1 S. kraussei Germany [4] 60 S. ichnusae Italy [5]

2 S. glaseri New Jersey [6] 61 S. australe Chile [7]

3 S. feltiae Russia [8] 62 S. unicornum Chile [9]

4 S. affine Denmark [10, 11] 63 S. boemarei France [12]

v5 S. carpocapsae Czechoslovakia [13] 64 S. xueshanense China [14]

6 S. intermedium Carolina, USA [15] 65 S. brazilense Brazil [16]

7 S. rarum Córdoba, 
Argentina

[17] 66 S. schliemanni Germany [18]

8 S. kushidai Shizuoka, Japan [19] 67 S. minutum Thailand [20]

9 S. ritteri Córdoba, 
Argentina

[21] 68 S. 
arasbaranense

Iran [22]

10 S. scapterisci Uruguay [23] 69 S. citrae South 
Africa

[24]

11 S. caudatum China [25] 70 S. nepalense Nepal [26]

12 S. neocurtillae Florida, USA [27] 71 S. surkhetense Nepal [28]

13 S. longicaudum China [29] 72 S. lamjungense Nepal [26]

14 S. cubanum Cuba [30] 73 S. phyllophagae Florida, 
USA

[31]

15 S. riobrave Texas, USA [32] 74 S. pui China [33]

16 S. puertoricense Loiza, Puerto 
Rico

[34] 75 S. changbaiense China [35]

17 S. bicornutum Serbia [36] 76 S. ethiopiense Ethiopia [37]

18 S. oregonense Oregon, USA [38] 77 S. tielingense China [39]

19 S. abbasi Sultanate of 
Oman

[40] 78 S. xinbinense China [41]

20 S. arenarium Russia [42] 79 S. 
cameroonense

Cameroon [43]

21 S. ceratophorum China [44] 80 S. nyetense Cameroon [43]

22 S. monticolum Korea [45] 81 S. sacchari South 
Africa

[46]

23 S. karii Kenya [47] 82 S. tophus South 
Africa

[48]

24 S. siamkayai Thailand [49] 83 S. huense Vietnam [50]

25 S. tami Vietnam [51] 84 S. poinari Czech 
Republic

[52]
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S. No Species Place Reference S. 
No

Species Place Reference

26 S. loci Vietnam [53] 85 S. innovation South 
Africa

[54]

27 S. sangi Vietnam [55] 86 S. jeffreyense South 
Africa

[56]

28 S. thanhi Vietnam [53] 87 S. papillatum Venezuela [57]
29 S. pakistanense Karanchi, 

Pakistan
[58] 88 S. beitlechemi South 

Africa
[59]

30 S. asiaticum Pakistan [60] 89 S. pwaniensis Tanzania [61]
31 S. diaprepesi Florida [62] 90 S. fabii South 

Africa
[63]

32 S. anatoliense Turkey [64] 91 S. nguyeni South 
Africa

[65]

33 S. scarabaei New Jersey, 
USA

[66] 92 S. biddulphi South 
Africa

[67]

34 S. weiseri Czech Republic [68] 93 S. ralatorei Mexico [69]
35 S. apuliae Italy [70] 94 S. litchi South 

Africa
[71]

36 S. guangdongense China [72] 95 S. borjomiense Georgia, 
USA

[73]

37 S. 
hermaphroditum

Indonesia [74] 96 S. khuongi Florida, 
USA

[75]

38 S. jollieti USA [76] 97 S. taiwanensis Taiwan [77]
39 S. litorale Japan [78] 98 S. bertusi South 

Africa
[79]

40 S. yirgalemense Ethiopia [80] 99 S. riojaense Spain [81]
41 S. aciari China [82] 100 S. sandneri Poland [83]
42 S. akhursti China [84] 101 S. batswanae South 

Africa
[85]

43 S. beddingi China [86] 102 H. 
bacteriophora

Australia [87]

44 S. robustispiculum Vietnam [88] 103 H. megidis USA [89]
45 S. silvaticum Germany [90] 104 H. zealandica South 

Africa
[91]

46 S. ashiuense Japan [92] 105 H. indica India [93]
47 S. backanense Vietnam [94] 106 H. marelatus Oregon, 

USA
[95]

48 S. cumgarense Vietnam [94] 107 H. taysearae Egypt [96]
49 S. sasonense Vietnam [94] 108 H. downesi Ireland [97]
50 S. eapokense Vietnam [94] 109 H. baujardi Vietnam [98]
51 S. khoisanae South Africa [99] 110 H. maxicana Mexico [100]
52 S. leizhouense China [101] 111 H. amazonensis Brazil [102]
53 S. sichuanense China [103] 112 H. floridensis Florida, 

USA
[104]

54 S. hebeiense China [105] 113 H. Georgiana Georgia, 
USA

[106]

55 S. costaricense Costa Rica [107] 114 H. safricana South 
Africa

[108]

56 S. puntauvense Costa Rica [107] 115 H. atacamensis Chili [109]
57 S. texanum Texas [110] 116 H. beicherriana China [111]
58 S. cholashanense China [112] 117 H. 

noenieputensis
South 
Africa

[113]

59 S. colombiense Colombia [114]

Table 1. 
List of valid Steinernema and Heterorhabditis species identified worldwide with geographical location and 
respective authority.
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1.2 Life cycle of EPNs

Steinernema and Heterorhabditis share the similar life cycles. Both genera 
balance between a free-living stage and a parasitic stage (Figure 1A-J). The 
free-living form of EPNs is protected from the environment by an external 
cuticle. Being encapsulated, the invasive EPN stage, called infective juvenile (IJ) 
corresponding to J3, are unable to feed because their mouth and anus are sealed 
[120]. They rather possess huge lipid storage to be able to survive outside a host 
for several months [121]. With comparable lipid reserves, it has been shown that 
the IJs of Steinernema survive longer in the environment than Heterorhabditis IJs, 
which can be explained by the motile behavior of IJs. It has been found that IJs of 
Steinernema nictate between 50 and 80% of their life time while Heterorhabditis 
IJs nictate between 70 and 90% [122]. As a result of which lipid reserves are 
consumed faster in the IJs of Heterorhabditis as compared to Steinernema. These 
IJs wait for insect larvae up to 20 cm deep in soil [123]. In case of Steinernema, 
IJs invade the insect larvae through natural openings such as the mouth, anus, 
spiracles and wounds [124]. However, in case of Heterorhabditis, the IJs penetrate 
the insect body by directly scratching their cuticle as they are equipped with a 
large anterior tooth [125, 126]. Once inside the host, IJs lose their cuticle and 
release the entomopathogenic bacteria (EPB) and this nematode- bacterium 
complex together is lethal for the insect host.

The IJs feed on the dead insect cadaver and mature into the fourth stage juveniles 
(J4) which differentiate into males and females, generally 3 days post insect infesta-
tion. After mating, the first generation (G1) females lay eggs, either in the external 

Figure 1. 
A-Nematodes enters into host insect; B,C- First generation female of Steinernematidae; D- First generation 
hermaphrodite female of Heterorhabditidae; E,F-Second generation female and male of Steinernematidae; 
G,H-Second generation of Amphimictic female and male of Heterorhabditidae; I,J-Infective juvenile (IJ) stage 
of Heterorhabditidae and Steinernematidae.
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medium or remaining in the maternal body, which hatch into the first-stage juveniles 
(J1). At that point, two scenarios are possible depending on the amount of food 
available in the insect cadaver. In case of scarce food, J1 molts into the second-stage 
juvenile (J2) within 2 or 3 days. Then J2 ceases to feed and molts into pre-infective 
stage juvenile, also called immature IJs, before becoming infective juvenile. Then 
the newly generated IJ emerge from the depleted insect cadaver to actively look for 
another susceptible insect prey. On the contrary, if food is abundant in the cadaver, 
then several generations of males and females can be produced in the same cadaver. 
After hatching from the G1 females’ eggs, J1 molt successively into J2, non-infective 
J3 and J4 developing into the second generation (G2) adults. After mating, G2 
females produce eggs that mature into J1, thereby initiating a new cycle. EPNs 
usually reproduce 2 or 3 generations before total depletion of the food resources 
in the insect cadaver occurs [124]. The entire reproductive cycle lasts between 7 
and 14 days, mainly depending on temperature, after insect invasion by IJs. Both 
Steinernema and Heterorhabditis females lay eggs in the insect cadaver after mating 
with males. Juveniles hatched from released eggs often develop into amphimictic 
adults [127].

The reproductive life cycle of most Steinernema involves both sexually 
differentiated partners, G1 males and females whilst all Heterorhabditis IJs 
develop into self-fertilizing hermaphrodite females after insect infection [91]. 
However the second generation produces amphimictic Heterorhabditis adults. 
Interestingly, IJs from the species of S. hermaphroditum can develop into self-
fertilizing hermaphrodite females just like Heterorhabditis IJs do. It has been 
argued that the uncommon feature of this Steinernema species supports the 
independent but convergent evolution with Heterorhabditis postulated by Poinar 
and described before [128]. As a consequence of the hermaphrodite repro-
duction of Heterorhabditis EPNs, the genetic diversity of offspring is highly 
decreased or impaired. The hermaphrodite behavior of Heterorhabditis allows 
infection by a single IJ molting into a hermaphrodite female while at least two 
Steinernema IJs have to invade an insect larva and develop into male and female 
[129]. Certainly, this provides a real advantage to the survival of Heterorhabditis 
species over Steinernema species.

Mating between males and females consists in introducing sperm to fertilize 
the female’s eggs. Male introduces its spicule to the vulva of female and produces 
spermatozoids and release them in vulva. The male’s sperm fertilizes female’s eggs 
in the uterus. For hermaphrodites, sperm is produced and stored into the sper-
matic vesicles described as distal swelling of the uterus. When the female starts 
laying eggs, they are automatically fertilized by the sperm contained within the 
spermatic vesicles [127, 130]. Since the females are larger in size, males have to 
find a way to scan the entire female body to be able to find the vulva. Male finds 
the vulva of the female body by the two ways. These two reproductive behaviors 
point out another distinction between Steinernema and Heterorhabditis i. e males 
stick to a female and slips all along the female body until it finds the vulva viz. 
both Heterorhabditis female and male heads are pointing in opposite direction 
[131]. The males act like a ring around the female body viz. Steinernema. The male 
coils around and all along the female body until it reaches the vulva [132]. Some 
mechanisms do exist to avoid several males copulating with the same female. In 
Heterorhabditis species, male leaves a mating plug closing the vulva after mating 
preventing other males to mate with the same female [93]. In Steinernema spe-
cies, it has been shown that virgin females produce some chemical attractants 
for males and their production decreases after mating [132]. However, in S. 
longicaudum, males need the presence of virgin conspecific females in their close 
environment [133].
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After mating, a lot of eggs are retained inside the EPN maternal body, offspring 
hatch and start feeding inside their maternal body. This phenomenon is known 
as endotokia matricida, the term comes from two Greek words “endo”, inside and 
“tocos”, birth and two Latin words “mater”, mother and “caedere”, kill. Endotokia 
matricida promotes in the scarce food condition supply, then, this condition occurs 
for the first generation of juveniles. It becomes then obvious that the size of the 
susceptible insect will affect the development and survival of EPNs. Few authors 
reported the inefficiency of Steinernema IJs to control micro-insect pests [134, 
135]. Steinernema, and Heterorhabditis, nematodes cannot persist for a long time in 
the environment if no larger insects are available to them for completing their life 
cycle [136].

1.3 Nematode movement and host location

The 3rd stage infective juveniles of Steinernema and Heterorhabditis move freely 
in soil in search of the host and have been distinguished into three categories on the 
basis of their host finding behaviors-: (i) cruisers- species whose IJs actively move 
through a substrate to find a host (ii) ambushers- species that employ a ‘sit and wait’ 
strategy that involves little displacement and active searching and (iii) intermedi-
ates- show both the types of behaviors [137]. All Heterorhabditis species are cruis-
ers [138]; however, Steinernema genus displays all three behaviors’. S. carpocapsae 
displays ambush behavior and S. feltiae shows intermediate behaviors [132]. Some 
ambushers have the characteristic feature to stand on the substrate. At the time of 
standing, IJs raise a portion of the anterior section of their body off the substrate, 
sometimes waving it back and forth, a process referred to as ‘nictation’. This process 
of nictation and standing is of varying duration, commonly observed in S. carpo-
capsae and showing this phenomenon over protracted periods of time [139]. Besides 
this, in some species of Steinernema, IJs have been observed to jump which helps 
them in traveling longer distances [140]. This jump behavior is utilized in dissemina-
tion and might sometimes serve as a search mechanism of these EPNs to attack at 
passing hosts [137, 141, 142]. This jumping and/or standing behavior is advantageous 
in ambushers to disperse easily and bridge large pores found in some substrates 
(loose, porous soils or organic litter) than cruisers that do not nictate and instead 
move across the surface of soil particles [140, 143]. As far as cruisers are concerned, 
they are thought to be attracted towards host by the host volatiles and host cues from 
a distance [144]. Ambushers like S. carpocapsae do not show any change in behavior 
to host cues, while cruisers like S. glaseri does show varying behaviors [145, 146].

Only 3rd stage of EPNs is considered as infective and pathogenic which is called 
the infective juvenile (IJ). Infective juveniles are the only free-living stage of EPNs, 
while other developmental stages are only found inside infected insect hosts. 
The IJs are stress tolerant, non-feeding, bacterial vectoring stages that seeks out 
insects to infect and kill. The IJs penetrate the host insect either through natural 
openings like spiracles, mouth, and anus or in some species through intersegmen-
tal membranes of the cuticle, and then enter into the homocoel [110, 125, 147]. 
Heterorhabditis species apart from natural openings also penetrate the insect host 
by abrading the skin. After penetrating into the skin, the IJs release cells of their 
symbiotic bacteria from their alimentary canal into the hemocoel (Figure 2). The 
bacteria multiply in the insect hemolymph, secrete toxins and targeted immune 
depressors that suppress the insect’s immune system resulting in death with 
24–48 hours [148, 149]. Photorhabdus and Xenorhabdus, two well-known bacterial 
symbionts of EPNs, are not only lethal to entomic fauna but also prevent oppor-
tunistic bacteria and fungi from utilizing the nutrient rich cadaver, sequestering 
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the resources for themselves and their nematode partners. The pathogenic bacteria 
always contribute to the virulence of the duo, and usually contribute the lion’s 
share. In some species, nematodes are believed to serve as carriers of bacteria and 
play very little role in the death of the host, while in others, nematodes are itself 
responsible for the death of the host by secreting a variety of protein products that 
degrade and digest the host tissues, in addition to weakening the host immune 
system. Till date, no nonbacterial associated EPNs are known to science even if 
some nematodes appear lethal on their own. The nematodes, after the death of 
the host, continue to feed upon the bacteria and liquefy cadaver tissues, develop 
into mature adults (male and female) and reproduce. If there is plenty of food, 
the IJs develop into second generation adults and continue their life cycle. One or 
more generations may develop within the cadaver depending on the availability 
of food resources and once the food is depleted in the cadaver, a large number of 
IJs are eventually released into the environment to infect other hosts and continue 
their life cycle [150–152]. The IJs can live for weeks on stored food reserves and 
for months by entering a near-anhydrobiotic state. Their persistence in the soil 
depends on two key features i.e. the availability of an insect host and their progeny 
production in that host.

The process of reproduction in heterorhabditid and steinernematid nematodes 
shows few differences. The IJ of steinernematids develop into amphimictic males 
and females in all the adult generations (gonochorisism) while in heterorhabditid 
nematode IJ develop into self-fertilizing hermaphrodites in the first generation 
and in second generation, produce males, females and hermaphrodites [153]. The 
insect cadaver becomes red if the insects are killed by heterorhabditids and brown 
or tan if killed by Steinernematids [150]. The color of the host body is indicative 
of the pigments produced by the monoculture of mutualistic bacteria growing in 
the hosts.

Figure 2. 
Life cycle of the Entomopathogenic nematodes inside the host insect.
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1.4 Taxonomy of entomopathogenic nematodes

Morphology is one of the major key components of classical taxonomy. It briefs 
out the genetic organization of organisms as genes themselves are expressed in 
the form of phenotype. Steinernema and Heterorhabditis are closely related genera 
under Rhabditida. Based on their morphology, they are very similar to each other, 
making them undistinguishable for a non-expert eye. However, detailed systematic 
feature keys have been developed by various nematologists and are currently used 
for the identification of EPN species [154]. Nematologists have provided detailed 
morphological differences between these two genera, including their families’ that 
are i.e. used in their precise identification. These include: (i) position of excre-
tory pore (EP) anterior to nerve ring (NR) in Steinernema and posterior to NR in 
Heterorhabditis, (ii) color variation in infected cadavers which appears black or no 
color change in Steinernema, while brick red in Heterorhabditis, (iii) cadaver show-
ing of bioluminescence when infected with Heterorhabditis, whereas in Steinernema 
bioluminescence is absent, (iv) Heterorhabditis associated with Photorhabdus bacte-
rial partners and Steinernema associated with Xenorhabdus [155].

Based on the length of IJs four ‘species groups’ have been created: glaseri group 
(IJ >1000 μm); feltiae group (IJ = 700–1000 μm); intermedium group (IJ = 600–
700 μm); corpocapsae group (IJ <600 μm). Another group ‘bicornutum’ have also 
been created, which is diagnosed by the presence of horn like structures on their 
labial region. The male reproductive apparatus spicule is the most discriminative 
features in identification of steinernematids, however in second generation males, 
spicules are more separated from each other [156, 157].

Adults (1st and 2nd generations) and IJs of Steinernema and Heterorhabditis show 
some distinctive morphological features which are important for the taxonomic point 
of view. These characteristics are tail length; position of excretory pore (EP) and 
nerve ring (NR), pharynx and neck length (PL), beside these, male acquires spicule 
and gubernaculum. The SEM studies of the 1st generation males reveal the compre-
hensive structure of gubernaculums and spicules [123, 158]; presence or absence of 
caudal mucron, disposition of the copulatory papillae, spermatozoon morphology 
[159] and presence or absence of small cuticular projections i.e. the epiptygmata, 
guarding the entrance of the of the female vagina. In case of IJs, lateral field, tail 
shape and length, head contour, cephalic horns etc. are some of the important charac-
teristic of taxonomic importance [160]. Measurements and analysis of these charac-
ters play an important role in proper identification of EPNs. For example, structure of 
vulva gives the taxonomists a comprehensible way in recognition of species.

Now-a-days, morphological characterization does not give reliable outcomes 
as there has been an increase in the number of species which makes the molecular 
characterization mandatory for the identification of species. Morphology is entirely 
dependent on the external features of the specimen; however, some genes have 
the tendency to not express themselves in the form of phenotype although they 
possess some conserved regions which are very important from the taxonomic 
point of view. Furthermore, morphology is a tedious task and requires good skilled 
taxonomists with the expertise in this area. This creates a demand for the molecular 
identification and validation of a particular species. Advancements in the molecular 
techniques help in the precise identification and placement of the species in its 
appropriate position in the classification. A number of molecular techniques are 
being used for more precise identification of EPNs like immunological techniques 
[161]; isoenzyme patterns [162]; total protein patterns [6] and RFLP detection 
within total genomic DNA [163–165]. Nowadays, regions of taxonomic importance 
which include the internal transcribed spacer (ITS) of the ribosomal DNA (rDNA) 
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repeat unit, 18S and 28S rDNA and the cytochrome oxidase subunit II (COII) are 
widely used for nematode identification [166–169].

With the advancement in molecular identification, techniques like polymerase 
chain reaction, amplification and sequencing of the amplified products of the con-
served areas became possible. 28S- and 18S rDNA are used compare the distant taxa 
that had diverged a long time ago. Besides this, IGS, ITS1, ITS2 and ETS are being 
used to compare the phylogeny of closely related species as compared to 28S and 18S 
rDNA genes [170]. D2D3 is highly variable expansion segment of 28S rDNA, which 
have been used for molecular taxonomy and phylogenetic relationship of the nema-
todes species [171]. 18S ribosomal DNA sequences are used to find out the unknown 
as well as new species of the nematodes by correlating sequence variations with 
the genetic differences among the nematode populations [172]. Comparison of 
the small ribosomal RNA (18S rRNA) nucleotide sequence allows distinguishing 
steinernematidae from heterorhabditidae [173–175]. Due to its high variability, the 
ITS sequence lying between the 18S and 28S rRNA genes can be used to distinguish 
between Steinernema and Heterorhabditis at the species level [176, 177]. However, 
ITS sequence analysis is not always sensitive enough and other molecular markers 
may be required for better identification. The 28S rRNA gene [178], the mitochon-
drial cytochrome oxidase II (COII)-16S rDNA region and the ND4 mitochondrial 
gene have been used for that purpose [175, 177, 179].

2. Entomopathogenic nematodes as bio-agents against insect pests

India is a power house of agriculture and has made a great improvement in agri-
culture, but the crops are damaged by more than 10, 000 species of insects, 30, 000 
species of weeds, 1, 00, 000 diseases (caused by fungi, viruses, bacteria and other 
microorganisms) and 1, 000 species of nematodes [180, 181]. To reduce global crop 
losses, it has been estimated that around US $ 40 billion are used annually world-
wide for the application of 3 million metric tons of pesticides, plus the use of vari-
ous biological and other non-chemical controls worldwide [182, 183]. Out of total 
70,000 estimated pests destroying 35–40% crops, insects are contributing around 
14% [183]. To feed a large population of our country, the surge for production of 
horticultural crops is increasing day by day, due to indiscriminate, unfettered, 
non judicious and rampant use of chemical pesticides and fertilizers and without 
their use, it is very likely that pests would consume higher percentage and cause 
huge losses to productivity. A recent United Nations report (2017) assessed that 2, 
00, 000 people across the world die per year from toxic exposure of pesticides and 
cancer problems are increasing from past few years which are directly or indirectly 
linked to pesticide poisoning (https://www.aljazeera.com/news/2017/03/200000-
die-year-pesticide-poisoning-170308140641105.html). Currently, agronomists 
search for alternate approaches of pest control which are eco-friendly and cost 
effective like the use of biocontrol agents. One of the earliest examples of classi-
cal biological control targeting an insect pest in an agricultural setting is the use 
of the vedalia beetle, Rodolia cardinalis, which was introduced to citrus groves in 
California from Australia in the late 19th century to counteract the cottony cushion 
scale, Icerya purchasi [184]. Since then, biological control organisms such as fungi, 
bacteria and EPNs have been used against various insect pests [185–187]. EPNs are 
important biological control agents and their potential as alternatives to chemical 
pesticides for controlling pesky insects was recognized early on and they have been 
subjected to extensive laboratory and field testing [188]. EPNs are safe to most 
non-target organisms and the environment, are easy to apply, and are compatible 
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with most agricultural chemicals [149]. They also have a broad host range, ability 
to search for pests, and a potential to reproduce after application [149]. EPN based 
formulations are commercially available for pest control in home gardens and are 
commonly marketed as ‘beneficial nematodes’. Several species of EPNs were evalu-
ated for their pathogenicity against different pests like Heterorhabditis bacteriophora 
was noticed good control agent for controlling Ceratiti scapitata [189] while H. 
zealandica was tested for its ability to control Planococcus citri, the citrus mealy bug 
[190–192].

The species specific EPNs are being used worldwide as biocontrol agents under 
different trade names viz. Ecomask, Savoir Weevil larvae, Guardian, J-3 Max, 
Heteromask, Lawn Patrol, Scanmask, Entonem, Nemasys etc. and have provided 
excellent results against the entomic fauna. In United Kingdom and Europe, 
Bionema company and E-nema company respectively are commercially producing 
formulations of EPNs so as use them in biological control of different pests and earn 
millions of US $ every year.

3. The future of EPN systematics: integrating molecules and morphology

Important contribution by various workers seems to be low because nematodes 
belong to the phylum which is taxonomically, ecologically and geographically 
diverse group. Nematodes usually comprise 90% of metazoan fauna and a very 
large number of these creatures are waiting for their discovery. Because the number 
of species is far from the identified species, progress in this field is still continue 
and new species are being added but it need tremendous research effort to know 
the “monopolized kingdom of nematode very well”. Lack of adequate taxonomic 
expertise and non-availability of literature on various described species have been 
major constraints to identify the species of nematode parasites of insects [193].

The taxonomy of EPNs using molecular tools has made EPN systematics a lot 
more exciting, and probably will continue to do so in future. The rapid develop-
ment of molecular techniques promoted the description of several new species and 
has become the technique of choice for diagnosing EPNs [194]. But morphological 
investigation too is important and therefore, it would be a mistake to replace tradi-
tional (morphological) methods with molecular techniques. The better procedure 
therefore, is the use of combination of both the approaches which offers a more 
resourceful perspective for resolving a variety of questions in nematode taxonomy, 
and particularly for EPNs. The molecular tools should be supplemented with 
morpho-taxometrical and hybridization tests for validation of a new species. It was 
found that the combined dataset of molecular and morphology represented the 
best working of evolutionary history for Steinernema [180]. It has been suggested 
that most morphological features are not phylogenetically informative because they 
represent plesiomorphic (ancestral) states or are highly homoplasious (caused by 
convergent or parallel evolution) [195]. For example, presence of less than 8 ridges in 
the lateral field of infective juveniles, a feature that has been emphasized as indicator 
of relationship among species, represents an ancestral state. Likewise, the absence of 
an epiptygma in the 1st generation female vulva is also a plesiomorphic state. Other 
features such as presence/absence of a tail mucron, spicule morphology, or presence 
of a velum in the male spicules, were depicted as highly homoplasious. Only two fea-
tures, presence/absence of lamina notch and presence/absence of tail spines, had sig-
nificance from a phylogenetic perspective as they were depicted as autapomorphies 
(unique derived characters). Most nematologists preferred molecular and morpho-
logical tools to be complementary tools in EPN systematics. Both approaches present 
advantages and disadvantages, and also reflect different evolutionary mechanisms, 
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but together provided a more comprehensive view of EPN evolution. The best 
approach to studying the relationship between EPN species and to determine new 
species is to integrate both morphological and molecular techniques [76, 196].
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Chapter 13

New Approach for the Evaluation 
of Ecological Quality in 
the Mediterranean Coastal 
Ecosystems, Case Study of Bizerte 
Lagoon: Marine Nematodes 
Functional Traits Assessment
Ahmed Nasri, Patricia Aïssa, Hamouda Beyrem  
and Ezzeddine Mahmoudi

Abstract

Marine ecosystems have great economic and ecological value, as they provide 
good services and habitats for a variety of organisms. However, the marine environ-
ment is under anthropogenic stressors. The Mediterranean basin is one of the most 
threatened ecosystems, where urban and industrial waste is becoming a growing 
risk for coastal marine habitats integrity. The Bizerte lagoon represents a major 
coastal lagoon and is an example of such an aquatic environment continuously 
exposed to pollutants. Marine nematodes are the most diverse metazoans and 
represent an excellent model for the environmental monitoring because they can be 
easily sampled and maintained under experimental conditions. Nematode commu-
nities are investigated for the analysis of taxonomic diversity and ecological indices. 
Currently, we present here to evaluate the ecological quality based on the descrip-
tion of nematode assemblages using biological traits and functional groups. This 
relatively new approach allows obtaining insight into the status of marine coastal 
ecosystems.

Keywords: Mediterranean basin, Nematodes, Ecological quality, Chemicals 
pollutants, Ecological indices, Biological traits

1. Introduction

Aquatic environments and in particular coastal ecosystems are exposed to a 
variety of contaminants derived from human activities. The majority of pollutants 
is removed from the water column and accumulated in marine sediment. Among 
these chemical compounds, we can list pesticides commonly used worldwide as 
pest control agents in agriculture [1], persistent organic pollutants (POPs) such 
as polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), 
and dioxins realized from industrial sources and maritime traffic [2], heavy metals 
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originating from discharges from the metallurgical industry [3], for human health 
applications [4], and microplastic particles by the direct release of textile fibers 
or by cleaning products [5, 6]. All these compounds can enter marine ecosystems 
through a variety of routes, including urban (parking lots and residential areas) 
and agricultural (treated agricultural areas) runoff, washout or spray drift, or of 
contaminated sediments. Once these pollutants arrive in aquatic ecosystems, they 
can persist for a few months to several years [7, 8].

Like most coastal areas of the Mediterranean Sea, the Bizerte lagoon in northern 
Tunisia is a coastal ecosystem exposed to pollutants resulting from agriculture, 
urbanization, industrialization, as well as pressures from maritime and commercial 
ports. Marine sediments are therefore highly contaminated with a wide range of 
chemicals. Thereby, free marine nematodes are considered a useful tool to assess the 
presence of impact in marine ecosystems since they spent their life in the benthic 
ecosystems inhabiting the first ten centimeters of marine sediments [9] therefore 
directly exposed to pollutants. Nematodes are ubiquitous (the abundance ranges 
from 11 to 24 million individuals per square meter), occupy a key role in the benthic 
food webs [10], play an important role in the ecosystems functioning [11] through 
sediment aeration [12], and the mineralization of organic matter [13]. Additionally, 
due to their short life cycles, rapid metabolic rates, benthic larval stages, and rapid 
responses to environmental changes, nematodes are considered an ideal model for 
laboratory experiments [14, 15], and are classified excellent indicators for biomoni-
toring activities [9].

This chapter aims to describe the results of previous studies using traditional 
monitoring tools (analysis of the taxonomic structure of nematodes and determina-
tion of ecological indices) to assess the environmental quality and to describe the 
effectiveness of the new multivariate analysis approach (creation of functional 
groups of nematodes bases on biological traits) in order to provide clearer and more 
informative data on the state of the Mediterranean coastal ecosystem.

2. Materials and methods

2.1 Sampling site

Sediments samples are collected in the upper layer from Bizerte lagoon (NE, 
Tunisia) using Plexiglas hand-cores and placed in a bucket (Figure 1). Only the first 
10 cm were sampled like that the presence of 90% of the nematode is located from 1 
to 2 cm from the surface [16].

2.2 Sediment contamination and nematodes study

Sediment samples used for the experiment of chemical enrichment were 
alternately frozen (−20°C) and thawed three times in order to eliminate all fauna 
according to [17] before adding the selected concentrations of contaminant used 
[18]. Particles larger than 63 μm were removed by wet sieving and selected con-
centrations of chemical compounds were added to 100 g of Dry weight (DW) 
sediment. 2-l-glass bottles were used as microcosms in the experiment [17]. The 
control microcosm (C) consisted of non-treated sediments containing 200 g of 
natural sediments and 100 g of defaunated sediments in 1 L of filtered water (1 μm 
filtration).

The treated microcosms were constituted by 300 g of homogenized sediments 
(two-thirds of natural sediments and one-third of contaminated sediments) in 1 L 
of filtered water as reported in [19]. Overall, one control [(C)] and nth-enriched 
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microcosms with contaminants were investigated [20]. Each treatment was repli-
cated three times and the experiment was run for one month as reported by [21].

After generally 30 days, the experiment was conducted adding 4% buffered 
formalin solution in the experimental plots. Using the Ludox™ centrifugation tech-
nique and sieves (40 μm - 1 mm), the meiobenthic nematodes were extracted from 
the sediments and stained for 48 h with Rose Bengal [22]. Afterward, meiofaunal 
taxa were identified and counted under a stereomicroscope (50×, Wild Heerbrugg 
M5A Model), and a maximum of 100 nematodes/replicates were randomly collected. 
All specimens were placed in twenty percent of glycerol, evaporated to anhydrous 
glycerol, and mounted on slides [23]. The genus-level were identified according 
to the literature available [24] and NEMYS repository [25] using a Nikon micro-
scope (Image Software NIS Elements Analysis Version 4.0 Nikon 4.00.07–build 
787–64 bit).

2.3 Ecological indices analysis

The ecological diversity indices present tools that take into account both the 
number of species present and their relative abundance. In order to assess the 
effect of chemical pollutants on the benthic fauna, the former research work has 
focused on studying the univariate biodiversity indices of meiofaunal taxa as well 
as monitoring changes to the composition. The spatial or temporal diversity of a 
taxonomic group (Shannon Diversity), the distribution of the relative abundances 
of species (Equitability), the specific richness (the number of species present), 
Index of Maturity, and Trophic Diversity were studied. Table 1 shows these indices 
in detail.

2.4 Functional traits analysis

Currently, the new research is based on the classification of nematodes into 
functional groups according to the diversity of their morphological attributes and 
life-history strategies that are related to ecological functions [31]. The combined 
analysis of functional traits was suggested for the first time by [32] in order to have 
more effective indications of the state of the environment. The assessment of func-
tional diversity is based on the grouping of functionality measures into one using 
a multivariate approach that provides more informative ecological data than single 

Figure 1. 
Location of the Bizerte lagoon (northern Tunisia).
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analyzes. It is about making more reliable correlative relationships with environ-
mental factors that can reveal additive relationships within communities.

In the Table 2, Five functional attributes were proposed for nematodes: (a) 
Adult length (1–2 mm, 2–4 mm, and ˃ 4 mm) [32]; Amphid shape (indistinct (Id); 
slit-like (St), blister-like (Bs); longitudinal slit (Ls); spiral (SP); rounded or elon-
gate loop (REL); pocket-like (Pk), and circular (Cr) [32]; Tail shape (short/ round 
(s/r), elongated/filiform (e/f), conical (co), clavate/ conical–cylindrical (cla)) [33]; 
Life history (c-p scores; from 1 to 5) evaluated through a scale from colonizers to 
persistent [29, 34]; and Feeding diet: (selective deposit feeders (1A), non-selective 
deposit feeders (1B), epigrowth-feeders (2A), and omnivores-carnivores (2B)) [35].

2.5 Statistical data analysis

Nematodes data were tested for normality and homogeneity of variance using 
Kolmogorov–Smirnov, and Bartlett tests, respectively. The software PRIMER v5 
(Plymouth Routines in Multivariate Ecological Research, version 5.1.8) will be used 
following the standard methods described by [36] for univariate and multivari-
ate analysis of data [37]. For each condition, the univariate indices used: species 
numbers (S), species richness (d), and the Shannon diversity (H′) and Pielou’s 
evenness (J’) indices. Subsequently, means of all univariate indices examined using 
a one-way analysis of variance (1-ANOVA) among all microcosms. Multiple com-
parisons were performed using the Tukey HSD test (software Statistica version 5.1). 
Significant differences were considered when p-values were < 0.05.

For multivariate analysis of nematode communities, the non-metric Multi-
Dimensional Scaling (nMDS) ordination measures applied on square-root trans-
formed functional traits abundances and using Bray–Curtis similarity to represent 
how treatments or biological attributes are matched. The SIMPER analysis run to 
determine the contribution of each genus or functional group (cumulative contri-
bution of 70%) to the average dissimilarity among treatments.

3. Results and discussion

Ecotoxicological studies using the traditional approach for aquatic ecosystem 
monitoring considered nematodes diversity and taxonomic composition. The most 

Index Formula Using Reference

Shannon 
Diversity

H′ = −Σ  
(pi ln pi)

Most commonly used, makes it possible to assess the 
spatial or temporal diversity of specific taxonomic 
group.

[26]

Equitability J’ = H′/ ln S Equitability (J’) provides details on the species/
genus/taxon relative contribution to the overall 
diversity.

[27]

Margalef 
Diversity

D = (S -1)/ln 
(N)

D is the raw number of species in a sample. It takes 
into account both the number of species and the total 
sample size.

[28]

Index of 
Maturity

MI = Σn i = 1 
(vi × fi)

MI is considered as a measure of the assemblage’s life 
strategy.

[29]

Trophic 
Diversity

TD = Σθ2 High TD values indicate the dominance of a single 
trophic guild compared the overall assemblages.

[30]

Table 1. 
The ecological indices used in marine nematodes.
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widely used ecological index is species richness, as it gives a clear and simple indica-
tion of the species number present in a sample. However, this measure strongly 
depends on the sample size or the environment studied [38]. Other diversity indices 
such as Shannon-Wiener and Pielou regularity as well as Index of Maturity [29] 
and Trophic Diversity [30], have been proposed and are regularly used to describe 
nematode assemblages in different environmental conditions [37]. The main 
advantage of diversity indices over the richness is that they give a better picture of 
the dominance of the species by considering the relative abundance of each taxon. 
Several studies investigated the impact of various environmental pollutants on 
benthic ecosystems using nematodes diversity indices to investigate their toxicity 
and harmful concentrations.

Genera Functional traits

1A, 1B, 2A and 2B C-p 
score

Amphid 
shape

Tail 
shape

Adult 
length

Daptonema 1B 2 Cr cla 1–2 mm

Metalinhomoeus 1B 2 Cr e/f 2–4 mm

Sabatieria 1B 2 Sp cla 1–2 mm

Ascolaimus 1B 2 Cr co 2–4 mm

Theristus 1B 2 Cr co >1 mm

Paramonohystera 1B 2 Cr cla 1–2 mm

Promonhystera 1B 2 Cr e/f 1–2 mm

Desmolaimus 1B 2 Cr cla 1–2 mm

Odontophora 1B 2 Cr co 2–4 mm

Steineria 1B 2 Cr cla 1–2 mm

Terschellingia 1A 3 Cr e/f 2–4 mm

Anticoma 1A 2 Pk e/f 1–2 mm

Synonchiella 2B 4 Sp e/f 2–4 mm

Viscosia 2B 3 Pk cla 1–2 mm

Metoncholaimus 2B 3 Pk cla 2–4 mm

Oncholaimus 2B 4 Pk cla 2–4 mm

Oncholaimellus 2B 4 Pk cla > 4 mm

Bathyeurystomina 2B 4 Pk e/f > 4 mm

Marylynnia 2A 3 Sp e/f 1–2 mm

Comesoma 2A 3 Sp co >1 mm

Prochromadorella 2A 2 Id co 1–2 mm

Cyatholaimus 2A 3 Sp co 2–4 mm

Paracomesoma 2A 2 Sp cla 2–4 mm

Calomicrolaimus 2A 3 Sp co 1–2 mm

Cobbia 2A 3 Cr e/f >1 mm

Desmodora 2A 2 REL co 1–2 mm

Spirinia 2A 3 REL co 2–4 mm

Table 2. 
List and functional traits of nematodes genera identified in the Bizerte lagoon.
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The results of nematodes exposure to metals during one month such as chro-
mium have shown significant differences between univariate indices measures 
(most were decreased significantly). The responses of nematode species are 
characterized by the disappearance such Leptonemella aphanothecae which shows 
its high sensitivity to chromium, and an increasing of Bathylaimus species show-
ing their high resistance [39]. In the same context, treatment of nematodes with 
nickel showed significant differences between nematode assemblages from control 
microcosms and those from treatments. Most univariates measures, including 
diversity and species richness, decreased significantly with the increasing of the 
metal concentrations. Results from multivariate analyses of the species abundance 
demonstrated that nematodes responses were highly variable: Leptonemella apha-
nothecae was considered sensitive because disappeared at all nickel concentrations 
tested; Daptonema normandicum, Neochromadora trichophora, and Odontophora 
armata which significantly increased at the high nickel concentration appeared to 
be “opportunistic” species at this concentration whereas Oncholaimus campylocer-
coides and Bathylaimus capacosus which increased at all nickel concentration seemed 
to be “nickel-resistant” [40]. Experiments of pesticide exposure such as permethrin 
have demonstrated that univariate indices were significantly different. The multi-
variate analyses revealed that nematode species Pselionema sp., Prochromadorella 
neapolitana, and Spirinia gerlachi were eliminated at the low dose and seemed to be 
intolerant to permethrin; Trichotheristus mirabilis and Xyala striata, which increased 
with increasing contamination levels, seemed to be ‘opportunistic’ and/or ‘resis-
tant’ species [41]. Results of glyphosate treatment showed that Shannon-Wiener 
Diversity was reduced in all treatments. Species such as Marylynnia stekhoveni 
and Microlaimus cyatholaimoides decreased in all treatments and appeared to be 
“glyphosate sensitive” whereas Paramicrolaimus spirulifer, Paracomesoma dubium, 
Metacomesoma punctatum, Terschellingia longicaudata, and Daptonema hirsutum 
seemed to be “glyphosate resistant” species [42].

Exposed nematode communities to environmental levels of pharmaceutics 
compounds were also investigated. Thus, penicillin G exposure has demonstrated 
that diversity (H′), species richness (d), equitability (J), and the number of species 
(S) were decreased significantly and Kraspedonema octogoniata and Paracomesoma 
dubium were seemed to be sensitive species; Oncholaimus campylocercoides as 
“opportunistic”, whereas, Nannolaimoides decoratus is “penicillin G resistant” 
species [43]. In other studies, Ciprofloxacin exposure caused a decrease in diversity 
index and nematode species were responded differently: Odontophora villoti was 
considered “sensitive,” whereas Metoncholaimus pristiurus as “opportunistic” and 
Paramonohystera pilosa, appeared “tolerant” [23]. The exposure with collagen has 
induced a reduction in diversity indices. Nematodes species such as Ptycholaimellus 
ponticus, Theristus modicus, and Kraspedonema reflectans, were classified as 
“collagen-sensitive”, Sigmophoranema rufum, Lauratonema hospitum, Enoploides 
spiculohamatus, and Trichotheristus mirabilis, were “collagen-tolerant” species [44]. 
The response of nematodes to polybrominated diphenyl ether (BDE-47) was also 
studied, and the results showed that all univariate indices (Species number (S); 
Shannon diversity index (H′); Margalef ’s species richness (d) were decreased and 
Pielou’s evenness (J’)) were significantly modified, and the species of Terschellingia 
were considered “BDE-47 sensitive,” whereas Metoncholaimus pristiurus and 
Paracomesoma dubium, were “BDE-47 tolerant” (Table 3) [19].

Currently, some studies have started using the new assessment approach (func-
tional traits analyses) to address the effects of various contaminants on nematode 
species. Among these studies, many experiments were conducted to evaluate the 
impacts of ciprofloxacin on nematodes functional traits evolution. A change in 
the nematofauna structure was registered and characterized by low values of the 
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taxonomic diversity. The nMDS second-stage ordination plots for matrices includ-
ing nematode genera and biological traits showed that all attributes were modified 
and the tail shape was the closest to the generic structure [45]. Another study that 
treated the toxicity and the interactions between metals and plastic (Polyvinyl 
chloride) demonstrated that the single treatments was toxic for marine nematodes. 
However, the mixture of these pollutants has a lesser lethal impact compared to 
their separate effects. The nMDS second-stage ordination of inter-matrix rank 
correlations for matrices already mentioned showed that the proximate functional 
trait to the taxonomic responses was the amphid shape [47]. The response of 
meiobenthic nematode communities to the effect of the polybrominated diphenyl 
ether, BDE-47 has shown a decrease in taxonomic diversity and a modification in 
all biological trait abundance. Only three functional traits (body length, feeding 
group, and amphid shape), presented a clear difference between the untreated and 
treated microcosms. The nMDS second-stage ordination of inter-matrix rank cor-
relations indicated that the amphideal shape was the most modified functional trait 
[46]. Finally, a study examining the single and binary PAHs (anthracene, pyrene, 
and benzo[a]pyrene) toxicity on marine nematodes have demonstrated that the 
single or mixtures treatments exhibited restructuring of trophic diversity with an 
increase of epigrowth-feeders abundance. The nMDS second stage ordination of 

Chemicals compounds Ecological 
indices 
responses

Functional traits responses References

Chromium H′ ↓, D ↓, J’ 
(ns), S (species 
number) ↓

[39]

Nickel H′ ↓, D ↓, J’ (ns), 
S ↓

[40]

Permethrin H′ ↓, D ↓, J’ 
↓, S ↓

[41]

Glyphosate H′ ↓, D ↓, J’ 
↓, S ↓

[42]

Penicillin G H′ ↓, D ↓, J’ 
↓, S ↓

[43]

Collagen H′ ↓, D ↓, J’ ↓ [44]

Ciprofloxacin H′ ↓, D ↓, J’ 
↑, S ↓

Lower taxonomic diversity All 
Functional traits were modified 
especially the tail shape.

[23, 45]

BDE-47 H′ ↓, D ↓, J’ 
↑, S ↓

• Restructuration of nematodes 
biological traits

• Amphid shape was the most 
changed

[19, 46]

cd, PVC, and Mixture cd (H′ ↓), PVC 
(H′ ↓), Mixture 
(H′ (ns))

• Restructuration of nematodes 
biological traits

• Feeding diet and amphid shape 
and were the most modified

[47]

Separate and mixed PAHs 
(anthracene, pyrene, and 
benzo[a]pyrene)

D ↓ Life history and feeding diet were 
the most modified

[48]

Table 3. 
List of studies using ecological indices and functional traits approach of nematodes for assessment of ecosystem 
quality.
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inter-matrix rank correlations showed that the feeding diet and life history were 
the most modified functional traits after treatment with PAHs [48]. Although some 
studies have the approach proposed here to assess the environmental pollutants, 
there is still a lot of work to do to validate the use of the new approach to assess the 
quality of the environment influenced by different types of stress (Table 3).

4. Conclusions

The use of the approach based on the functional traits of marine free-living 
nematodes seems to be at present more relevant than the classical ecological index 
analysis methods used to detect changes quality of aquatic ecosystems. This new 
approach has made it possible to provide additional ecological information on the 
nematode responses and then on ecosystem functioning [32]. All functional traits 
included Adult length; Amphid shape; Tail shape; Life history; and Feeding type 
[9, 32–35] constituted a good approach to the determinate of the ecological status of 
the ecosystem.
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