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ABSTRACT

The impact of root-knot nematodes of the tomato, Solanacearum lycopersicum, has resulted in severe damage 
and reduction in crop yields of both temperate and tropical agriculture systems. Keeping in mind the economic 
significance of the plant, the parasitic nematodes have not only been a burden for plant production but also cause 
for global agricultural economy depletion. At present, various countries have banned the nematicides after analyzing 
their consequence on environment and humans thereby making it an imperative to find an alternative method for 
the inhibition of nematodes against S. lycopersicum. With the plant root comprising of several bioactive secondary 
metabolites, a self-defense mechanism can be initiated against the infecting parasites. Not with standing, limited 
research has been carried out to understand the efficacy of induced resistance between or within the same species. 
Hence, the current review, we summarize on how hypersensitivity-like reactions can enhance plant resistance 
inducers in solanaceous species and their effects of various root metabolisms, chemical compounds which can act as 
repellents, hatching stimulants, attractant, or as inhibitors. The review focuses on the objective of understanding the 
mechanistic intricacies of how RNA interference acts on a root-knot nematode.

1. INTRODUCTION

Tomato, Solanacearum lycopersicum, is the second most consumed 
plant organ worldwide. This berry, commonly mistaken to be a 
vegetable originated from the regions of South America, is the basic 
indigent for various raw, cooked, or processed foods. Thereby making 
it the most adopted occupational crop worldwide, either for local use or 
export [1]. China has been the primary producer of tomato accounting 
for about 31% of the total global production, followed by India and 
the United States of America [2]. Tomato belongs to the Solanaceae 
family, of the plant kingdom, which also comprises various other 
economically important crops such as the Solanum tuberosum (Potato), 
Capsicum annuum (Capsicum/Bell peppers), and Solanum melongena 
(Brinjal/Eggplant) [3]. Tomato constitutes numerous phytocompounds 
such as the Vitamins A and C, and lycopene, a pigment as well as an 
antioxidant capable of reducing the risk factors associated with cancer 
and neurodegenerative diseases [4]. The importance of tomato plant 
has also been linked to numerous evolutionary researches carried out 
to understand the metabolic and fruit development processes [5].

The depletion in quality and quantity of tomato crops has been occurring 
due to unviable cropping with monoculture coupled with expansion of 
crops to newer regions, leading to the occurrence of a wide range of 
infections [6]. Most common among such infections in the one caused 
by root-knot nematode, which is capable of causing severe damages to 
the plant leading to reduced yield. Globally, an approximation of about 
>$80 billion losses are incurred annually due to such infection  [7]. 
The root-knot nematodes, which are primarily parasites, may also 
act specifically as vectors binding to other pathogenic organisms, 
either way resulting in disease aggregation. Nematodes comprise over 
100 species, of which those belonging to the genus Meloidogyne, 
are associated with tomato crop pathology. Meloidogyne hapla, 
Meloidogyne naasi, Meloidogyne chitwoodi, and Meloidogyne fallax 
are commonly found in cold environment. However, Meloidogyne 
arenaria, Meloidogyne javanica, and Meloidogyne incognita are the 
most important root-knot nematodes known to cause severe damage 
in tomato crop in humid condition [8]. The root-knot nematodes adopt 
the endoparasitic behavior, allowing them to feed and reproduce within 
the plants and survive in the soil as egg mass and plant debris. During 
this event, the infective second-stage juveniles move to the root tip to 
form large spindle-shaped gall like structures. The size of these galls-
like masses may vary and reach up to 15 mm in diameter [9].

Since the parasites such as root-knot nematodes cause a major loss in 
the agricultural system, an integrated use of pest, crop rotation, and 
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biological practices is deemed to be a successful controlling strategy. 
The consequences of such exercises have been unsatisfactory since about 
95% of spray pesticides fail to reach the target parasites and thereby 
causing a severe effect on the environment and humankind  [10]. In 
addition, the tomato crops have been found to have different degrees of 
sensitivity toward each Meloidogyne species with the previous studies 
suggesting that each nematode species exhibited a different degree of 
parasitism on specific tomato cultivation [11]. While the M. hapla was 
reported to form small, distinct galls, the M. incognita and M. javanica 
produced large galls and huge root-swellings which made the infected 
plants to appear yellow, stunted, and wilt easily [12]. Furthermore, 
severe infection leads to a reduction of yield and ultimately killing 
the plants. Furthermore, the root-injuries caused by the nematodes 
may also act as the point of entry for infectious bacteria and fungi. 
Particularly in the wilt-resistant varieties, intake of necessary nutrients 
and water by the host plant is significantly reduced resulting in weak 
plants with low yields as their physiological processes are affected [13]. 
Various studies suggest the use of plant resistance inducers to mitigate 
these adversities and to increase the plant metabolic activity and 
development of defense mechanism against various parasites. Such an 
effort would also add value to our understanding of the interactions 
occurring naturally between plant and root-knot nematodes [14]. The 
current review provides with an overview of the root-knot nematodes, 
their mechanism of action against S. lycopersicum, and the possibilities 
of plant resistance that can act against these nematodes.

1.1. Morphology of Root-knot Nematodes
The root-knot nematodes belong to the genus Meloidogyne. These 
nematodes are typically elongated, triploblastic, unsegment, and 
bilaterally symmetrical with pseudocoelomate morphology. They 
exhibit sexual dimorphism, where the female nematode is up to 3mm 
long with a soft and pearl white colored body. The neck of a female 
protrudes anteriorly, while the excretory pore is situated anterior to 

the median bulb near the stylet base, with the stylet being shorter, and 
vulva as well as anus is located terminally surrounded by cuticular 
striae. Paired gonads represent the ovaries. In addition, six large 
unicellular rectal glands, responsible for gelatinous matrix production, 
are present in the posterior. Meanwhile, the male nematodes exhibit 
a vermiform morphology unlike the pear-shaped distended bodies of 
female nematodes. Male nematodes are shorter, being only 1.2–1.5 mm 
long. The body of the worm is thin and cylindrical shape [15] and male 
nematodes consist of a large labial disk that binds to medial lips to form 
a dorsoventral elongate lip region. Males have a delicate stylet and the 
developmental factor may influence the pattern shape [Figure 1] [16].

1.2. Life Cycle of Root-knot Nematodes
The lifecycle of all Meloidogyne spp. constitutes six stages [Figure 2] 
occurring within a duration of about 3–6 weeks. First stage is known as 
the egg stage, where the nematodes deposit over 1000 eggs in the form 
of a sticky mass which manages to survive on the soil surface as well 
as plant residues. In these masses, eggs are clustered to prevent loss of 
viability due to dehydration. After deposition, the eggs start to multiply 
to form a first juvenile stage. In the first juvenile stage (J1), coil-like 
structures appear inside the egg membrane and are characterized by 
the presence of a stylet. Hence, obtained first juvenile stage gives rise 
to an infective second-stage juvenile (J2) which hatches within 48 h. 
Among various nematodes, the Meloidogyne spp. juveniles are only 
such nematodes that inject esophagus gland secreted substances to 
apical meristem cells in an attempt to create feeding sites known as 
giant cells, which act as a channel to pass nutrients from the plant to 
nematode. Soon after, the second-stage juvenile (J2) becomes adult. 
In the adult stage, the male nematodes disappear from the roots, while 
the females swell on maturity producing several numbers of eggs, with 
or without the involvement of males. Interestingly, the male: female 
ratio in the nematode population, during this event of reproduction, 
is balanced generally. This can be attributed to the unique character 
of immature females to undergo metamorphosis into males, in an 
instance where the population density does not equate [17].

1.3. Symptoms of Infected Plants
In an event of Meloidogyne spp. infection, the S. lycopersicum plants 
show stunted growth, wilting, yellowish of leaves, and death in 
severe cases, due to lack of nourishment. The infection of root-knot 
nematodes causes cell expansion, resulting in swallow or gall like 
structures as shown in Figure 3. Compared to the other Meloidogyne 
species, the M. hapla has been reported to form process smaller 
galls. The root-knot nematodes deprive the plants of their required 
nutrition thereby increasing their susceptibility other bacterial and 
fungal invasions. In addition, these plant parasitic nematodes which 
develop below the soil level are difficult to control by chemical means 
due to their vast quantities. Several experimental studies, carried out 
under plot, micro plot, and filed experiments, have suggested that 
the factors such as: (i) Inoculums type (s) and inoculation technique; 
(ii) extraction technique and efficiency in laboratory condition; (iii) 
inoculum density or nematode species and its population level; and 
(iv) variation in environment and soil type; affect the nematode growth 
population which is responsible to cause intense damage on tomato 
cultivation [18,19].

1.4. Host Identification through Chemosensory Perception
The root-knot nematodes recognize surrounding habitat through 
chemosensory impression or through root exudate signals. The tomato 
plants are capable of producing various chemical gradients across the root 

Figure 1: Morphology of male and female root-knot nematodes. 
(Source: Handoo et al., 2004)
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nodules, attracting the parasite invasion [20]. A range of phytochemicals 
have been identified as chemotactic elicitors in Meloidogyne incognita 
two second-stage juvenile (J2) larvae. The J2 were found to adapt their 
behavioral responses post-exposure to phytochemicals such as ethephon 
(Eth), potato root diffusate, and salicylic acid, supporting the existence 
of long-term habituation traits mediated by the serotonergic-dependent 
neurotransmission. Understanding of such host-parasite interactions 
will help develop a pragmatic approach to protect the tomato crops 
from nematode invasions [21].

1.5. Attractants and Repellants
The J2 root-knot nematode larvae target mostly the root tip of a 
host. In an attempt to ward off any such infection, the host plants 
develop unique chemical and physical signals including change (s) 
in temperature, pH, iron, and carbon dioxide concentrations in the 
root tips. Such phenomena may either attract or repel the parasite. In 
addition, carbohydrates, phenolic compounds, chelating compounds, 
amino acids, and redox potentials of the plant may also regulate 
the root-knot nematode behavior [22]. The mechanistic intricacies 
underlying the chemical signaling responsible for such behaviors are 
poorly understood. Yet, a few studies suggest that when any of the 
above signaling molecules of chemical nature come in contact with 
the amphidal duct root-knot nematode, which provides a satisfactory 
information about root-knot nematode sensory perception, because 
this is where the phytohormones trigger receptors for induction 
and secretion of signals by a diffusion process [23]. In Arabidopsis 
thaliana it was observed that the suppression of ethylene synthesis 
attracted more M. hapla nematodes toward root tip, whereas an 
overexpression showed the least attractive capability in the same root-
knot nematode species. Indicating that the ethylene and by products 
of ethylene related pathways repelled the parasites [24]. Based on 
proven evidences, various studies have been carried out to identify 
root metabolites detected in root exudates of tomato plants [Table 1]. 
Of which, methyl salicylate, zeatin, quercetin, specific to tomato root, 
were found to attract M. incognita J2 larvae, while the metabolites 
of the ethylene pathway attracted M. hapla, M. incognita, and 
M.  javanica. Meanwhile, palmitic acid and linoleic acid, 1-octanol, 
trans-cinnamic acid, and p-Coumaric acid showed excellent repellent 
activity in M. incognita, as other root tip exudates were repellent to 
J2s, by inducing a quiescence response due to which >80% of the 
M. incognita nematodes lost motility [32].

Figure 3: The effect of root-knot nematodes causes (a) wilt, (b) yellowish of 
leaves and (c) gall formation in Solanacearum lycopersicum species 

(Source: Atamian et al., 2012)

a b

c

Figure 2: Complete lifecycle of root-knot nematodes Julie (Source: Nicol et al., 2002)
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1.6. Hatching Stimulation
Most of the nematode hatching mechanisms are focused during their 
parasitic venture, particularly occurring between the host and root-
knot nematodes lifecycle. In general, few nematodes depend on the 
particular host system for their hatching mechanism. The injected 
juveniles process less energy leads to starvation and finally to death 
(M. javanica and M. incognita spp.) whereas, few other nematodes 
enclose dormant eggs that are capable of surviving for decades to 
reactivate the host-specific active stimulants. There by suggesting the 
use of hatching stimulants, in the absence of host, to obtain a promising 
reduction of nematode population. For example, the use of 4-Hydroxyl 
benzene ethanol to induce hatching in M. incognita; root-exudates 
derived stimulants as hatching inhibitors of M. hispanica, M. hapla, 
and M. arenaria has resulted in providing protection to the tomato 
crops by inhibiting the J2 from penetrating the plant [Table 2] [34].

1.7. Mode of Action of Root Metabolites in Root Knot 
Nematodes
Plants employ a defense mechanism to elude from pathogenic 
nematodes. Such plants generally consist of different proteinase 
inhibitors, which provide a suitable defense mechanism against 

those pathogens. These proteinase inhibitors act on nematode 
proteases, causing starvation due to nutrition depletion. The nematode 
surfaces consist of various small signaling molecules, such as the 
Microbe-Associated Molecular Patterns/Nematode-Associated 
Molecular Patterns (NAMP), which have a root surface pattern 
recognition receptor (PRR) [41]. On binding to the PRR, triggering 
of the pattern or NAMP triggered immunity (PTI) occurs [Figure 4] 
and thereby initiates the Mitogen-activated protein kinase cascade to 
eventually activate the plant genes responsible for defense. Countering 
this, the nematodes secrete an effectors molecule, as caroside, along 
with the effector molecules to hijack the plant cellular system [42]. 
About time, sensor proteins such as the nucleotide binding leucine-rich 
repeat proteins are also put into action, while the pathogen detection 
would have stimulated the R-gene activation to produce the resistance 
protein. Soon after activation, the resistance protein causes an ion-flux, 
involving potassium and hydrogen ions to initiate a hypersensitive 
response (HR) [43]. This HR causes oxidative burst by producing 
reactive oxygen species mediated cell death to trigger the deposition 
of lignin and cellulose around the surrounding cells in an attempt to 
contain the pathogen infection. Such an event is considered to be a 
short-term response to infection by the plant. The HR also triggers 
other types of effectors-triggered immunity inducing systemic acquired 

Table 1: Compound of root metabolites involved in attraction and repletion of root-knot nematodes

Sl. No species/synthetic chemicals Root metabolites Nematodes affected Effect Reference

1. Tomato S. lycopersicum Methyl salicylate M. incognita Attractant [25] 

2. Tomato S. lycopersicum Zeatin M. incognita Attractant [26] 

3. Tomato S. lycopersicum Quercetin M. incognita Low concentration act as 
an attractant and higher 
concentration as a repellent

[26]

4. Tomato S. lycopersicum and 
Rice Oryza sativa

Small lipophilic molecules M. incognita and 
Heterodera glycine

Repellent [27] 

5. Tomato S. lycopersicum 
and barrel clover Medicago 
truncatula

Metabolites of ethylene pathway M. hapla, M. javanica, 
and M. incognita

Ethylene signaling attract more 
toward hosts compared to wild 
type

[28] 

6. Synthetic chemicals Isoamyl alcohol,1- butanol and 
2-butanone

M. incognita Attractant [29]

7. Synthetic chemicals Salicylic acid M. incognita Attractant [30] 

8. Synthetic chemicals Dopamine Radophus Similis Attractant [30]

9. Ricinus communis Palmitic acid and linoleic acid M. incognita Repellent [31] 

10. Synthetic chemicals 1-octanol M. incognita Repellent [29] 

11. Marigold Tagetespatula, 
Pepper Capsicum annuum, 
and Soybean Glycine max

Root exudate compounds M. incognita and 
Heteroderaglycines

Repellent to root knot nematode [32] 

12. Pea Pisum sativum, Snap 
bean Phaseolus vulgaris, and 
Alfalfa Medicago sativa

Root tip exudate M. incognita Repellent to J2s; induced 
quiescence response, > 80% of 
the nematodes lost motility

[32] 

13. Synthetic chemicals Protocatechuic acid, umbelliferone, 
caffeic acid, ferulic acid, luteolin, 
daidzein, genistein, Kaempferol, 
quercetin, myricetin

Radopholus similis Repellent andnematicidal [30] 

14. Synthetic chemicals Trans-cinnamic acid; p-Coumaric acid M. incognita Repellent [33] 

15. Synthetic chemicals Salicylic acid, ethephon, vanillic acid, 
gibberellic acid, indole-3-acetic acid,6-
dimethylallylamino purine, mannitol, 
arginine and lysine

M. incognita Attractants [33] 

16. Synthetic chemicals Salicylic acid, methyl jasmonate, 
ethephon, indole-3-acetic acid, mannitol

Globodera pallida Attractants [33] 

M. incognita: Meloidogyne incognita, Solanacearum lycopersicum: S. lycopersicum
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resistance enhancing the immunity in plants [44]. In an event of failure 
of HR, activation of hormonal signaling pathway begins, which is a 
parasite species specific response. While the necrotrophic parasites 
induce the jasmonic acid pathway [45], the biotrophic parasites will 
initially induce the salicylic pathway, which further prompts different 
hormonal pathways and to activate pathogen-related defense gene(s) 
of the plant [46]. Following this, PR protein expression is upregulated 
to act against the nematode infection, in combination with various 
other protein factors.

1.8. Role of RNA Interference (RNAi) in Inhibiting Root-knot 
Nematode Effectors
RNAi has been an important tool for gene controlling, with an aim to 
analyze the function of different genes by inhibiting their activity. Such 
techniques have been demonstrated in various organisms including the 

root-knot nematodes [47]. The nematodes intake expressible double-
stranded RNA molecules, showing a systemic RNAi response in 
root-knot nematodes as mechanistically explained in Figure 5. Here, 
the interaction of the particular nematode effector gene(s) with the 
dsRNA will remains crucial form the infection to be initiated [48]. 
Studies reveal the importance of controlling root-knot nematodes 
through host induced gene silencing for a better understanding of 
possible knockdown on the nematodes. This is also known to control 
the damage or yield loss in S. lycopersicum species. The functional 
analysis of these root-knot nematode genes depends on development 
of a reverse genetic tool acquired by these obligate parasites [49]. 
Many studies suggest that the RNAi genes are involved in silencing 
of dicer and pasha genes of M. incognita juveniles using siRNAs [50]. 
Urwin et al., 2002, studied the plant-parasitic cyst nematode and 
concluded that octopamine induces the FITC uptake through the 

Figure 4: Mechanism of action root metabolites against root-knot nematodes (Source: Hyong et al., 2016)

Table 2: Suppression of root-knot nematode hatching against root metabolites

Sl. No. Plant species/synthetic chemicals Root metabolites Nematodes affected Effect Reference

1. Welsh onion Allium fistulosum 4-Hydroxyl 
benzene ethanol

Meloidogyne 
incognita

Hatching inhibitor [35] 

2. Sticky nightshade Solanum 
sisymbriifolium 

Root exudate 
compounds

Root-knot nematodes Hatching inhibitor of Meloidogyne hispanica, 
Meloidogyne hapla and Meloidogyne arenaria; J2s 
not able to penetrate the plant and highly resistant

[36]

3. Sticky nightshade Solanum 
sisymbriifolium

Root exudate 
compounds

Root-knot nematodes Hatching inhibitor of Meloidogyne javanica, 
Meloidogyne arenaria and Meloidogyne hapla; J2s 
not able to penetrate the plant and highly resistant

[37] 

4. Sticky nightshade Solanum 
sisymbriifolium

Root exudate 
compounds

Globodera pallida Hatching stimulants, reduced number of J2s per 
cyst and decreased population

[38] 

5. Sticky nightshade Solanum 
sisymbriifolium and Nightshade 
Solanum nigrum

Root exudate 
compounds

Globodera 
rostochiensis and 
Globodera pallida

Hatching stimulants, reduced number of J2s per 
cyst and decreased population

[39] 

6. Nightshade Solanum nigrum Root exudate 
compounds

Globodera tabacum Hatching stimulants [40] 
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secretory system [51]. Iqbal et al., 2016, have explained the behavioral 
and infectivity variations in the J2 of M. incognita and reported the 
RNAi influence on such plant-parasitic nematodes [52].

1.9. Biological Control
Various bacteria and fungi are also involved in the inhibition of root-
knot nematodes. The nematophagous fungi involve in toxin production, 
behave as endoparasites and/or also capable of trapping the nematodes. 
Aspergillus spp. and Trichoderma spp. inhibit the tomato plant 
affecting M. incognita effectively [54]. P. lilacinum fungi (strain 251) 
were reported to mitigate M. javanica and M. incognita infections apart 
from reducing gall formation in tomato crop [55]. The bacteria also 
inhibit root-knot nematodes efficiently [56]. Dababat and Sikora, 2007, 
concluded that the Fusarium oxysporum Fo162 was capable to induce 
resistance in tomato plant against M. incognita [57]. Thereby implying 
that biological control is another important technique to be considered 
for the control of parasitic infections of S. lycopersicum.

2. CONCLUSION

The economic consequence faced globally due to crop loss through 
nematode infections is relatively high. These nematodes are unique 
due to the characteristic feature wherein they are difficult to manage 
or suppress on introduction to cropland. Various researches are being 
carried out to understand such nematodes, morphologically, as well 
as behaviorally, in an attempt to eradicate them. To overcome this, 
it is essential to understand the mechanistic pathways supporting the 
nematodes to affect a particular crop, apart from realizing the species-
specific damages caused in the host. The imperative use of molecular 
approaches, such as RNAi, as an alternative to the chemical means can 
be considered for further evaluation due to their cumulative impact on 
sustainable as well as profitable agricultural practices.

Figure 5: Mechanism of RNA interference (RNAi), double-stranded RNA (dsRNA) is processed by plant dicer enzyme (1) into (2) once this dsRNA was uptake 
by these nematodes during feeding (3) once they uptake dsRNA, the nematodes execute dsRNA to shorter interference RNA (4) and also unwind the sense and 
antisense strands. The RISC complex is filled with antisense strand interacts with the corresponding mRNA in nematodes (5), this makes mRNA to cleave by 

RISC (6) and leads to degradation of mRNA (7) (Source: Agrawal et al., 2003)[53]
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