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11.1. Introduction

Root-knot nematodes were first discovered by Berkeley (1855) on the root of cucumber growing in an English glasshouse (Figs 11.1, 11.2). At first more of a curiosity, their importance was gradually recognized until today, together with the cyst nematodes and pratylenchids, they are amongst the most economically important plant-parasitic nematodes in the world. Root-knot nematodes belong to the genus Meloidogyne Göldi, 1887, a genus originally erected for a species found attacking coffee roots in Brazil (Göldi, 1887). Due mainly to poor descriptions and confusion with cyst nematodes, much uncertainty existed as to the status of root-knot nematodes until Chitwood (1949) established the genus on a firm footing, establishing, as first reviser, five species: M. exigua Göldi, 1887, the type species and attacking coffee roots, together with M. arenaria (Neal, 1889) Chitwood, 1949, M. hapla Chitwood, 1949, M. incognita (Kofoid & White, 1919) Chitwood, 1949, and M. javanica (Treub, 1885) Chitwood, 1949. A full account of the early history of the genus is given by Hunt and Handoo (2009). 
The root-knot nematodes are highly adapted and have a very specialized mode of life marked by extreme sexual dimorphism, the females being massively swollen and sedentary whereas the males retain their mobility and are vermiform. Although superficially similar to cyst nematodes, root-knot nematodes represent a separate evolutionary development, similarities in morphology and biology being due to convergence. Whereas the cyst nematodes retain either all or most of the eggs inside the female body (one or two species, such as Heterodera schachtii, have a small egg sac into which some eggs are deposited), root-knot nematodes deposit the majority of their eggs into an external gelatinous matrix which is secreted by the rectal glands of the female. The egg masses are large and usually protrude through the root surface, the jelly-like egg masses often coalescing with their neighbors. Although two other genera have been proposed, namely Hypsoperine Sledge & Golden, 1964 and Spartonema Siddiqi, 2000, these are usually treated as junior synonyms of Meloidogyne (see Hunt & Handoo, 2009). 
The last decade or so has seen a great increase in the number of described species (Subbotin et al. 2021), although some of these are undoubtedly junior synonyms of common, highly variable species, such as M. incognita (see Hunt & Handoo, 2009). Because of their relatively conserved morphology, and the fact that the morphometrics and few morphological characters are often subject to seemingly endless variation, more objective diagnostic techniques, such as molecular characterization, must be applied to confirm or refute the status of the nominal species and any proposal for a new species should include molecular data as an integral part of the description.
The most recent major monographs on the root-knot nematodes are a volume entitled Systematics of Root-knot Nematodes (Subbotin et al., 2021) and Root-knot Nematodes (Perry et al., 2009). These provide an excellent and up-to-date introduction to the genus and is compulsory reading for those who wish to know more about these fascinating nematodes. Other major works include those by Whitehead (1968), Franklin (1976, 1979), Sasser and Carter (1985), Barker et al. (1985), Jepson (1987), Karssen (2002), Karssen and Moens (2006), Hunt and Handoo (2009), and Karssen et al. (2013). The most recent species list, including full synonymies, is that of Subbotin et al. (2021).	Comment by David: update

11.2. General morphology

[bookmark: OLE_LINK229]There are many detailed accounts of the morphology of root-knot nematodes, the latest being that of Eisenback and Hunt (2009). Other excellent sources include those by Franklin (1957, 1971, 1976, 1979), Whitehead (1968), Bird (1971), Esser et al. (1976), Taylor and Sasser (1978), Lamberti and Taylor (1979), Jepson (1983a, b, c; 1987), Eisenback (1985a, b; 1997), Hirschmann (1985a, b), Eisenback and Triantaphyllou (1991), Kleynhans (1991), Karssen (2002), Carta et al. (2006), Karssen and Moens (2006), Hunt and Handoo (2009), and Karssen et al. (2013). In the following account, attention will be focused on the morphology of the infective second-stage juvenile (J2), adult male and adult female as these are the stages most used in identification using classical morphology/morphometric based techniques. A general morphology, including the male, is shown in Figure 11.3 whilst the J2 is shown in Figure 11.4 and the adult female in Figure 11.5. For greater detail of the organ systems, the reader is referred to Eisenback and Hunt (2009).	Comment by David: or Subbotin et al.?

11.2.1. Second-stage juvenile (J2)

	The J2 (Figs 11.3E-G; 11.4) is vermiform and is the stage that hatches from the egg and penetrates a host root in order to establish a feeding site to facilitate the further development of the nematode. The J2 is highly mobile and may move considerable distances in search of a host root. The vermiform body is quite slender although the intestine may be replete with food reserves. The labial region (Fig. 11.3F) is relatively weakly cuticularized, much more so than in a J2 cyst nematode, and the stylet is also relatively weak whereas in the cyst nematode J2 it is strongly cuticularized and has much larger basal knobs for muscle attachment. The pharynx (Fig. 11.4A) comprises the usual parts but is notable for the length of the pharyngeal gland lobe, the source of the complex secretions that enables the J2 to establish a feeding site within the host root. As previously mentioned, the intestine is replete with food reserves, at least in young individuals, although this dissipates over time as the nematode searches for a suitable host. The tail is elongated and tapers to a finely rounded tip in most species (Fig. 11.3G; 11.4B). The terminal third or so of the tail comprises clear cuticle and is known as the hyaline region, the length of which as a proportion of the tail itself is of some importance as a diagnostic aid (note that the hyaline region is longer and comprises about half the tail length in cyst nematode J2). The phasmids are located between the anus and the tail tip. A small four-celled genital primordium, the precursor of the adult reproductive system, is visible at about 65% of the body length and is positioned towards the ventral surface and parallel with the body axis. There are usually three or four lines or incisures in the lateral field in the mid-body region, these reducing anteriorly and posteriorly.

11.2.2. Male

The adult male is, like the J2, vermiform (Fig. 11.3A-D). The vermiform state does not occur until after the third molt, they then remain vermiform, although enclosed within the shed cuticles of previous stages until the fourth molt releases the fully formed adult. The mobile males emerge from the retained cuticles from earlier stages and enter the soil phase in which they migrate in search of females. Many species lack males altogether whilst in others the male seems superfluous to reproduction, the existence of males seemingly being an evolutionary throwback. In amphimictic species, however, males are common. Although possessing a well-developed stylet (Fig. 11.3B) the male does not feed and relies upon the reserves stored in its intestine from the period when it was a sedentary J2. The lateral field typically has four lines or incisures (Fig. 11.3D) and appears to encircle, or merge with, the tail tip. Areolations may be incomplete and/or irregular. The genital system typically consists of a single testis (monorchic) but in specimens where sex reversal has occurred, there may be two, these representing the two female genital tracts. Sex reversal occurs under conditions of nutrient and temperature stress, female nematodes altering their development to become males an attempt to ensure that at least some genetic material ‘escapes’ from a deteriorating resource that may not be capable of satisfactorily supporting the development of a mature female. There are two spicules (Fig. 11.3C) , these being of typical tylenchid form. A bursa is absent. The actual tail (Fig. 11.3C) is very short, only a few microns long, as the cloacal aperture is located virtually at the end of the body, an adaptation to mating with the greatly swollen female whose vulval aperture is also virtually terminal in position. The phasmids are situated near the cloacal aperture. 

11.2.3. Female

The female stage is sedentary and, when mature, is usually pear-shaped or derived from that form (Figs 11.3J; 11.5A). The neck region (Figs 11.3H-I; 11.5C) protrudes and retains some mobility so that the nematode may feed from one or other of the several giant cells that were formed near her anterior region. The vulva opens in a more or less terminal position and is surrounded by the perineal pattern (Figs 11.3K; 11.5B; 11.6), itself comprising cuticular ridges (variations in the form of which have been used as diagnostic characters), the lateral fields, phasmids, vulval opening, anal opening and tail tip. The phasmids are located near to the tail tip and occur within the perineal pattern where they appear as minute dots. The expanded portion of the female body contains two genital tracts, both running anteriad because of the extreme posterior location of the vulva (i.e., they are didelphic, prodelphic). The tracts are very long and convoluted and intertwine around the intestine, the enormous ovaries (comprising over half the length of each genital tract) absorbing nutrients directly through the gut wall (Fig. 11.5A). The very large genital system is capable of producing hundreds of eggs. The intestine itself lacks any connection to the rectum and thus ends in a blind sac. Six well developed rectal gland cells (Fig. 11.5A) debouche via the anus, their secretions forming the gelatinous matrix into which the eggs are laid. The gelatinous matrix is a complex structure which may be as large or larger than the female herself. It consists of various proteins, mucopolysaccharides, antimicrobial compounds and enzymes. The eggs are just over twice as long as wide and have a resistant glycolipid layer. 

11.3. Life cycle

The life cycle of root-knot nematodes is typical of many other nematodes in that there is an egg stage, four juvenile stages (one of which is found only in the egg) and the adult male and female. The male may be rare or absent in many species as reproduction is often parthenogenetic, although some species are amphimictic. The life cycle of root-knot nematode is similar to cyst nematodes, the primary difference being that female root-knot nematodes do not turn into brownish-colored cysts formed from the tanned and hardened cuticle of the female but instead remain white with a soft cuticle. The female lays eggs into a large gelatinous matrix (egg sac) that is usually deposited on the surface of galled roots, although sometimes they occur within the galls themselves (Fig. 11.7B). The first-stage juvenile (J1) molts in the egg and hatches as the J2. Hatching is temperature driven and occurs without requiring stimulus from plant roots, although root diffusate sometimes stimulates hatching and enzymes are thought to be involved in altering eggshell structure. The J2 can survive in the soil in a quiescent state for an extended period and rely on the food reserves stored in the intestine. This motile stage, often called the pre-parasitic or infective J2, migrates through the soil, searching for roots of a suitable host plant. Once a suitable host is located, the J2 invades the root tip region (Fig. 11.7A) and moves intracellularly to the feeding site. After entering the roots, the J2 moves across the cortical tissue until it reaches its preferred site to initiate feeding. The feeding of the J2 on protoxylem and protophloem cells induces these cells to differentiate into specialized nurse cells – the giant cells. Giant cells are highly specialized cellular adaptations induced and maintained by the developing female in susceptible plants (Castillo et. al., 2001). The formation of giant cells is essential for successful parasitism (Fig. 11.7D). If a juvenile fails to induce the formation of giant cells in the root, it will either starve or migrate out. Once a giant cell is initiated, the nematode undergoes morphological changes, becomes sedentary and enlarges greatly to assume a sausage-shaped parasitic J2. Without further feeding, and under favorable conditions, the J2 stage molts to the third-stage juvenile (J3) after approximately 14 days, then to the fourth-stage juvenile (J4), both of which lack a buccal stylet, have a degenerate pharynx and do not feed. Finally, the molt to the adult stage takes place. The combined time for the J3 and J4 stages is much shorter than for the J2 or the adult, typically 4-6 days. After the last molt, the adult stylet is formed. Females continue feeding and growth is extremely rapid, the nematodes becoming saccate and then commence egg-sac production and egg laying (Fig. 11.7B, C). Large numbers of eggs (100-1000) are extruded into the gelatinous matrix. Males, when present, are vermiform and do not feed. They increase only in length and leave the root for mating. Males may be found in parthenogenetic species when conditions are unfavorable for female development, such as when population densities are very high and there is presumably a limited food supply (see Triantaphyllou, 1960). The length of the life cycle (egg to egg) is strongly influenced by temperature but can be completed within 3 weeks. Egg production, however, may continue for 2-3 months (Bird, 1959; Triantaphyllou & Hirschmann, 1960; Franklin, 1965; de Guiran & Ritter, 1979; Eisenback & Triantaphyllou, 1991). For a more complete account of the life cycle, the reader is referred to Moens et al. (2009) and Abad et al., (2009). In addition, further details can be found in Songul and Dickerson (1976); Taylor and Sasser (1978); Endo (1987); Veech (1991); Weischer and Brown (2000); Ferraz and Brown (2002); Karssen (2002); Karssen and Moens (2006); Khan (2008); and Karssen et al. (2013). 

11.4. Plant-host relationships

	Root-knot nematodes are one of the most economically destructive groups of plant-parasitic nematodes worldwide, causing the formation of knots or galls on roots of susceptible host plants. Many histopathological studies have been done with Meloidogyne infestations in a wide range of host plants during the last 70 years. Infection is initiated by the J2 which penetrates the roots, mainly at the zone of elongation behind the root cap (Fig. 11.7A). Penetration involves mechanical action of stylet (Linford, 1942) as well as enzymatic action from pharyngeal gland secretions (Bird et al., 1975). Nematodes move intracellularly through the cortex to the region of cell differentiation where they settle and begin feeding. The cells along the migration path become compressed but are not ruptured. Infrequently, feeding on cortical cells occurs. Preferred feeding sites are primary phloem or in the adjacent parenchyma, the juvenile beginning by feeding on a group of five or six cells. In response to this feeding, the host tissue undergoes pronounced morphological and physiological changes within a few hours after the injection of pharyngeal gland secretions. Some parenchyma cells develop into permanent nurse cells for the nematode and, as a result of secretions produced by the subventral pharyngeal gland cells of feeding J2, become hypertrophied, multinucleate, giant cells (Fig. 11.7C, D) (Dropkin, 1972; Hussey, 1987; Hussey & Grundler, 1998). The nematodes obtain nourishment from these nutritive cells and cannot continue their development to adulthood without them. Males, when formed, do not feed and leave the roots, but females continue feeding at the same giant cells for the remainder of their life span. 
	For a successful host-parasite relationship, giant cells are essential, and their active metabolism is maintained either through secretions of the dorsal pharyngeal gland (Bird, 1968) or the removal of solutes by the adult female (McClure, 1977). Photosynthates are mobilized to the giant cells in the roots and, as a result, plant growth and yield may be suppressed. Above ground symptoms of infected plants include chlorosis of foliage and temporary wilting during periods of water stress and nutrient and water absorption are greatly reduced by the damaged, galled root system. Cell wall dissolution and cell fusion may be involved in giant cell formation in some host-parasite relationships depending upon the nematode and host species involved (Bird, 1974). 
	Root tissues around the nematode and the giant cells undergo hyperplasia and hypertrophy that results in the characteristic root gall, the galls usually developing 1-2 days after juvenile penetration (Fig. 11.8). Gall size is commonly related to the host plant, the number of J2 and the nematode species. Most of the galls induced by Meloidogyne species are similar in morphology. However, some species, such as M. exigua, M. hapla and M. kikuyensis, produce characteristic galls that may be useful in species identification.
	Plant-growth regulators have been implicated in the development of giant cells and galls. Auxins (promoters of cell growth) have been identified in higher concentrations in root-knot infected tissue than in non-galled tissue. Cytokinins (promoters of cell division) may also increase in Meloidogyne-infected plants. Application of these plant growth regulators to resistant plants reverses the resistant response and makes plants susceptible. Another plant-growth regulator, ethylene, has been associated with gall formation. In a few interactions, such as occurs with parasitism of coffee trees by M. coffeicola, root knots are formed in young plants, but not in older ones (up to 5-years old). Accordingly, root knots are usually present in Meloidogyne infections, but exceptions do occur! For more details about host-parasite relationships, see Taylor and Sasser (1978), Sasser and Carter (1982), Hussey (1985), Endo, (1987), Di Vito et al. (1996, 2004), Ferraz and Brown (2002), Gheysen and Jones (2006), Karssen and Moens (2006), Khan (2008), Manzanilla-López and Starr (2009), Eisenback and Triantaphyllou (1991), and Mitkowski and Abawi (2003). The current host races and host range for some major agricultural crops are given in Subbotin et al. (2021).

11.5. Management

	Meloidogyne species constitute a major group of plant-pathogenic nematodes affecting crop production throughout the world and therefore preventing the introduction and spread of these species is a vital component of management strategies. The extensive host-range, worldwide distribution and involvement with fungi and bacteria in disease complexes places these nematodes high on the list of major plant pathogens affecting the world’s food supply (Carter & Sasser, 1982). Collectively, various root-knot nematode species attack nearly every crop that is grown, thus reducing not only the yield, but also the quality for underground crops such as potatoes, carrots, and peanuts. All methods for the control of plant pathogens, including parasitic nematodes have been categorized under one or more principles in Table 1.1 of Moens et al. (2009) and all of the various methods for control of nematodes fit within one of these principles. The basic objective in any pest management is to increase both quantity and quality of crop yield and increasing the yield quality is sometimes the most important objective for Meloidogyne. Targeting species as quarantine organisms reduces the risk of spread through international trade. Meloidogyne chitwoodi is a serious pest of economically important crops such as potatoes and carrots and is a prohibited pest for many countries. In future, with many more new species being described, additional species are likely to be of regulatory concern. For more details about management of nematodes, the following references may be consulted (Canto-Saenz, 1985; Fassuliotis, 1985; Imbriani, 1985; Jatala, 1985; Johnson, 1985a, b; Mendoza & Jatala, 1985; Raymundo, 1985; Sasser & Carter, 1985; Schmitt, 1985; Bird, 1986; Heald, 1986; Morgan-Jones & Rodriguez-Kabana, 1986; Pinochet, 1986; Thomason & Caswell, 1987; Bridge, 1996; Atkins et.al., 2003; Karssen & Moens, 2006; Coyne et al., 2009; Starr & Mercer, 2009; Nyczepir & Thomas, 2009; Starr & Mercer, 2009; Williamson & Roberts, 2009; Mahfouz et al., 2010). A book, Plant Parasitic Nematodes in Subtropical and Tropical Agriculture, (Sikora et al., 2018) also provides a good account of nematode management. In addition, another recent book Nematode Diseases of Crops and their Sustainable Management (Khan and Quintanilla, 2023) includes several chapters giving details on sustainable management of root-knot and other nematodes on various crops (Shokoohia et. al., 2023).
	The use of resistant plants to combat Meloidogyne species and the associated molecular studies on resistance are given in detail by Cook and Starr (2006). The nematode population reduction may permit growing of susceptible crops more often in the rotation scheme. Resistant cultivars inhibit root-knot nematode reproduction and cultivars resistant to these species are known for both woody and non-woody plants, and for perennial and annual plants of various families. Their resistance is monogenic or polygenic. As mentioned by Karssen and Moens (2006), they are sometimes resistant to a single Meloidogyne species (e.g., coffee and M. exigua), whilst other cultivars show resistance to several species (tomato and M. arenaria, M. incognita and M. javanica). The Mi-1 gene conferring resistance in tomato to root-knot nematodes is inactivated at soil temperatures above 28ºC. Resistance ‘breaking’ biotypes or Mi-virulent isolates of root-knot nematodes have been reported in many areas of the world. Heat-stable resistance genes have been found in tomatoes. Several cultural and physical control methods have been used with some degree of success, but these methods are often of local or regional relevance (see Gaur & Perry, 1991) and are only of use in regions where solar energy is available for long periods of time. The era of nematicides lasted from the 1950s to the 1980s and their effectiveness is often cited as a reason why, for many years, other alternative management systems did not receive greater attention (Moens et al., 2009). Starting in the 1970s, the use of fumigants was initially greatly restricted and then forbidden entirely, suspension of some of the granular nematicides following. There is now little prospect for new and effective nematicides being released in the future. 
The principles and main components of effective control programmers and integrated pest control have been discussed in detail (Taylor & Sasser, 1978; Johnson & Fassuliotis, 1984; IFAS, 1989; Netscher & Sikora, 1990). We agree with the following main aspects that were considered important by Netscher and Sikora (1990):
1. Prevention of infestations by controlling nematode spread must be top priority.
2. Only root-knot nematode free transplants should be used as planting material.
3. In view of the high multiplication rate of root-knot nematodes and difficulty in determining occurrence of low population densities, previously infected land should always be considered infested, even if the presence of Meloidogyne cannot be demonstrated by soil analysis. 
4. Efforts should be made when planting vegetable crop rotations to select and develop pest management approaches that prevent the build-up of high nematode densities.
5. Integrated pest management should combine rotations with non-host crops, resistant, tolerant, and susceptible cultivars as well as judicious use of nematicides, based on proper soil sampling estimations of damage threshold levels.
6. An integrated approach will control economically important nematodes, reduce pesticide costs and prevent unnecessary environmental contamination.
7. Proper selection of a combination of resistant, moderately resistant, and tolerant vegetable crops can increase the number of vegetables in a short rotation cropping system.
8. Resistant cultivars should be used in rotation with susceptible cultivars and with other control techniques to prevent the development of resistant breaking pathotypes.
9. All non-host crops and resistant cultivars should be challenged by local populations to determine true host status.
10. In regions where irrigated rice (or flooding) constitutes one of the components of the farming system, inundation can give good control.
11. Destruction of roots after harvest, soil drying, and cultivation as ‘clean’ fallow will significantly reduce population densities.
12. Time of planting may be effective in the cooler upland tropics and in the winter season in the subtropics.
13. Organic amendments or the use of non-host cover crops and green manures can reduce nematode densities. 

11.6. Pathotypes

	In his article on The concept of race in phytonematology Dropkin (1988) refers the term ‘pathotype’ to a population whose members can reproduce on a host with genetic resistance to other parasite populations of the same species, the term not implying partial isolation or uniform genetics, whilst ‘race’ designates a population with distinctive characters, either in morphology or physiology, or both. A race is partially isolated from other intraspecific groups by geography or genetics. Races of phytonematodes are descriptively defined by their ability to reproduce on certain members of a set of differential hosts. 
Meloidogyne spp. differ in their ability to attack certain host plants. Such pathotypes have been found attacking resistant peach rootstocks (Young & Sherman, 1977) and, because of the time required to develop and test new rootstock cultivars, they are a serious concern in rootstock breeding programs for trees and wine crops. To breed nematode-resistant cultivars adapted to a wide geographic area, it is always necessary to identify commonly occurring pathotypes and locate sources of host resistance to each pathotype. The discovery of a new pathotype of root-knot nematode on grape rootstocks illustrates the necessity for identifying the frequency, incidence and geographic distribution of such pathotypes and the importance of searching for sources of resistance to them as part of a comprehensive program for breeding grape rootstocks (Cain et al., 1984). For more details about pathotypes and a pathotype system to describe intraspecific variation in pathogenicity of root-knot nematodes species, the reader is referred to Tzortzakakis and Gowen (1996), Van der Beek et al. (1999), Semblat et al. (2000), Mojtahedi et al. (2007), Van der Beek and Poleji (2008) and Verdejo-Lucas and Sorribas (2008). 

11.7. Morphological and morphometric identification

The most important diagnostic features used for identification of Meloidogyne spp. include the following characters. For the mature female, shape of the body, labial region morphology, stylet length, shape of stylet cone, shaft and basal knobs, nature of perineal pattern, including form of dorsal arch (Figs 11.6, 11.9), lateral field, striae, and tail terminus and excretory pore/stylet length ratios (EP/ST) are all important, if somewhat variable in nature. In the male, size, height and shape of the labial cap, number of annulations on the labial region, diameter of the labial region as compared to the first body annule, stylet length, form of stylet cone, shaft and basal knobs, distance of the dorsal gland orifice (DGO) from the stylet base and length and form of spicule are all important. For the infective juvenile (J2), body and stylet length, form of labial region and shape of stylet knobs, location of the hemizonid in relation to the excretory pore, distance of DGO from stylet base, number of lines in the lateral field and shape and length of the tail and hyaline terminus are important. For more details about these and other differentiating characters, see Whitehead (1968), Esser et al. (1976), Eisenback et al. (1981), Hirschmann (1985a, b), Kleynhans (1986), Jepson (1987), Eisenback and Triantaphyllou (1991), Karssen (2002), Karssen et al., (2013), and Eisenback and Hunt (2009). 

11.8. Biochemical and molecular diagnostics

As the taxonomy of the genus is now so complex and as accurate identification is such an essential prerequisite for the selection of efficient management strategies, it is usually necessary (and certainly advisable) to perform biochemical or molecular characterization. Biochemical and DNA-based characterization involves the establishment of the isozyme phenotypes (Fig. 11.10) and nucleotide polymorphism, respectively, an excellent recent review being that of Subbotin et al. (2021).  Isozyme patterns using esterase are relatively stable although there are some exceptions that necessitate the use of an additional enzyme, usually malate dehydrogenase or glutamate dehydrogenase, if an identification is to be confirmed. The use of molecular methodologies in taxonomy and phylogeny has been reviewed by Adams et al. (2009) and Subbotin et al. (2021). Details on the phylogeny of Meloidogyne spp., based on mitochondrial DNA sequences, are given in detail by Tigano et al. (2005). Multigene phylogeny of Meloidogyne spp. is discussed in Janssen et al. (2017); Álvarez-Ortega et al. (2019) and Subbotin et al. (2021).

11.9. Specialized techniques

11.9.1. General techniques

For morphological observation, J2 and males can be recovered from fresh infected roots or egg sacs incubated in Petri dishes with a small amount of water. They may also be recovered from soil by sieving and Baermann funnel techniques. Females are dissected from infected roots after fixation overnight in 3% formaldehyde. Procedures for measuring and preparing specimens are given in Golden and Birchfield (1972), except that some females have the anterior and posterior ends cut with a sharp knife, cleaned with a dental root canal file, and mounted permanently on a glass slide in a drop of lactophenol solution. Photomicrographs of female perineal patterns and of J2 and males can be done with a 35 mm or digital camera attached to a dissecting microscope.
For more details on killing, fixing, processing nematodes to glycerin, preparing temporary and permanent slide mounts and preserving nematode structures in a life-like manner, the reader is referred to Whitehead (1968), Hooper (1970, 1986, 1990), Golden (1990) and a book, Techniques for work with plant and soil nematodes, edited by Perry et al. (2021).

11.9.2. Perineal pattern

The character most frequently used for Meloidogyne species identification is the morphology of the perineal pattern which is located in the posterior body region of adult females. This area comprises the vulva-anus area (perineum), tail terminus, phasmids, lateral lines and surrounding cuticular striae. Preparation of perineal patterns (Fig. 11.11) for observation and identification has been covered by Taylor et al. (1955), Eisenback (1985), Franklin (1965), Sasser and Carter (1982), Hartman and Sasser (1985), Hirschmann (1985), Jepson (1987), Riggs (1990) and Charchar and Eisenback (2000). A more detailed account on root-knot perineal pattern development was given by Karssen (2002). Figure 11.9 summarizes the form of perineal pattern in the ten species of Meloidogyne that are considered in greater detail in this chapter.

11.9.3. Root staining

Many methods have been developed for staining and clearing nematode-infected root tissues. Staining with acid fuchsin-lactophenol or lacto-glycerol are the most widely used methods. In addition, a method that utilizes chlorine bleach as a prestaining treatment has proven very reliable and is relatively simple to use (Byrd et al., 1983). For more detail, see McBeth et al. (1941), Hooper (1986, 1990) and Hussey (1990). From a safety standpoint, red food coloring stain is a safer procedure for staining nematodes in roots and egg masses on root surfaces (Thies, 2002).

11.10. Root-knot or cyst-forming nematode?

Differentiating root-knot nematodes from cyst nematodes is usually an easy task, regardless of developmental stage. However, in the interest of completeness these differences are summarized and compared in Table 11.1 and Figure 11.12.

11.11. Classification (according to Manzanilla-López & Hunt, Chapter 4)	Comment by David: may change slightly once all contributions are submitted

Order Rhabditida Chitwood, 1933
	Suborder Tylenchina Thorne, 1949
		Infraorder Tylenchomorpha De Ley & Blaxter, 2002
Superfamily Tylenchoidea Örley, 1880
Family Hoplolaimidae Filipjev, 1934
Subfamily Meloidogyninae Skarbilovich, 1959

11.11.1. Subfamily Meloidogyninae Skarbilovich, 1959

Diagnosis (after Hunt & Handoo, 2009, itself based on Siddiqi, 2000): Hoplolaimidae. Root-gall inciting, female feeding inciting multinucleate nurse cells. Marked sexual dimorphism. Cuticle striated. Lateral fields bearing four or five incisures. Labial region low, with 1-4 annules. In SEM, female labial disc dorso-ventrally elongate, dumb-bell-shaped with oral opening a small round pore surrounded by six inner labial pits (sensilla). Framework moderately sclerotised, hexaradiate; lateral sectors equal to, or wider than, submedian sectors. Stylet moderately strong, male stylet longer and more robust than that of female. The orifice of dorsal pharyngeal gland located just posterior to stylet base. Median pharyngeal bulb oval or round, with large refractive thickenings. Pharyngeal glands elongate, extending over intestine mostly ventrally, but also laterally; subventral glands asymmetrical, extending past dorsal gland, Subventral nuclei (SVN) always posterior to dorsal nucleus (DN). Excretory pore in female located opposite or anterior to median bulb, in male usually situated posterior to median bulb. No pre-adult vermiform female stage (except in Meloinema). 
Mature female: Swollen, sedentary, rounded, oval to pear-shaped with a projecting neck. Cuticle moderately thick, striated, generally forming typical, finger-print-like perineal pattern terminally. Cyst stage absent. Vulva subterminal or terminal in position. Anus located near vulval lip; tail rudimentary or absent. Stylet less than 25 µm long in Meloidogyne (but 30-35 µm long in Meloinema). Median bulb oval or rounded, usually offset, with large refractive thickenings. Genital system didelphic-prodelphic; ovaries coiled. Most eggs are not retained in the body but laid externally. Large rectal glands present, gelatinous matrix present. 
Male: Vermiform, migratory, generally non-feeding, over 1 mm long, posterior end twisted through 90-180°, developing by metamorphosis within a saccate juvenile. Labial region rather low and continuous; amphidial apertures large transverse slits; labial cap large, prominent; framework moderately sclerotised, lateral sectors wider than submedian sectors. Stylet strong, usually over 20 µm long, basal knobs prominent. Tail short or absent, lacking a bursa (except Bursadera). Spicules large (25-64 µm), distally pointed. Gubernaculum linear to trough-shaped, not protrusible. Cloacal lips non-tuboid, generally with hypoptygma. 
Juveniles: J2 migratory and infective. J3 and J4 swollen, without stylet in type genus. In Meloinema, J3 And J4 vermiform. Labial region low, anteriorly flattened or rounded. Lateral sectors wider than submedian sectors, labial disc distinct in type genus. Stylet weak to moderately developed, less than 20 µm long in type genus, but strongly developed in Meloinema. Tail elongate-conoid, with minutely rounded tip and conspicuous terminal hyaline portion. Phasmids dot-like, located on tail, usually anterior to middle.

Remarks: Meloidogyninae differs from Heteroderinae in that its members incite root-galls and in having the lateral sectors of the labial framework wider than the submedian sectors, weaker sclerotization of the labial region and stylet, excretory pore of mature female located opposite or anterior to median bulb and J3 and J4 lacking a stylet in the type genus.

Type genus

Meloidogyne Göldi, 1887
= Hypsoperine Sledge & Golden, 1962
= Spartonema Siddiqi, 1986

Other genera

Meloinema Choi & Geraert, 1974
= Nacobbodera Golden & Jensen, 1974
Bursadera Ivanova & Krall, 1985

Note: In this account only Meloidogyne is considered in more detail. Further information on Meloinema and Bursadera can be obtained from other, more detailed taxonomic works, such as Siddiqi (2000).

11.11.2. Key to genera of Meloidogyninae Skarbilovich, 1959
(modified after Siddiqi, 2000)

1. 	Preadult female and female J3 and J4 saccate; mature female with anus at base of dorsal lip of vulva; male tail hemispherical 	 Meloidogyne
	Preadult female and female J3 and J4 vermiform; mature female with anus at some distance from base of dorsal lip of vulva; male tail conoid-rounded 	 2
2. 	Excretory pore located opposite anterior margin of median pharyngeal bulb or more anteriorly; male tail lacking bursa 	 Meloinema
Excretory pore located opposite posterior margin of median pharyngeal bulb or more posteriorly; male tail with bursa 	 Bursadera

11.11.3. Genus Meloidogyne Göldi, 1887

Diagnosis (after Hunt & Handoo, 2009, itself based on Siddiqi, 2000): Meloidogyninae. Root-gall inciting. Mature female: Round to pear-shaped with short projecting neck, white, sedentary. No cyst stage. Vulva and anus located close together, terminal; perineum with a fingerprint-like cuticular pattern, usually flattened, rarely elevated. Phasmids dot-like, slightly anterior to, and on either side of, anus. Cuticle striated. Stylet slender, generally 12-15 µm long, with small basal knobs. Excretory pore anterior to median bulb, often located just posterior to stylet base. Genital tracts paired, prodelphic, convoluted. Six large rectal glands secreting gelatinous material in which eggs are deposited[footnoteRef:2]; eggs not retained in body.  [2:  Rectal glands not developed and no egg-sac formed in M. spartinae and M. kikuyensis.] 

Male: Vermiform, up to 2 mm long, tail end twisted, developing by metamorphosis within a swollen juvenile. Cuticle strongly annulated; lateral field with four incisures. Labial region not sharply offset, with distinct labial disc and few (1-3) annules; lateral sectors wider than submedian sectors, appearing as ‘cheeks’. Stylet robust (18-25 µm), with large basal knobs. Pharyngeal glands lie mostly ventral to intestine. Spicules slender, generally 25-33 µm long, gubernaculum 7-11 µm long. Testis single, but paired when sex reversal occurs. Tail rounded. Phasmids dot-like, located near the cloacal aperture which is subterminal. Bursa absent. 
Juveniles: J1 with a blunt tail tip, molting within egg; second and third molts occurring within cuticle J2. J2 vermiform, migratory, infective, straight to arcuate habitus upon death. Labial region with coarse annules (1-4), a distinct labial disc, framework lightly sclerotised, lateral sectors wider than submedian sectors, stylet slender, under 20 µm, excretory pore posterior to hemizonid. Median bulb with large oval refractive thickenings. Tail with conspicuous hyaline region, tip narrow, irregular in outline. J3 sedentary, swollen, sausage-shaped with a short blunt tail. Stylet absent. J4 sedentary, swollen, with terminal anus. Stylet absent.

Type species: Meloidogyne exigua

Other species: About 100 species are currently regarded as valid, although many lack molecular or isozyme characterization and, being based on notoriously variable morphometric and morphological characters, their status as valid species may be doubtful. Recently, more species have been added to the list due to advanced molecular techniques for identification (Humphreys-Pereira et al., 2014; Ali et al. 2015; Tao et al., 2017; Maleita et al., 2018; Yang et al. 2021; Singh et al., 2023)

11.12. Major species

The following account of ten representative species is based on the list and information provided by Hunt and Handoo (2009). The species have been selected on the basis of their common occurrence, economic importance, distribution and potential as emergent pests. A comparison of the perineal patterns is given in Figure 11.9. It must be emphasized that even the common species, which are often extremely variable, can be extremely difficult to identify using conventional techniques, including perineal patterns, and so the novice identifier should proceed with caution. Isozyme and/or molecular data are usually necessary to confirm identifications. It should also be stated that no proposal of a new species in this genus should be published without the support of appropriate molecular and isozyme data.

Meloidogyne arenaria (Neal, 1889) Chitwood, 1949
(Figs 11.6C; 11.13)

Morphology and major morphometrics (after Hunt & Handoo, 2009)

Female: Pyriform or pear-shaped, posterior terminal protuberance absent. Stylet 13-17 µm long, cone curved dorsally, gradually tapering to blunt tip; shaft broad, cylindrical, gradually widening posteriorly and bearing offset, rounded to tear-drop shaped basal knobs. Perineal pattern variable, rounded to ovoid, striae fine to coarse, dorsal arch low and flattened with striae smooth or slightly wavy, continuous, or broken, slightly bent toward tail tip at lateral line and generally forming shoulders on lateral portion of arch. Dorsal and ventral striae often meet at an angle at lateral lines, lateral fields distinct, slightly irregular. 
Male: Labial region not offset, smooth, rarely with one or two incomplete annules, labial disc more or less rounded, slightly raised above level of medial lips, lateral lips usually absent (remnants may occasionally be present). Stylet 20-28 µm long, basal knobs offset, either angular or more amalgamated, DGO = 4-8 µm. 
Infective juvenile (J2): Body length of 392-605 µm, hemizonid located 1-3 annules anterior to excretory pore, tail 44-69 µm long with rounded to pointed tail tip and indistinct hyaline region 6-13 µm long. 

Hosts: Extremely polyphagous, attacking both monocotyledonous and dicotyledonous plants. Such a broad host range often makes this, and similar species, difficult to manage via crop rotation.

Distribution: This species is widely distributed throughout the world, being found in most of the warmer regions. It is also frequently encountered in cooler climates where it is typically confined to glasshouses. 

Isozymes: Populations of M. arenaria are variable in isozyme phenotype (Esbenshade & Triantaphyllou, 1985a, b). According to Hunt and Handoo (2009), there are three common phenotypes of esterase activity: A1, A2, and A3, although there are several other less common phenotypes. Phenotypes A1 and A2 include several cytological forms of M. arenaria, whereas phenotype A3 includes only the most typical cytological form with a somatic chromosome number of 51-56. Some populations of M. arenaria have atypical esterase phenotypes, namely, S1-M1, S2-M1 and M3-F1. The malate dehydrogenase phenotype is either N1 or N3 according to population (see Blok & Powers, 2009).

Molecular: Mitochondrial gene regions such as COII-16S rDNA (Pagan et al. 2015) and nad5 can be good molecular markers for identification of M. arenaria populations (Janssen et al., 2016). 

Remarks: One of the four common species reported worldwide (the other three being M. incognita, M. javanica and M. hapla) but part of a highly variable species complex. Typically inciting large, rather irregular, galls on the roots of infected plants. 

Meloidogyne chitwoodi Golden, O’Bannon, Santo & Finley, 1980
(Fig. 11.14)

Morphology and major morphometrics (after Hunt & Handoo, 2009)

Female: Pyriform or pear-shaped, with slight posterior protuberance. Stylet relatively small, 11-12.5 µm long, basal knobs small, rounded to irregularly shaped, posteriorly sloping. Several vesicle-like structures usually present within median bulb and clustered around lumen anterior to valve plates (Golden et al., 1980). Perineal pattern rounded to oval, dorsal arch low and rounded to high and angular; striae near perineal area broken, curved, twisted; lateral lines weak. 
Male: Labial region not offset, labial disc elevated, lateral lips present. Stylet 18-19 µm long, basal knobs small, irregularly shaped, posteriorly sloping, offset, DGO = 2.2-3.4 µm. 
Infective juvenile (J2): Body length of 336-417 µm, hemizonid located anterior or adjacent to excretory pore, tail 39-47 µm long with bluntly rounded tail tip and hyaline region 9-14 µm long. 

Hosts: Good hosts include potato and tomato. The rather wide host range extends to plants from several families and includes both crop species and weeds (e.g., barley, carrots, sugar beet and peas. Cereals such as maize, wheat; various Poaceae). Both monocotyledonous and dicotyledonous plants act as hosts. 

Distribution: North America: Mexico, USA, where it is widely distributed (California, Colorado, Idaho, Nevada, New Mexico, Oregon, Texas, Utah, Virginia, Washington). South America: Argentina. Europe: Belgium, Germany, The Netherlands, Portugal. Africa: South Africa.

Isozymes: The esterase phenotype is S1 and the malate dehydrogenase phenotype is N1a (see Blok & Powers, 2009; Hunt & Handoo, 2009).

Molecular: Populations of M. chitwoodi can be identified using species-specific primers as described by Zijlstra (2000) and Wishart et al. (2002). Anderson and Gleason (2023) also proposed real-time PCR to differentiate M. chitwoodi from related Meloidogyne species.

Remarks: Meloidogyne chitwoodi is a species of major economic importance to potato. It typically incites relatively small galls, and the surface of infected potato tubers has numerous small, pimple-like, raised areas. It was added to the European list of quarantine organisms in 1998 to try to prevent further distribution within Europe.

Meloidogyne enterolobii Yang & Eisenback, 1983
(Fig. 11.15)

Morphology and major morphometrics (after Hunt & Handoo, 2009) 

Female: Pyriform or pear-shaped, no posterior protuberance. Stylet 14-17 µm long, basal knobs kidney-shaped or reniform, indented, offset. Perineal pattern round to ovoid, dorsal arch rounded; striae fine, widely spaced, lateral field absent or with single line occurring at junction of dorsal and ventral arches. 
Male: Labial region continuous, not offset, labial disc not elevated, lateral lips absent. Stylet 18-25 µm long, basal knobs rounded, sloping posteriorly, offset, DGO = 3-5 µm. 
Infective juvenile (J2): Body length of 377-528 µm, hemizonid located two annules anterior to excretory pore, tail 43-63 µm long with bluntly pointed tail tip and hyaline region 5-15 µm long.

Hosts: There are many recorded hosts, including American black nightshade, ajuga, angel trumpet, basil, bean, beet, bell pepper, broccoli, celery, coffee, eggplant, glory bush, glory flower, guava, horse bean, parsley, potato, pumpkin, soybean, Spanish needle, sweet potato, tobacco, tomato, watermelon, and wild poinsettia. Recent information on host range for this species is given in Sikandar et al. (2023).   

Distribution: The species is recorded from Africa (Burkina Faso, Ivory Coast, Malawi, Senegal, South Africa), North America (Florida, USA), South America (Brazil, Venezuela), the Caribbean (Cuba, Guadeloupe, Martinique, Puerto Rico, Trinidad & Tobago), Europe (France, Switzerland), and Asia (China). For detailed distribution, consult Philbrick et al. (2020) and Sikandar et al. (2023).

Isozymes: There are two major bands (VS1-S1 phenotype) of esterase activity and one strong malate dehydrogenase band (N1a) (see Blok & Powers, 2009; Hunt & Handoo, 2009). 

Molecular: There are several ribosomal and mitochondrial gene markers that can be used for the identification of M. enterolobii populations. Ribosomal gene markers such as 18S, 28S, ITS and IGS can be used (Blok et al., 1997; Brito et al. 2004; Kiewnick et al., 2014) and mitochondrial gene markers such as COI and COII can also be used (Brito et al. 2004; Kiewnick et al., 2014). 

Remarks: This is a widely distributed emergent pest species with potential to cause great economic damage (see EPPO, 2008; 2011a; Sikandar et al. 2023). It is virulent on tomato cultivars with the Mi-1 gene for resistance to other Meloidogyne species and on soybean cv. Forrest and sweet potato that are resistant to M. incognita. It is damaging to coffee in Cuba and reproduces on tomato with the Mi resistance gene. Galls are typically large and irregular. The root-knot nematode formerly known as M. mayaguensis is now widely accepted as a junior synonym of M. enterolobii (see Xu et al., 2004; EPPO, 2008; Karssen et al., 2012). 

Meloidogyne ethiopica Whitehead, 1968
(Figs 11.6F; 11.16)

Morphology and major morphometrics (after Hunt & Handoo, 2009) 

Female: Elongate to pyriform or pear-shaped, terminal protuberance absent. Stylet 12-15 µm long, basal knobs rounded, tapering gradually into shaft. Perineal pattern oval to squarish, dorsal arch moderately high to high, striae coarse, widely separated, smooth to wavy, lateral field indistinct. 
Male: Labial region not offset, labial disc distinct, lateral lips present. Stylet 23-27 µm long, basal knobs rounded to pear-shaped, offset. DGO = 3-5 µm. 
Infective juvenile (J2): Body length of 326-510 µm, hemizonid located anterior to excretory pore, tail 52-72 µm long with finely rounded to pointed terminus, hyaline region distinct, 12-15 µm long.

Hosts: Reported hosts include grapevine, kiwi, tomato, soybean and sugar cane and it is known to attack at least 80 different hosts (see EPPO, 2011b, which also has symptomatology on various crops).

Distribution: The species was originally described from East Africa (Tanzania) but is also reported from Southern Africa and South America (Brazil, Chile). The nematode may have been introduced to Rio Grande do Sul, Brazil, in 1989 on kiwi fruit seedlings imported from Chile and then subsequently dispersed within Brazil on Polymnia sonchifolia (yacón or Peruvian ground apple). Somewhat curiously, it has also been reported from glasshouses in Slovenia, but is not thought to occur there at present (see EPPO, 2011b).

Isozymes: The esterase phenotype E3 (Ki3) is species-specific, and this is the most useful character for differentiating M. ethiopica from other species of root-knot nematode. The esterase phenotype is E3 (Rm = 0.9, 1.05, 1.20) and the malate dehydrogenase is of the N1 type (see Blok & Powers, 2009; Hunt & Handoo, 2009).

Molecular: RAPD profiles were used by Carneiro et al. (2004) to identify conspecific populations from Brazil, Chile and Kenya. In addition, ribosomal genes such as 18S, 28S and ITS, intergenic COII-16S mitochondrial gene can be used for identification of M. ethiopica populations (Subbotin et al. 2021).

Remarks: This species has only recently been identified as an economically important and damaging species on grapevine and kiwi vines in Brazil and Chile (Carneiro et al., 2004, 2007), The species may have been in South America for at least 100 years and could be the species originally recorded as Anguillula vialae from vines in Chile by Lavergne (1901a, b). An intercept at the USDA dating to the mid-20th Century also appears to be this species (Handoo, unpublished intercept report, USDA).

[bookmark: OLE_LINK9][bookmark: OLE_LINK10]Meloidogyne exigua Göldi, 1887
(Figs 11.6.E; 11.17)

Morphology and major morphometrics (after Hunt & Handoo, 2009)

Female: Pear-shaped, no posterior terminal protuberance. Stylet 12-14 µm long, basal knobs rounded, offset. Perineal pattern rounded/oval, low dorsal arch; striae smooth, widely-spaced, coarse, broken and folded in lateral regions, lateral field absent. 
Male: Labial region slightly offset, with distinct elevated labial disc and one annule, lateral lips present, trapezoidal or almost triangular. Stylet 18-20 µm long, basal knobs rounded, posteriorly sloping, offset. DGO = 0.0-3.0 µm. 
Infective juvenile (J2): Body length of 290-370 µm, excretory pore located opposite posterior end of isthmus, tail 39-50 µm long with narrowly rounded tip.

Hosts: Mostly attacks coffee, but also parasitizes common weeds growing in coffee plantations. Fairly wide host-range including tomato, rice, sugarcane, banana, citrus, onion, etc. Race 3 attacks rubber tree (but not coffee) in Brazil.

Distribution: Widely distributed in humid-coffee-producing areas of Central and South America. Occurs on coffee in Brazil, Guatemala, Peru, Suriname, Colombia, Venezuela, Costa Rica, El Salvador, Dominican Republic, Martinique. In Asia: India. Also found on other crops in Trinidad, French West Indies, China. In Europe: Greece, Italy. 

Isozyme: The VF1 esterase phenotype of M. exigua is shared with M. naasi, although it can be differentiated from the latter by its N1 malate dehydrogenase phenotype. 

Molecular: Ribosomal genes such as 18S and 28S and COII-16S mitochondrial sequence can be used for identification of M. exigua populations (Tenente et al., 2004; Tigano et al., 2005; Humphreys-Pereira et al., 2014).


Remarks: Attacks coffee in Central and South America. Outside this region it is a threat to all coffee-growing areas and is targeted in regulatory programs. Typically incites severe root galling in heavily attacked coffee and other plants.

Meloidogyne fallax Karssen, 1996
(Fig.11.18)

Morphology and major morphometrics (after Hunt & Handoo, 2009)

Female: Globular to pear shaped, with slight posterior protuberance. Stylet 14-15µm long, basal knobs large, rounded to transversally ovoid, offset. One or two large and several smaller vesicle-like structures located along lumen lining. Perineal pattern ovoid to oval shaped, or rectangular; dorsal arch low to moderately high, striae coarse, tail terminus and lateral field indistinct, resulting in a relatively large area without striae. 
Male: Labial region slightly offset, labial disc rounded, elevated, fused with medial lips, lateral lips present. Stylet 19-21 µm long, basal knobs offset, large rounded, DGO = 3-6 µm. 
Infective juvenile (J2): Body length of 381-435 µm, hemizonid situated at same level as excretory pore, tail 46-56 µm long with broadly rounded tail tip and 12-16 µm long hyaline region.

Hosts: Attacks both monocotyledonous and dicotyledonous hosts, including potato, tomato, oyster plant and carrot.

Distribution: Australia; Europe (Belgium, France, Germany, The Netherlands); New Zealand.

Isozymes: Characterised by a unique malate dehydrogenase N1b phenotype and the lack of any major esterase band. All populations share this rare malate dehydrogenase phenotype and ‘null’ esterase phenotype. Prolonged esterase staining (for 60 minutes) revealed a very weak, three-banded pattern which has been named F3. 

Molecular: Ribosomal genes such as ITS, 18S and 28S, and mitochondrial gene COII were used by many researchers for identification of M. chitwoodi (Holterman et al., 2009; Nischwitz et al., 2013; Hodgetts et al., 2016). 

Remarks: Morphologically closely related to M. chitwoodi and a pest of potato and cereals in Europe. Typically inciting small galls. Infected potato tubers have blister-like or raised swellings on surface. It was added to the European list of quarantine organisms to try to prevent further distribution within Europe.

Meloidogyne hapla Chitwood, 1949
(Figs 11.6D; 11.19)

Morphology and major morphometrics (after Hunt & Handoo, 2009)

Female: Pear-shaped, terminal protuberance absent. Stylet 13-17 µm long, basal knobs small, rounded, offset. Perineal pattern rounded, low dorsal arch, characteristic punctations usually present near anus, fine striae, lateral field present. 
Male: Labial region offset, labial disc not usually elevated, lateral lips present. Stylet 19-22 µm long, basal knobs small, rounded, offset, DGO = 4-5 µm. 
Infective juvenile (J2): Body length of 360-500 µm, hemizonid located anterior to excretory pore, tail 48-70 µm long with finely rounded tail tip, hyaline region often irregular in form.

Hosts: Mainly dicotyledonous plants and extremely polyphagous.

Distribution: Common in temperate areas and at higher, cooler, altitudes in the tropics.

Isozymes: Most populations show the H1 esterase phenotype (Esbenshade & Triantaphyllou, 1985b). One population from France does not have any major esterase activity and another population from Minnesota, USA, has an A1 esterase phenotype identical to M. arenaria. The malate dehydrogenase H1 phenotype is unique for this species.

Molecular: Ribosomal genes such as 18S, 28S, IGS and ITS, mitochondrial genes such as COI, COII and COII-16S regions can be used for identification M. hapla populations (Subbotin et al., 2021).

Remarks: One of the four commonest species worldwide. Galls are usually relatively small and may have subsidiary roots emerging from the galled tissue. 

Meloidogyne incognita (Kofoid & White, 1919) Chitwood, 1949
(Figs 11.6A; 11.20)

Morphology and major morphometrics (after Hunt & Handoo, 2009)

Female: Pear-shaped, no posterior terminal protuberance. Stylet 15-16 µm long, basal knobs rounded, offset. Perineal pattern oval to rounded, typically with high, squared, dorsal arch, striae usually wavy, lateral field absent or weakly demarcated by forked striae. 
Male: Labial region not offset, labial disc elevated, lateral lips usually absent. Stylet 23-26 µm long, basal knobs offset, rounded to transversely elongate, DGO = 2-4 µm. 
Infective juvenile (J2): Body length of 350-450 µm, hemizonid located either anterior, or adjacent, to excretory pore, tail 43-65 µm long with rounded tip and 6-14 µm long hyaline region.

Hosts: Extremely polyphagous, attacking both monocotyledonous and dicotyledonous plants.

Distribution: Worldwide but restricted to protected cultivation in temperate regions.

Isozymes: The unique esterase I1 type and the malate dehydrogenase N1 type were described by Esbenshade and Triantaphyllou (1985a, b). The variability of esterase activity is small, only one population not having the typical phenotype. The malate dehydrogenase phenotype N1 is like that of M. javanica, M. exigua and some populations of M. arenaria.

Molecular: Species-specific primers by Adam et al. (2007) and mitochondrial gene, nad5 (Janssen et al., 2016) can be a good molecular marker for identification of M. incognita populations. 

Remarks: One of the four commonest species worldwide. Typically inciting large, usually irregular, galls. Forms a highly variable and confusing complex.

Meloidogyne javanica (Treub, 1885) Chitwood, 1949
(Fig 11.6B; 11.21)

Morphology and major morphometrics (after Hunt & Handoo, 2009)

Female: Pear-shaped, no posterior terminal protuberance. Stylet 14-18 µm long, basal knobs ovoid, offset. Perineal pattern rounded, low dorsal arch; striae smooth, tail whorl often distinct, lateral field distinct, clearly demarcated from striae by more or less parallel lines. 
Male: Labial region not offset, labial disc not elevated, lateral lips absent. Stylet 19-24 µm long, basal knobs ovoid, offset. DGO = 3-5.5 µm. 
Infective juvenile (J2): Body length of 400-560 µm, hemizonid located anterior, or adjacent, to excretory pore, tail 47-60 µm with finely rounded tip and 9-18 µm long hyaline region.

Hosts: Extremely polyphagous, attacking both monocotyledonous and dicotyledonous plants.

Distribution: Worldwide but restricted to protected cultivation in temperate regions.

Isozymes: The esterase phenotype is J3, J2 or J2a (Esbenshade & Triantaphyllou, 1985b; Tomaszewski et al., 1994; Castro et al., 2003) and the malate dehydrogenase is of the N1 type (Esbenshade & Triantaphyllou, 1985b). Most populations of M. javanica have a malate dehydrogenase phenotype N1, similar to that of M. incognita, M. exigua and some populations of M. arenaria. One population of M. javanica from Bangladesh and one from Korea have the N3 phenotype similar to that of some populations of M. arenaria.

Molecular: Several M. javanica-specific primers were used by several authors (Zijlstra et al. 2000; Adam et al., 2007; Janssen et al., 2016).


Remarks: One of the four commonest species worldwide. Typically inciting large, irregular, galls. 

Meloidogyne paranaensis Carneiro, Carneiro, Abrantes, Santos & Almeida, 1996
(Fig. 11.22)

Morphology and major morphometrics (after Hunt & Handoo, 2009)

Female: Ovoid/pear-shaped, no posterior terminal protuberance. Stylet 15-17.5 µm long, basal knobs broad, offset. Perineal pattern rectangular to oval, high dorsal arch; striae fine/coarse, smooth/wavy, lateral field absent. 
Male: Labial region not offset, labial disc elevated, lateral lips absent. Stylet 20-27 µm long, basal knobs round to transversally elongate, offset, DGO = 3.5-5.0 µm. 
Infective juvenile (J2): Body length of 389-513 µm, hemizonid located anterior to excretory pore, tail 48-51 µm long with rounded tail tip and 9-10 µm long hyaline region.

Hosts: Attacks coffee and soybean. Also reproduces on tomato, tobacco, watermelon, mate (Ilex paraguayiensis) and species of Solanaceae, Cucurbitaceae and Aquifoliaceae.

Distribution: Brazil, Guatemala. 

Isozymes: The esterase phenotype has one fast migrating band (F1) and the malate-dehydrogenase phenotype is N1.

Molecular: M. paranaensis-specific primers were developed by Randig et al. 2002. 

Remarks: Has potential adversely to affect threatened and endangered plant species. Symptoms include a cracking and splitting of the tap root of coffee, but gall formation is lacking.
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Legends for Figures

Fig. 11.1. The Reverend Miles Joseph Berkeley FRS (1803-1889). Berkeley, a pioneering mycologist and plant pathologist, was the first to publish a paper on root-knot nematodes.

Fig. 11.2. The first illustration of root-knot nematodes on plant roots. A: Galled roots; B: Section through gall showing nematodes and eggs. After Berkeley (1855).

Fig. 11.3. General morphology of root-knot nematode. A: Male anterior region; B: Male anterior region; C: Male tail region; D: Male lateral field,; E: Entire J2; F: J2 anterior region; G: J2 tail region; H, I: Female anterior region, lateral view; J: Entire females; K: Perineal pattern. After Jepson (1985), courtesy CABI.

Fig. 11.4. General morphology of J2 infective. After Eisenback (1985a).

Fig. 11.5. General morphology of mature female root-knot nematode: A: Entire nematode, for clarity showing only one of the two genital tracts; B: Perineal pattern (stylized); C: Anterior region. Composite drawings after Triantaphyllou (1960) and Eisenback (1985a). 

Fig. 11.6. Light micrographs of perineal patterns of selected Meloidogyne species. A: M. incognita; B: M. javanica (note broad lateral fields); C: M. arenaria (note low dorsal arch); D: M. hapla (note punctations around tail tip); E: M. exigua; F: M. ethiopica (paratype female).  All photographs courtesy D.J. Hooper, Rothamsted Research.

Fig. 11.7. Histopathology. A: Longitudinal section showing infective second-stage juveniles of Meloidogyne incognita accumulating near cotton root tip (R.S. Hussey); B: Stained mature female Meloidogyne in root with egg sac and eggs protruding from galled tissue (R.S. Hussey); C: Section showing M. incognita female (f) and giant cells (*) in tobacco root (H.A. Johnson); D: Section showing female (f) M. incognita in tobacco root with a cluster of multinucleate giant cells (*) located around anterior region of nematode (N.T. Powell).  Individual figures reproduced with permission from Slide Set Nematology, 100 Slides. T.A. Niblack, Department of Plant Pathology, University of Missouri, Columbia, Missouri. Courtesy Society of Nematologists.

Fig. 11.8. Symptoms of root-knot nematode damage to roots. A: Meloidogyne hapla on carrot; B: M. incognita on sweet potato; C: M. incognita on potato; D: M. javanica on tomato; E: Meloidogyne sp. on sycamore. Courtesy Joseph Mowery, USDA Nematode Collection, Beltsville, MD, USA.

Fig. 11.9. Comparison of perineal patterns for ten major species of Meloidogyne. A, B: M. arenaria; C, D: M. hapla; E, F: M. incognita; G, H: M. javanica; I: M. chitwoodi; J, K: M. enterolobii; L: M. ethiopica; M, N: M. exigua; O: M. fallax; P: M. paranaensis. Drawings not to scale. A-H, after Orton Williams (1972, 1973, 1974, 1975); I, after Jepson (1985); J, K, after Rammah and Hirschmann (1988); L, after Whitehead (1968); M, N, courtesy Janet Machon; O, after Karssen (1996); P, after Carneiro et al. (1996).

Fig. 11.10. Gels showing esterase phenotypes. A: Meloidogyne incognita (I1); B: M. javanica (J3); C: M. javanica (J2a); D: M. arenaria (A2); E: M. hapla (H1); F: M. mayaguensis (= junior synonym of M. enterolobii) (VS1-S1). The M. javanica J3 phenotype is presented as a reference on the left of each gel. Figure modified after Brito et al. (2007). Courtesy Nematology.

Fig. 11.11. How to cut perineal patterns. A, B: Excised female with neck region removed and body contents gently expelled; C: Posterior body with perineal pattern removed; D: Trimming surplus cuticle around perineal pattern; E: Trimmed perineal pattern ready for mounting. After Hartman and Sasser (1985).

Fig. 11.12. Comparative morphology between root-knot and cyst-forming nematodes. A: Meloidogyne infective J2; B: Heterodera infective J2 (note that the root-knot J2 is more slender); C: Meloidogyne J2 anterior region showing weak labial sclerotization and spear development; D: Heterodera J2 anterior region showing strong labial sclerotization and spear development; E: Meloidogyne immature stages showing retained tail spike (arrow); F: Heterodera immature stages without retained tail spike (arrow); G: Meloidogyne J2 tail region showing short hyaline region (arrow points to commencement); H: Heterodera J2 tail region showing much longer hyaline region (arrow points to commencement); I: Mature female Meloidogyne showing eggs mostly laid into external gelatinous sac; J: Mature female Heterodera showing eggs retained in body; K: Meloidogyne female anterior region. Note position of excretory pore (arrow) relative to median bulb; L: Heterodera female anterior region (note posterior position of excretory pore (arrow) relative to median bulb. Drawings not to scale and adapted from various sources.

[bookmark: OLE_LINK27][bookmark: OLE_LINK28]Fig. 11.13. Meloidogyne arenaria. A-D: Female anterior region; E, F: Male anterior region; G: J2 anterior region; H: J2 tail regions; I: Perineal patterns. A-H, after Whitehead (1968), courtesy Transactions of the Zoological Society of London; I, after Orton Williams (1975), courtesy CABI.

Fig. 11.14. Meloidogyne chitwoodi. A: Male anterior region; B: Male tail region; C: Entire J2; D: J2 anterior region; E, F: Female anterior region, lateral view; G: J2 tail regions; H: Perineal pattern; I: Entire females. After Jepson (1985), courtesy CABI.

Fig. 11.15. Meloidogyne enterolobii. A: Female anterior region; B: Female stylets; C: Male anterior region; D: J2 anterior region: E: J2 pharyngeal region; F: J2 tail regions; G: Perineal patterns. After Rammah and Hirschmann (1988), courtesy Journal of Nematology.

Fig. 11.16. Meloidogyne ethiopica. A: Female pharyngeal region, lateral view; B: Female stylets; C: Perineal patterns; D: Male labial region, lateral view; E: J2 tail, lateral view, F: J2 anterior region, lateral view. Modified after Carneiro et al. (2004), courtesy Nematology.

Fig. 11.17. Meloidogyne exigua. A: Male pharyngeal region; B: Female pharyngeal region; C: Female anterior region; D: J2 pharyngeal region; E: Male lateral field; F: Entire female; G: Male tail region; H, I: J2 tail regions; J: Perineal patterns. A, B, D-G, after Lordello and Zamith (1958), courtesy of Proceedings of the Helminthological Society of Washington; C, H, after Whitehead (1968), courtesy Transactions of the Zoological Society of London; J, courtesy Janet Machon.

Fig. 11.18. Meloidogyne fallax. A: Female pharyngeal region, lateral view; B: Female stylets; C: Entire females; D: J2 tail region, lateral view; E: Male anterior region; F: Male stylets; G, H: Perineal patterns (scale bar = 25 µm). Modified after Karssen (1996), courtesy Fundamental and Applied Nematology.

Fig. 11.19. Meloidogyne hapla. A, B: Female anterior region; C: Entire female; D: Male anterior region; E: Male lateral field; F: Male tail; G: J2 anterior region; H: J2 lateral field at mid-body; I: J2 tail regions; J: Perineal patterns. A-I, after Whitehead (1968), courtesy Transactions of the Zoological Society of London; J, after Orton Williams (1974), courtesy CABI.

Fig. 11.20. Meloidogyne incognita. A: Female pharyngeal region; B-D: Female anterior region; E: Male anterior region; F-G: Male tail region; H: Male lateral field; I: J2 anterior region; J: J2 tail regions; K: Perineal patterns. A-J, after Whitehead (1968), courtesy Transactions of the Zoological Society of London; K, after Orton Williams (1973), courtesy CABI.

Fig. 11.21. Meloidogyne javanica. A: Female pharyngeal region, lateral view; B: Male anterior region; C: J2 anterior region; D: J2 tail regions; E: Entire females; F: Perineal pattern variation. A-D after Jepson (1987) and E, F after Orton Williams (1972), courtesy CABI.

Fig. 11.22. Meloidogyne paranaensis. A: Female pharyngeal region, lateral view; B: Male anterior region, lateral view; C: Female stylets; D, E: J2 tail region; F: Perineal patterns. Modified after Carneiro et al. (1996), courtesy Journal of Nematology.


Table 11.1. Comparison between root-knot and cyst-forming nematodes. 

	Stage
	Character
	Root-knot
	Cyst-forming

	Second-stage infective juvenile
	Body form
	Slender, anterior body tapering
	Robust, anterior body more parallel

	
	Labial region
	Weakly cuticularized, not offset
	Strongly cuticularized, offset

	
	Stylet
	Slender, < 19 µm long
	Robust, 20-30 µm long

	
	Hyaline region
	Short, starting near tail tip
	Long, well developed

	Sedentary juvenile
	Tail spike
	Present
	Absent

	Male
	Labial region
	Weakly cuticularized, 2 annules
	Strongly cuticularized, 4-5 annules

	
	Stylet
	Slender
	Robust

	Mature female
	Excretory pore
	Anterior to median bulb valve plates
	Posterior to median bulb valve plates

	
	Cuticle
	Thin, white, not tanning to brownish colour on death
	Thick, tanning to brownish colour on death

	
	Eggs
	Deposited in external gelatinous egg sac, few retained in body
	Mostly retained within body, occasionally a few laid into small egg sac

	Biology
	Host symptoms
	Root galls almost always formed
	No root galls formed

	
	Parasitic habit
	Mature female usually endoparasitic
	Mature female semi-endoparasitic

	
	Trophic system
	Giant cells
	Syncytia
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