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8.1 Introduction

The extensive amount of information on the 
reproduction and cytogenetics of species of 
Meloidogyne contrasts with the limited informa-
tion on physiology, biochemistry and biochem-
ical pathways. In common with other species of 
plant-parasitic nematodes, the obligate parasit-
ism and small size of Meloidogyne make research 
on physiology and traditional biochemistry 
challenging. This chapter aims to discuss the 
reproductive strategies of species of Meloidogyne 
and to discuss the data available on aspects 
of their physiology, biochemistry and sensory 
biology.

8.2 Reproduction and Moulting

The structure of the reproductive system of 
Meloidogyne and the basic features of the develop-
ment of the gonads are given in Eisenback and 
Hunt, Chapter 2, this volume. The various 

reproductive mechanisms of free-living and 
plant-parasitic nematodes have been reviewed 
in detail by Evans (1998). Although the plethora 
of information about the development of 
Caenorhabditis elegans is not matched by data on 
other species of nematodes, the information 
available on the cytogenetics of Meloidogyne is 
more extensive than that on any other genus of 
plant-parasitic nematodes. In the following sec-
tions, it is possible only to give a summary of 
available information.

8.2.1 Reproduction mechanisms and 
cytogenetics

Among all areas of root-knot nematode biology, 
none induces admiration from many researchers 
more than the complex cytogenetics of Meloidogyne. 
A genus with less complicated reproductive 
cytogenetics would not have attracted the histor-
ical or contemporary interest devoted to the root-
knot nematodes.
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8.2.1.1 Mode of reproduction

Three types of reproduction exist within the 
genus: (i) amphimixis, in which sperm from 
males fertilize oocytes in females and meiosis 
subsequently occurs; (ii) facultative meiotic par-
thenogenesis, in which amphimixis occurs in the 
presence of males but, in their absence, meiosis 
occurs within oocytes, but two of the nuclei with 
reduced chromosomal complement (the egg 
 pronucleus and the second polar body) subse-
quently fuse (automixis); and (iii) obligate mitotic 
parthenogenesis, where males are not involved 
(apomixis or amixis), in which one of the two 
nuclei produced during an initial mitotic division 
within the oocyte deteriorates and the other 
becomes the predecessor of the subsequent 
embryo. Only seven of 37 species of Meloidogyne 
studied to date are amphimictic. Like many soil 
nematodes, most Meloidogyne spp. are partheno-
genetic. Some are facultative meiotic partheno-
gens, and several of the most widespread and 
economically important species are obligate 
mitotic parthenogens. Populations of the same 
Meloidogyne species may differ in mode of repro-
duction; for example, 29 of 32 populations of 
M. hapla reproduced by facultative meiotic par-
thenogenesis, the others were mitotic partheno-
gens (Triantaphyllou, 1966). A slightly different 
form of meiotic parthenogenesis in M. floridensis 
was reported by Handoo et al. (2004), where 
there was a suppression of the second matura-
tion division, indicating that this species has a 
type of parthenogenesis intermediate between 
the meiotic form with two maturation divisions 
and mitotic parthenogenesis.

8.2.1.2 Sex ratios

In Meloidogyne, as with Globodera and Heterodera, sex 
chromosomes are absent and the sex ratio may 
be influenced by environmental factors. In the 
species reproducing by meiotic parthenogenesis, 
overcrowding, food shortage, temperature 
extremes or other adverse environmental stresses 
may lead to the formation of males. These males 
rarely inseminate females; even when they do, a 
mitotic division in the oocyte initiates embryo-
genesis without any fusion with the spermatozoon 
nucleus. The opportunity for engineering gender 
reversal in some species is an attractive, although 

unrealized, crop protection target. In the mitot-
ically parthenogenetic species, the production of 
males is also induced by unfavourable environ-
mental conditions. As these males were geneti-
cally destined to become females, they are 
produced by a process of sex reversal. Indeed, 
the timing of the reversal influences the morph-
ology of the males produced: an early reversal 
results in males with only one testis very similar 
to normal males; a later reversal induces the pro-
duction of males with two testes of unequal size; 
a still later reversal yields males with two testes 
akin to the two ovaries of females (Papadopoulou 
and Triantaphyllou, 1982).

8.2.1.3 Chromosome complement

The fascinating cytogenetics of M. arenaria, 
M. hapla, M. incognita and Meloidogyne javanica were 
elucidated by Triantaphyllou (1962, 1963, 1966, 
1981, 1985), whose monumental studies involved 
the painstaking preparation and microscopic 
examination of tens of thousands of stained 
gonads. More recently, the area has been 
reviewed in detail by Castagnone-Sereno (2006).

The chromosomal complement of Meloidogyne 
spp. reflects the complexity of their reproduction. 
Perhaps as would be expected in a largely 
 parthenogenic group of often polyploid species, 
chromosome numbers are not exact multiples 
of a simpler haploid chromosomal complement. 
The generally accepted haploid number is 
n = 18 (Triantaphyllou, 1985; Castagnone-Sereno, 
2006), although that number might have origi-
nated from a chromosomal complement doubling 
(see next section for discussion). Fertile tetraploid 
populations of M. hapla and M. microcephalus 
have been discovered (Triantaphyllou, 1984; 
Triantaphyllou and Hirschmann, 1997). The 
chromosome number is quite variable (Table 8.1) 
and populations of the same parthenogenetic spe-
cies may differ greatly in number. For example, 
various isolates of M. arenaria contained 36, 51, 
53 or 54 chromosomes (Triantaphyllou, 1966); 
220 populations of M. incognita had primarily 
40–46, although some isolates had only 32–36 
chromosomes (Triantaphyllou, 1981), and one 
female had 88, the sole obviously polyploid speci-
men in this mammoth study involving the visual 
counting of approximately 100,000 tiny chromo-
somes. In 29 facultatively meiotic parthenogenic 
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Table 8.1. Chromosome number and mode of reproduction of some species of Meloidogyne.

Species Mode of reproduction Chromosome number Reference

M. arenaria obligatory mitotic parthenogenesis 2n = 30–38, 40–48, 51–56 18, 22
M. carolinensis amphimixis n = 18 8
M. chitwoodi facultative meiotic parthenogenesis n = 14–18 22, 25
M. cruciani obligatory mitotic parthenogenesis 2n = 42–44 22
M. enterolobii obligatory mitotic parthenogenesis 2n = 42–44 16, 22
M. ethiopica obligatory mitotic parthenogenesis 2n = 36–44 2
M. exigua facultative meiotic parthenogenesis n = 18 15, 22
M. fallax facultative meiotic parthenogenesis n = 18 25
M. floridensis facultative meiotic parthenogenesis n = 18 9
M. graminicola facultative meiotic parthenogenesis n = 18 22
M. graminis facultative meiotic parthenogenesis n = 18 22
M. hapla cytological race A facultative meiotic parthenogenesis n = 13–17 (polyploids  13, 19, 22
   n = 28 & 34) 
M. hapla cytological race B obligatory mitotic parthenogenesis 2n = 30–32, 43–48 19, 22
M. hispanica obligatory mitotic parthenogenesis 2n = 33–36 19, 22
M. incognita obligatory mitotic parthenogenesis 2n = 32–38, 41–46 21, 22
M. inornata obligatory mitotic parthenogenesis 2n = 54–58 4
M. izalcoensis obligatory mitotic parthenogenesis 2n = 44–48 3
M. javanica obligatory mitotic parthenogenesis 2n = 42–48 22
M. kikuyensis amphimixis n = 7 23
M. konaensis obligatory mitotic parthenogenesis 2n = 44 Triantaphyllou, pers. comm. in 7
M. megatyla amphimixis n = 18 8
M. microcephalus obligatory mitotic parthenogenesis 2n = 36–38 22, 24
M. microtyla amphimixis n = 18 8, 22
M. minor facultative meiotic parthenogenesis n = 17 van der Beek, pers. comm. in 12
M. morocciensis obligatory mitotic parthenogenesis 2n = 47–49 17
M. naasi facultative meiotic parthenogenesis n = 18 22
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M. oryzae obligatory mitotic parthenogenesis 2n = 51–55 22
M. ottersoni facultative meiotic parthenogenesis n = 18 22
M. paranaensis obligatory mitotic parthenogenesis 3n = 50–52 1
M. partityla obligatory mitotic parthenogenesis 2n = 40–42 14
M. petuniae obligatory mitotic parthenogenesis 2n = 47 Triantaphyllou, pers. comm. in 5
M. pini amphimixis n =18 11, Triantaphyllou, pers. comm. in 6
M. platani obligatory mitotic parthenogenesis 2n = 42–44 22
M. querciana obligatory mitotic parthenogenesis 2n = 30–32 22
M. salasi obligatory mitotic parthenogenesis 2n = 36 22 (as ‘Meloidogyne sp. from rice’)
M. spartinae amphimixis n = 7 20
M. subarctica amphimixis n = 18 20
M. trifoliophila facultative meiotic parthenogenesis  10, based on similarity to 
    M. graminicola

References: 1Carneiro et al. (1996); 2Carneiro et al. (2004); 3Carneiro et al. (2005); 4Carneiro et al. (2008); 5Charchar et al. (1999); 6Eisenback et al. (1985); 7Eisenback et al. (1994); 
8Goldstein and Triantaphyllou (1982); 9Handoo et al. (2004); 10Hugall et al. (1999); 11Karssen and Moens (2006); 12Karssen et al. (2004); 13Liu and Williamson (2006); 14Marais and Kruger 
(1991); 15Muniz et al. (2009); 16Rammah and Hirschmann (1988); 17Rammah and Hirschmann (1990); 18Triantaphyllou (1963); 19Triantaphyllou (1966); 20Triantaphyllou (1971); 
21Triantaphyllou (1981); 22Triantaphyllou (1985); 23Triantaphyllou (1990); 24Triantaphyllou and Hirschmann (1997); 25van der Beek and Karssen (1997).
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populations of M. hapla, the haploid chromosome 
number was 15–17 (with three presumably poly-
ploid mitotic pathenogens possessing 45 chromo-
somes) (Triantaphyllou, 1966). Four facultative 
meotic parthenogenic strains of M. hapla had 
n = 16 (Liu and Williamson, 2006).

8.2.1.4 Evolution of Meloidogyne species

The relationships among species of Meloidogyne 
are examined by Adams et al. (Chapter 5, this 
volume), but the evolution of the genus, espe-
cially in relation to the mode of reproduction, 
has also attracted interest. Triantaphyllou 
(1985) summarized the speculations about the 
evolution of Meloidogyne spp. based upon cytoge-
netics. He regarded the obligate amphimictic 
species (e.g. M. megatyla, M. microtyla and 
M. carolinensis) with n = 18 or 19 as the current 
species most closely related to the ancestral 
predecessors of Meloidogyne spp. He also specu-
lated that the low chromosomal numbers in 
most other nematodes (generally n = 4–12; see 
Coghlan, 2005) offered support for a polyploid 
origin of nearly all of the species of Meloidogyne. 
At that time M. spartinae was regarded as being 
in a now-defunct closely related genus, 
Hypsoperine, but its low chromosomal comple-
ment (n = 7) was regarded as add itional evi-
dence for a condition of tetraploidy in the many 
species of Meloidogyne with n = 14–18. Plantard 
et al. (2007) consider that the n = 7 chromo-
some number found in only a few species of 
Meloidogyne is a derived character from species 
with n = 13–19. Triantaphyllou (1985) regarded 
parthenogenetic species with 30–38 chromo-
somes as diploids, having arisen from diploid 
amphmictic species with n ~18, and species 
with c. 54 chromosomes as being triploids pro-
duced by the fusion of the chromosomal com-
plements of diploid and haploid forms. The 
previously discussed existence of naturally 
occurring polyploid individuals in diploid popu-
lations provides additional support for poly-
ploidy as a force in evolution, with aneuploidy 
or chromosomal fragmentation further modify-
ing the chromosomal complement.

Triantaphyllou (1985) pointed out that as 
most species of Meloidogyne reproduce by mitotic 
parthenogenesis and have variable chromosome 
numbers, their status as distinct species may be 
unclear. The exceptions are M. javanica and M. 

incognita, where their distinct biological features 
represent defined species. Even with the obligate 
amphimictic species, reproductive isolation tests 
are extremely difficult because of host specializa-
tion of these species.

8.2.1.5 Origin and evolution of 
parthenogenesis

Evans (1998) pointed out that, although conven-
tional understanding indicated that amphimictic 
reproduction, with full genetic reassortment, 
would be the only long-term method enabling 
species to adapt to environmental change, the 
most sophisticated and successful genus of plant-
parasitic nematodes, Meloidogyne, has flourished 
using, primarily, mitotic parthenogenesis. Such 
success seems counter to neo-Darwinian wisdom! 
However, there are advantages to parthenogenesis 
and, as detailed below, genetic mixing can exist 
with this mode of reproduction. Parthenogenesis 
is a reproductive strategy speculated to have 
advantages in colonizing new ecological niches or 
in improving the odds of reproductive success in 
an environment in which the few potential mates 
may have difficulty in finding females (Ritz and 
Trudgill, 1999).

The origin of parthenogenesis in Meloidogyne 
spp. and its evolution, have been the subjects of 
frequent comment, a situation undoubtedly 
enlivened because of the polyploidy and aneu-
ploidy in the mitotic parthenogenetic species. 
Parthenogenesis in Meloidogyne has been specu-
lated to evolve from two, not necessarily mutu-
ally exclusive, pathways: hybridization and 
mutation (Triantaphyllou, 1985; Trudgill and 
Blok, 2001; Castagnone-Sereno, 2006; Lunt, 
2008), probably with a reticulate evolutionary 
pattern (Hugall et al., 1999; Trudgill and Blok, 
2001). Although van der Beek and Karssen 
(1997) produced hybrid females from crosses 
between M. fallax and M. chitwoodi, these females 
failed to produce viable second-stage juveniles 
( J2s). None the less, the exchange of genetic 
information, as evidenced by hybrid enzyme 
patterns in the females, would be an important 
component of speciation.

In a study of AFLP (amplified fragment 
length polymorphism)-quantified variation in 
M. incognita and facultatively meiotic M. hapla, 
van der Beek and Pijnacker (2008) expectedly 
discovered almost no variation among M.  incognita 
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females derived from single juvenile inoculations 
of tomato roots. By contrast, the variation 
between sixth-generation descendents of a single 
egg mass of M. hapla was quite large and exceeded 
the variation between representatives of two dif-
ferent egg masses from the parental population. 
This variation was regarded as indicative of 
inverted meiosis, i.e. a process in which chromo-
somal reduction occurs during the second div-
ision instead of the first. The results apparently 
conflicted with those of Liu et al. (2007), who 
reported a strong tendency to homozygosity in 
meiotically parthenogenic M. hapla.

Although parthenogenetic reproduction 
would tend to minimize the genetic variation of 
offspring descending from a single individual, the 
lack of genetic recombination among different 
individuals of a parthenogenetic species can result 
in enhanced accumulation of mutation-initiated 
divergence of allelic sequences within that spe-
cies, in comparison with sexually reproducing 
species (Lunt, 2008). Particularly if only one or a 
very few parental females were the source of an 
apomictic species, and if this parental material 
had originated as a hybrid between two divergent 
species, the variation between two alleles in the 
species could be striking. Such individual females 
might have been the progenitors of parthenoge-
netic Meloidogyne spp. (Hugall et al., 1999; 
Castagnone-Sereno, 2006; Lunt, 2008). Additional 
sources of genetic variation in parthenogenetic 
Meloidogyne spp. could result from the abundant 
transposable elements occurring in these species 
(Castagnone-Sereno, 2006; Abad et al., 2008; 
Opperman et al., 2008).

In a nuclear gene sequence study which 
supported the hybridization ontogeny, Lunt 
(2008) discovered enhanced sequence diver-
gence within two of three studied genes from 
mitotic parthenogenetic species (M. arenaria, 
M. incognita, M. javanica and M. enterolobii 
(=M. mayaguensis) ), compared with species in 
which sexual reproduction can occur (M. chit-
woodi, M. hapla and M. fallax). Interestingly, 
Davies et al. (2008) reported that cuticular vari-
ation in a line derived from a single J2 of mitot-
ically parthenogenetic M. incognita was 
surprisingly high, as reflected by the ability of 
Pasteuria penetrans endospores to attach, and was 
equal to that of a similar line derived from a 
single J2 of the facultatively meiotic partheno-
gen, M. hapla. The explanation for the high 

degree of variation could be that the homolo-
gous chromosomes within the polyploid M. 
incognita possess substantial heterozygosity, or 
that unknown epigenetic mechanisms are 
responsible for the variation in M. incognita.

8.2.2 Moulting

Like most nematodes, Meloidogyne moults four 
times during development to adult. The first 
moult occurs in the egg, when the small, vermi-
form, first-stage juvenile ( J1) moults to become 
the infective J2, which subsequently hatches. 
Details of hatching are given by Curtis et al. 
(Chapter 6, this volume). The infective J2 invade 
a suitable host plant, initiate a permanent feeding 
site and feed and grow. The resulting swollen J2 
moult into third- and fourth-stage juveniles, 
which do not feed. Fourth-stage juveniles des-
tined to become males revert to a vermiform 
shape after the third moult, whereas juveniles 
destined to become females remain swollen (Fig. 
1.1). Both types of fourth-stage juveniles moult 
once more to become either a mature male or a 
female.

Moulting of the J1 depends on food reserves 
stored in the egg. All of the energy required for 
the three additional moults is contained within 
the J2. The cuticle of Meloidogyne comprises three 
layers: cortical, medial and basal. The cortical 
layer is also divided into three layers. At the start 
of moulting in M. javanica the hypodermis becomes 
thickened and filled with ribosome-like granules 
and the old cuticle separates from the hypoder-
mis (Bird and Rogers, 1965). The hypodermis 
first starts to secrete the external cortical layer 
and then the rest of the new cuticle. The space 
between the cuticles becomes filled with particles 
that may be associated with the enzymatic break-
down and reabsorption of the innermost layers of 
the old cuticle, so that finally only the external 
cortical layer of the old cuticle is left. After moult-
ing, the new cuticle retains its close cytoplasmic 
relationship with the hypodermis and increases in 
thickness. Resorption of the cuticle and recycling 
its proteins may be an adaptation to endoparasit-
ism, because a sedentary nematode, such as 
Meloidogyne, may have difficulty escaping from a 
cuticle if it was not absorbed (Lee and Atkinson, 
1976).
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Having complete sequences of the genomes 
of M. hapla and M. incognita (see Abad and 
Opperman, Chapter 16, this volume) will pro-
vide information about the genes involved in 
moulting in Meloidogyne, and this information 
may aid in the identification of novel control 
targets. The process of moulting has already 
attracted attention as a putative target. Soriano 
et al. (2004) examined the effects of the ecdy-
steroid 20-hydroxyecdysone (20E), a major 
moulting hormone of insects, on M. javanica. 
Exogenous application of 20E resulted in immo-
bility and death of J2. Furthermore, invasion 
was partially inhibited and development was 
halted in spinach with induced high levels of 
endogenous 20E; however, in the few J2 that 
invaded, no abnormal moulting was observed. 
The biosynthesis of ecdysteroids by any nema-
tode has yet to be demonstrated, and specific 
efforts to detect 20E and its precursor, ecdys-
one, in M. arenaria and M. incognita were unsuc-
cessful (Chitwood et al., 1987).

8.3 Physiology

The small size of Meloidogyne has limited experi-
mentation on aspects of its physiology. Thus, 
 information on respiration, metabolism and 
excretion, for example, is limited, and data on 
the associated biochemical pathways are at best 
fragmentary and at worst completely lacking.

8.3.1 Respiration

In common with other plant-parasitic nematodes, 
Meloidogyne is sufficiently small for diffusion across 
the cuticle to provide enough oxygen for aerobic 
respiration. The limit is likely to be a partial pres-
sure of oxygen of 15 mmHg; below this, nema-
tode activity is adversely affected (Wright and 
Perry, 2006). Reduced oxygen availability in soils 
retarded development of M. javanica (Van Gundy 
and Stolzy, 1961), and hatch of J2 from single 
eggs and from egg masses was reduced at low 
oxygen concentrations (Baxter and Blake, 1969). 
Nematodes are more likely to be exposed to low 
oxygen conditions in soils, especially in water-
logged soil, than in plant tissue, although the root 
tissues of mangroves and paddy rice may have 

low oxygen tensions. Robinson and Carter (1986) 
demonstrated that respiration in J2 of M. incognita 
was essential to survive changes in water poten-
tial; when aerobic respiration was prevented, J2 
were unable to regulate their volume.

Fumigant nematicides, such as 1,3-D and 
methyl bromide, are likely to affect biochemical 
pathways of respiration; those that release 
methyl isothiocyanate also act on respiration, 
because once inside the nematode cyanide 
prevents the utilization of oxygen. The respira-
tion of J2 of Meloidogyne spp. treated with 0.5 g 
methylene bisthiocyanate/ml for 5 min increased 
significantly but declined when treatment times 
longer than 5 min were used (Qi et al., 2008). 
Nordmeyer and Dickson (1989) found that 
J2 of M. arenaria consumed more oxygen than J2 
of M. incognita, which consumed more than 
J2 of M. javanica. The sensitivity of these three 
species to nematicides varied in the in vitro 
tests and may relate to differential sensitivity in 
the field.

8.3.2 Effects of osmotic and ionic stress

Several studies have examined the behaviour of 
J2 in response to treatment with various solutions 
(see Curtis et al., Chapter 6, this volume, and 
Evans and Perry, Chapter 9, this volume), but it 
is unclear how differences in responses relate to 
the behaviour of nematodes in soils of varying 
ionic content. There have been no direct studies 
on osmotic and ionic regulation by species of 
Meloidogyne. It is probable that they are able to 
tolerate marked fluctuations in water potentials 
within plants, particularly at times of drought or 
nematode-induced stress.

Two complementary osmoregulatory mech-
anisms are found in animals: isosmotic intracel-
lular regulation, where the osmolarity is adjusted 
to conform with the extracellular osmotic pres-
sure, and anisosmotic extracellular regulation, 
where the extracellular fluid is maintained hypo- 
or hyperosmotic to the external environment 
(Wright and Perry, 2006). The pseudocoelom is 
the principal extracellular fluid compartment in 
nematodes and may act as a primitive circulatory 
system. In actively moving nematodes, sinusoidal 
waves of contraction and accompanying internal 
pressure changes will result in some mixing of the 
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pseudocoelomic fluid. The body wall, the intes-
tine and the secretory–excretory system have 
been suggested as sites of urine production in 
nematodes capable of volume regulation in hypo-
osmotic environments, but there is no direct evi-
dence for Meloidogyne. Regular removal of material 
by defaecation in actively feeding nematodes sug-
gests that the intestine has an important role in 
fluid excretion.

The ionic composition of the pseudocoel-
omic fluid in several animal-parasitic species 
suggests that ionic regulation must occur. 
However, there is only limited, largely indirect, 
physiological and biochemical evidence for 
the ion channels and pumps that would be 
required to maintain electrochemical gradients 
across nematode epidermal and intestinal cells 
(Thompson and Geary, 2002). There is molecu-
lar evidence for K–Cl cotransporter protein in 
M. incognita, which could be involved in ionic 
and osmotic regulation, and the gene was 
expressed in both mobile and sedentary stages 
(Neveu et al., 2002). These authors hypothesized 
that the gene is involved in the regulation of 
osmotic pressure of cells in order to maintain 
nematode body fluids hyperosmotic to the 
environment.

8.3.3 Secretory–excretory products

In general, nematodes are ammonotelic, with the 
majority of nitrogenous waste product being 
ammonia (Wright, 1998). Ammonia is easily solu-
ble in water and poses no problems for nema-
todes in an aqueous environment. However, 
ammonia is also toxic, and where water for dilu-
tion and diffusion is limited, ammonia is con-
verted to a less toxic end product, such as urea. 
Information about the excretory products from 
Meloidogyne is lacking, and it is unknown what the 
excretory end product is once a feeding site has 
been established. There is no evidence for an 
excretory function by the secretory–excretory sys-
tem of Meloidogyne, and the role of the system and 
detailed information of the molecules it secretes 
remain to be ascertained.

The surface of Meloidogyne appears to be cov-
ered by glycoprotein and protein, at least some of 
which appear to be secreted via the nematode 
secretory–excretory system (Bird et al., 1988) and 

amphids (Davis et al., 1988; McClure and Stynes, 
1988; Davis and Kaplan, 1992). Glycoprotein is 
also a major component of the gelatinous matrix 
in the egg mass (Sharon and Spiegel, 1993), and 
the importance of the gelatinous matrix in the 
survival of unhatched J2 of Meloidogyne is dis-
cussed by Evans and Perry, Chapter 9, this vol-
ume. Other sources for secretions are the 
pharyngeal gland cells, and through the cuticle 
itself. Much of the early work on nematode secre-
tions and their origins has been reviewed by 
Jones and Robertson (1997). Blaxter and 
Robertson (1998) reviewed information on the 
nematode cuticle and pointed out that it plays an 
important role in nematode physiology, including 
protection from the environment and excretion, 
and there may be proteins with potential roles in 
host recognition.

The secretion of proteins during migration 
through the host tissue is an essential component 
of the host–parasite interaction. The source of 
these proteins and the genes encoding them are 
being defined, and the functions of secreted pro-
teins coded by the Meloidogyne parasitism genes 
are being elucidated; some are discussed by 
Atkinson et al., Chapter 15, this volume. The 
spectrum of proteins associated with species of 
Meloidogyne is discussed in the next section.

8.4 Biochemistry

8.4.1 Enzymes

Investigation of the biochemistry of Meloidogyne 
spp., as in similar studies with other plant-par-
asitic nematodes, has been hindered by the 
inability to culture the nematodes independ-
ently from their host plants. Much of the 
early literature on the biochemistry of root-
knot nematodes focused on biochemical or 
 histochemical assays for characterizing nema-
tode enzymes or other proteins, or direct ana-
lysis of nematode homogenates, extracts or 
secretions for specific components. Employing 
electrophoretic or cytochemical techniques, 
numerous investigators reported discoveries of 
numerous enzymes in root-knot nematodes, 
such as acid and alkaline phosphatases, ATPase, 
catalase, cytochrome oxidase, diaphorase, 
 esterase, b-galactosidase, glucose-6-phosphate 
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 dehydrogenase, glucose phosphate isomerase, 
b-glucosidase, glutamate oxaloacetate transam-
inase, a-glycerophosphate dehydrogenase, 
 lactate dehydrogenase, lipase, malate dehydro-
genase, peroxidase, 6-phosphogluconate 
 dehydrogenase, succinic dehydrogenase, and 
superoxide dismutase (Ishibashi, 1970; Dickson 
et al., 1971; Hussey et al., 1972; Dalmasso and 
Berge, 1978; Starr, 1981; Marwah and Khera, 
1988; Esbenshade and Triantaphyllou, 1990; 
Navas et al., 2001; Molinari et al., 2005). For 
nearly two decades, a few of these, especially 
esterase (EST) and malate dehydrogenase, have 
proved to be useful in the initial molecular 
identification of species of Meloidogyne (see Blok 
and Powers, Chapter 4, this volume).

In recent years, much of the research on 
nematode biochemistry has been driven by 
molecular genetics approaches to elucidate 
enzymes necessary for nematode-specific func-
tions, or secreted enzymes involved in parasitism 
or other aspects of the nematode–plant relation-
ship. These molecules provide targets that are 
hopefully exploitable by potential control strate-
gies (see Atkinson et al., Chapter 15, this volume) 
and, in Meloidogyne, include the following: cathep-
sin L protease, chorismate mutase, dual oxidase 
(NADPH oxidase and peroxidase), b-1,4-endo-
glucanase, pectate lyase, polygalacturonase, ser-
ine protease and endo-1,4-b-xylanase (Lambert 
et al., 1999: Rosso et al., 1999; Doyle and 
Lambert, 2002, 2003; Jaubert et al., 2002; Neveu 
et al., 2003; Huang et al., 2004; Bakhetia et al., 
2005; Fragoso et al., 2005; Ledger et al., 2006; 
Long et al., 2006a,b; Mitreva-Dautova et al., 
2006; Shingles et al., 2007). Even before the suc-
cess of the Meloidogyne genome projects, early 
large-scale EST analyses revealed numerous 
enzymes involved in major biochemical path-
ways (e.g. McCarter et al., 2003). Indeed, if 
molecular genetics is regarded as a subset of bio-
chemistry, the entire opus of biochemical litera-
ture on Meloidogyne is sufficiently voluminous as 
to be nearly unreviewable. By contrast, the 
quantity of literature focusing on the analysis of 
specific compounds in root-knot nematodes and 
the elucidation of biochemical pathways involv-
ing their biosynthesis or metabolism is frighten-
ingly scarce. Although Meloidogyne would be 
expected to share large facets of biochemical 
machinery with other nematode genera, extrap-
olation could be dangerous.

8.4.2 Other proteins

Several structural proteins have been detected in 
Meloidogyne. The collagenous nature of the nema-
tode cuticle has been known for decades. Collagen 
has been localized immunologically in the cuticle 
of the major species of Meloidogyne, and several col-
lagen genes, expression of which is often develop-
mentally correlated, have been discovered (Van 
der Eycken et al., 1994; Ray et al., 1996a,b; Koltai 
et al., 1997; Wang et al., 1998; Abrantes and Curtis, 
2002). Collagenous proteins isolated from the adult 
and J2 of M. javanica differ in size and amino 
acid composition: a 76-kDa protein comprises 
nearly half of the collagen of adult M. incognita yet 
is absent from the J2 (Reddigari et al., 1986). 
Cuticulins, non-collagenous cuticular proteins that 
are not readily solubilized, are encoded by at least 
two distinct genes in M. artiellia, and the expression 
of at least one is highly developmentally regulated 
(De Georgi et al., 1997).

The eggshells of root-knot nematodes are 
composed of three major layers: an outer vitelline 
membrane, a chitin layer also containing protein, 
and an inner lipid layer, again containing pro-
tein. Chemical analysis of eggshells revealed that 
protein was the most abundant component, and 
that proline comprised as much as 40% of the 
total amino acid composition of the eggshell pro-
tein of M. incognita (Bird and McClure, 1976). 
Autoradiographic studies with radiolabelled pro-
line indicated that the proline-containing protein 
was incorporated into both the chitin and lipid 
layer of M. javanica (McClure and Bird, 1976).

8.4.3 Amino acids and sugars

Not unsurprisingly, numerous studies have 
involved the amino acid composition of root-knot 
nematodes, but the sole investigation to use a 
radiolabelled precursor was by Myers and 
Krusberg (1965), who reported that M. incognita 
was capable of biosynthesizing glutamic acid, 
glutamine, alanine, asparagine, aspartic acid, gly-
cine, serine and tryptophan, the latter being an 
essential amino acid in mammals. Wang and 
Bergeson (1978) demonstrated the presence of 15 
different amino acids and six sugars in secretions 
of J2 of M. incognita. Sadly, limited information is 
available on the biosynthesis of specific sugars by 
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Meloidogyne; most of the specific information has 
resulted from the several excellent lectin-based 
analyses of sugar residues on the Meloidogyne sur-
face (e.g. Davis et al., 1988; McClure and Stynes, 
1988; Ibrahim, 1991; Davis and Kaplan, 1992; 
Spiegel et al., 1995; Lin and McClure, 1996).

8.4.4 Neuropeptides

FMRFamide-like peptides (FLPs) are polypep-
tides containing only a few amino acids and are 
known neuromodulators of muscular activity in 
other species of nematodes (Brownlee et al., 2000; 
Perry and Maule, 2004). Although their presence 
has not been demonstrated in Meloidogyne, numer-
ous genes encoding at least 15 distinct FLPs have 
been elucidated (Fleming et al., 2007; McVeigh 
et al., 2008). Nematode FLPs are very attractive 
targets for development of control techniques 
because of their potential susceptibility to RNAi 
(RNA interference)-based disruption.

8.4.5 Complex carbohydrates and lipids

On a dry weight basis, J2 of M. javanica contained 
approximately 7% carbohydrate. The sugar poly-
mer glycogen would be expected to be a major 
food reserve in root-knot nematodes, and elec-
tron microscopy has indicated that the major 
food reserves of J2 of M. incognita are intestinal 
lipids, with smaller reserves comprising hypoder-
mal lipid and glycogen (Dropkin and Acedo, 
1974). As feeding commences and the three 
moults to parasitic developmental stages ensue, 
glycogen appears to be the predominant food 
reserve, although adult females again contain 
massive quantities of lipids.

Chitin, a polymer of the amino sugar 
N-acetylglucosamine, comprises as much as 30% 
of the dry weight of the M. javanica eggshell (Bird 
and McClure, 1976). This is apparently the only 
nematode life stage where chitin exists, as a well-
designed electron microscopy study clearly dem-
onstrated that the chitin thought possibly to exist 
in the gelatinous matrix, if present, was likely to 
be a product of fungal contamination (Bird and 
Self, 1995).

Perhaps because of lipid abundance in 
 nematodes (with adult females, J2 and eggs 

 consisting, respectively, of nearly 50%, 40% or 
66% lipid on a dry weight basis; Krusberg, 1967; 
Reversat, 1976), the lipids of Meloidogyne spp. 
have received substantial attention. In addition to 
obvious roles as food reserves and structural com-
ponents of membranes, the nematode surface 
also contains some lipids, and the lipophilicity 
increases in response to host root exudate (López 
de Mendoza et al., 2000). About one-sixth of the 
lipid of females of M. javanica is phospholipid; 
only 2.5% is glycolipid (Chitwood and Krusberg, 
1981). The major fatty acid in root-knot nema-
todes is vaccenic acid, an oleic acid isomer that is 
common in bacteria; it amounted to over 25% of 
the dry weight of females and 40% in eggs of 
M. incognita and M. arenaria (Krusberg et al., 1973). 
At least 30 other fatty acids also exist in 
Meloidogyne, including several iso-branched acids. 
Although the roles of the latter are speculative, 
one possibility would be that they act as meta-
bolic precursors to an as yet unidentified 
Meloidogyne analogue of the C. elegans dauer phe-
romone, which consists of a short branched-chain 
fatty acid attached to the sugar ascarylose ( Jeong 
et al., 2005). As much as a third of the individual 
phospholipids of M. javanica contain ether-linked 
alkyl moieties attached to the C-2 position of the 
glycerol backbone (Chitwood and Krusberg, 
1981). The phospholipid alkyl groups are remark-
ably undiverse in structure, primarily consisting 
of saturated 18-carbon moieties.

8.4.6 Steroids

The major roles of sterols in organisms are to 
modulate membrane fluidity as components of 
cellular membranes, provide biochemical precur-
sors for steroid hormones, and interact with 
 specific proteins in the regulation of organismal 
development. Perhaps because Meloidogyne 
membrane phospholipids contain so much poly-
unsaturated fatty acid that any role of sterol to 
modulate fluidity would be superfluous, sterols 
comprise a remarkably small percentage of 
the nematode, only 0.02% of the eggs of 
M. incognita and M. arenaria (Chitwood et al., 1987). 
In a comparison of the sterols of M. incognita 
and M.  arenaria with those of their host plant, 
Solanum melongena, the major sterols of nematode 
eggs were 24- ethylcholesterol, 24-ethylcholestanol, 
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24- methylcholestanol, 24- ethylcholest-22-enol, 
cholesterol and cholestanol. The results indicated 
that saturation of the sterol nucleus was the major 
metabolic transformation of host sterols in 
Meloidogyne; additionally, the nematodes appeared 
to remove the C-24 methyl or ethyl substituent in 
the side chain of typical plant sterols. However, 
Hedin et al. (1995) did not detect the products of 
sterol nuclear saturation in eggs of M. incognita 
propagated on Gossypium hirsutum. Explanations 
for the analytical variation could include meth-
odological differences, a host-mediated effect on 
parasite biochemistry, or a true biochemical dif-
ference between the two populations of M. incog-
nita employed.

Although there have been several reports of 
toxicity of specific steroids to Meloidogyne spp., 
attempts to demonstrate the biosynthesis of ecdy-
steroids or other steroids in Meloidogyne have been 
unsuccessful (Chitwood et al., 1987). Indeed, in 
only one case has the biosynthesis of any steroid 
with hormonal function in any nematode been 
conclusively demonstrated, in the case of the 
3-ketocholest-4-en-26-oic acid and 3-ketocholest-
7-en-26-oic acid, two steroid acids which are 
involved in the regulation of dauer larva forma-
tion in C. elegans (Motola et al., 2006).

8.5 Sensory Perception and 
Neurotransmission

Of the various types of sensory perception, most 
research on Meloidogyne has focused on chemo-
reception, especially in relation to the amphids. 
Chemoreception plays an important role in the 
oriented movement (taxis) of nematodes. 
Orientation by a nematode can be achieved with 
one sensor, by sequentially sensing and compar-
ing the stimulus on either side of the path of 
movement (klinotaxis), or with two or more sen-
sors on different parts of the body, by simultan-
eously sensing different points within the stimulus 
field (tropotaxis). Bargmann and Horvitz (1991) 
demonstrated that killing neurons in either the left 
or the right chemosensory sensilla of C. elegans did 
not prevent chemotaxis, indicating that the nema-
tode does not perform tropotaxis. Extrapolating 
this information to Meloidogyne, it is likely that 
repeated side-to-side movements of the head dur-
ing sinusoidal body movement is responsible for 

alternating sampling of the stimulus field from 
either side of the head, and that klinotaxis is 
involved in orientation. The orientation and 
attraction of Meloidogyne to host roots and their 
movement in response to edaphic factors are dis-
cussed in detail by Curtis et al., Chapter 6, this 
volume. In the following two sections, we exam-
ine the information on amphid functioning and 
neurotransmission in Meloidogyne.

8.5.1 Sensory perception

As in other nematodes, amphids are considered 
to be the primary chemosensilla of Meloidogyne. 
They are present as paired organs, positioned lat-
erally and with external openings (see Eisenback 
and Hunt, Chapter 2, this volume). The amphid-
ial cavity contains secretions, apparently pro-
duced by the sheath cell, that appear to have 
multiple roles. Trett and Perry (1985) suggested 
that the secretions may serve to maintain elec-
trical continuity between the bases and tips of the 
dendritic processes, and they may also protect 
the dendritic endings of sensory nerve cells 
against desiccation and microbial attack (Aumann, 
1993). Several investigations have centred on 
analysing the components of the secretions.

Bird (1966) detected esterases, enzymes that 
rapidly hydrolyse esters of short-chain fatty acids, 
in the amphidial ducts of juveniles and adults of 
M. javanica and M. hapla. Premachandran et al. 
(1988) found that the protein-specific dye, 
Coomassie Brilliant Blue R-250, bound to the 
amphidial secretions of a number of nematodes, 
including J2 of M. incognita, indicating that the 
secretions contain protein. Lectins have been used 
to demonstrate the presence of carbohydrate resi-
dues in amphidial secretions of species of Meloidogyne 
(McClure and Stynes, 1988). Components of 
amphidial secretions in J2 of M. incognita are 
thought to include N-acety l galactosamine and 
fucose (McClure and Stynes, 1988; Spiegel and 
McClure, 1991).

Davis et al. (1992) found differences in the 
composition of amphidial secretions of M. incognita 
using a monoclonal antibody that reacted with 
the amphids of adult females but not with the 
amphids of J2. Stewart et al. (1993a) demonstrated 
the presence of a 32 kDa glycoprotein in the 
amphidial duct secretions and the sheath cell of J2 
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of six species of Meloidogyne, but it was not found 
in representatives from eight other genera, includ-
ing Globodera and Heterodera, indicating a special-
ized function for this protein in Meloidogyne. The 
protein was found in all stages of the Meloidogyne 
life cycle, including males of M. javanica, but not 
in the sedentary adult female, where the amphids 
appear to be non-functional. Electron microscopy 
indicated a difference in the morphology of 
amphidial secretions in the J2 and the adult 
female (Stewart et al., 1993b). In agar plate behav-
ioural assays, prior incubation of M. javanica J2 in 
the antiserum against the protein significantly 
retarded the ability of the J2 to orientate to host 
roots (Stewart et al., 1993b). Thus, there are indi-
cations that at separate stages of the life cycle the 
amphids may have a different function or a differ-
ent combination of functions. Lima et al. (2005) 
used antibodies to immunolocalize secreted– 
excreted products of species of Meloidogyne. The 
antibodies reacted with antigens present in the 
amphids of M. incognita and M. arenaria, and one 
antibody recognized secretions in the amphidial 
and phasmidial glands of M. arenaria. The func-
tions of the proteins from the amphids identified 
using antibodies are still unknown. Two of the 
polyclonal antibodies used by Lima et al. (2005) 
bound to the surface coat of the cuticle as well as 
to the amphids of M. incognita and M. arenaria; 
surface coat components are reviewed by Curtis et 
al., Chapter 6, this volume.

Semblat et al. (2001) cloned a cDNA (comple-
mentary DNA) encoding a secretory protein from 
the amphids of M. incognita. The protein (MAP-1) 
expressed by the map-1 gene was restricted to the 
three species of Meloidogyne, M. arenaria, M. incognita 
and M. javanica, controlled by the Mi resistance 
gene, suggesting a specialized function for this pro-
tein. The authors speculate that the MAP-1 pro-
tein might be involved in the early steps of 
recognition between (resistant) plants and (aviru-
lent) nematodes.

8.5.2 Neurotransmission

Neurotransmission in nematodes has been sum-
marized by Wright and Perry (1998) and Perry 
and Maule (2004), and reviewed in detail for C. 
elegans by Rand and Nonet (1997), but there is 
only fragmentary information on Meloidogyne. 
Typical synaptic transmission involves the arrival 

of an action potential at a presynaptic nerve end-
ing, causing the opening of voltage-gated Ca2+ 
ion channels and the influx of Ca2+ ions into the 
nerve cell. This results in the secretion of neuro-
transmitter molecules, which diffuse across the 
synaptic cleft and bind reversibly to specific 
receptor proteins on the post-synaptic membrane 
of a nerve or muscle cell. This causes a confor-
mational change in the receptor proteins that are 
linked to ion channels. Whether the response is 
excitatory or inhibitory depends on the type of 
receptor and, thus, which ion channel is acti-
vated. Hence, the same neurotransmitter can be 
excitatory and inhibitory.

Classical transmitters include acetylcholine, 
probably the primary excitatory transmitter, sev-
eral amino acids and various biogenic amines. 
The amino acid transmitter, γ-amino butyric acid 
(GABA), and the biogenic amine, dopamine, 
have been reported in J2 of M. incognita (Stewart 
et al., 1994, 2001).

An essential feature of all neurotransmitter 
systems is a mechanism for the rapid removal of 
neurotransmitter from the synaptic cleft. Removal 
of acetylcholine is enzymatic, and inhibition of 
acetylcholinesterase is the target for the control of 
plant-parasitic nematodes, including Meloidogyne, 
by organophosphate and carbamate nematicides. 
In C. elegans, four acetylcholinesterase genes have 
been isolated, ace-1 to ace-4, coding for biochem-
ical classes of acetylcholinesterase. Meloidogyne 
 arenaria and M. incognita J2 contain several molecu-
lar forms of acetylcholinesterase, which vary in 
sedimentation coefficient, substrate affinity, ther-
mal inactivation profiles, and/or inhibitor and 
detergent sensitivity (Nordmeyer and Dickson, 
1990; Chang and Opperman, 1991). At least two 
acetylcholinesterase genes have been identified in 
Meloidogyne. A single gene homologous to the ace-1 
gene of C. elegans has been isolated from M.  incognita 
and M. javanica (Piotte et al., 1999), and Laffaire 
et al. (2003) isolated a new acetylcholinesterase- 
encoding gene, named Mi-ace-2, from M.  incognita, 
which is transcribed in J2 before and after hatch-
ing, and in females and males.

8.6 Conclusions and Future 
Directions

There have been rapid advances in experimental 
techniques, especially in genome sequencing, 
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proteomics and metabolomics, which have gener-
ated large amounts of data relating to helminth 
physiology and biochemistry (Barrett, 2009). 
Proteomics is the large-scale analysis of proteins 
in a single cell or tissue, whereas metabolomics is 
the analysis of the low molecular weight metabo-
lites in the tissue or cell (Barrett, 2009). Instead of 
focusing on a single gene or protein, proteomics 
can reveal the relative amounts of protein, the 
degree of protein modification and turnover, and 
the interactions between proteins (Barrett et al., 
2005; Barrett, 2009). The information that will 
be generated by the various nematode genome 
projects, including those of M. incognita and M. 
hapla (Abad et al., 2008, Opperman et al., 2008), 
presages an exciting future for elucidating nema-
tode biological systems. Annotation of the 
sequences will provide a vast amount of data 
relating to the physiology and biochemistry of 
Meloidogyne. Although the ability to identify candi-
date parasitism genes is one obvious outcome of 
this research, rapid insight should accrue with 

respect to the basic biochemical mechanisms 
that, for example, permit reproductive success 
through varied reproductive strategies mediated 
by differing cytogenetics.

Thus, genome annotation, proteomics and 
metabolomics herald an era of enormous oppor-
tunities for research workers. However, it will be 
necessary to interpret and understand the bio-
logical relevance of these data and to clarify 
details of the biological functioning of Meloidogyne 
and other nematodes. The current lack of infor-
mation on important aspects of physiology and 
biochemistry reflects, in part, the worrying pau-
city of researchers trained to use physiological, 
biochemical and behavioural techniques to inves-
tigate gene functioning. The need to interpret 
components of the host–parasite system is predi-
cated on the existence of these research skills. 
This is a vital component of future progress, 
especially as the information gained could lead to 
much-needed environmentally benign, novel 
control approaches.
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