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This thesis describes genetic variation in the root-knot nematodes Meloidogyne 
hapla, M. chitwoodi and M. fallax, particularly with respect to their pathogenicity on 
Solanum spp. Significant differences in virulence and aggressiveness were shown to 
exist between and within these species. Evidence for the occurrence of pathotypes of 
M. chitwoodi on S. bulbocastanum was obtained. Differences in virulence 
corresponded to differences in overall genetic variation, revealed by 2-D protein 
electrophoresis. A distinct species classification for Meloidogyne spp. was obtained 
by AFLPs and 2-D electrophoresis. In mating experiments M. chitwoodi and M. 
fallax appeared to be true biological species as testified by infertility of their hybrids. 
Abnormalities during meiosis in oocytes of an isolate of M. hapla and in 
spermatocytes of isolates of M. fallax resulted in limited sexual recombination. The 
combination of post-reductional meiosis and the fusion of the second polar body with 
the egg pronucleus is probably responsable for maintenance of heterozygosity in 
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1. Het voorkomen van post-reductionele méiose bij Meloidogyne heeft als conse
quentie dat in meiotisch parthenogenetische populaties geen volledig homozygote 
individuen voorkomen. 
(Dit proefschrift) 

2. Het verschil tussen knotsvormige en V-vormige primordia in het tweede juveniele 
stadium van mannetjes van de mitotisch parthenogenetische soort Meloidogyne 
incognita is niet het gevolg van het al of niet optreden van geslachtsomkering 
(Papadopoulou & Triantaphyllou, 1982), maar van het tijdstip waarop deze omkering 
plaatsvindt. 
(Papadopoulou J, Triantaphyllou AC 1982. Sex differentiation in Meloidogyne incognita and 
anatomical evidence of sex reversal. J Nematol 14:549-566; dit proefschrift) 

3. Het voorkomen van variatie in /We/o/dogyne-soorten ten aanzien van virulentie-
factoren maakt in resistentieproeven het testen tegen meerdere gekarakteriseerde 
isolaten van één soort noodzakelijk. 
(Dit proefschrift) 

4. De huidige kennis van de biologie van wortelknobbelnematoden bevat leemtes. 

5. Het in toenemende mate gemakkelijk toegankelijk hebben van informatie zal 
uiteindelijk veroorzaken dat, na de blindedarm, ook ons tekstgeheugen een rudi
mentair orgaan zal worden. Het zal er nog wel zitten en het functioneert nog wel 
een beetje, maar je hebt er eigenlijk niets meer aan. 
(Groen T 1995. Lezers in last; de aanzwellende tekstmassa. Onze Taal 64:98-100) 

6. In de paprikakasteelt worden virusoverbrengende luizen geparasiteerd door 
pluimpootspinnen, die op hun beurt bestreden worden door nog grotere hagedissen 
(roodkeelanolis). Het lijkt erop dat deze biologische wapenwedloop kassen zal 
veranderen in ware dierentuinen met steeds grotere diersoorten. 
(Agrarisch Dagblad 4 februari 1997) 

7. De biologische classificatie van de mens als zoogdier is ontoereikend. 

8. Door het ontbreken van uniforme afspraken tussen internationale tijdschriften 
over de "lay out" van literatuurreferenties, zijn promovendi onevenredig veel tijd kwijt 
aan het opstellen van de literatuurlijst bij het schrijven van hun dissertatie. Het is 
daarom gewenst hiervoor eenduidige afspraken te maken. 

9. De generalisatie dat alle Arabieren terroristen zouden zijn, is even absurd als dat 
alle Nederlanders klompen zouden dragen. 

Stellingen behorende bij het proefschrift getiteld "Interaction beteen root-knot nematodes and 
Solanum spp.; variation in pathogenicity, cytology, proteins and DNA", door J.G. van der Beek. 

Wageningen, 10 oktober 1997. 
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General introduction 



General introduction 

1.1. Background 

Nematodes or eelworms (Greek nema, nematos = thread; eidos = likeness, resem
bling) belong to the phylum Nematoda. This phylum includes 12,500 species, of 
which 1,700 are known to be present and endemic in the Netherlands (Van Nieker-
ken & Van Loon, 1995). It is estimated that the phylum Nematoda is amongst the 25 
most unknown animal groups in the Netherlands, leaving approximately 800 species 
as yet unknown. This group of small inarticulated worms can be found in almost any 
environment in which organic matter is decomposed. On land, up to 100 species per 
kg soil can be detected, with on average 30,000 individuals per kg soil (Bongers, 
1988). On the sea floor of the 'Waddenzee' in the Netherlands, up to 30 milllion 
individuals per m2 have been found, thus forming the most numerous group after the 
Protozoa in the Netherlands (M.S.S. Lavaleye, mentioned by Van Niekerken & Van 
Loon, 1995). Nematodes comprise some economically important groups including 
parasites that cause serious diseases in man, animals and plants. Root-knot nemato
des are amongst this last mentioned group. 

Root-knot nematodes, belonging to the genus Meloidogyne are cosmopolitan in 
natural environments and in all parts of the world where agriculture is practised. 
Certain species are widely distributed, polyphagous and able to cause great losses in 
production and quality. Since 1950, crop protection has mainly been concentrated on 
chemical soil disinfection at which certain chemicals have proven their efficacy. 
However, increasing attention is paid to environmentally safe methods of crop 
protection, such as biological control and plant breeding for resistance and toleran
ce. 
A breeding programme for resistance to root-knot nematodes includes searching for 
sources of resistance and consequently selecting for resistant genotypes. In the 
hypothetical absence of any pathogenic variation within a given Meloidogyne 
species, plant genotypes could be selected simply by testing against a certain number 
of individuals of that particular nematode species. But in reality, mutation, recombi
nation and migration of the pathogen result in genetic variation which hampers easy 
screening for resistance. Moreover, parthenogenesis in many Meloidogyne species 
hinders a clear distinction of biological species, which confuses the classification of 
nematode populations into different species or into different races or pathotypes. A 
slow active migration in the soil means that a large genetic variation is expected to 
be found in a relatively small area. Passive migration by tillage and transport of 
infested root material can cause large spread of root-knot nematode populations. 

1.2. Nomenclature 

Root-knot nematodes belong to the genus Meloidogyne Goeldi, 1892 (described in 
1887), subfamily Meloidogyninae Skarbilovitch, 1959, family Heteroderidae, 
suborder Tylenchina Chitwood, 1950, order Tylenchida Thorne, 1949, according to 
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the revision by Luc et al. (1988). At least three other systems of classification of the 
Tylenchida have been proposed, which reflects its taxonomie complexity: the first 
by Allen and Sher (1967), the second by Andrassy (1976) and the third by Sidiqi 
(1986). Tylenchyda are plant parasitic nematodes belonging to the subclass Tylen-
chia Ingliss, 1983, class Secernentea Van Linstow, 1905, phyllum Nematoda 
Rudolphi, 1808, the eel worms or nematodes. Meloidogyne spp. (Greek melon = 
apple, fruit; eidos = shape, resemblance; gyne = female) are clearly distinct from 
other plant parasitic species of the Tylenchida by a swollen adult stage of the female 
and egg deposition outside the body. Classification of root-knot nematodes was 
attempted since the second half of the 19-th century (Greeff, 1872; Goeldi, 1892; 
Müller, 1884, as mentioned by Chitwood, 1949) when they were considered to form 
a single species. Although the genus Meloidogyne was described already in 1887 by 
Goeldi, root-knot nematodes were generally known under names such as Heterodera 
radicicola or H. marioni (Chitwood, 1949; Oostenbrink, 1950; Thorne, 1961). Also 
other names have been designated to root-knot nematodes, including: Anguillula 
marioni Cornu, 1879, Heterodera javanica Treub, 1885, Anguillula arenaria Neal, 
1889, Tylenchus arenarius Cobb, 1890, Meloidogyne exigua Goeldi, 1892, Anguilu-
la vialae Lavergne, 1901, Oxyuris incognito Kofoid & White, 1919 and Caconema 
radicicola Cobb, 1924. Only halfway through the 20th century it was shown clearly 
by Christie and Albin (1944) that more than one species of root-knot nematodes 
exists, which could explain different host reactions found by various authors already 
at the end of the 19th century. Chitwood (1949) was the first who definitely identi
fied and described different species within the genus Meloidogyne. He distinguished 
five species and one variety: Meloidogyne exigua Goeldi, 1887, Meloidogyne 
javanica (Treub, 1885) Chitwood, 1949 (synonym Heterodera javanica), 
Meloidogyne hapla Chitwood, 1949, Meloidogyne incognita (Kofoid & White, 1919) 
Chitwood, 1949 (synonym Oxyuris incognito), Meloidogyne incognita var. acrita 
Chitwood, 1949 and Meloidogyne arenaria (Neal, 1889) Chitwood, 1949 (synonym 
Anguillula arenaria). This classification formed the basis for many other species to 
be described under this genus: by 1960 four new species and subspecies had been 
added (Netscher, 1978); five years later, Franklin (1965) described 16 species; in 
1968 the total list of Meloidogyne species comprised of 23 species (Whitehead, 
1968). Franklin (1971) published a list of 28 species, Esser et al. (1976) 35 species, 
Sidiqi (1986) 51 species, Luc et al. (1988) 70 species and Eisenback and 
Hirschmann-Triantaphyllou (1991) 68 species. Recently, more species have been 
described, for example: M. cynariensis from artichokes in Vietnam (Fam-
Thkan'Bin', 1990), M. morocciensis from peach rootstock in Morocco (Rammah & 
Hirschmann, 1990) and M. fallax from potato in the Netherlands (Karssen, 1996). 
Pais and Abrantes (1989) mention a possible new species in Portugal, based on 
unique esterase and malate dehydrogenase phenotypes, that was found only to infest 
olive trees. 

As M. chitwoodi has long been confused with M. hapla, it was only recently that M. 
chitwoodi was described from potatoes by Golden et al. (1980). The increasing 



General introduction 11 

numbers of identified Meloidogyne spp. since 1949 does not necessarily mean that 
these species came only recently into existance or that the speed by which these 
species are described is related with the speed of speciation in Meloidogyne. 
The rapid increase in number of known species reflects the increasing interest in 
these nematode species which are difficult to identify. 

1.3. Life cycle 

Root-knot nematodes are endoparasitic. Their life cycle (Figure 1.1) is partly outside 
but mainly sedentary within the roots. The eggs are deposited in egg-masses attached 
to the female. The first and second-stage juveniles (Jl and J2) develop within the 
eggs (Taylor, 1971). 
Hatched J2, slender with body length varying from 290 to 912 ^m are the infective 
stage of \he nematode (Figure 1.2). Root penetration occurs just behind the root tip, 
normally within two hours after contact (Wyss et al., 1992). The J2 then move 
intracellularly towards the meristematic region in the root tip within eight hours, 
almost without any destruction of plant cells. They turn and move in the direction of 
the vascular cylinder in order to become sedentary in the root after 16 hours. No 
food uptake occurs untill they become stationary; the J2 then live on the lipid 
globules which are present in the wall of the intestine. They moult twice more, 
feeding on giant cells and become J4. After the fourth moult the males are slender 
(700 to 2,000 £im long; Figure 1.2) and leave the root. The females remain in the 
root. They have swollen, saccate bodies that range in median length from about 440 
to 1,300 uva and in median width from about 330 to 700 pm (Eisenback & 
Hirschmann-Triantaphyllou, 1991; Figure 1.2), and deposit eggs in egg-masses. 
These egg-masses are mostly exposed outside the root, but can sometimes remain 
inside the root epidermis. Egg-masses of M. chitwoodi and M. fallax remain also 
within the epidermis of potato tubers. 

1.4. Modes of reproduction 

Triantaphyllou described the mode of reproduction for Meloidogyne spp. in a range 
of publications (Triantaphyllou, 1966, 1971, 1985a, 1985b, 1991, 1993; Trianta
phyllou & Hirschmann, 1980). As with most species of plant parasitic nematodes, 
Meloidogyne spp. are bisexual, i.e. they are composed of male and female individu
als and both sexes have easily recognizable primary and secondary sex characters. 
However, some cultures were described as fhelytokous and produced only females 
(Triantaphyllou, 1993). Reproduction in Meloidogyne is by amphimixis (sexually) or 
by apomixis. Apomixis includes various types of asexual reproduction which do not 
result in fusion of the gametes (Rieger et al., 1976; Asker & Jerling, 1992). 
Apomixis in Meloidogyne is parthenogenetic with embryos produced from female 
gametes. 
According to the mode of reproduction, parthenogenetic species of Meloidogyne can 
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insemination 

eggmass 

Figure 1.1. Schematic representation of the life cycle of Meloidogyne spp. Legenda: 
circle=nematode stage; double and triple circles=nematode stages within cuticula 
of previous stages; Jl to J4 = successive juvenile stages; solid lined box=root; 
dotted lined box=egg-mass. 
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be classified as obligate or as facultative parthenogenones. Based on cytological 
data, parthenogenetic Meloidogyne spp. can be classified as meiotic somatic or as 
mitotic somatic. Other terms are also in use, but we shall simply refer to these types 
as meiotic and mitotic. For meiotic parthenogenones regular chromosome pairing 
and reduction of chromosome number occur, but the somatic number of chromoso
mes is restored by fusion of the haploid egg pronucleus and the haploid second polar 
nucleus (Triantaphyllou, 1985). Mitotic parthenogenones show neither reduction nor 
fusion of nuclei, but instead apomeiosis occurs, by which the egg nucleus develops 
into an embryo. Because reduction never takes place with mitotic parthenogenones, 
this mode of reproduction is obligate. Eisenback and Hirschmann-Triantaphyllou 
(1991) reported that from a total of 24 examined species six appeared to be 
amphimictic, seven facultative meiotic parthenogenetic and eleven obligate mitotic 
parthenogenetic. Three of the most common species, M. incognita, M. javanica and 
M. arenaria are mitotic parthenogenetic. M. chitwoodi is facultative meiotic 
parthenogenetic with a haploid chromosome number of n=x=14-18. 

4 

Figure 1.2. Female (left), males and second-stage juveniles (right) of M. hapla race 
B (magnification 20X) 
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M. hapla includes two different cytological races: race A which is also facultative 
meiotic parthenogenetic with n=x= 14-17, and race B which is mitotic partheno-
genetic with populations of 2n=3x=43-45, 2n=3x=48 and 2n=2x=30-32 
(Triantaphyllou, 1985). More recently, a hermaphrodite form of M. hapla was 
found (Triantaphyllou, 1993). 
Chromosomes of nematodes are holocentric, as in certain insects or plants 
(Triantaphyllou, 1971). This type of chromosomes is characterized by a parallel 
arrangement of the chromatids during maturation of the oocyte, the absence of a 
localized centromere and a broadside move of the chromosomes to the poles during 
anaphase. Unlike monocentric chromosomes, which have localized centromeres, the 
entire body of the chromosome forms microtubules on the poleward surface and 
these converge to the pole. At meiosis, the chromatids in bivalents are held together 
in an end-to-end association which is suggested to be caused by terminalized 
chiasmata (White, 1973). In Caenorhabditis elegans Albertson and Thomson (1993) 
found that either the left or the right end of the homologues could be held in 
association and that these holocentric chromosomes have thus two potential 'meiotic 
centromeres'. 
Chromosomes of Meloidogyne spp. are small in size (1 ^m) and therefore difficult to 
distinguish from each other. Electron microscopic observations proved that no sex 
chromosomes exist in Meloidogyne because no univalent chromosomes occurred 
during meiosis (Goldstein, 1981). However, there is a difference in decondensation 
of chromatin between males and females. During pachytene a proteinaceous structu
re, called the synaptonemal complex, becomes visible and forms the basis for 
homologous pairing. Synaptonemal complexes are inherent to the process of 
crossing over and consequently are not present in mitotic parthenogenones like M. 
hapla race B. The chromatin appears to be condensed along the synaptonemal 
complex, but specialized regions of decondensed chromatin (DCR) occur. However, 
Goldstein (1981) found that these DCR are not present in males. He discussed the 
hypothesis that DCR in M. hapla could be related to sex chromatin and that the male 
is heterogametic for DCR. 
The determination of sex in Meloidogyne spp. is highly influenced by environmental 
conditions. Morphological distinction between males and females is possible from 
the half grown J2 (Triantaphyllou & Hirschmann, 1960). Favourable growing 
conditions during the J2-stage will promote the development of normal females with 
two ovaries, while unfavourable conditions change the sex balance toward male 
formation (Triantaphyllou, 1973). A change in condition during the early J2-stage, 
in both meiotic and mitotic parthenogenones, can even result in intersexual individu
als, which are mostly non-functional and are slender as males. In Caenorhabditis 
elegans, intersexes can also be formed by disturbances during development (Nelson 
etal., 1978). 
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1.5. Distribution and economic losses 

Root-knot nematodes have a global distribution. The four most prevalent species 
are: M. incognita, M. javanica, M. arenaria and M. hapla. Of these, M. hapla is 
the only one which is predominantly found in temperate zones under field conditi
ons. The other species occur in the warmer, tropical and mediterranean, climates as 
well as in greenhouses where they can become major pests. 
Since the description of M. chitwoodi in 1980, infestations with this species have 
been reported from different locations in the USA, including the pacific North-West 
(Santo et al., 1980), Colorado (Pinkerton & Mclntyre, 1987) and Utah (Griffin & 
Thomson, 1988); and in other parts of the world, including Argentine (Esbenshade 
& Triantaphyllou, 1985), Mexico (Cuevas et al., 1990), Portugal (Mugniery, pers. 
com.), South Africa (Kleynhans & Van den Berg, 1988), the Netherlands (EPPO 
Reporting Service, 1991) and in Belgium (Waeyenberge & Moens, 1997). M. 
chitwoodi is considered to be a quarantine pest by the European and Mediterranean 
Plant Protection Organization (EPPO) having A2 status (Smith et al., 1997) which 
indicates that it is a quarantine organism for all plant species. Although M. chit
woodi was identified for the first time in the Netherlands in 1988 and M. fallax in 
1992, it seems clear that these species have been present much longer (Anonymous, 
1990). Three arguments support this view: 1. Infested potato tubers, collected in 
1930 from the North-West of the Netherlands and conserved in formalin, appeared 
to be infested by M. chitwoodi; 2. In the South-East of the Netherlands, a build up 
of populations of root-knot nematodes has occurred in the past, even after cereal 
growing. Cereals such as wheat, barley, rye and oats are known to be good hosts of 
M. chitwoodi (O'Bannon et al., 1982; Nyczepir et al., 1984) and of M. fallax 
(Karssen, 1996), but not of M. hapla; 3. In field experiments in Belgium, infestation 
by M. hapla of barley and rye has been reported in 1955 and of oats in 1956 
(Anonymous, 1990). Although these infestations were attributed to M. hapla, it may 
be concluded that either M. chitwoodi or M. fallax, or both, were most likely the 
causal agent. M. fallax is predominantly found in the South-East of the Netherlands 
and is sympatric with M. chitwoodi. Although it has been found also in Belgium 
(Waeyenberge & Moens, 1997) its distribution beyond that region has not yet been 
investigated thoroughly. Quarantine status for M. fallax will most likely follow soon 
the recently obtained status for M. chitwoodi. 

Nematode species belonging to Meloidogyne are pests of major food crops, vege
tables, fruits and ornamental plants. Oostenbrink (1950) reported restricted growth 
caused by root-knot nematodes in the Netherlands under open field conditions in 
potatoes, beets, peas, clovers, Serradella, vetch, broad beans, dwarf beans, carrots, 
lettuce, salsify (scorzonera) and roses. Although not specified by Oostenbrink 
(1950), these crops have most likely been attacked by M. hapla, M. chitwoodi and 
perhaps M. fallax, which have all a wide range of host plants. Though many 
similarities do exist between these species, several characteristic host preferences do 
occur. One of the most important differences is that cereals are non-hosts for M. 
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hopla but hosts for M. chitwoodi and M. fallax (Santo & O'Bannon, 1981, Karssen, 
1996). Also, Lycopersicon peruvianum is a good host for M. chitwoodi but a non-
host for M. hapla (Santo & O'Bannon, 1982), and strawberry is a non-host for M. 
chitwoodi but a host for M. hapla (Edwards et al., 1985). Only four host species 
were found to be specific hosts for M. chitwoodi on which M. fallax did not repro
duce or only poorly, and four other host species which reacted oppositely (Karssen, 
1996). 
Economic losses caused by these species are due to reductions in yield and in 
quality. Slinger and Bird (1978) found in a greenhouse experiment with M. hapla on 
carrot, that only 58% were suitable for the market, compared to 97% when planted 
in nematode free soil. Affected carrots show an increased development of branched 
roots. Besides this reduction in quality, a pot experiment with 60 varieties of carrot 
resulted in a root weight reduction of about 45% due to infection with M. hapla 
(Stein, 1982). Other examples of yield reduction caused by M. hapla are: sprout 
failure, reduction in plant height and yield reduction in potato (Loue, 1977); growth 
reduction in alfalfa cultivars (Noel, 1977; Inserra et al., 1980) and in peppermint 
(Eshtiaghi, 1975); growth delay up to 60% in onion (Mac Guidwin et al., 1987), 
losses of 22, 43 and 21 % in weight of marketable produce in beet, lettuce and 
spinach respectively at a high infection pressure of 18,000 nematodes kg"1 soil 
(Potter & Olthof, 1974), commercial crop losses in potatoes and onions of 46 and 64 
% respectively at a high infection pressure of 18,000 nematodes kg"1 soil (Olthof & 
Potter, 1972), yield reduction of 50% in pyrethrum (Parlevliet, 1971), green yield 
reduction of 30% in clover (Erenfelde, 1979), yield losses of 8.6% for each 10-fold 
increase in initial infestation of peanut (Rickard et al., 1977), dry weight reduction 
of 24% in Trifolium spp. and of 76% in Medicago sativa when grown in a field with 
24,000 nematodes kg"1 soil (Townsherd & Potter, 1978) and reduction of fresh top 
root weight of 65% (and of 60% caused by M. chitwoodi) when grown in soil 
containing 512 nematodes cm"3 (Griffin et al., 1982). 
Figures on losses and damage due to M. chitwoodi are reported less frequently than 
those due to M. hapla because of the recent description of the species and a more 
limited distribution worldwide. M. chitwoodi significantly suppressed tillering of 
wheat and barley cultivars, but plant height was not affected (Griffin, 1993). 
Farmers in the South-East of the Netherlands have been confronted during the past 
years with serious quality problems in potatoes, carrots and black salsify, often 
leading to an unmarketable produce. These appeared to be caused by M. chitwoodi 
and M. fallax (Molendijk & Mulder, 1996). From field trials with a natural infection 
of M. fallax it was estimated that an initial population density of 10 nematodes cm"3 

affected already the physical yield of potato and that even a densitiy of 0.1 nematode 
cm'3 may cause infection of the new-formed tubers (Brommer & Molendijk, 1996). 
Data on yield losses caused by M. chitwoodi and M. fallax in the Netherlands have 
not yet been reported. 
Several authors mention tolerance levels and threshold densities. Some values of 
tolerance levels are: 0.03 to 0.18 eggs cm"3 soil for winter wheat cv. Nugaines - M. 
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chitwoodi (Nyczepir et al., 1984); 0.6 and 2.8 J2 or eggs cm"3 soil for sugarbeet -
M. hapla and sugarbeet - M. chitwoodi respectively (Nyczepir et al., 1984); and 
0.16 J2 cm"3 soil for cucumber - M. hapla (Sagitov & Perevertin, 1988). Barker et 
al. (1976) defined a threshold density for tomato - M. hapla at a yield reduction of 
10 to 25%. He calculated a density of 1 J2 or egg cm"3 soil. Other values of econo
mic threshold densities are: 0.5 J2 cm"3 soil for fibre flax cv. L-1120 - M. hapla 
(Antonova, 1979) and 1.8 J2 cm"3 soil for cucumber - M. hapla (Sagitov & Perever
tin, 1988). 
Evidently, these high losses in yield and quality combined with low threshold 
densities make these root-knot nematodes a major pest in field crops in temperate 
regions. 

1.6. Species identification 

According to the biological species concept, a species is a group of actually or 
potentially interbreeding natural populations which are reproductively isolated from 
other such groups. A species is the largest and most inclusive reproductive commu
nity of sexual and cross-fertilizing individuals that share in a common gene pool 
(Rieger et al., 1976). Mating with production of fertile offspring is the basis of this 
species concept (Poinar & Hansen, 1983). 
However, many definitions have been proposed to describe the concept of species. 
Quicke (1993) pointed out that the majority of these definitions fall into three 
categories: firstly the biological species concept, based on reproductive isolation, as 
described above. Secondly the phylogenetic and evolutionary species concept, based 
on basic evolutionary units as revealed by phylogenetic analysis. And thirdly ad hoc 
definitions that are based on morphological species criteria based on degrees of 
phenotypic or genotypic distinctiveness. 
The occurrence of parthenogenetic reproduction clearly complicates species definiti
ons in the genus Meloidogyne. However, biochemical and cytogenetic differences 
between at least the major Meloidogyne species support strongly the existence of 
relatively distinct biological groups, represented by these species. 
Traditionally, in nematology the description of species is done on the morphology of 
different stages of juveniles and adults, and on host preference. Chitwood (1949) 
differentiated between species of Meloidogyne mainly by perineal patterns, which 
are the cuticular ornamentations around the anus and the vulva of the adult females 
formed by striae. This character was used by Taylor et al. (1955) to construct a key 
to the species of Meloidogyne. Eisenback (1985) pointed out why this character was 
used as a main descriptor for Meloidogyne species: 1. It is quite stable for many 
populations (Dropkin, 1953, Sasser, 1954); 2. Shortly after Chitwood (1949) 
described the first Meloidogyne species, the vulval cyst cones of Heter oder a species 
were emphasized as useful taxonomie characters, and were thought to be analogous 
with perineal patterns (Mulvey, 1960). However, it appeared that a large variability 
existed in the configuration of the perineal pattern by which many identifications 
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remained inconclusive. Chitwood (1949) himself wrote: "Twice we have encounte
red individual females in which the perineal pattern on one side of the body was that 
of Meloidogyne incognita and on the other side it was in one instance M. incognita 
acrita and in the other case M. javanica." Allen (1952) reported a large variety in 
perineal patterns. Thorne (1961) stated that "...diligent study of permanent slides 
should eventually enable a skilled worker to identify accurately upward of 90 per 
cent of the groups of patterns examined." Identification of individual patterns may 
be somewhere between 60 and 80 % reliable. Identification in mixtures of species is 
undoubtedly even more difficult. Netscher (1978) was not able to separate distincti
vely M. javanica from M. incognita in a mixture of populations, not only on the 
basis of perineal pattern, but also on the basis of other characters as vulval width, 
stylet length or interphasmidial distance. Distinction between the two species could 
be obtained satisfactory by the position of the excretory pore in relation to anterior 
end of female. However, M. arenaria and M. javanica cannot be distinguished from 
each other by this character (Netscher, 1978). The large variation in morphology 
within Meloidogyne causes identification to be a very laborious work, requiring 
much expertise. 
Other morphological characters have been used to identify species (Jepson, 1984 and 
1987). Fargette and Braaksma (1990), for instance, use the following biométrie 
measurements for females: length of stylet, dorsal oesophageal gland orifice (DGO), 
ratio DGO/stylet length, vulval width, distance vulva - anus, ratio distance vulva -
anus/vulval width; the following for males: length of stylet, length of stylet-cone, 
DGO, ratio cone length/stylet length, ratio DGO/stylet length; and the following for 
J2: body length, stylet length, DGO, diameter oesophageal valve, hemizonid, 
maximum body width, ratio body length/stylet length, ratio DGO/stylet length, ratio 
diameter valve/body length, ratio hemizonid/body length, and ratio body 
length/maximum body width. Nearly all characters were too variable to differentiate 
between populations of Meloidogyne spp. Only the characters ratio DGO/stylet 
length in female and in male were discriminative. The shapes of the male head and 
stylet are considered to be useful in the identification of Meloidogyne species 
(Eisenback & Hirschmann, 1982). However this character has not been widely used 
because of the irregular occurrence of males. 
Recently, species identification by a biochemical approach has proven to be succes
sful. Refined techniques were developed by which single adult females can be 
studied and their enzyme phenotypes be compared (Dalmasso & Berge, 1978; Janati 
et al., 1982; Esbenshade & Triantaphyllou, 1985). Esbenshade and Triantaphyllou 
(1990) discriminated between eight Meloidogyne spp., including M. hapla and M. 
chitwoodi, using malate-dehydrogenase and esterase to differentiate. At present, this 
is one of the most rapid and efficient methods to identify Meloidogyne spp. if an 
automated mini-gel electrophoresis apparatus is available. Biochemically, it was also 
possible to recognize occasionally intraspecific variation, e.g. between the cytologi-
cal races A and B of M. hapla (Esbenshade & Triantaphyllou, 1987). By this techni
que, occurrence of undescribed biological groups could be shown (Pais et al., 
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1989). It is interesting that nematode infection provoked novel esterase bands in root 
tissue (Ibrahim & Perry, 1993), which can be helpful in the understanding of plant 
response to nematode infection. 
Currently, molecular biology offers great perspectives in species identification and 
in studying variation in general. Platzer (1981) already pointed out how DNA 
studies can be practical for nematode taxonomy and indicated the potential for 
studies on speciation and races. Random Fragment Length Polymorphism (RFLP) 
analysis revealed patterns that were useful to separate three Meloidogyne species, 
after digestion of total DNA of those species with restriction enzyme Hindlll 
(Garate et al., 1991). Although they could even separate four host races of M. 
incognita by this technique, the stability of these patterns with respect to other 
populations has not yet been tested. However, Carpenter et al. (1992) were able to 
separate three populations of host race 2 of M. arenaria, using RFLP analysis and 
Piotte et al. (1992) could also clearly demonstrate polymorphisms between populati
ons of M. incognita and M. arenaria. A set of specific DNA fragments could be 
obtained to specifically separate M. incognita, M. arenaria, M. javanica and M. 
hapla, using probe pMiK13, and fragments could be isolated as markers for races in 
M. incognita (Piotte et al., 1992). RFLP analyses require relative large quantities of 
nematode DNA. The Polymerase Chain Reaction (PCR) however, offers a powerful 
technique by which DNA of single J2 can be amplified. Harris et al. (1990) could 
separate four Meloidogyne spp. by amplification of mitochondrial DNA of single J2, 
followed by digestion with restriction enzyme Hinfl. PCR and Random Amplified 
Polymorphic DNA (RAPD) analysis are promising techniques in distinguishing 
populations within species. Recently, Zijlstra et al. (1995) developed a powerful 
method for species identification, based upon analysis of ITS regions of rDNA. By 
this reliable technique contaminations with foreign species down to 1 % could be 
detected. 

Additionally, RFLP analyses are useful in studying relationships between and within 
species. Garate et al. (1991), Xue et al. (1992) and Castagnone-Sereno et al. (1993) 
described that M. arenaria and M. javanica showed closer genomic affinity to each 
other than to M. incognita, based on RFLP linkage data. M. hapla is remotely 
related to these three mitotical parthenogenetic species as the cluster analysis of 
these three species showed an early split off from M. hapla (Castagnone-Sereno et 
al., 1993). Also, meiotic parthenogenetic populations of M. hapla clustered separa
tely from mitotic parthenogenetic populations. 
In conclusion, morphological taxonomy in Meloidogyne spp. has received some very 
useful additional tools like isozyme and DNA analyses, to distinguish biological 
groups within the genus. 

1.7. Physiological variation 

In nematology, nematode multiplication on a host plant is the determining factor in 
the assessment of resistance, in contrast to most other fields of plant pathology in 
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which disease or pest symptoms are observed. The ability to determine the actual 
numbers of the pathogen in nematology causes difficulties in applying terminology 
for physiological variation which is employed in other disciplines. Various expressi
ons have been proposed, with sometimes large overlap in content, e.g. pathotype, 
biotype, physiologic race, host race, trophotype, virulence, pathogenicity, parasitism 
(Sturhan, 1971and 1985; Sidhu & Webster, 1981; Stone, 1985; Trudgill, 1986; 
Triantaphyllou, 1987; Müller, 1989). For the purpose of this thesis, terms related to 
resistance and physiological variation are defined, if applicable, on the basis of 
Dutch rules described by the 'Commissie voor de Terminologie van de Nederlandse 
Plantenziektenkundige Vereniging' (1997) and Bos and Parlevliet (1995): 
reproduction: ability of a pathogen to produce live offspring; 
parasite: an organism that completes its life cycle, or part of it, on a host and feeds 
at the expense of host tissue; 
pathogen: a parasite that reproduces on a host species; 
aggressiveness: the degree of reproduction of a pathogen; 
virulence: ability of a pathogen to reproduce on a particular genotype of its host; 
pathogenicity: ability of an organism to infect a host species and reproduce on it; 
race: a group of individuals within a species sharing certain biological charactersi-
tics, for example cytological races for M. hapla and host races in several Meloidogy-
ne spp.; 
pathotype: population within a pathogenic species that matches with a genetic factor 
for resistance. 

In addition, the following terms are used frequently in this thesis and defined as 
follows: 
population: a group of conspecific individuals from a common geographical site; 
isolate: a (sample of a) population which is maintained in captivity; 
(repeated) mono-female line: a group of genetically closely related individuals 
obtained after (repeated) parthenogenesis of one female, or the offspring of a female 
with a mitotic mode of reproduction. 

Aggressiveness describes quantitatively the degree of nematode reproduction. 
Differences in virulence are expressed by nematode isolate-by-host genotype 
interaction. Aggressiveness and virulence are estimated by nematode development 
and reproduction. Pathogenicity comprises aspects of aggressiveness and virulence. 
Parasitism as defined by Triantaphyllou (1987) is in our terminology synonymous to 
reproduction. Parasitism is reserved for the state of an organism in which it derives 
its feeding from another organism. The term biotype will be omitted. Its original 
definition (Johansen, 1903), referring to genetically homogenetic individuals, would 
only be applicable to mitotic parthenogenetic populations of Meloidogyne (Sidhu & 
Webster, 1981), which is not practical. Moreover, biotype includes a subdivision of 
a species by a wide range of criteria other than those of morphology. The same 
applies to the term race, which is used because of its wide application in Meloidogy-
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ne. When used, it will be made clear whether the term refers to a cytological or a 
host race. 
Studying resistance to root-knot nematodes involves research of pathogenicity, 
which includes aggressiveness and virulence, which are both expressed in terms of 
reproduction. Reproduction is mostly estimated in nematology by parameters like: 
number of egg-masses and number of produced eggs and J2, all related to the 
inoculum. 

Complications in detecting physiological variation are directly connected to the lack 
of a conclusive way of separating Meloidogyne species. However, physiological 
variation has been observed by various authors, who could demonstrate variation in 
the ability to develop and reproduce on different host plants for different populations 
of the same species (= biological group). The International Meloidogyne Project 
(North Carolina) started in 1975 (Lawrence Apple, 1985) and had a tremendous 
impact on the study of variability amongst populations of Meloidogyne spp. from all 
over the world. The largest variation was found in M. incognita, in which four host 
races were described (Taylor & Sasser, 1978). For M. chitwoodi, a second host race 
was discovered in Washington State, parasitic on alfalfa (Santo & Pinkerton, 1985). 
A host differential set for host races 1 and 2 of M. chitwoodi is based on carrot cv. 
Red Cored Chantenay and alfalfa cv. Thor (Mojtahedi et al, 1988). Additionally, 
host race 3 has been described, which was distinct from host race 2 by a virulent 
reaction on Solanum bulbocastanum SB22 (Mojtahedi & Santo, 1994). 
Physiological variation in M. hapla has not been reported frequently, although 
variation occurs (Riggs, 1991). Di Vito and Greco (1983) mentioned a second host 
race to be present in Italy, unable to reproduce on watermelon cv. Charleston Grey. 
In Poland six 'races' within 33 populations of M. hapla could be distinguished using 
lettuce, cucumber, red beet, cabbage, onion, maize and oats as host plants (Brzeski 
& Baksik, 1981). Variation in host preference did also occur between nine populati
ons of M. hapla, as well as between eleven of M. arenaria and six of M. incognita, 
from Bulgaria (Stoyanov, 1979 and 1984), but these populations have not been 
grouped into host races. Wofford et al. (1989) reported different levels of virulence 
of two M. hapla populations, isolated from alfalfa and Onobrychis vicifolia, but no 
reference to possible different host races was made. These examples illustrate the 
present lack of adequate understanding of the variation in pathogenicity in these 
Meloidogyne spp., which hampers efficient breeding strategies for crop resistance. 

1.8. Scope of this thesis 

The aim of the investigations described in this PhD-thesis is to contribute to a better 
understanding of the genetic variation in, and of the biology of, M. hapla, M. 
chitwoodi and M. fallax, three pathogenic nematode species of increasing importance 
to arable cropping in the Netherlands as well as in other parts of the world. A better 
understanding of genetic variation in these pathogens benefits control measurements 
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like developing resistant crop cultivars. For these studies in genetic variation and 
biology, it is important to use isolates and mono-female lines of known genetic 
background. In order to preserve germplasm like isolates and lines, a technique for 
long term storage in liquid nitrogen was optimized (Chapter 2). 
Variation in virulence was investigated by studying nematode-by-plant interactions 
between the three Meloidogyne spp. and Solanum spp., at the level of pathogen 
species, isolate and within isolates, in relation to host species and cultivars. 
A Petri-dish experiment was applied to investigate whether there were indications of 
isolate-by-potato cultivar interaction (Chapter 3). Variation in virulence in M. hapla 
(Chapter 4) and in M. chitwoodi and M. fallax (Chapter 5) was studied between 
species, isolates and repeated mono-female lines, on various Solanum spp. Isolates 
sharing common patterns in virulence are classified as pathotypes. Pathotype 
classification was discussed and a preliminary study to distinguish pathotypes in M. 
chitwoodi on S. bulbocastanum was performed (Chapter 6). 
It was further investigated whether the observed variation in virulence was also 
reflected by variation in molecular polymorphisms. For this, M. hapla, M. chit
woodi and M. fallax, together with four other Meloidogyne spp., were subjected to a 
phenetic study by analysing large numbers of protein and DNA polymorphisms, 
using two-dimensional gel electrophoresis (2-DGE) and Amplified Fragment Length 
Polymorphism (AFLP) technique, respectively (Chapter 7). These molecular data 
were compared to a set of diagnostical morphological data. Subsequently, intraspeci-
fic variation in protein composition by 2-DGE was examined in M. hapla, M. 
chitwoodi and M. fallax (Chapter 8). 
In Meloidogyne a large cytological variation occurs and M. hapla is one of the most 
variable organisms known in this respect (Triantaphyllou, 1985). A cytological 
method using UV microscopy was optimized for studying meiosis during oogenesis 
in Meloidogyne spp., while sperm development in the three earlier mentioned 
species was investigated in situ by confocal laser scan microscopy (Chapter 9). 
These techniques were applied in controlled and spontaneous crossing experiments 
for interspecific hybridization between M. chitwoodi and M. fallax (Chapter 10). 
Post-reductional meiosis was indirectly proven to occur in Meloidogyne spp. by 
comparing AFLP patterns between repeated mono-female lines and genetic conse
quences for conservation of heterozygosity in isolates of meiotic parthenogenetic 
Meloidogyne spp. are discussed (Chapter 11). 
Finally, the consequences of the variation on the species concept, the occurrence of 
males, the distinction of isolates, the occurrence of new pathotypes, the testing of 
virulence and breeding perspectives are discussed (Chapter 12). 
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Preservation of second-stage juveniles 
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2.1. Summary - A procedure for long-term preservation of germplasm of 
Meloidogyne hapla, M. chitwoodi and M. fallax in liquid nitrogen is described, 
including a pretreatment with 10 % ethanediol for 2 h at room temperature and 
40 % ethanediol for 45 minutes on ice. Survival rates ranged from 45 to 98 % 
with an average of 75 %. Comparison of three different isolates of M. hapla, 
two of M. chitwoodi and two of M. fallax revealed a significantly higher 
survival for one M. hapla isolate, while survival rates of the other six isolates 
were not significantly different. It was shown that higher lipid reserves in 
juveniles could possibly explain the high survival of this M. hapla isolate. 
Juveniles after freezing were able to reproduce on plants, but infectivity was 
significantly lower than for non-frozen juveniles. It is recommended to 
multiply juveniles, stored in liquid nitrogen, for one generation to be used as 
inoculum for experimentation. 

2.2. Introduction 

Long-term cryopreservation of obligate plant parasitic nematodes would be advanta
geous over preservation on plants, because the latter is laborious and demands much 
greenhouse space and care to avoid contamination. Additionally, certain genetic 
studies require maintenance of the original isolates or certain generations in order to 
preserve genetic variation. In general, cryopreservation seems to be a suitable method 
for long-term preservation of nematodes without substantial losses in survival and 
viability (e.g. Sayre & Hwang, 1975; Bridge & Ham, 1985). 
Already in 1920, Rahm (1921, 1922) carried out cryobiological experiments with the 
nematode species Plectus rhizophilus and P. parietinus. In a condition of asphyxia, 
Plectus spp. could survive exposure to -272 °C for a few hours and to -192 °C for as 
long as 5 days. Rahm (1921) found also that, in moist condition, Plectus spp. could 
survive up to 24 h at -253 °C, but only if the nematodes were first slowly frozen in 
water. It was hypothesized that cold could be a stimulus to bring the nematodes in an 
asphyctic condition, which is favourable for successful freezing at extremely low 
temperatures. 
Further experiments with liquid nitrogen, at -196 °C, were done by De Coninck (1951) 
with the free living nematode species Anguilula silusiae. He found 5% survival of 
third and fourth stage juveniles, using a two-step procedure with -30 °C and -196 °C 
without adding a cryoprotectant. 
Gehinio and Luyet (1951) were able to induce a "cold hardening" effect by exposing 
vinegar eel worms (Turbatrix aceti) during 16 h to 95 % relative humidity causing a 
dehydration of the nematodes, which resulted in a survival of 90 % after freezing in -
77 °C for 1 h. Freezing techniques were improved by the application of 
cryoprotectants of which the four most common are: methanol, ethanediol (= ethylene 
glycol), glycerol and dimethyl sulphoxide. Different genera and sometimes even 
different species within a genus react differently to these cryoprotectants. Methods 
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were described with various percentages survival for the following nematode species: 
56 % survival of Aphelenchoides sacchari, 63 % survival of Caenorhabditis briggsae, 
87 % survival of Panagrellus redivivus and 40 % survival of Turbatrix aceti (Hwang, 
1970), 23 to 35 % survival of Ditylenchus dipsaci (Sayre & Hwang, 1975), 75 % 
survival of Caenorhabditis briggsae (Haight et al, 1975), 25 % survival of 
Meloidogyne graminicola (Bridge & Ham, 1985), 50 to 90 % survival of Meloidogyne 
spp. (including M. hapla) and Heterodera spp. (Triantaphyllou & McCabe, 1989), 30 
to 34 % survival of Steinernema feltiae (Smith et al., 1990), 80 % survival of Hetero-
rhabditis bacteriophora and Steinernema carpocapsae (Popiel & Vasquez, 1991), 17 
% survival of Bursaphelenchus spp. (Riga & Webster, 1991) and 69 % for 
Steinernema spp. and 68 % for Heterorhabditis spp. (Curran et al., 1992). For many 
Meloidogyne species, Bridge and Ham (1985) and Triantaphyllou and McCabe (1989) 
found ethanediol to be effective. However, freezing techniques for M. chitwoodi have 
not been reported at present. 
Besides the choice of a competent cryoprotectant, the duration of pretreatment, 
temperature at pretreatment, condition (age) of the nematodes and the speed of 
freezing and thawing are factors determining the efficiency of the method. 
The present study is aimed at verifying and optimizing the procedure described by 
Triantaphyllou and McCabe (1989), in order to find a quick and effective method for 
long-term preservation of M hapla, M. chitwoodi and M. fallax. Special attention was 
paid to the effect of storage in liquid nitrogen on the infectivity of these two species 
and on possible differences between isolates of M hapla, M. chitwoodi and M. fallax. 

2.3. Materials and Methods 

2.3.1. Nematode isolates 
Three isolates of M hapla: Hb, He and HI, two of M chitwoodi: Ce and Ci and two of 
M. fallax: Fa and Fb (Table 2.1), were used in this study. The isolates were found to be 
true to species by isozyme electrophoresis, as described by Esbenshade and 
Triantaphyllou (1990) and Karssen (1996). 
Experiments for optimization of the freezing technique were mainly carried out with 
second-stage juveniles (J2) of M. hapla isolate HI. All isolates were maintained at 
IPO-DLO on Lycopersicon esculentum cv. Moneymaker for several generations. Only 
J2 of 1 to 2 days after hatching were used for experimentation. 

2.3.2. Two-step pretreatment with ethanediol 
Because of its effectiveness in earlier research (Bridge & Ham, 1985; Triantaphyllou & 
McCabe, 1989), ethanediol was used. Pretreatment was applied in two steps, as 
suggested for Meloidogyne spp. by Triantaphyllou and McCabe (1989). During the 
first step, J2 were incubated in approximately 10% ethanediol at room temperature (22 
to 24 °C) and during the second step incubated in approximately 40% ethanediol on 
ice. 
The following general procedure was pursued: 100 to 500 J2 were obtained in 100 ul 
suspension in an eppendorf vial. For the first step, a quantity of 900 ul 10 % 
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Table 2.1. 

Isolate Species 

Hb 
He 
Hl 
Ce 
Ci 
Fa 
Fb 

M. hapla 
M. hapla 
M. hapla 

Origin of the Dutch isolates of M. hapla 

M. chitwoodi 
M. chitwoodi 
M. fallax 
M. fallax 

Host of origin 

Astilbe 
Aconicum 
tomato 
potato 
tomato 
early primrose 
beet 

M. chitwoodi and M. fallax 

Year of sampling 

1990 
1990 
unknown 
1992 
1989 
1992 
1991 

Obtained from1 

PD 
PD 
CPRO 
CPRO 
PD 
PD 
PD 

1 PD = Plant Protection Service, Wageningen, The Netherlands. CPRO = Centre for Plant 
Breeding and Reproduction Research, Wageningen, The Netherlands. 

ethanediol was added. Just before the second step, the vials were centrifugea at 9,000 
g at a top-bench centrifuge for 0.5 min and the upper layer was removed leaving a 
volume of 80 ul. A quantity of 80 pj 70 % ethanediol (0 °C) was added on ice, which 
resulted in a final concentration of ethanediol of approximately 40 %. 
This general procedure was optimized by studying the optimum periods of pretreat-
ment in the first and second steps. The period of the first step of pretreatment was 
optimized in three experiments with four or five replicates. Twelve different periods 
were tested: 15, 30, 45, 60, 90 min, 2, 2.5, 3, 4.5, 6, 7.5 and 17 h, followed by a 45 and 
90 min second step pretreatment. For optimization of the second step, five different 
periods were applied in an experiment with five replicates: 15, 30 45, 60 and 90 min, 
preceded by a first step of 2 or 17 h. 

2.3.3. Three-step pretreatment 
To study the effect of 50 % ethanediol on toxicity and protection, an experiment with 
six replications was done with a three-step pretreatment: from 10 to 30, and finally to 
50 % ethanediol. Pretreatment with 30 and 50 % ethanediol was applied at 0 °C. In this 
experiment, the period for the first step was fixed at 2 h while the second and the third 
steps were applied at respectively 45 and 45 min, 60 and 30 min and 60 and 45 min. 

2.3.4. Freezing, storage and thawing 
For freezing, a quantity of 100 ul pretreated J2 suspension was quickly put on 0.8 x 
4.0 cm pre-chilled strips of filter paper (Whatman #3) and put in 1.8 ml Nunc cryo 
tubes, already filled with liquid nitrogen. The tubes remained uncovered during 
storage and were attached to holders, containing a maximum of six tubes. Contact of 
the filter paper strip with the liquid nitrogen caused an immediate adhesion of the J2 to 
the filter paper, preventing loss of J2 and possible contamination. For experimentation 
purpose, juveniles were stored for 2 h in liquid nitrogen. 
Juveniles which have been stored in liquid nitrogen are called hereafter in this chapter 
"cryo-juveniles". Thawing of cryo-juveniles was done by quickly transferring the 
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paper strips to Petri-dishes containing 15 to 20 ml water of approximately 35 °C. 
Survival was estimated 24 h after thawing as the number of motile cryo-juveniles per 
total cryo-juveniles. 

2.3.5. Infectivity of cryo-juveniles 
The infectivity of cryo-juveniles, meaning the ability of cryo-juveniles to cause 
infection, was estimated in terms of reproduction. This was done in two experiments 
by inoculating 2 to 3 week old plants of Lycopersicon esculentum cv. Moneymaker, a 
tomato cultivar susceptible to Meloidogyne species. The plants were grown in open-
ended plastic tubes of 96 ml filled with moist silver sand to which a nutrient solution 
was added (Boukema et al., 1984). These tubes were placed in a growth cabinet with 
constant temperature of 20 °C and relative humidity of 70 %. 
In the first experiment, with M. hapla isolate HI, 15 plants were inoculated with 5 ml 
of suspensions of cryo-juveniles and five plants with untreated J2 of isolate HI with 
known concentrations varying from 75 to 200 nematodes ml"1. In the second 
experiment, with M. hapla isolate He and M. fallax isolate Fa, ten plants were inocu
lated with 5 ml suspensions of cryo-juveniles and five with untreated J2 of these two 
isolates containing 20 nematodes ml"1. Eight to 9 weeks after inoculation, infectivity 
was estimated by the following three reproduction parameters: number of egg-masses 
after one generation per initial number of J2, number of eggs per egg-mass and 
number of hatched J2 after one generation per initial number of J2 (Pf/Pi). Egg-masses 
were counted visually. Eggs and J2 were counted on a Context Vision image analyzer, 
using a nematode count programme for J2, as described by Been et al. (1996), or a 
modified version for egg counting. In the next generation, 400 hatched juveniles from 
each of the 20 plants in the first experiment, were used for the inoculation of 20 other 
plants, in order to study infectivity of J2 that were hatched from egg-masses 
originating from cryo-juveniles. 

2.3.6. Effect of storage time on survival 
The effect of freezing periods varying from 15 min to 2 weeks on the survival after 
storage was studied in two experiments with five replications. 

2.3.7. Effect of short thawing intervals on survival during and after storage 
The influence of a short interruption in the freezing process on the J2 was examined by 
exposing the paper strips for different periods ranging from 0 to 60 s to room tempera
ture. Also, the necessity of a quick transfer of the paper strips from the liquid nitrogen 
to the Petri-dish with water was verified by exposing the paper strips during different 
periods ranging from 1 to 60 s to room temperature before this transfer. These two 
experiments were performed with four replicates. 

2.3.8. Effect of pretreatment on survival and infectivity 
In an experiment with seven replicates, the effect of solely pretreatment, without 
additional freezing, on the survival and on the infectivity was examined. As a control, 
pretreatment was followed by storage in liquid nitrogen. Plants of 'Moneymaker' were 
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inoculated with 5 ml of suspensions containing 20 nematodes ml"1. Infectivity was 
estimated as described above. 

2.3.9. Variation in survival between and within M. hapla, M. chitwoodi and M. fallax 
In three experiments, the seven isolates mentioned in Table 2.1 were tested for 
variation between the three Meloidogyne species and between the different isolates. In 
the first experiment He and Fa were tested, in the second: Hb, HI, Ce, Fb and Ci and in 
the third: Hb, He, Fa and Fb. The experimental design was a complete block with five 
replicates. Survival was estimated after 24 h of cryo-preservation as the percentage 
motile cryo-juveniles. 

2.3.10. Neutral lipid staining ofJ2 
Neutral lipid reserves were estimated for nematode isolates Hb, He, Fb and Ce by a 
histochemical lipid staining procedure of individual J2 using Oil-Red-O, as described 
by Storey (1984) for Globodera spp. Relative values for neutral lipid reserves were 
for approximately ten J2 per isolate. 
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Figure 2.1. Means of survival rates after storage in liquid nitrogen of J2 of M. hapla 
isolate HI, for different periods of the first step pretreatment with ethanediol, at 45 and 
at 90 min second step pretreatment 



30 Chapter 2 

2.3.11. Statistical analysis 
Means were compared by analyses of variance, using the Genstat programme (Genstat 
5 Committee, 1993). Testing differences of means was done with a multiple range test 
at 5% confidence interval. 

2.4. Results 

2.4.1. Two-step pretreatment with ethanediol 
The two steps in the pretreatment with the cryoprotectant ethanediol were studied in 
detail for M. hapla isolate HI, in order to find optimum protection of the J2. In Figure 
2.1 results are shown for various periods of time in the first step at two periods for the 
second step. Results for various periods at the first step indicated significant differ
ences between periods. The development of the survival in the time at the second step 
of 90 min was largely below that at 45 min second step but in only one of the three 
experiments, this tendency was statistically significant. 
An extremely high average survival of 94 % was obtained with a pretreatment of 90 
min first step and 90 min second step. However, the 90 min second step pretreatment 
caused more fluctuation in survival than the 45 min second step pretreatment. A more 
reliable and repetitive result was obtained with the 45 min second step pretreatment. 
The highest average survival with the 45 min second step pretreatment was 78 % at 90 
min first step. At the 45 min second step, no significant differences between survival 
rates were found at the periods of first step pretreatment of 90, 120, 150 min, 6, 7.5 
and 17 h. Means of survival for these periods fluctuated between 65 and 78 %. In 
general, the confidence intervals for the means for these periods were smaller than for 
other periods. 
A significantly lower average survival of 28 to 44 % was obtained at periods of the 
first step shorter than 90 min and of 3 and 4.5 h. 
It was demonstrated that both steps of pretreatment were indispensable for high 
survival rates. A pretreatment of just the first step during 17 h resulted in only 2 % 
survival, and direct application of the second step during 90 min gave 27 % survival. 
In Figure 2.2 survival rates are shown at various periods of second step pretreatment. 
No significant difference was obtained for survival between different periods when 
pretreated during 2 h and 17 h at the first step. Survival rates at short periods of 15 and 
30 min second step treatment were significantly lower than those at periods of 45, 60 
and 90 min. Optimum survival of approximately 80 % was obtained for these last three 
periods. 

2.4.2. Three-step pretreatment 
Survival at a three-step pretreatment with different periods of 30 and 50 % ethanediol 
were not significantly different from those at a two-step pretreatment (unpublished). 
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Figure 2.2. Means of survival rates after storage in liquid nitrogen of J2 of M. hapla 
isolate HI, at different periods of the second step pretreatment with ethanediol, at 2 
and at 17 h first step pretreatment 

2.4.3. Infectivity of cryo-juveniles; variation in infectivity between nematode isolates 
The effect of storage in liquid nitrogen on the infectivity of J2 is summarized in Figure 
2.3. Clear and significant declines in Pf/Pi-values and number of egg-masses per 
inoculated J2 were observed. These declines varied between the three isolates HI, He 
and Fa that were used in this experiment. However, the number of eggs per egg-mass 
was influenced less than the two other parameters. Only for isolate HI the number of 
eggs per egg-mass of cryo-juveniles was significantly less than that of non-frozen J2. 
In another experiment with isolate HI however, no significant difference (Table 2.2) 
was observed between eggs per egg-mass of cryo-juveniles and untreated J2. 
No significant differences between infectivity of the second generation cryo-juveniles 
and non-frozen J2 were found (Figure 2.3B). 

2.4.4. Effect of storage time on survival 
No significant difference was found between means of survival for period of storage. 
The overall means for the two experiments were 72.2, 74.1, 72.1 and 79.1 (lsd0J=l 1.3) 
for 15 min, 2 h, 1 day and 2 weeks, respectively. 

2.4.5. Effect of short thawing intervals on survival during and after storage 
For thawing it is important to know whether short intervals of temperatures above 0 °C 
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Figure 2.3. Effect of storage of J2 in 
liquid nitrogen on the three parame
ters: Pf/Pi, number of produced eggs 
per egg-mass and number of produ
ced egg-masses per inoculated J2, 
expressed as percentages of the valu
es for these parameters for non-fro
zen, untreated J2 (Y-axis: percenta
ges). A. M. hapla isolate HI. B. M. 
hapla isolate HI, after one generati
on of multiplication of the frozen 
and non-frozen J2. C. M. hapla 
isolate He. D. M. fallax isolate Fa. 
(The numbers on top of the double-
shaded bars correspond with the 
mean values for the parameters as 
estimated for the non-frozen, untrea
ted J2.) 

during storage and shortly before 
thawing have an effect on the 
survival (Table 2.3). During stor
age, cryo-juveniles on paper 
strips, which were exposed 15 s 
or longer to room temperature, 
resulted in a significant decrease 
in survival of the juveniles. One 
minute exposure showed a de
crease in survival of 68 %. A 
comparable effect was obtained 
when paper strips were exposed 
to room temperature directly after 
storage and just before thawing: 
also a significantly lower survival 
at 15 s exposure to room tempera
ture and an almost complete lack 
of survival of J2 after 1 min. 

2.4.6. Effect of pretreatment on survival and infectivity 
Comparison of survival of pretreated J2 with cryo-juveniles, that were pretreated and 
exposed to liquid nitrogen for storage, resulted in significant differences for all four 
parameters studied (Table 2.2). Furthermore, no significant differences occurred 
between the pretreated J2 and non-pretreated J2 (control), except for a higher number 
of eggs per egg-mass for the pretreated J2, indicating that the applied pretreatment 


