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Chapter I 

Introduction 

In The Netherlands potatoes are grown on an area of about 175.000 ha (Anony­
mous, 1991a). One third of this area produces the raw material for the potato starch 
industry. Ware potatoes and seed potatoes are grown on the remaining area. The 
crop rotation, especially in the starch potato area, is very narrow: potato once every 
two or three years. The potato cyst nematodes, Globodera rostochiensis (Woll.) and 
G. pallida (Stone), are major pests, particularly when potatoes are grown so 
frequently. 

Currently, control of potato cyst nematodes is based on the use of chemicals in 
combination with the growing of resistant potato cultivars and crop rotation. 
However, pesticides still play a dominant role in control. Of all pesticides used in 
The Netherlands 60% are soil fumigants (13 million kg active material each year, 
Anonymous, 1991b). To improve the present situation, a 31% reduction of these 
fumigants in 1995 and a 48% reduction by the year 2000 has been set by the 
Government. To realize these aims the frequency of applications will be limited and 
soil disinfection will only be allowed when an infestation has been detected. Routine, 
preventive soil desinfection will be forbidden in 1997 (Anonymous, 1991b). As a 
result of this policy the control of potato cyst nematodes will increasingly rely on 
crop rotation and the use of resistant potato varieties. 

Potato cyst nematodes are obligate parasites restricted to solanaceous hosts. Two 
distinct species of potato cyst nematodes have been described (Stone, 1972). Both 
species survive in the soil as eggs inside cysts. The life-cycle starts when the host, 
the potato plant Solatium tuberosum L., develops its root-system in the soil and 
exudates leach from the roots. The root exudates trigger the dormant juveniles which 
then become activated and emerge from the eggs. The juveniles (J2) penetrate the 
roots intracellularly and modify the host tissue to form a syncytium. This is the 
pathogenic stage. The effects on plant growth characteristics are well documented by 
Trudgill (1986), Seinhorst (1986) and Evans & Haydock (1990). The decrease of 
photosynthesis and transpiration rates that results from nematode attack is one of the 
mechanisms by which damage, the reduction of potential yield, is caused (Schans & 
Arntzen, 1991). 

The sedentary juveniles develop through the J3 and J4 stages into adult females or 
into slender males. The latter leave the roots to fertilize the females on the root 
surface. Eggs are produced inside the females, the females die and become cysts 
which detach from the roots when the potatoes are lifted. Unhatched eggs inside 
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cysts can remain alive in the soil for at least ten years (Oostenbrink, 1950). There is 
an annual decline in the number of living eggs and juveniles of about 30%, presuma­
bly caused by natural enemies and spontaneous hatching in the absence of host 
plants. Reproduction of the nematodes is dependent on environmental conditions, on 
initial population density and on the genetic constitution of the host plant (e.g. 
presence of resistance genes). 

Resistance is a powerful tool in the control of nematodes. From a nematological 
point of view resistance describes the following process: nematodes are stimulated to 
hatch by the root exudates of the host plant, juveniles may be able to penetrate the 
roots but they cannot reproduce on the host containing specific resistance genes. A 
gene-for-gene relationship for the HI-gene exists since nematodes which possess the 
corresponding virulence genes are able to develop on these resistant cultivars 
(Janssen et al., 1990). The nematode populations can be classified as pathotypes 
according to their ability to multiply on differential clones with P / P ^ l (final 
population density/initial population density) for avirulent and Pf/Pj > 1 for virulent 
populations. At the moment five pathotypes of G. rostochiensis are distinguished 
(Rol-5) and three of G. pallida (Pal-3) (Kort et al., 1977). 

The predominant source for resistance against G. rostochiensis is Solarium 
tuberosum ssp. andigena (Huijsman, 1957), which was first discovered by Ellenby 
(1954) in the Andean area, the gene centre for Solanum spp. From the same area 
came S. vernei (Ross & Huijsman, 1969) which is the major source for G. pallida 
resistance but contains also resistance against G. rostochiensis. The use of new 
genetic sources of resistance will probably result in an increase in the number of 
pathotypes recognised. 

The aforementioned definition of pathotypes implies that populations classified as 
identical pathotypes may vary in the number of virulent individuals for a given 
differential. This might lead to a different reaction of supposedly similar populations 
towards new resistant varieties. Therefore, other classification systems, based on the 
initial introductions from South America resulting in virulence groups, are under 
consideration (Janssen, 1990, Bakker, 1987). 

With regard to infestations, the present situation in The Netherlands shows a wide 
range of variation. Particularly in the starch potato region, considerable areas are 
infested with mixtures of both species and various pathotypes. The available resistant 
potato varieties however, were required to possess resistance genes against the 
current pathotypes of the potato cyst nematode species. Control of the nematodes 
based on repeated cropping of such cumulatively resistant varieties results in a 
selection pressure on the nematode populations leading to an increase in virulence 
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and a progressive loss of resistance (Turner, 1983, Stone, 1985). To prolong the 
efficient use of resistant varieties, alternate cropping of species-specific resistant 
varieties instead of cumulatively resistant varieties might prove to be a more 
successful strategy. In this situation the population development of each species is 
alternately suppressed and selection for increased virulence will be reduced at the 
same time (Spitters & Ward, 1988; Perry & Jones, 1981). 

To develop rotation schemes with these objectives, information is needed on the 
actual species composition in the field and on the reproduction of both species on the 
potato cultivars used. More knowledge is also needed on the interactions between the 
nematode species, since these may affect both their distribution and reproduction. 

Up to now most emphasis in research has been on the distribution, geograp­
hically as well as on a field scale (Evans & Stone, 1977; Evans & Brodie, 1980; 
Schomaker & Been, 1992; Seinhorst, 1986) and on reproduction of the single 
species (Seinhorst, 1982; McKenzie & Turner, 1987, Phillips, 1984; Phillips et al, 
1989). With a recently developed serological test the distribution of both species in 
agricultural fields can be routinely determined (Schots et al., 1989; 1992). Before 
each variety is included in the Dutch list of recommended varieties ("de Rassen-
lijst"), the resistance and thus the reproduction of the known pathotypes on this 
cultivar has to be assessed. However, the available data on interactions between the 
species are still very limited. 

Two species can interact in many ways with various consequences for their 
populations. Generally, interactions are classified by the effect of the interaction, 
and not by the mode of interaction itself. Interactions may be beneficial to one or 
both species, neutral or detrimental. When closely related species exploit the same 
ecological resource, mutual detrimental interaction -defined as competition- is most 
likely to occur. Competition takes place when the resources which both populations 
require, are in short supply. This can be either by direct interaction, e.g aggressive 
encounters between competitors, and is than called interference competition, or by 
indirect inhibitory effects, such as shortage of food or space and is than classified as 
exploitation competition (Pianka, 1978). 

Usually the interactions between nematodes are detrimental (antagonistic) to at 
least one of the species (Eisenback & Griffin, 1987). These authors reviewed the 
interactions between different groups of nematodes e.g. ectoparasites, ectoparasites 
versus migratory endoparasites or migratory endoparasites versus sedentary en-
doparasites. For all these specialized parasites of plants they concluded that interac-
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tion between the nematodes may be affected by host suitability and environmental or 
edaphic factors. Furthermore most interactions seemed to be density dependent as 
well as time dependent and were of the exploitation competition type sensu Pianka, 
1978. 

The root knot nematodes, Meloidogyne spp., are sedentary endoparasitic nemato­
des, like the potato cyst nematodes . They also have a highly specialized parasitic 
relationship with their host. Wajid & Haider (1991) determined interspecific 
interactions of M. javanica with different races of M. incognita in a 50% mixture at 
one density. They found reductions in the reproduction of each species in the 
presence of the other species in the roots. The interaction was not very pronounced 
and it was concluded that the species could therefore coexist in mixed populations in 
agricultural fields. Most other studies on interactions have been on qualitative 
aspects and few experiments were done on cyst nematodes only (Marshall, 1989). 

In case of the two closely related species G. rostochiensis and G. pallida, which 
have similar feeding sites on the same host, interactions are generally assumed to be 
mutually antagonistic because the nematodes compete for the available feeding sites 
(Norton, 1978). The interactions may affect the host-parasite relationship, fecundity, 
rate of population increase and the resulting population density of the nematode 
species. 

The objective of this thesis is to describe and quantify the interactions between G. 
rostochiensis and G. pallida and the effects on the development of their populations. 
For the study of interactions it is essential that the proportions of both species can be 
adequately quantified. G. rostochiensis and G. pallida are difficult to distinguish 
morphologically. Methods based on morphology are laborious and not accurate 
because of variability and overlap of most of the discriminating characters (Franco, 
1978). Methods based on biochemical approaches are suitable for distinguishing G. 
rostochiensis from G. pallida but they have hardly been used quantitatively. Chapter 
2 describes a 1-dimensional gel electrophoresis technique based on the separation of 
heat stable species specific proteins (Bakker et al., 1988), modified to meet the 
quantitative demands of the present study. 

Pot experiments were carried out to investigate whether interactions between the 
two potato cyst nematodes do occur and to determine the type of interaction. Potato 
plants were subjected to various initial nematode densities of the two species in 
mixtures. Because host plant characteristics may have a strong influence on these 
interactions, cultivars with different resistance properties were used in this experi­
ment (chapter 3). 
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The hatching of the eggs in response to root exudates is a critical step in the 
relationship between the nematode and its host. Differences in nematode behaviour 
in response to the host plant could explain several aspects of interaction between the 
species. Therefore the hatching behaviour of the two nematode species was analysed 
(chapter 4). 

According to the definition of biological species, the species G. rostochiensis and 
G. pallida are not supposed to interbreed. However, under experimental laboratory 
conditions hybrids were formed, although they were found to be infertile (Mugniery, 
1979) or only a small percentage was fertile (Miller, 1983). In chapter 5 pot 
experiments are described which were designed to determine whether both species 
hybridize and, if they do, to what extent this influences the fitness of the offspring in 
subsequent generations. In these experiments it was also investigated whether, under 
the influence of possible interactions, both populations can coexist over years. 

In chapter 6 the results are discussed in view of the ecology of the species and the 
implications for control strategies. 
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Chapter II 

Quantification of Globodera rostochiensis and G. pallida in mixed populations 
using species-specific thermostable proteins. 

L.J.M.F.den Nijs and C.A.M.Lock 
Research Institute for Plant Protection, 
P.O.Box 9060 6700 GW Wageningen, the Netherlands. 

Abstract 

A method has been developed to quantify species ratios in mixed populations. The 
method is based on the separation of species- specific thermostable proteins by SDS-
PAGE. Densitometric analyses of the 17 kD protein of Globodera pallida and the 18 
kD protein of G. rostochiensis revealed a high correlation (R2 = 0.93) with the 
species ratio in the mixed samples. Within the limits of 10 to 90% of each species, 
one can estimate with 95% reliability the species composition with 3 to 6% deviati­
on. 

Additional keywords:gel electrophoresis, potato cyst nematodes, species com­
position. 

Introduction 

Control of potato cyst nematodes, Globodera rostochiensis and G. pallida, is a 
major problem in the potato growing areas of the Netherlands. Growing resistant 
potato cultivars is one of the environmentally sound ways to decrease the nematode 
populations in the soil and to achieve good yields. A reliable screening test to 
characterize and monitor field infestations of potato cyst nematodes according to 
species offers possibilities for optimal use of resistant cultivars because resistance 
directed to either of the species can be used. In case of mixed populations the effects 
of resistant cultivars on multiplication rates have to be known for both species. At 
present we are investigating the effect of growing potato cultivars with species-
specific resistance on mixed populations of Globodera pallida and G. rostochiensis 
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under laboratory conditions and therefore need a reliable method to measure 
differential population changes. 

Various methods are available. Methods based on morphology are laborious and 
not accurate because of variability and overlap of most of the distinguishing charac­
ters (Franco, 1978). Alternative methods are based on biochemical approaches such 
as disk-electrophoresis (Trudgill et al., 1972), 1-dimensional-electrophoresis (Bakker 
et al., 1988; Von Stegemann et al., 1982), 2-dimensional-electrophoresis (Bakker 
and Gommers, 1982), isoelectric focusing (Fleming and Marks, 1982; Ohms and 
Heinicke, 1983), serology (Schots et al., 1987), DNA-probing (Burrows and Perry, 
1988) or combinations of these techniques such as immuno-electrophoresis (Wharton 
et al., 1983). These methods are suitable for distinguishing G. rostochiensis from G. 
pallida. With the exception of IEF by Fleming and Marks (1982; Marks and 
Fleming, 1985) they have hardly been used quantitatively. 

We have analysed the quantitative use of a modified 1-dimensional gel electropho­
resis technique based on the separation of heat-stable species specific proteins 
(Bakker et al., 1988; Schots et al., 1987). For routine ecological research, the 
method has to be simple, relatively cheap, rapid, sensitive and reproducible. In 
addition, the method should utilise large samples of cysts because results should 
reflect accurately the composition of the populations. The work reported here 
describes the possibilities and drawbacks of this approach. 

Materials and methods 

Nematodes. 

Plants cv. Bintje, susceptible to all pathotypes, were inoculated with an egg 
suspension (5 eggs/g of soil) of Globodera pallida (Pa3; Research Institute for Plant 
Protection) and Globodera rostochiensis (Rol; Research Institute for Plant Protecti­
on). The plants were grown in pots in an artificial soil mixture ( 30% gravel, 60% 
silver sand, 10% clay powder) in a greenhouse at 18-22°C with 16 h daylight for 
about three months. The newly formed cysts were separated from the soil using a 
cyst-elutriator (Seinhorst, 1964). 

Preparation of protein extracts. 
To prepare a protein solution about 1000 cysts were incubated in 1.5 ml demine-

ralized water for 24 h. The cysts were crushed and the suspension was purified 
using a 150 /xm sieve. Eggs were collected by centrifugation (5 min, 2850 g) at 
room temperature. The pellet was resuspended in 700 ml 10 mM Tris-buffer pH 
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7.4. Subsamples of about 140 ml were homogenized for 10 sec in a tissue grinder (2 
ml mortar, teflon pestel, Heidolph microhomogenizer, 2200 rpm) at 0°C. The egg 
shells and juvenile cuticles were removed by centrifugation (5 sec, 10.500 g). This 
solution was heated at 95°C (TCS-Metallblock thermostat) for 5 min and denatured 
protein was pelleted (15 min, 10500 g). The supernatants with the species-specific 
heat-stable proteins were stored at -20°C. 
The protein concentrations of the solutions were determined with the Proti analyzer 
(Bradford-type analysis (Bradford, 1976), modified Coomassie Brilliant Blue G250 
reagent, extinction measured at 465 and 595 nm), as recommended by the manufac­
turer Marius (Utrecht, the Netherlands). 

Gel electrophoresis. 
Electrophoresis samples were prepared from protein stock solutions. For each 

replicate separate stock solutions of Globodera rostochiensis and G. pallida were 
used. 

The composite samples covered the species ratios from 100:0% to 0:100% in 
steps of 10% by adding from both stock solutions the appropriate proportions of 
protein solution. The amount of protein added to the gel from mixed samples were 5 
mg, 8 mg and 10 mg; 1 mg protein from samples with 100% of the individual 
species were also applied on the gel. Phosphorylase-b (97.4 kD) was used as 
reference protein. 

One dimensional sodium dodecyl sulfate polyacrylamide slab-gel electrophoresis 
(SDS-PAGE) was carried out essentially as described by Laemmli (1970), with 4% 
(w/v) polyacrylamide stacking gel and 15% (w/v) polyacrylamide separation gel. 
Running conditions: 50 V stacking gel (1.5 h) and 150 V separating gel (6.5 h, 4-10 
°C). The gels were stained in 0.2% Coomassie Brilliant Blue R250 (12 h) in 
fixative solution (25% methyl alcohol, 10% acetic acid) and destained in the fixative 
solution (48 h). 

Densitometric analysis. 
Pictures were taken from the gels (Kodak Ektachrome 64) and the colour 

positives (10.2 x 12.7 cm) were scanned with the LKB Ultrascan XL Laser Den­
sitometer. The scanning data were analysed using an interactive program (LKB 2400 
gelscan XL*" software package version 1.2.) to determine the peak area by in­
tegration via Gausian curve fitting. 
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Results 

Extraction of thermostable species-specific proteins. 
Our approach was based on the isolation procedure of species-specific proteins of 

Schots et al. (1987). This method however gave low protein yields, inadequate 
separation of proteins and low reproducibility. Therefore the method was optimized 
to meet our criteria. 

.20.7 

,18.0 

• ao i i as » 

Fig. 1: Protein pattern of thermostable proteins of Globodera rostochiensis (20.8 kD, 20.6 kD 
and 18 kD) and G. pallida (21 kD, 20.5 kD and 17 kD) after SDS-PAGE (15% acrylamide, 50V-
150V). Lane 1-4: 100% Pa, 10, 8, 5 and 1 mg respectively; lane 5-7: 90% Pa and 10% Ro, 10, 8 
and 5 mg resp.; lane 8-10: 80% Pa and 20% Ro, 10, 8 and 5 mg resp.; lane 11-13: 70% Pa and 
30% Ro, 10, 8 and 5 mg resp.; lane 14-16: 60% Pa and 40% Ro, 10, 8 and 5 mg resp.; lane 17-
19: 50% Pa and 50% Ro, 10, 8 and 5 mg resp.; lane 20-23: 100% Ro, 10, 8, 5 and 1 mg resp.. 

It was established that the egg/larvae suspension should not exceed the equivalent 
of the contents of 125 cyst per 100 ml to obtain optimal homogenization of eggs and 
larvae and extraction of proteins. Greater densities resulted in highly viscous 
solutions with poorly homogenized eggs. Removal of egg shells and debris after 
homogenisation by centrifugation gave reproducible recovery of the thermostable 
proteins; however, prolonged centrifugation times resulted in considerable loss of 
these proteins. 

The heating procedure of the protein solution ("au bain Marie") also influenced 
the reproducibility considerably. Using a heated metal-block greatly improved this 
step. The heating time could be reduced as well. 
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Thus, protein solutions with reproducible concentrations of thermostable proteins 
were obtained (coefficient of variation 9-10%). 

Separation. 
According to Schots et al.(1987) the thermostable species-specific proteins are 

21 kD, 20.5 kD and 17 kD in G. pallida and 20.8 kD, 20.6 kD and 18 kD in G. 
rostochiensis. We concentrated our work on the 17 kD and 18 kD proteins in G. 
pallida (Pa) and G. rostochiensis (Ro) respectively, because these were consistently 
present (Fig. 1) and their molecular weight difference was relatively greatest. Since 
these differences are still small, the separation procedure had also to be optimized. 
SDS-PAGE showed clear band patterns. Optimal resolution was found with 15% 
(w/v) polyacrylamide (Fig. 1). At percentages of respectively 10% and 20% 
polyacrylamide the bands became too diffuse or too close for densitometric analysis. 

Best separation results were obtained with 8 mg of protein per lane. At 5 mg per 
lane the minor species was below detectable levels at ratios of 90:10 and 10:90, and 
at 10 mg overloading occurred at the 90:10 and 10:90 ratios for the dominant 
species. Fig. 1 shows these effects at ratio 90:10. 
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Fig. 2: Standard curves for 
the 18 kD thermostable spe­
cies- specific potein of G. 
rostochiensis, determined by 
regression analysis (R2= 0.90 
to 0.99), five replicates. Pro­
teins separated in 15% polya­
crylamide SDS-PAGE, stai­
ned with Coomassie Brilliant 
Blue R250. Densitometric 
analysis by LKB-Ultrascan 
595nm. 
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Quantification. 
The general protein stain Coomassie Brilliant Blue was used as a saturated 

staining technique. The variability of the stained gels is generally supposed to be 
negligible. However, analysis of the stain intensity of phosphorylase b, the reference 
protein, showed considerable variation in separate experiments. Five different gels 
with 5 mg phosphorylase gave peak area measurements of between 0.32 and 1.54 
units and when 0.5 mg was applied the values were between 0.5 and 0.1 units, with 
variation coefficients of 54% and 38% respectively. Freshly made stain solutions 
minimize this variability. 

Fig. 2 shows the results of five replicate gels of a concentration series of the G. 
rostochiensis stock solution (1, 5, 8, 10 mg per lane). For the 18 kD Ro protein as 
well as the 17 kD Pa protein a linear relationship was found between the amount of 
protein and measured peak area with R2 = 0.90 to 0.99. Between the standard 
curves considerable variance was observed. At 5 and 8 mg of protein the variation 
coefficient was smallest (respectively 24% and 27%). The high variability (50%) at 
the 1 mg values probably resulted from the low amount of protein which is close to 
the detection limits of this method. 

The detection level for the 18 kD Ro was reached at 0.8 mg of protein stock 
solution. The 17 kD protein of Pa was still detectable when 0.5 mg of protein stock 
solution was applied to the gel. This amount is equivalent to 500 eggs, according to 
the protein content found in the eggs, respectively 1.09 mg per 1000 eggs for Pa and 
l.Olmg per 1000 eggs for Ro. Saturation became apparent above 15 mg of protein 
stock solution. 

Five replicate series with nine different Pa - Ro ratios were used for a calibration 
curve to determine species composition. To circumvent variability between gels due 
to differences in staining and gel conditions, comparisons between gels were not 
made. Instead the stain intensities of the bands of the 18 kD of Ro and 17 kD of Pa 
were compared to each other per lane. The peak area of the Pa protein was divided 
by the peak area of the Ro protein; the logarithmic value of this quotient was 
linearly related to the standard ratios of the mixed proteins. 

Regression analysis on all data revealed a high correlation (R2 = 0.93) with the 
linear relation: y= -0.713 + 0.0182x. A calibration curve was constructed (Fig.3) 
with 95% confidence intervals (P=0.05) for mean values. Using the mean of five 
replicates of peak area quotient measurements species composition can be assessed 
within a range of 10 to 90% of each species with 3 to 6% deviation. To verify this 
method protein samples with known ratios, based on larvae counts before protein 
extraction, were analysed on gels. Table 1 shows the counted percentage of Pa and 
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the calculated percentage of Pa in the samples based on the scanning data and using 
the calibration curve. All numbers, except one, are acceptable according to the 
above mentioned criteria. 

1.50 

so 
% Gupallida 10O—% G. rostochiensis 

Fig. 3: Calibration curve for assessing the composition of mixed-species samples of the potato 
cyst nematodes, Globodera rostochiensis and G. pallida. Regression analysis (R2=0.93) and 95% 
confidence interval for m (P=0.05). Proteins separated in 15% polyacrylamide SDS-PAGE, 
stained with Coomassie Brilliant Blue R250. Densitometric analysis by LKB-Ultrascan 595nm. 

Discussion 

Research on population dynamics of potato cyst nematode species in mixed 
populations requires quantification of their proportions. Methods based on morpholo­
gical characters are not suitable because of the overlap in size and shape of most of 
these characters. Biochemical methods based on intrinsic characters such as thermo­
stable proteins used in this study, depend on presence or absence of a character 
allowing unambiguous species determination. A routine nematological research and 
advisory tool for monitoring cyst populations will certainly be based on such an ap­
proach (Marks and Flemming, 1985; Schots, 1988). The value of species specific 
DNA probes, as used for potato cyst nematodes (Burrows and Perry, 1988) and 
soybean cyst nematodes (Besal et al., 1988), has not yet been developed for routine 
application but also seems promising. 
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% G.pallida 

Counted 

24.5 

24.5 
28 

28 

44.7 
51.6 

54 

54 

73.8 

75.1 

76 

76 
86 

86 

Estimated 

27.7 

29.5 
21.4 

22.5 

45.1 
48.0 

51.4 

50.3 

67.6 

70.5 
74.0 

71.7 

90.2 

87.3 

Difference 

3.2 
5.0 

-6.6 

-5.5 

0.4 
-3.6 

-2.6 

-3.7 

-6.2 

-4.6 
-2.0 

-4.3 

4.2 

1.3 

Because cyst contents vary we used 
stock solutions of thermostable proteins 
to prepare composite samples. These 
samples were made on the basis of 
protein concentrations, thereby assu­
ming that the thermostable proteins are 
present in both species in equal 
amounts. This assumption is realistic in 
view of the presumed homology of the 
species specific thermostable proteins 
(Schots, 1988) and the concentrations 
values of the protein solutions we found 
(l.Olmg/1000 eggs for G. rostochiensis 
and 1.09mg/1000 eggs for G. pallida). 
The stain capacity however, differs for 
Pa and Ro (detection level for Ro is 0.8 
mg and for Pa 0.5 mg), therefore the 
intersection of the calibration curve is 
not found at the expected ratio 50:50 
but at the ratio 40:60. 

Proportions of both species in the 
composition samples were quantified by 
SDS-PAGE instead of IEF (Marks and 
Fleming, 1985). The method of Marks and Fleming (1985) allows analysis of up to 
30 cysts per sample. These numbers however are too low to reflect the actual 
composition of populations. Assuming a Poisson distribution one needs to analyse at 
least 25 to 30 cysts to establish the presence of 10% of either of the species in a 
population with 95% probability. In this approach, aggregation in the field is not 
taken into account (Fox and Atkinson, 1986). We therefore use samples of at least 
500 cysts to determine species ratios. Furthermore, IEF gives narrow protein bands 
which are difficult to quantify. 

Variation found in assessing standard curves (Fig. 2) was circumvented by taking 
peak area quotients of the proteins per lane. Because ratios are measured instead of 
absolute amounts the actual population densities of Globodera pallida and G. 
rostochiensis have to be derived from counts of the total eggs and larvae contents of 
a given sample. 

Table 1: Analysis of composition samples 
of Globodera rostochiensis and G. pallida 
based on counted larvea numbers and 
estimated by gel electrophoresis and using 
the calibration curve. 
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The technique presented here estimates proportions of Globodera pallida and G. 
rostochiensis with 3-6% deviation at the 95% probability level within the range of 
10-90% of each species. The method is useful in monitoring mixed populations for 
research purposes. In monitoring routine field populations for advisory purposes the 
method may be too laborious. Also more information on protein contents of single 
species populations under field conditions is needed to generalize this method. Tests 
based on ELISA (Schots, 1988) or DNA-probes (Burrows and Perry, 1988) may 
offer in the near future better possibilities. 
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Interaction between Globodera rostochiensis and G. pallida in simultaneous 
infections on potatoes with different resistance properties. 

L.J.M.F. den Nijs 
Research Institute for Plant Protection 
Wageningen, The Netherlands 

Abstract 

Mixtures of Globodera rostochiensis (Rol) and G. pallida (Pa3) were reared on 
susceptible and species specific resistant potato varieties at different densities. The 
proportion of the newly formed cysts belonging to each species was determined by 
way of SDS-PAGE and the relative population increase (RPI) of each species was 
calculated. Comparisons of the RPI of single species populations and of the mixtures 
revealed that interaction between the two species occurred. The RPI of G. 
rostochiensis was significantly decreased when G. pallida was highly dominant in 
the mixed population. These effects were density independent. The cause of this 
phenomenon and the implications for integrated pest management (IPM) are discus­
sed. 

Introduction 

In integrated control of potato cyst nematodes, Globodera rostochiensis and G. 
pallida, the use of resistant varieties is a major strategy, especially now that the use 
of agrochemicals is under pressure in The Netherlands. The commercially resistant 
varieties currently available possess resistance genes against G. rostochiensis 
(pathotype Rol, Rol+Ro4, Rol+Ro4+Ro2/3, Rol+Ro2/3) or against both potato 
cyst nematode species (Rol-4+Pa2). Repeated cropping of varieties with the same 
or similar resistance genes produces a selection pressure on the nematode popula­
tions leading to an increase in virulence and a progressive loss of resistance. Several 
authors have established this effect (Jones and Kempton (1978), Stone (1985), 
Mulder (1988), Van der Wal (1987), Jones, 1985)). A simulation model led to 
similar conclusions (Spitters and Ward, 1988). 

Alternate cropping of species-specific resistant varieties is a possible strategy for a 
more efficient use of resistant varieties. The population development of each species 
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is alternately suppressed and selection for increased virulence will be reduced at the 
same time (Spitters and Ward, 1988, Perry and Jones, 1981). To develop rotation 
schemes with these objectives information is needed on the reproduction of the 
species on the potato cultivars to be used, the actual species composition in the field 
and the interaction between the nematode species. 

In parts of The Netherlands the frequent growing of Ro-resistant cultivars has led 
to G. pallida becoming dominant in fields which were previously thought to be 
infested only with G. rostochiensis. Mulder (in prep.) demonstrated that in such 
fields G. rostochiensis reappeared after two crops of susceptible potatoes and Kort 
and Bakker (1980) showed that mixed populations were present in some fields in the 
Netherlands. 

Little is known on the interaction between G. rostochiensis and G. pallida. Stelter 
(1983) concluded from his experiments with mixtures of G. pallida and G. 
rostochiensis, that the changes in the post harvest proportions of the two species 
resulted from differences in their reproductive rates on the varieties used. No 
evidence of an interaction was presented. Jones and Perry (1978) concluded from 
their modelling results that G. pallida probably suffered from competition with G. 
rostochiensis when densities of the latter were relatively high. Marshall (1989) 
concluded, based on a marked change in the proportions of the two species found in 
pot and field experiments, that interaction was present. However, in both cases 
comparisons in reproductive rates were not made. 

The experiment described in this paper is an attempt to answer the question 
whether interaction between G. rostochiensis and G. pallida occurs and to what 
extent it may influence the population dynamics of each species and the damage to 
the plants. Because interaction might be influenced by the resistance quality of the 
plants, the experiment was carried out with fully susceptible and species specific 
resistant varieties. 

Materials and Methods 

Hosts and parasites 

The nematode species G. pallida (designated as Pa3, Research Institute for Plant 
Protection) and G. rostochiensis (designated as Rol, Research Institute for Plant 
Protection) were used. Cv. Elkana (ex andigena CPC 1673) and clone ZB35-29 (ex 
andigena CPC 2802, Plant Breeding Institute, Cambridge, United Kingdom) were 
used as the species specific resistant varieties, respectively resistant against G. 
rostochiensis and G. pallida. As a standard, the fully susceptible cv. Bintje was 
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used. The plants were grown in small pots (diameter 10 cm, height 20 cm) in an 
artificial soil mixture (30% hydrocorn (2-4mm), 60% silver sand, 10% clay powder) 
and kept at a soil moisture level of 15% by weighing and watering every two or 
three days with an automatic water supply system. The amount of evaporation was 
determined simultaneously (Lock and den Nijs, in prep.). 

To create the different species compositions and densities the appropriate aliquots 
of eggs and larvae suspensions were mixed which resulted in the settings reflected as 
follows: the total initial density (Pi(Pa+Ro) in eggs.g"1 soil)/species composition 
(%Pa) 0.7/100, 5.8/100, 25.9/100, 0.7/98.8, 5.9/97.8, 25.1/98.5, 0.4/98.3, 
5.3/88.9, 29.3/93.5, 0.7/86.8, 6.7/89.7, 27.3/75.3, 0.7/69.3, 7.4/61.3, 29.7/77.2, 
0.8/60.3, 5.5/47.2, 26.3/38.6, 0.7/41.5, 7.2/21.1, 29.7/34.3, 0.8/0, 5.6/0, 30.0/0. 
Each of the 24 different suspensions of eggs and juveniles were inoculated in fifteen 
pots using a 20 cm long canula and a syringe. Cv. Bintje, cv. Elkana and clone 
ZB35-29 were planted on it in five replicates each. The 360 pots were placed on 
pallets in the glasshouse according to a Randomized Block Design . Growth conditi­
ons were 20 °C during daytime, 15°C during the night, 80% relative humidity. The 
experiment started in April 1987 and ended in July 1987. 

Observations 
The total water consumption per plant and thus the evaporation is related to the 

growth of the plant. Nematode attack reduces the water consuption (Seinhorst, 
1981). The evaporation per plant was measured and used as an estimate for the 
amount of damage caused by the nematodes. Yield was estimated by determining 
fresh weight of the tubers. 

Cysts were extracted from the soil by the Seinhorst-elutriator (Seinhorst, 1964), 
and the total final population density was determined by crushing the cysts and 
counting an aliquot of the suspension of eggs and juveniles (eggs.g1 soil). From the 
final population 500 cysts were processed for species specific protein extraction and 
determination. Proteins were separated by SDS-PAGE and species composition was 
estimated from the calibration curve of log(peak area quotient of Pa/Ro) vs. compo­
sition of Pa and Ro (den Nijs and Lock, 1990). From this species ratio, expressed 
as % of G. pallida and the joint final density, the final population density of G. 
pallida and G. rostochiensis could be separately calculated. 

When one of the species was below detection level (between 0 and 10%), these 
data were excluded from the analysis. 
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Statistical analyses 
To analyse the influence of species composition and initial density of each species 

on species interaction the Relative Population Increase (RPI) of each species, defined 
by Pf/Pi, was used. The means of the five replicates were used for the analysis. The 
logarithmically transformed data (log RPI) were analysed by multiple regression 
analysis with initial density (Log(Pi) of Ro or Pa), species composition (%Pa or Ro) 
and variety as explanatory variables. For a better fit the model includes also linear 
and quadratic effects of initial density and %Pa, and the interactions of variety with 
initial density and %Pa. 

Yield and evaporation of the plants were also analysed by multiple regression 
with initial density, species composition and variety as explanatory variables. The 
shift in composition of the mixed populations was analysed by Student's t-test. 

Results 

Relative population increase. 
The results of the regression analysis are listed in table 1. Due to the resistance 

properties of cv Elkana the RPI of G. rostochiensis was zero on this variety, 
consequently the dataset for ANOVA is smaller for this species. The model accoun­
ted for 82.8% and 67.7% of the variance for the RPI of G. pallida and 
G. rostochiensis, respectively. 

G. rostochiensis G. pallida 

change 

species composition (% Pa) 

initial density (logP|) 
(% Pa)2 

OogPi)2 

variety 

% Pa x variety 

logP, x variety 

residual 

Significant at: * 0.05, 

df 

1 

1 
1 

1 

1 

1 

1 

23 

** 0.01 and *** 

MS 

0.48410 
1.14266 

0.38541 

0.00127 

0.02047 

0.39832 

0.08562 

0.03617 

vr 

13.39** 

31.60** 

10.66** 

0.04 

0.57 

11.01** 

2.37 

0.001. (F-test) 

df 

1 

1 

1 

1 

2 

2 

2 

43 

MS 

0.06208 

2.66665 
0.00030 

0.52585 

1.34634 

0.00474 

0.24481 

0.02423 

vr 

2.56 

110.03*** 

0.01 

21.70** 

55.55** 

0.20 

10.10** 

Table 1: Analysis of variance of the relative population increase of G. rostochiensis and G. 

pallida on cv. Bintje, cv. Elkana and clone ZB35-29 after fitting to the multiple regression model 
logY = CONSTANT + %PA + logPi + %PA2 + logPi2 + VARIETY + %PA x VARIETY + 
Pi x VARIETY. 
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Varying the species composition did not significantly affect the RPI of G. pallida. 
Intraspecific interaction influenced the RPI of G. pallida, the effect of initial density 
(log(Pi) of Pa) was highly significant (Table 1). The levels and slopes of the RPI-
curves differed for each variety. RPI was greatest on cv. Bintje, intermediate on cv. 
Elkana and least on clone ZB3S-29, which was expected because of the resistance 
capacity of this clone. Figure 1 visualizes the model and the observed data. 

initial 

species 
composition: %Pa 

98.8 

98.5 
97.8 

97.3 
93.5 

89.7 

88.9 

86.8 

77.2 

75.3 

69.3 

61.3 

60.3 

47.2 

41.5 

38.6 

total 

initial density 

(Pa+Ro egg/g.soil) 

0.7 

25.1 
5.9 

0.5 
29.3 

6.7 

5.3 

0.7 

29.7 

27.3 

0.7 

7.4 

0.8 

5.5 

0.7 

26.3 

> 

> 

> 

> 

> 

> 

cv. Bintje 

final % Pa 

901 

90 
90 

90 
90 

95.7 (82.5-100J2 

90 

91.3 (10.0-100) 

73.5 (65.3-81.7) 

93.9 (91.5-96.3) 

72.2 (61.8-82.6) 
69.7(56.3-83.1) 

56.6 (50.3-62.9) 

24.6 (12.9-36.3) 

39.6 (32.0-47.2) 

shift 

+ 

+ 

-

+ * 

+ 

+ 

+ * 

. * 

+ 

> 

> 

> 

> 

> 

clone ZB35-29 

final % Pa shift 

90 

90 
90 

90 
90 

87.4 (76.6-98.2) -

62.8(53.5-72.1) -* 

71.7 (67.5-75.9) -* 

36.6 (29.6-43.6) -* 

68.5(53.1-83.9) -

54.0 (51.8-56.2) -* 

37.4 (32.9-41.9) -* 
43.2 (38.6-47.8) -* 

41.5 (31.2-51.8) -

17.3 (10.5-24.1) -* 

37.7 (18.2-57.2) -

Table 2 : Shifts between the populations of G. rostochiensis and G. pallida, expressed as the 

percentage G. pallida in the mixed population on cv. Bintje, cv. Elkana and clone ZB35-29. 

The RPI of G. rostochiensis was progressively decreased by an increasing Pi and 
by an increasing proportion of G. pallida in the mixture. Significant effects were 
found for the initial density, species composition (%Ro), %Ro2 and %Ro x variety 
(Table 1). Interspecific interaction markedly influenced the RPI of G. rostochiensis 
(Table 1 and Fig. 2). The factor variety is not significant, which means that the RPI 
for G. rostochiensis on both varieties is similar. However, the effect of G. pallida 
on the RPI of G. rostochiensis depends on the variety. This is ascribed to the 
resistance properties of the varieties used. The curvatures of the reproduction curves 
are similar but their slopes depend on the variety (fig.2 A + B). 
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Fig. 1: Relationship between the initial density (log Pi) of G. pallida and the relative population 
increase (RPI) of G. pallida at various species compositions of G. rostochiensis and G. pallida, 
expressed as %Pa, on three varieties. Each point (the big squares) represents the mean of five 
replicates. The small squares show the intersections with the surface of the fitted model. 
A) cv. Buttje: 
log RPI = 1.701 + 0.00547 x %Pa + 0.1567 x log(Pi) - 0.0000327 x %Pa2 - 0.2991 x log (Pi)2, 
B) cv. Elkana: 
log RPI = 1.5930 + 0.0057 x %Pa - 0.0435 x log(Pi) - 0.0000327 x %Pa2 - 0.2991 x log (Pi)2 

C) done ZB35-29: 
log RPI = 1.287 - 0.0067 x %Pa - 0.2301 x log(Pi) - 0.0000327 x %Pa2 - 0.2991 x log(Pi)2. 

Table 2 shows the changes in the ratios of the two species; on cv. Bintje from 
45% Pa upwards the proportion of G. pallida population tended to increase and 
subsequently the population of G. rostochiensis decreased, whereas below 45% Pa 
the proportion of G. pallida population tended to decrease and that of the G. 
rostochiensis population subsequently increased. This is in agreement with the 
reproduction results; when one species is numerically dominant the RPI of the other 
species, here G. rostochiensis, is reduced. On clone ZB35-29 the shift towards a 
decreasing G. pallida percentage is clear. This was expected because of its partial 
resistance to G. pallida. 

Evaporation and yield. 
The model used for RPI data was also fitted to the evaporation and yield data. 

Respectively 66.9% and 51.5% of the variance was accounted for by this model. As 
expected, the total initial density and the variety affected the evaporation and yield 
significantly (table 3). The species composition influenced the evaporation signifi­
cantly, which indicates that not only the numbers of nematodes are important in the 
attack of the plants but also the species. However this effect was mainly observed in 
the potato clone ZB35-29. Here the amount of G. rostochiensis nematodes caused 
more damage, probably due to a lower tolerance to this species. The significant 
interaction of species-composition x variety on the yield confirms this (Table 3). 

Discussion 

The results of the experiment show clearly that interaction between G. 

rostochiensis and G. pallida occurred which resulted in a significant decrease of the 
relative population increase (RPI) of G. rostochiensis when G. pallida was domin-
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antly present. This effect was observed on cv. Bintje and clone ZB3S-29, which are 
both susceptible to G. rostochiensis. The reciprocal effect of G. rostochiensis on the 
RPI of G. pallida was not significant. However, the species ratios in the experiment 
were not fully complementary for each species. 

A Fig. 2: Relationship between the 
Bintie 

initial density (log Pi) of G. 
rostochiensis and the relative popu­
lation increase of G. rostochiensis at 
various species composition of G. 
rostochiensis and G. pallida, expressed 
as % Ro, on cv. Bintje and clone 
ZB35-29, according to the model. 

> Each point (the big squares) repre­
sents the mean of five replicates. The 
small squares show the intersections 
with the surface of the fitted model. 
A) cv. Binflje : 
log RPI = 1.007 + 0.02399 x %Ro -
0.2277 x log(Pi) - 0.0001279 x %Ro2 -
0.0131xlog(Pi)2. 
B) clone ZB35-29: 
log RPI = 1.296 + 0.2344 x %Ro -
0.3907 x log(Pi) - 0.0001279 x %Ro2 -
0.0131xlog(Pi)2. 

Pi (eggs/gr.soll) 

B 

Pi (eggs/gr.soll) 

The influence of G. pallida on the RPI of G. rostochiensis on cv. Bintje and 
clone ZB3S-29, as shown in figure 2, was found at all densities. This means that the 
interaction between the two species is not only competition for food or root space, 
as suggested by Jones and Kempton (1978) and Kort (1979). Other mechanisms of 
interaction must be present. It is possible that the lower RPI has been caused by the 
inefficient (not optimal) mating of the nematodes. In excess of other nematode 
species interspecific copulations may occur (Mugniery, 1979). If this happened 
frequently chances of intraspecific fertilization might have been reduced. In field 
situations species are aggregated due to their occurrence in cysts. When mixed 
juvenile suspensions are used instead of cysts, as in our experiment, interspecific 
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encounters are more likely to occur. In experiments with two different densities 
Marshall (1989) found indications of competition effects between G. rostochiensis 
and G. pallida. G. rostochiensis multiplied at the expense of G. pallida, although in 
the extreme ratios G. pallida was able to maintain itself within the population. These 
effects were independent of density. However, one of these densities was extremely 
high which may have created intraspecific interactions resulting in a reduced 
multiplication. So the effects he described are difficult to interpret because of the 
presence of intra- and interspecific competition. 

change 

species composition (% Pa) 
initial density (logP,) 

(% Pa)2 

(logP,)2 

variety 

% Pa x variety 

logPj x variety 

residual 

Significant at: * 0.05 and ** 

df 

1 
1 

1 

1 

2 

2 

2 

61 

G. 

0.01 (F-test] 

rostochiensis 

MS 

88147 

488828 

1 

46064 

471160 

73322 

209485 

13877 

vr 

6.35* 
35.23** 

0.00** 

3.32* 
33.95** 

5.28** 

15.10** 

df 

1 

1 

1 

1 

2 

2 

2 

61 

G. pallida 

MS 

0.00005508 

0.0384898 

0.0007751 

0.0056372 

0.0033661 

0.0074493 

0.0029105 

0.0008989 

vr 

0.61 

42.82* 

0.86 

6.27* 
3.74* 

8.29* 

3.24* 

Table 3 : Analysis of variance of the evaporation and yield data of cv. Bintje, cv. Elkana and 

clone ZB35-29, inoculated simultaneous with G. pallida and G. rostochiensis and in single species 

inoculations. 

Jones and Perry (1978) found a characteristic delay in the increase of the G. 
pallida population in presence of the G. rostochiensis population. They suggested 
after analysis of the data with their model, that large densities of G. rostochiensis 
suppressed the reproduction of small populations of G. pallida until the G. 
rostochiensis population dropped below a certain level. However, since no density 
estimates for the separate species were available no clear evidence for competition 
was presented. From our experiment it is obvious that interspecific interaction 
occurs, but only the negative influence of G. pallida on the RPI of G. rostochiensis 
was found to be statistmcallysignificant. Considering the absence of some experimen­
tal settings, the tendency of the negative influence of G. rostochiensis on the RPI of 
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G. pallida observed and the results of Jones and Perry (1978), the effects of 
interspecific interaction may be mediated by each of both species, depending on 
dominancy. 

Shifts between the populations we found are in accordance with the findings of 
Stelter (1983), Kort and Jaspers (1973) and Marshall (1989). The expectation that 
the reproductive capacity of the nematodes on the plant varieties used is a major 
factor for population changes was confirmed. 

When a rotation scheme is developed with different kinds of resistant potato 
varieties and with the purpose of manipulating the species populations it is essential 
that both species are, at least in small amounts, present in the soil. According to the 
findings of Mulder (pers. comm.) in The Netherlands this will be the case, as he 
finds G. rostochiensis as soon as G. rostochiensis susceptible varieties are grown, 
after years of G. pallida infestation on G. rostochiensis resistant varieties. Mar­
shall (1989) found that ratios of 1% Pa - 99% Ro and 5% Pa - 95% Ro did not 
change after one crop of G. rostochiensis susceptible potatoes. Stelter (1983) found 
that after 10 years the species ratio 98% Ro vs. 2% Pa remained the same on a G. 
rostochiensis susceptible potato variety. In our experiment the complementary ratios 
were present. However, by limitations of the method we were not able to determine 
if and in what amount G. rostochiensis stayed in the population in the mixtures of 
95% Pa - 5% Ro and 99% Pa - 1% Ro. More information is needed for long term 
effects and a better detection method for species present below 10% should be 
developed. 

Jones and Kempton (1978) suggested as one possible effect of the presence of 
mixed populations that the joint maximum population density and hence the crop 
damage in mixed populations might be smaller than when each species occurs 
separately. In our experiment yield was not significantly affected by species 
composition but the effect of species composition on evaporation was significant. 
The experiment was carried out in small pots. Due to the limited space the roots 
might have been attacked by all nematodes present after which recovery of growth 
rate could take place (Seinhorst, 1982). This might obscured the response of yield 
to the total initial density and species composition in comparison to the evaporation. 
The significant effect of the interaction species composition x variety can be ascribed 
to the tolerance property of these varieties. 

Finally, the experiment was carried out under controlled conditions, which 
ensured synchronous development. In the field the environmental conditions will 
fluctuate which may have a differential effect on the species. Cysts instead of 
separate nematodes infest the soil, which ensures a certain amount of aggregation 


