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ABSTRACT 

Physiological and behavioural attrtbtktP-s were examined for 

juveniles (JJ2) of the potato cyst nematodes, Globodera rostochiensis 

and G. pallida, emerging from cysts either soon after stimulation by 

potato root diffusate (PRD) (early hatching JJ2) or following a 

delayed response (late hatching JJ2). There was little difference in 

the desiccation survival of the two groups but behavioural assays 

indicated that early hatching JJ2 travelled further than late 

hatching JJ2. Selection for early hatch was achieved by reproducing 

early hatching JJ2 over three generations. PRD increased lipid 

utilisation by unhatched individuals and late hatching JJ2 had a 

significantly reduced lipid content at eclosion which, in G. 

rostochlensis, was correlated with impaired infectivity and delayed 

development. 

Interspecific comparisons indicated that G. pallida is better 

adapted to hatch at lower temperatures and has a much slower initial 

rate of hatch. Motility and lipid depletion of both species were 

fastest at the inflection point of the moisture characteristic curve 

f or sand. 0. rostochlensis utilised lipid more rapidly than G. 

pallida at all sand moisture contents. Depletion of lipid reserves 

during storage had a significant adverse effect on motility and 

infectivity of hatched JJ2 of G. rostochiensis when reserves fell 

below about 65% of the initial level. Under optimal conditions for 

motility the infective life-span of juveniles was between ro and 11 

days. 

A novel plant growing technique allowed observations, using 

fluorescence microscopy, of the chronology and location of plant 
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responses to invading JJ2 of both species in resistant and 

susceptible hosts. Differences among host-parasite combinations in 

nematode track lengths within roots and in the quantified 

fluorescence may be correlated with the degree of compatibility of 

the relationships. The extent of fluorescence also varied among 

cultivars tested. Analysis of the fluorescent tissues indicated the 

accumulation of phenylpropanoid compounds which may be involved in 

the expression of nematode resistance. 
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CHAPTER I 

GENERAL INTRODUCTION 
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Plant parasitic nematodes of the genus Globodera Skarbilovitch, 

1959 (Behrens, 1975) are thought to have originated in Southern and 

Central America where they co-evolved with their Solanaceous hosts 

(Roberts, 1978; Stone, 1979). Two species, G. rostochiensis 

(Wollenweber, 1923) and G. pallida (Stone, 1973), are significant 

pests of potato crops in many parts of the world, probably following 

the dissemination of potato tubers from South America (Evans & 

Trudgill, 1978). In Britain, annual loms attributed to the potato 

cyst nematodes (PCN) are approximately 9% which amounted to more than 

E40 million in 1975 (Brown, 1976; Stone, 1977). 

The economic status of PCN is attributable in part to their 

persistence in the soil in the absence of a host crop and to the 

specificity of their host-parasite relationship. Cysts containing 

eggs can remain viable in soil for as long as 28 years (Grainger, 

1964). In the absence of suitable host plants, there is an annual 

decline in the population level of between 20-50%/annum (Grainger, 

1951; Cooper, 1953; Huijsman, 1961; Shepherd, ý 1962) which is 

temperature dependent and can be as high as 95% in warm soils (>301C) 

(Schulter, 1976). Even with rates of decline in population levels, 

it is virtually impossible to eradicate the pest from agricultural 

soils once it has become established. 

Control measures against PCN aim to maintain nematode population 

levels below those causing excessive yield loss. Currently, 

effective means of control include only one host crop in a 5-7 year 

rotation, nematicide application, resistant cultivars, and 

phenological methods such as early harvest before the life cycle of 

the pest has been completed (Webley & Jones, 1981). Resistant 

cultivars offer the safest single method of control but to date only 
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varieties resistant to G. rostochiensis are commercially available in 

Britain. A limitation to their use, however, is the selection of 

"aggressive" pathotypes after repeated cultivation of the same source 

of resistance (Turner, 1980). Therefore, integrated measures using 

combinations of the above currently offer the most effective 

long-term basis for control. Control measures involving either 

cultural methods or resistant cultivars may be optimised once a 

better understanding of the factors influencing the infectivity of 

these nematodes has been achieved. 

The infectivity process can be subdivided into three major 

phases. * hatch, migration through the soil and penetration of the root 

(Wallace, 1966). The main objectives of this work are to examine 

each of these phases in detail and relate the conditions for maximum 

hatch, movement and invasion of the host with the characteristics of 

the parasite that increase its chances of infection. 

The specificity of the hatching response of PCN to factors 

released by host plant roots is a major component of the success of 

these nematodes as parasites. It enhances the probability that the 

hatched juvenile is close to a host root on emergence from the cyst. 

The hatching mechanism may operate through a change in permeability 

of the eggshell which leads to hydration of the juvenile (Clarke, 

Perry & Hennessy, 1978). There is also an increase in metabolic rate 

(Atkinson & Ballantyne, 1977a, b) and activity within the egg which 

culminates in use of the stomatostylet to cut a polar slit in the 

eggshell through which the second stage juvenile emerges (Doncaster & 

Shepherd, 1967). 
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Many environmental f actors af f ect the rate at which juveniles 

emerge f rom cysts including soil moisture, aeration, temperature and 

seasonal effects. These abiotic aspects and their interrelationships 

are reviewed by Jones (1975a, c) and Clarke & Perry (1977). Wallace 

(1954,1955b) found that maximum emergence of juveniles of Heterodera 

schachtii occurs near the point of inflection of the moisture 

characteristic for the soil concerned, when most of the pore spaces 

are emptied of water. Soil moisture and aeration are closely linked 

because of the relationship between hydrostatic pressure deficiency 

and pore space. 

The optimum temperature for in vitro hatch for many Globodera and 

Heterodera species is between 20 and 25*C (Shepherd, 1962) but 

alternating temperatures (Wallace, 1955a) and previous storage (Dunn, 

1962) influence the response to root diffusates. Adaptation to 

temperature in field populations also determines the conditions under 

which maximum emergence occurs (Ellenby & Smith, 1975; Hominick, 

1979). Seasonal effects on the rate of emergence include a dormancy 

or 'facultative diapausel (Shepherd & Cox, 1967) which reduces the 

rate of hatching of populations under laboratory conditions in the 

spring following their formation. 

A delay between reception of the hatching stimulus and eclosion 

could be an important characteristic of certain populations of PCN 

which may have some value in establishment of the parasite. Recent 

problems of controlling G. pallida with oximecarbamate nematicides 

(Whitehead, Tite, Fraser & Nichols, 1984) may arise from the 

prolonged period of hatching for some populations which extends 

beyond the effective life-span of the nematicide. Extended hatching 

may be of value to the parasite in regulating infection relative to 
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root growth providing that there is no reduction in the infectivity 

of late emerging individuals. Therefore, the influence of rate of 

hatch on the subsequent survival and invasiveness of juveniles has 

been investigated. Differences between early and late hatching 

juveniles have been studied by comparing hatching patterns of both 

species of PCN and measuring physiological and biological parameters. 

This should establish whether there is a relationship between the 

rate of emergence of juveniles from cysts and their subsequent 

infectivity. 

After hatching,, second stage juveniles rely upon their endogenous 

food reserves until they are established and feeding in a suitable 

host. Neutral lipid reserves and carbohydrates, particularly 

glycogen, are the main components of the energy store for a range of 

nematodes(Von Brand, 1973; Barrett, 1976) which are incorporated into 

the eggs by females during development. The initial lipid reserves 

of juveniles of Globodera spp. are maintained within close limits 

regardless of the fecundity of the parental female (Storey, 1981). 

This ability to provide adequate energy reserves to the juveniles 

independent of intraspecific competition ensures that juveniles have 

adequate reserves for survival during the dormant phase and after 

hatching. These reserves must be sufficient at the time of hatching 

for migration through the soil and penetration of the host root. The 

more food reserves the nematode has at the begining of the infection 

process the greater are its chances of reaching a suitable position 

on the root and subsequently establishing a feeding site in the 

plant. Previous work (Storey, 1981) has defined lipid utilisation 

during dormancy but less is known of the energy utilisation and 

requirements from stimulation of hatch until establishment in the 

root. Therefore this work investigates these processes more fully. 
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A reduction in lipid reserves during storage has been related to 

a decrease in activity and infectivity of both plant and animal 

parasitic nematodes. Infective juveniles of Ancylostoma caninum, 

Haemonchus contortus, Strongy1oldes ratti and A. tubaeforme show a 

reduction in the frequency of locomotory waves passing down the body 

(Rogers, 1939,1940; Barrett, 1969; Croll & Matthews, 1973), and the 

proportion of quiescent juveniles increases with storage time (Croll 

& Matthews, 1973). This reduction in locomotory activity 

consequently leads to reduced infectivity (Matthews, 1972). 

Similarly, in plant parasitic nematodes, aerobic storage reduces the 

motility and infectivity of Neloidogyne javanica and Tylenchulus 

semipenetrans (Van Gundy, Bird & Wallace, 1967), G. rostochlensis and 

G. pallida (Storey, 1984) and H. naasi (Ogunfowora, 1979). The 

environmental conditions which influence the rate of lipid 

utilisation in Globodera spp. have been inadequately studied and part 

of this work aims to establish the effect of various environmental 

parameters on the persistence of hatched juveniles. 

The length of time juveniles remain infective in the soil is of 

practical interest if a method could be developed to mistime hatch 

relative to availability of host roots. Juveniles of M. javanica 

remain infective for only 4-8 days under optimum conditions for hatch 

and motility (Wallace, 1966) and individuals of M. naasi were found 

to have a similar ly short infective life (Ogunfowora, 1979). 

However, unfavourable conditions in the soil can prolong survival of 

certain species of nematode; for example, hatched juveniles of H. 

schachtii have been found to survive for up to 7 months in the 

absence of a host plant (Golden & Shafer, 1960), with a corresponding 

range of 6-12 months for M. javanica under the same conditions 

(Thomason, 1962). The percentage of the juveniles remaining 
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infective at the end of this prolonged survival in soil is not known. 

The absence of host roots probably induced quiescence in these 

nematodes and low temperatures, low oxygen availability and high or 

low soil moisture levels can have a similar effect (Wallace, 1966; 

Van Gundy et al., 1967; Jones, 1978). It is also possible that soil 

microorganisms are a source of inhibitory substances that induce 

quiescence (Wallace, 1966). 

Wilson (1965) suggested that prolonged survival under 

unfavourable conditions may be an indication of a physiological 

adaptation which enables the nematode to conserve stored energy 

reserves. There is also a general reduction in the metabolism of 

plant parasitic nematodes during prolonged storage which may be 

related to a natural ageing process. Van Gundy et al. (1967) 

reported that esterase and acid phosphatase enzymes associated with 

lipid utilisation had lower activity in stored than in fresh 

juveniles of N. javanica. Some studies suggest that lipid depletion 

is not the causal factor of reduced infectivity (Croll & Matthews, 

1973; Van Gundy et al., 1967) but a correlation does exist between 

reduced invasion and a decline in lipid reserves of Globodera spp. to 

below a certain critical level (Storey, 1984). This work 

investigates further the conditions which affect the rates of lipid 

depletion in PCN and examines the correlation between losses in food 

reserves and motility, survival and invasion of second stage 

juveniles. 

The final phase of the infection process is invasion of the host 

and migration to af eeding site. The reduced infectivity of plant 

parasitic nematodes may be the result of a decrease in energy 

reserves to a level such that the propulsive forces generated are 
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insufficient to enable the juvenile to penetrate the root, although 

locomotion may still occur (Rogers, 1962; Van Gundy, 1965). In 

addition, such a juvenile may be less able to move through cortical 

tissue to a suitable feeding site in the host. These aspects of the 

early parasitic development of Globodera spp. are examined in this 

work using methods which allow invasion to be observed in whole root 

segments, 

A likely consequence of the co-evolution between PCN and their 

host is the selection of genes in the hosts conferring resistance to 

the nematodes (Stone, 1979). Currently the most important sources of 

resistance are derived from species of wild and cultivated potatoes 

from the Andean highlands, namely Solanum tuberosum ssp. andigena 

Ouz. et Buk. ) Hawkes and Solanum vernei Bittm. et Wittm. The former 

species is the source of a major gene (H, ) which confers fully 

effective resistance to pathotypes Rol and R04 of G. rostochiensis. 

The latter species of potato provides polygenically based resistance 

to G. Pallida and G. rostochiensis which varies in efficacy but is of 

particular importance in breeding for resistance to G. pallida. 

The expression of resistance against nematodes can result in 

failure of juveniles to remain in the roots (Forrest, Robertson & 

Trudgill, 1984), or slowing of their development or collapse of the 

feeding site leading to death (Phillips, Forrest & Farrer, 1982; 

Turner, 1980). In Maris Piper, a potato cultivar with H, resistance 

gene, juveniles of G. rostochiensis develop predominantly into males. 

This effect is likely to be caused by a reduced flow of nutrients to 

the juvenile whose tender is believed to be determined 

environmentally (Mugniery & Fayet, 1981; Trudgill, 1967). 
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The biochemical pathways involved in expression of resistance 

have yet to be fully understood. The presence of polyphenols and 

related compounds in plant tissue often increases resistance (Farkas 

& Kiraly, 1962). Giebel (1974) suggested that phenols may play a 

role in potato resistance to PCN and Veech (1981) reviewed the 

possibility that post-infectional induction of other chemical 

compounds such as phytoalexins or pathogenesis related proteins may 

modify the compatibility of the host plant to nematodes. 

It is of particular importance in any study of resistance 

mechanisms to define the timing, effect and localisation of the 

response of the plant to invasion by nematodes (Veech, 1982). The 

final aim of this work was to develop a technique to study the 

response of potato roots to infection by PCN. This would be of value 

as a rapid assessment for resistance screening of new potato clones 

and would give further insight into the nature of the resistance 

mechanisms involved. 
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CHAPTER 2 

OBSERVATIONS ON THE RATE OF EMERGENCE OF JUVENILES FROM CYSTS 
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SUMMARY 

Physiological and biological attribtAtez were examined for 

juveniles emerging from cysts soon after stimulation by potato root 

diffusate and those showing a delayed response. Firstly, objective 

methods for comparing rates of emergence were evaluated. Logistic 

curve fitting and probit line analysis of hatching data proved 

adequate for such comparisons and were used to define early and late 

emerging individuals. Revival from desiccation at low relative 

humidities was similar for juveniles irrespective of their time of 

emergence after hatch stimulation but there was some indication that 

at 72% R. H. a delay in hatch increased survival. Behavioural assays 

indicated that juveniles hatching rapidly after stimulation travelled 

further than those showing a delayed response and the frequency of 

characteristic sampling patterns was greater in the former group. An 

experiment to select for rapid emergence by reproducing a line of 

juveniles which emerged over the first five days following 

stimulation by root diffusate was successful after three generations 

of selection. This indicates that hatching is under relatively 

simple genetic control and the response to host root diffusate in the 

field could be maintained through selection. This may be of value in 

ensuring synchrony of hatch with host growth patterns. 
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INTRODUCTION 

Species of Globodera and Heterodera exhibit varying degrees of 

dependence on root exudates to stimulate hatching of juveniles. G. 

rostochiensis and G. pallida are highly dependent on potato root 

diffusate for substantial hatch to occur in the laboratory (Fenwick, 

1949; Winslow, 1955). The rate of hatching of these nematodes in 

sail is also influenced by moisture, aeration and temperature (Jones, 

1975a, c). Wallace (1954,1955b) found that maximum emergence of 

juveniles of H. schachtii occurs near the point of inflection of the 

moisture characteristic for the soil concerned; before and after this 

point lack of oxygen and lack of water respectively limit hatching. 

For many Globodera and Heterodera species the optimum temperature for 

in vitro hatch is about 25% (Shepherd, 1962) but -alternating 

temperatures have been found to enhance hatch (Bishop, 1955). The 

temperature of storage prior to exposure to root diffusate can affect 

hatching rates (Dunn, 1962) and adaptation to field conditions may 

also be an important factor (Ellenby & Smith, 1975; Hominick, 1979). 

The rate of emergence of nematodes f rom cysts can also be 

influenced by seasonal effects such as a form of first winter 

dormancy or diapause (Evans & Perry, 1976) which has been found in 

cysts collected late in the growing season (Fenwick & Reid, 1953). 

Shepherd & Cox (1967) used the term 'facultative diapausel for this 

phenomenon. This dormancy though is probably influenced by 

conditions in the field and is absent if cysts are stored under 

constant conditions (Cunningham, 1960). Cyst maturation may also 

accompany an endogenous inihibitory process of hatch that can result 

in diapause over the first winter (Ellenby & Smith, 1967). 
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The emergence of juveniles f rom a cyst is the culmination of a 

process involving at least TotLr stages: the penetration of the 

diffusate through the cyst-wall which subsequently alters the 

permeability of the egg shell (Clarke, Perry & Hennessy, 1978) 

leading to hydration (Ellenby & Perry, 1976) and an increase in the 

metabolic rate of the juveniles (Atkinson & Ballantyne, 1977a, b), 

behavioural changes leading to individuals cutting a slit in the egg 

shell (Doncaster & Shepherd, 1967), and lastly the movement of 

hatched juveniles to the two natural orifices in the cyst wall 

through which emergence occurs. The time taken for individuals to 

emerge from a cyst after stimulation approximates to normality and so 

this process can be represented by a sigmoid curve (Fenwick, 1950). 

Little is known of the physiological or biological differences 

between juveniles emerging from cysts soon after stimulation and 

those showing a delayed response. 

The following experiments firstly evaluate an objective method of 

determining and comparing rates of emergence in relation to time 

after stimulation and secondly, determine whether early or late 

emerging individuals show differences in behaviour and ability to 

survive desiccation. Following evidence that rate of hatch may be 

genetically controlled (El-Shatoury, 1977,1978; Hominick, 1979), 

further experiments are presented which attempt to select for rapid 

emergence by continually reproducing early hatching individuals of G. 

. rostochiensis over a number of generations. 
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MATERIALS AND METHODS I 

Analysis of hatching patterns 

Cysts of G. rostochiensis Rol (Ballycastle, 1981) and G. pallida 

Pal (Durminning, 1979) were reproduced on pot-grown potato plants cv. 

Arran Banner, extracted by standard methods (Shepherd, 1970) and 

stored dry at room temperature (20*C) for 9 months until the start of 

the experiments. This reduces the influence of 'facultative 

diapausel on the hatching characteristics of the population. 

Hatching tests were carried out on batches of 25 single generation 

cysts in four-fold replication. The cysts were soaked in distilled 

water for 7d before second stage juveniles QJ2) were stimulated to 

hatch by replacing the, water with potato root diffusate (PRD). PRD 

was obtained from potato plants cv. Arran Banner as described by 

Shepherd (1970) and diluted with distilled water 0 in 4) to give an 

optimum dilution for hatching (Fenwick, 1952). Numbers of JJ2 

emerging were recorded at 2,3,5,9,12,18 and 28 d and the PRD was 

replaced after each count with fresh stock kept at 5*C. After 28 d, 

the cysts were broken open and the number of viable unhatched JJ2 

counted in order to establish the percentage hatch between each 

sampling period. 

.1 

Hatching patterns were examined on log-linear and log-probability 

graph paper and by using computer programmes for curve fitting and 

probit analysis (Finney, 1971). The objective was to determine the 

best method of comparing relative hatching rates of different 

populations and for defining 'early' and Ilatet emergence of 

juveniles from cysts. 
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Physiological and behavioural characteristics of early and late 

hatching juveniles 

(a) Desiccation survival 

Single generation cysts of G. rostochlensis (Ballycastle, 1982) 

were exposed to PRD and JJ2 emerging between 0-5,6-9,10-15 and 

16-22 d following stimulation were used in these experiments. PRD 

was replaced after each sample time with fresh stock kept at 5'C. In 

principle, experimental techniques were similar to those of Ellenby 

(1968a, b) and Perry (1977). Revival from desiccation was examined 

for a number of groups of individuals set to dry inside petroleum 

jelly 'ring-cells an clean glass microscope slides (Ellenby, 1943). 

Ten to 40 JJ2 were added to distilled water in each circle. Before 

transfer to the desiccators, all superficial water was removed from 

the nematodes with filter paper which prevents accumulation of 

solutes around the nematodes and prevents coiling and clumping. 

Six slides were placed in constant humidity chambers at 20*C for 

each treatment time. 'Glycerol solutions (Grover & Nicol, 1940) were 

added to set the humidity in the chambers to 27,55 and 71% relative 

humidity. A calibrated paper hygrometer was used to check the 

humidity in each chamber. After exposure for varying times of up to 

15 min, slides were removed, distilled water added to the -JJ2 and 

revival determined by movement after 24 h. Revival was assessed as 

positive if the JJ2 moved. Controls, where water was not removed 

from the nematodes in the ring cells, were used throughout. The time 

of exposure which 50% of the nematodes would survive (S50 value; 

Perry, 1977) was determined and the results analysed using probits. 
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(b) Behavioural assays 

The same population of G. rostochiensis was used as in part (a) 

above. Only JJ2 which hatched between 0-5 and 16-22 d were compared 

in these assays. The experimental techniques were similar to those 

of Ward (1973) and Clayden (1985). Nematode tracks of early and late 

hatching JJ2 were examined an 1% water agar (Oxoid No. 1). After 

preparation, the agar plates were inverted and dried in an oven at 

40*C for 30 mins, prior to applying up to 4 JJ2 close to the centre of 

each plate. After 3h in the dark, the JJ2 were removed with a fine 

pair of forceps and the nematode-tracks visualised by a photographic 

contact print using Kodalith ortho film type 3 (Kodak Ltd. ) as 

described by Clayden (1985). The distance travelled by each nematode 

was calculated from these photographs using a computer-based odometer 

(Versawriter/Apple He microcomputer) and characteristic patterns of 

behaviour were noted. 

Selection for early hatching in G. rostochiensis 

The selection experiment began with a 1982 pot culture population 

of G. rostochiensis (Ballycastle, 1981). Juveniles which hatched 

over the first 5d following exposure to PRD were selected and 

reproduced on pot grown potato plants cv. Arran Banner. After each 

of 3 generations of this selection experiment, the hatching patterns 

of the selected cysts were compared with a control group of cysts 

reproduced at the same times using standard methods (Shepherd, 1970). 

During production Of the control populations, the parent cysts were 

kept separate from the F, generation by enclosing the initial 

inoculum in a fine muslin bag. By following the above protocol, a 

comparison of the hatching pattern of selected and control cysts 
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could be made free from the influence of variable factors such as 

diapause requirements, PRD activity and planting times. Hatching 

tests were performed as described above and comparisons of early rate 

of emergence of juveniles from cysts were carried out by probit 

analysis. 

RESULTS 

Hatching tests 

Fig. 2. IA and 2AB shows hatching curves of G. rostochiensis and 

G. pallida on log-linear and log-probability axes respectively. The 

linear plot of cumulative percentage hatch per cyst against the 

logarithm of time (days) after stimulation produced sigmaid curves 

which are typical for PCN (Fenwick, 1950). The curves have been 

modelled using the method of maximum likelihood (MLP; Ross, 1980) by 

fitting the logistic or negative exponential growth curve y-a+ c/l 

+ exp(-b(x-m)). Output from this computer model provides estimates 

of residual variance which can be used to compare 'goodness of fit' 

between different sets of data. Mean hatching times (H30), total 

percentage hatch and their standard errors can be accurately 

estimated using the programme. 

Log-probability graph paper transforms the percentage hatch data 

to linearity if accumulated hatch follows a normal distribution. 

Accurate H50 times can thus to be interpolated. Probit analysis with 

MLP uses a similar transformation of the data and the output (Table 

2.1) provides (a) accurate H30 times and fiducial limits, (b) a test 

of whether a single line will suffice when comparing different 

populations, (c) a test of whether there is a common slope when 



Fig. 2.1. A. Hatching characteristics of populations of G. 

rostochiensis (m - n) and G. pallidi (, & - a) shown 

with the logarithm of time (days) after exposure to PRD On 

the x-axis. Curves fitted using the logistic growth curve 

model (Ross, 1980). 

B. Percentage hatch presented on a probabilitY axis 

against the logarithm of time. Populations as in As 
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Table 2.1 

Probit line analysis for comparison of the times taken for 50% hatch 

(H50) for chosen G. rostochiensis and G. pallida populations' 

PROBIT LINE ANALYSIS 

H., (days) 95% Fiducial Limits 

G. rostochiensis 7.5 t 1.1 6.3 - 8.9 

G. pallida 16.5 t 1.1 14.8 - 18.8 

PARALLEL LINE ANALYSIS 

CHI. SQ. D. F. PROB. 

Displacement 121.58 1P<0.01 

Lack of parallelism 1.55 1 N. S. 

Total heterogeneity 21.56 10 P<0.05 

(N. S. - not significant at P=0.05) 
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comparing hatching patterns and (d) a 'goodness of fit' test. 

Comparison of H50 times can only be justified when probit regression 

lines are parallel. When probit lines are not parallel, the 

populations may, for example, be showing initially similar hatching 

characteristics followed by different responses after longer exposure 

to PRD. However, in this work, lack of parallelism was not 

significant (P>0.05) allowing a direct comparison to be made. 

The probit analysis of hatching data also provided an objective 

method of determining 'early' and 'late' emergence of juveniles. 

Since these definitions depend on total emergence, this was made 

equivalent to 100% and probit analysis performed on the transformed 

data. The slope of the probit line corresponds to the standard 

deviation of the mean hatching time (H.. ). Therefore, the span of 

one standard deviation of the mean (between probits 4-6) accounts for 

68% of the total hatch. Those juveniles hatching before this time 

(i. e. the first 16%) have been referred to as 'early' hatching 

individuals, and those emerging after this time (i. e. the last 16%) 

as the 'late' sample. For the population of G. rostochiensis used in 

this work, the former hatched within 4d of stimulation by PRD and 

the latter after the eleventh day of exposure. Equivalent times for 

the G. pallida population were 0-6 d and >22 d. 

Physiological and behavioural characteristics 

(a) Desiccation survival 

The S30 values for a range of early to late emerging individuals 

of G. rostochiensis are shown in Table 2.2. These ranged from 6.7 

min at 27% R. H. to 19.5 min at 72% R. H. The probit analyses of the 
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Table 2.2 

Comparison of desiccation survival relative to time of hatching for 

juveniles of G. rostochiensis using probit line analysis. 

(95% fiducial limits are shown in brackets) 

S50 TIMES (minutes) 

Time of Relative Humidity 
hatch 
(days) 27% 5 5% 72% 

0-5 7.8 0.2 8.1 0.3 10.6 1.1 
(7.3 8.2) (7.5 8.6) (8.2 12.9) 

6-9 8.0 0.2 8.8 0.5 10.7 0.5 
(7.5 8.4) (7.8 9.7) (9.8 11.8) 

10-15 8.7 0.4 8.6 0.3 14.3 0.8 
(8.0 9.4) (8.0 9.3) (12.8 16.0) 

16-22 6.7 t 0.4 7.6 0.5 19.5 2.6 
(5.8 - 7.4) (6.6 8.6) (15.7 30.0) 

PARALLEL LINE ANALYSIS 

2 
CHI. SQ. 

Displacement 25.54 

Lack of parallelism 24.29 

Total heterogeneity 197.98 

Relative Humidity 
7% 55% 72% 

D. F. CHI. SQ. D. F. CHI. SQ. D. F. 

3 16.88 3 50.82 3 

3 38.63 3 36.72 3 

92 169.46 92 372.04 106 

(All chi-squared statistics significant at P<0.01) 
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data indicated that the regression lines comparing percentage 

survival at each relative humidity were not parallel (chi squared 

P>0.05). Therefore, direct comparison of S5. times cannot be 

justif ied. However, there is some indication from S50 times and 

fiducial limits that at 72% R. H., a delay in hatch results in 

increased ability to survive dessication (10-15 d and 16-22 d 

hatching times). At lower relative humidities, time of hatch did not 

significantly influence desiccation survival. 

(b) Behavioural assays 

Plate 2.1 shows the movement of early (0-4 d) and very late 

(16-22 d) emerging individuals of G. rostochiensis on agar. The 

examples shown are representative of the behavioural characteristics 

shown by early and late hatching JJ2. The mean distance travelled by 

early hatching JJ2 was 4.0 ± 0.85 cm (n=27) and that of late hatching 

individuals 2.89 ± 0.77 cm (n=18) over a3h test period. These 

figures may slightly underestimate true distances because of the 

difficulty in following accurately the tight undulations with the 

odometer. Behavioural patterns such as spiralling, reversal and 

omega waves (Clayden, 1985) were present in tracks produced by both 

early and late hatching individuals, though the rate of movement 

between behavioural effects was greater in early than late emerging 

juveniles. This may indicate that the former have an increased 

ability to locate host roots. 

Selection for early hatchins in G. rostochiensis 

Table 2.3 shows the H50 times of three successive selections of 

early emerging JJ2 compared to control populations reared 



Plate 2.1. Tracks produced by juveniles of G. rostochiensis on agar. 

A: early emerging (0-4 d), B: late emerging (16-22 d) 

relative to time after stimulation to hatch by addition 

of PRD. 

Abbreviations: t- track; s- start; f- finish. 
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Table 2.3 

Comparison of H50 times over three generations of selection for 

early hatching JJ2 of G. rostochiensis relative to control cysts 

reared concurrently. 

(95% fiducial limits are shown in brackets) 

PROBIT LINE ANALYSIS 

H50 (days) 
Generation Control 0-5 d 

F, 4.3 ± 1.1 4.5 t 1.1 
(3.7 4.9) (4.0 5.1) 

F2 9.0 1.0 8.4 1.0 
(8.4 9.7) (7.7 9.1) 

F3 6.2 1.2 2.7 1.5 
(3.7 8.6) (0.7 4.8) 

PARALLEL LINE ANALYSIS 

F, F2 F3 
CHI. SQ. D. F. CHI. SQ. D. F. CHI. SQ. D. F. 

Displacement 1.62 IMS. ) 1.82 I(N. S. ) 6.12 1(*) 

Lack of parallelism 9.87 1(**) 1.14 I(N. S. ) 2.40 l(N. S. ) 

Total heterogeneity 12.23 6(N. S. ) 1.72 4(N. S. ) 10.10 6(N. S. ) 

(N. S. = not significant at P=0.05; * and significant at P=0.05 
and P=0.01 respectively) 
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concurrently. Also shown is the analysis of parallelism for each 

generation. There were no differences in H., times after the first 

two generations of selection. Displacement of the probit lines for 

these progeny was not significant. However, in the F. generation, 

the probit lines were parallel but the H50 times of the control and 

selected cysts differed significantly (6.2 and 2.7 d respectively; 

displacement p<0.05). 

DISCUSSION 

The mechanisms of, and factors affecting the hatching of potato 

cyst nematodes have been reviewed by Shepherd (1962), Clarke & Perry 

(1977) and Perry & Clarke (1981). The objectives of the first part 

of this work were to apply statistical methods to the analysis of the 

hatching characteristics of different populations or species of PCN. 

Graphical methods provide rapid forms of analysis but lack a 

statistical basis for comparing rates of hatch. Two statistical 

approaches were attempted; firstly, the fitting of a logistic curve 

to the data using the method of maximum likelihood (Ross, 1980) and 

secondly using the same computer programme to fit probit lines to 

percentage hatch data. Both methods provided a 'goodness of fit' 

test for fitting the model to the data and accurate estimates of H50 

times. For comparing these times, fitting the logistic model gives 

an estimate and a standard error whilst the probit analysis also 

provided a more objective chi squared statistic for displacement. 

Probit analysis was used by Fenwick (1950) to analyse hatching 

data. The Justification for using this approach is based on the 

normal curve describing the variability in the logarithm of time 

taken for individuals to react to PRD. This allows the relationship 
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between response (accumulated hatch) and dosage (a function of either 

concentration or time) to be expressed in a linear manner using 

probits (Bliss, 1938). The position of the probit line is governed 

by mean hatching time which is the geometric mean time taken by 

juveniles to hatch. The slope of the probit lines corresponds to the 

standard deviation of mean hatching time and this has been used to 

determine 'early' and 'late' emerging individuals of G. 

rostochiensis. 

There was little correlation between time of hatch and ability to 

survive at considerably low relative humidities. The 50% survival 

times for early emerging juveniles (0-5 d) ranged from 7.8 to 10.6 

minutes. Ellenby (1968a) found that exposure of juveniles of G. 

rostochiensis to similar relative humidities gave higher S30 times 

but he did not state the time of emergence of these individuals after 

addition of PRD. In the present study late emerging individuals may 

have shown improved desiccation survival which may be related to the 

fact that these individuals showed visible signs of lipid depletion 

(see Chapter 3). Zuckerman, Himmelhoch, Nelson, Epstein & Kisiel 

(1971) found that lipid utilisation increased the specific gravity 

and water uptake of Caenorhabditis briggsae individuals and such an 

event could have lead to increased desiccation survival by late 

hatching juveniles of PCN. However, Krusberg (1967) could find no 

correlation between lipid content and desiccation survival but opaque 

females of Helicotylenchus dihysterla and Scutellonema cavenessi with 

a high lipid level survive desiccation far better than transparent 

females (Demeure, Reversat, Van Gundy & Freckman, 1978). Lipids may 

be important in maintaining the spatial distribution of body tissue 

in the absence of bulk water (Womersley, 1981). If lipid depletion 

in late hatching Juveniles of PCN was related to increased 
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desiccation survival this may be related more directly to the 

products of lipid metabolism. Anhydrobiotes such as Ditylenchus 

dipsaci store trehalose in preference to glycogen (Womersley, 

Thompson & Smith, 1982) and lipid utilisation in Aphelend"s avenae 

may not only be totally for energy requirement but also for synthesis 

of trehalose prior to periods of dehydration (Madin & Crowe, 1975). 

Possibly, late hatching juveniles of PCN may deplete lipid with a 

concomitant increase in this disaccharide. Further work may 

establish whether this is correlated with enhanced desiccation 

survival at relative humidities closer to field conditions (i. e. >90% 

R. H. ). 

The behaviour of 'early' and 'late' emerging juveniles was 

examined in the absence of any attraction sources on agar. This 

precludes comparisons of kinetic or taxic responses of juveniles 

towards sources of attraction (Croll, 1970) but the results did show 

important differences in motility and presumably searching behaviour 

on the agar plates. Juveniles of G. rostochlensis emerging after 16 

d exposure to PRD travelled shorter distances than the 0-5 d sample. 

This may have been correlated with the lipid depletion noted in these 

individuals. Late emerging juveniles also showed a lowered frequency 

of both reversed movement, leaving a single tailed track (Clayden, 

1985), and omega wave patterns (Wallace, 1969), than occurred for the 

early emerging individuals which also produced tracks with more 

spirals. The distance travelled between sampling events was greater 

in those juveniles emerging rapidly after stimulation by PRD. In 

soil, movement follows the natural contours of the habitat and 

regular patterns of this type are less likely to occur. Therefore, 

comparison of motility in sand between early and late emerging 
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juveniles or those with depleted lipid reserves have been carried out 

(see Chapter 5). 

The experiments to select for rapid emergence by reproducing a 

line of juveniles which emerged from cysts over the first five days 

following stimulation by PRD gave interesting results which could 

form the basis of a long term study. The first two generations did 

not produce significant differences in H50 times between this line 

and control cysts. However, in the F3 generation of the line derived 

from nematodes emerging early after PRD stimulation, a significantly 

reduced mean hatching time was observed (Table 2.3). This indicates 

that hatching is under relatively simple genetic control and field 

hatching response to PRD may thus be maintained by a simple selection 

effect. This has been shown previously in relation to water hatch 

(Evans, K. pers. comm. ) and ability to hatch rapidly at low 

temperatures (Hominick, 1979). El-Shatoury (1978) suggested that 

seasonal dormancy (Shepherd & Cox, 1967) may also be genetically 

controlled. There is evidence however that dormancy is influenced by 

growing conditions and is absent if cysts are stored under constant 

conditions (Cunningham, 1960). The ability to select different rates 

of emergence may be important in competition between populations or 

species and may also be of value in ensuring synchrony of hatch with 

local host growth patterns. 



30 

CRAPTER 3 

THE EFFECT OF DELAYED EMERGENCE ON THE INFECTIVITY OF JUVENILES 
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SUMMARY 

The potential infectivity of second stage juveniles of Globodera 

rostochlensis was influenced by the amount of their lipid reserves at 

the time of hatching. Scanning microdensitometry showed that 

shmulation of hatch by PRD increased lipid utilisation , by the 

unhatched juvenile and late hatching individuals had a, significantly 

reduced lipid content at eclosion. The rate of lipid utilisation by 

unhatched juveniles of G. z-ostochiensis was more than twice that. of 

G. pallida. Late hatching juveniles of G. rostochiensis had impaired 

infectivity and delayed development compared with juveniles emerging 

from the same cysts soon after stimulation. This ef f ect was not 

caused by initial differences in lipid content. The lower rate of 

lipid utilisation by unhatched juveniles of G. pallida following 

stimulation by PRD may indicate an ability to remain infective for 

longer periods than G. rostochiensis. This, and differences in 

hatching characteristics, are discussed in relation to competition 

between the species. 
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INTRODUCTION 

The hatching of the potato cyst-nematodes Globodera rostochiensis 

and G. pallida is highly dependent on host root exudates although a 

30-50% annual decrease in numbers may occur in the field in the 

absence of a host crop (Oostenbrink, 1950). The rate of hatch of 

these species varies considerably in the field depending on soil 

moisture, soil aeration and temperature (Jones, 1975a). Conditions 

can be standardised in laboratory based hatching tests (Fenwick & 

Widdowson, 1958) and the timescale of the response of juveniles to 

root exudate can be studied. Hatching may continue for 3 or 4 months 

but the majority of second stage juveniles emerge from cysts during 

the first 1 or 2 weeks after stimulation by PRD (Fenwick, 1949). 

After hatching, the juveniles of Globodera spp. remain infective for 

a limited period and this has been correlated with the extent of 

their initial neutral lipid reserves (Storey, 1984). A decline in 

lipid reserves during storage has also been associated with a 

reduction in mobility of a number of plant and animal parasitic 

nematodes (Van Gundy, Bird & Wallace, 1967; Croll & Matthews, 1973; 

Ogunfowora, 1979). However, the infectivity of juveniles emerging 

from cysts at various times after exposure to host root diffusate has 

not been studied. This work therefore investigates the effect of 

delayed emergence an the neutral lipid content of juveniles of both 

species of PCN and subsequently examines the relationship between 

time of emergence of 0. rostochiensis and the ability of these 

juveniles to invade host roots. 
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MATERIALS AND METHODS 

Cysts of Globodera rostochiensis Rol and G. pallida Pa. were 

produced on pot-grown plants cv. Arran Banner, extracted by standard 

methods (Shepherd, 1970) and stored after air-drying at room 

temperature (20*C) for 15 months until the start of experiments in 

November, 1982. Hatching tests were carried out at 20*C with batches 

of 25 cysts in four-fold replication. The cysts were soaked in 

distilled water for 7 days before juveniles were stimulated to hatch 

by replacing the water with PRD. The PRD was obtained from potato 

plants cv. Arran Banner as described by Shepherd (1970) and diluted 

with distilled water (1 in 4) to give an optimum dilution for 

hatching. Numbers of juveniles emerging were recorded at regular 

intervals and the PRD was replaced after each count with fresý stock 

kept at 5*C. After 23 d, the cysts were broken open and the number 

of viable unhatched juveniles counted in order to estimate the 

percentage hatch between each sampling period. Four replicates of 25 

cysts were used for the hatching test at 20*C and further batches 

were used for the infectivity tests, 

Three classes of nematodes were compared in the analyses of 

lipid reserves. In the first two groups, the relative lipid reserves 

of at least 40 naturally hatched and artificially hatched juveniles 

were compared at 2,5,8,12,16 and 20 d af ter exposure to PRD. 

Artificially hatched individuals were obtained immediately prior to 

analysis of lipid reserves by removing eggs from 40 cysts and 

releasing the Juveniles by gently squeezing at least 100 eggs between 

2 cover slips. The controls, which were sampled at the same times, 

were a group of artificially hatched nematodes which did not receive 

PRD after soaking but were kept in distilled water. Neutral lipids 
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were stained with Oil Red 0 (G. T. Gurr) according to the methods of 

Storey (1984) and the lipid content of whole Juveniles were 

quantified with a Vickers M86 scanning microdensitometer (Croll, 

1972; Storey, 1981). 

The relative infectivity of a range of early to late emerging 

juveniles of G. rostochiensis was compared using the small pot tests 

of Storey (1981) which were modified by the inclusion of a sintered 

glass disc (porosity 4, Gallenkamp Ltd. ) to provide better control of 

sand moisture content (Fig. 3.1). Seeds of tomato cv. Moneymaker 

were germinated in EFF compost at 200C and after I week groups of 3 

seedlings were washed and transplanted to 3.5 cm diameter pots 

containing 40 g of acid washed sand (Fisons) with 150-400 pm particle 

size. The pots were maintained at pF 1.65, which is the optimum 

moisture content for nematode mobility and invasion in this sand 

(Wallace, 1958a), and the seedlings were grown in the greenhouse at 

16-20"C, 70-80% R. H. and 18 h light each day. Af ter 14 d in the 

pots, the seedlings were inoculated with 4 replicates of 200 hatched 

juveniles per pot, whose average emergence time after stimulation by 

PRD was 1.5,5,7,9.5,12,15,18.5 or 19 d respectively. Tomato 

seeds were germinated at various times so that all were the same age 

at the time of inoculation. Fourteen days after inoculation the 

roots of each tomato plant were stained in boiling 0.1% cotton blue 

in lactophenol (Hooper, 1970) and the number and developmental stage 

of the nematodes within the roots was assessed. 

RESULTS 

The hatching characteristics of the populations of 0. 

rostochiensis and G. pallida used in these experiments were typical 



Fig. 3.1. Apparatus for standardising conditions for infectivity 

experiments. By varying the height of the water level in 

the reservoir relative to the sand in the pots, moisture 

content can be controlled within close limits. 

(Not to scale. ) 
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for these species (Fig. 3.2). For G. rostochiensis 50% and nearly 

90% hatch occurred after approximately 7 and 23 d respectively at 

200C in the laboratory-based hatching tests. Only 1% of the initial 

egg content of the cysts, were judged as being non-viable and about 

10% of eggs failed to hatch within 23 d of adding PRD. For G. 

pallida 50% hatch occurred after approximately 8d and almost 80% of 

viable juveniles hatched within the 23 d period. . 
The neutral lipid 

content of juveniles at the time of emergence, and of artificially 

hatched juveniles at various times following stimulation by PRD are 

shown on a logarithmic scale in Fig. MA and 3.3B. Analysis of 

parallelism showed that the regression lines for G. rostochiensis 

differed significantly (P<0.05) and that the slopes of both 

relationships were statistically significant (býo, P<0.01; t-test). 

The slope of the unstimulated, water soaked control was not 

significant (b=O, P<0.05). Over the 20 d period after the addition 

of PRD, the lipid content of hatched juveniles showed a decline to 

47% of the unstimulated control. A lower rate of lipid utilisation 

of 17% during the 20 d period is apparent for juveniles sampled after 

stimulation but before hatching. Equivalent figures for G. pallida 

were a 20% decline over 20 d for hatched juveniles and only 6% for 

those sampled after stimulation but before hatching. The slopes of 

both these regression lines were significant (P<0.05) whereas no 

detectable rate of lipid utilisation was found for the water control 

(b=O, N0.05). 

The neutral lipid reserves of the juveniles were mainly 

associated with the intestine and their depletion was progressive 

from the anterior towards the posterior end. Analysis of skewness 

for lipid utilisation (Snedecor & Cochran, 1967) did not show any 

sustained, significant departures from a normal distribution for 

UNIVERSITYLIBRARYIr -" 



Fig. 3.2. The hatching characteristics of the G. rostochiensis (o) 

and G. pallida (A) populations used in these experiments. 

The curves were fitted using MLP (Chapter 2). 
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Fig. 3.3. The lipid content of second stage juveniles of Globodera 

rostochiensis (A) and G. pallida (B) at various times 

after stimulation by potato root diffusate (PRD). 

Na. turally hatched juveniles in PRD (e); those artificially 

hatched immediately prior to measurement from eggs in 

either PRD (o) or maintained in distilled water throughout 

CA). Vertical bars represent the standard error of the 

mean. 
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Fig. 3.4. The invasion and development of Globodera rostochiensis in 

relation to the time of emergence after stimulation by 

potato root diffusate. Invasion (e) is shown as the 

percentage of total inoculum found in the roots after two 

weeks with a curve fitted by the maximum likelihood method 

(see text). Development is shown as the percentage of 

invading juveniles which have not moulted two weeks after 

inoculation (o). Vertical bars represent 50% confidence 

intervals. 
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either species indicating all the juveniles in each sample utilised 

lipid at approximately the same rate during the experimental period. 

The invasion of Juveniles of G. rostochiensis f rom samples taken 

at intervals during the hatching period is shown in Fig. 3.4. The 

method of maximum likelihood (Ross, 1980) was used to fit a curve to 

the raw data and the model which accounted for the most variation was 

the logistic equation Y= 35.27/1 + eO-27(x-16-97) (Fig. 3.4). 

Analysis of variance (Genstat Manual, 1977) showed that the time of 

hatch had no significant effect on the level of invasion until the 

12-18 d sample (P>0.05). After this time there was a significant 

decrease in the invasion of seedlings (P<0.05) by juveniles which 

emerged at a late stage after stimulation. 

The effect of time of emergence on the subsequent development of 

the juveniles of G. rostochiensis two weeks after inoculation is also p 

shown in Fig. 3.4. Analysis of variance indicated that of , those 

juveniles that had invaded, significantly fewer had developed into 

the third stage in the late-emerging samples (12-18 d, 15-23 d) than 

in the early-emerging samples (0-3 d, 3-7 d; P<0.05). This effect 

approximately coincides with the significant decline in infectivity. 

DISCUSSION 

Juveniles of these populations of G. rostochiensis and G. pallida 

hatched readily in PRD with 90 and 80% hatch occurring over the 23 d 

hatching test respectively. The 50% hatch times differed by only Id 

in these populations. The variation in time to eclosion could arise 

from a delay in diffusion of PRD to central eggs within the cyst. It 

could also arise because metabolic stimulation of many eggs causes 
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reduction in oxygen availability to the more centrally placed eggs 

delaying their eclosion (Onions, 1955). Thirdly, there may be 

physiological differences between unhatched juveniles so that they 

are stimulated more or less simultaneously but vary in the delay 

before eclosion occurs or even in the subsequent delay before 

emerging from the cyst. This variation may also hive a genetic 

component (El-Shatoury, 1978) and in some circumstances delay in 

hatching may represent a form of seasonal dormancy (Shepherd & Cox, 

1967). The delay was too transient on this occasion to be of real 

value in ensuring that hatch occurred in the correct season but it 

could lessen intraspecific competition for feeding sites on a growing 

root system. This possibility is discussed later. 

Lipid utilisation by unhatched juveniles of G. rostochlensis was 

stimulated by PRD with 17% of their lipid reserves used up after 20 

d. However, the equivalent rate for G. pallida was only 6%. This 

difference could be related to the normally extended hatching 

characteristic of G. pallida. In most of the populations studied 

(Chapter 5). the rate of hatch of G. rostochiensis is faster than 

that of G. pallida and the latter species may have a metabolic 

adaptation for this characteristic. The absence of a developing skew 

in the lipid data establishes two points. There was no evidence for 

either juveniles remaining unstimulated by PRD during 23 d and 

therefore able to conserve their lipid reserves or for- individuals 

with higher lipid reserves hatching sooner than those with a lower 

lipid content. Therefore, the results indicate that PRD stimulated 

most individuals in the cyst but the subsequent delay before either 

eclosion or emergence was variable. The response of G. rostochiensis 

to hatching factor is known to be rapid; an increase in juvenile 

water content (Ellenby & Perry, 1976), a rise in oxygen consumption 
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and a fall in adenylate energy charge occurring during the first 24 h 

after stimulation by PRD (Atkinson & Ballantyne, 1977a, b). However, 

the present results are of particular interest because they also 

establish that following the addition of PRD, the lipid depletion of 

recently hatched juveniles is more than for corresponding unhatched 

juveniles (Fig. 3.3). This indicates that metabolic rate is raised 

on stimulation by PRD but is further increased just before or just 

after hatching. The rapid rate of lipid utilisation may occur before 

hatching and coincide with locomotor and behavioural activity 

observed prior to eclosion (Doncaster & Shepherd, 1967). it may also 

correspond to the rate recorded for hatched juveniles by Storey 

(1984). 

The relative infectivity of the last 10-15% of juveniles of G. 

rostachiensis to emerge from the cysts was up to 50% less than for 

those individuals which hatched rapidly. Unfortunately, infectivity 

tests were not carried out for early to late emerging juveniles of G. 

pallida due to lack of time. The relationship between the decline in 

infectivity of G. rostochiensis and the time of emergence was not 

linear with significant differences occurring only after 15 d. Time 

of emergence also influenced the rate of early development of 

juvenile stages in tomato roots. A lower percentage of invading 

juveniles developed beyond the second stage within two weeks after 

inoculation for Juveniles emerging late rather than early from the 

cyst (Fig. 3.4). Declines in infectivity in plant parastic nematodes 

have been associated with corresponding decreases in the food 

reserves of infective juveniles as a result of starvation or 

prolonged dormancy between host crops (Van Gundy et al., 1967; 

Storey, 1984). Croll & Matthews (1973) also noted the 

interrelationships between infectivity, metabolic rates and longevity 



46 

of the infective state of the animal parasitic nematode Ancylostoma 

tubaeforme. The present results show that a decline in infectivity 

of G. rostochiensis, which is associated with a prolonged delay in 

hatching, is correlated with a depletion of lipid reserves. This 

effect is significant when lipid content has fallen by about 50-60% 

from the original level for unstimulated eggs. This may indicate 

depletion to a minimum below which the likelihood of reaching a root, 

invading it and moving to a feeding site is diminished. 

The delay in the development to the third stage of late hatching 

juveniles probably reflects the reduced ability to complete the 

invasion process by individuals with depleted lipid reserves. This 

unfavourable comparison of late with early hatching juveniles of G. 

rostochiensis makes it more difficult to propose that delayed hatch 

for this species has a selective advantage in lessening competition 

for feeding sites on a growing root system. This could be more 

forcibly stated if infectivity was unaffected by time lapsed between 

stimulation to hatch by PRD and eclosion. The relative lipid decline 

for the G. pallida population used was only 20% over the 23 d period 

and does not reach the minimum threshold mentioned above. Thus, 

infectivity of late hatching individuals of this species is less 

likely to be affected and competition for feeding sites could be 

reduced indicating a different strategy to G. rostochiensis. 

Competition between the two species could therefore depend on initial 

population densities; G. rostochiensis gaining advantage at high 

densities by exclusion of G. pallida, and the latter at low densities 

through lessened competition for feeding sites in a growing root system. 
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CHAPTER 4 

THE INFLUENCE OF TEMPERATURE ON HATCHING AND PERSISTENCE OF JUVENILES 
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SUMMARY 

The hatching and persistence of eight populations of Globodera 

rostochiensis and G. pallida were examined at six different 

temperatures. Interspecific-comparison showed that G. pallida had a 

much slower initial rate of hatch and utilised its lipid reserves 

more slowly than G. rostochiensis. There was no difference between 

species in activity coefficients at each temperature but the results 

do suggest that G. pallida is the better adapted species for hatch at 

lower temperatures. The results are discussed in relation to the 

effects of these factors on competition between the two species. 
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INTRODUCTION 

Within Britain, G. rostochlensis is the dominant species of PCN 

in Scotland and South-eastern England whereas G. pallida is prevalent 

in the Humber basin. The two can occur together in varying 

proportions but there is a tendency for one to become predominant 

(Parrott, Berry & Farrell, 1976). Lane & Holliday (1974) found that 

G. pallida replaced G. rostochlensis in soils infested with both 

species and suggested it did so faster in cooler soils. Similar 

results were found in New Zealand (Foot, 1978). G. pallida has a 

lower optimum temperature for hatching (Franco, 1979) and may undergo 

female development and egg production at lower temperatures than G. 

rostochiensis (Berry, Stone, Parrott & Edwards, 1977). However, it 

is not known at what stage from hatching to maturity G. pallida 

secures its advantage over G. rostochiensis and whether differences 

in the persistence of hatched juveniles also contribute to 

differences in the competitiveness of the two species. 

The prevalence of either one of the two species of PCN is also 

affected by cultural practices. Early harvesting of potato crops may 

favour G. pallida since females of this species were found to develop 

slightly faster than those of G. rostochiensis (Webley & Jones, 

1981). The widespread cultivation of Maris Piper potatoes which are 

resistant to G. rostochiensis Ro, but susceptible to G. pallida has 

lead to the increased incidence of the latter species. Therefore, 

nematicides, especially aldicarb, and oxamyl, are being increasingly 

used to control G. pallida. In field experiments however, oxamyl 

controlled G. pallida less effectively than G. rostochiensis, 

especially in peaty soils (Whitehead, Tite, Fraser and Nichols, 

1984). It was suggested by these authors that the inadequate control 
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of G. pallida by oxamyl may be due to differences in the hatching 

characteristics of the two species. It may also be due to 

differences in the persistence of hatched juveniles and these aspects 

are examined in this work. 

The persistence of juveniles of Globodera spp. has been 

correlated with the extent of their neutral lipid reserves (Storey, 

1984; Robinson, Atkinson & Perry, 1986). Robinson et al. (1986) 

showed that lipid utilisation by unhatched juveniles of G. 

rostochiensis following stimulation by potato root diffusate resulted 

in a reduction in the infectivity of late hatching individuals 

(Chapter 3). Therefore, differences in the rate of hatching of 

populations of PCN may affect their persistence. Increased 

persistence of hatched juveniles in the soil would favour an ability 

to prolong the invasion period and be of value if hatching was 

mistimed relative to root growth. 

The combined effect of differences in hatching rate of Juveniles 

and their survival in the soil and the influence of temperature on 

these parameters has not been studied for PCN. This has now been 

examined for eight populations of G. rostochiensis and G. pallida. 

MATERIALS AND METHODS 

Four populations of each Globodera species were examined (Table 

4.1). These were reproduced on pot grown potato plants cv. Arran 

Banner in the year shown, extracted by standard methods (Shepherd, 

1970) and the cysts stored dry until use in the spring of 1984. 
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Table 4.1 

Details of the initial populations of Globodera rostochiensis and G. 

pallida used in these experiments before these were reproduced under 

standard conditions 

Species Site of origin Pathotype Pot/Field Year 
grown 

G. rostochiensis 

A Ballycastle Rol p 1983 
B Feltwell Rol F 1983 
c Dundonald Rol p 1983 
D Rothamsted Rol p 1983 

pallida 

E Bridgeground Pa2/, F 1982 
r- Woburn Pa3 p 1983 
G Rothamsted Pa2/, p 1983 
vi Durminning Pa, p 1983 
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Hatching tests 

Five replicates of twenty cysts of each population were soaked 

for seven days in distilled water at 5,10,15,20,25 and 30*C 

before second stage juveniles (JJ2) were stimulated to batch at these 

temperatures by replacing the water with PRD; hatching was negligible 

at 5 and 30*C so these treatments were discontinued. The PRD was 

obtained from potato plants cv. Arran Banner as described by Shepherd 

(1970) and diluted with distilled water (1 in 4) to give an optimum 

dilution for hatching. Numbers of JJ2 emerging were recorded at 

regular intervals and the PRD was replaced after each count with 

fresh stock kept at 50C. After 23 days, the cysts were broken open 

and the number of unhatched JJ2 counted in order to obtain the total 

percentage hatch over the trial period. 

Motility tests 

All the JJ2 of each population hatching within four days exposure 

of cysts to a hatching stimulus were transferred to fresh PRD. Five 

and twenty days later, the activity coefficients of each population 

were determined. The activity coefficient (A. C. ) is the product of . 

the percentage active JJ2 and the average number of undulations per 
of S AtmalbodeS 

minutek(Croll & Matthews, 1973). Juveniles were counted as inactive 

if they had not completed one full undulation over a1 min period. 

Lipid utilisation 

The lipid content of a sample of at least 30 hatched JJ2 of each 

population was measured for those individuals hatching over the first 

four days after PRD stimulation. Further samples were taken for 
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lipid analysis after storing the early hatching JJ2 in PRD for 20 d. 

Neutral lipids were stained with Oil Red 0 (G. T. Gurr) according to 

the methods of Storey (1984) and the lipid content of individual 

juveniles was quantified with a Vickers M86 scanning 

microdensitometer (Croll, 1972). 

RESULTS 

Hatching 

Figure 4.1 shows the proportions of viable cyst contents which 

hatched over 23 d at 10,15,20 and 25*C. Analyses of variance 

(Genstat Manual, 1977) were carried out on percentages transformed to 

probits (Finney, 1971). A significant species effect indicated that 

G. rostochiensis hatched more freely than G. pallida at all 

temperatures (P - 0.05). Maximum hatch for both species occurred 

between 15 and 20*C, with a significant peak at 20% for G. 

rostochiensis. Within each species, three of the four populations of 

G. rostochiensis showed a significant increase in percentage hatch 

from 15 to 20"C whereas only one population of G. pallida hatched 

more freely at the higher temperature (P = 0.05). This indicates 

that G. pallida has a slightly lower optimum hatching temperature 

than G. rostochiensis although the relative reduction in hatch at 10 

and 25*C was similar for both species. 

motility 

The activity coef f icients f or both species at f ive and twenty 

days after hatch are given for all four temperatures in Fig. 4.2A, B. 

Both species were less active at 258C than at lower temperatures at 
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Fig. 4.1. Total percentage hatch of juveniles from cYsts Of Go 

z-ostochiensis (A) and G. pallida (B) at four temperatures 

over a 23 d period. 
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Fig. 4.2. Activity coef f icients at f ive and twenty days in potato 

root diffusate for hatched juveniles of G. rostochiEnsi-s 

(A) and G. pallida (B); symbols: G, rostochiensis &- 

population A, &-B, n-C. ci - D; G. pallids 13 - 

population E, m-F, A-G, A- If. 
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Fig. 4.3. Percentage lipid depletion by hatched juveniles of four 

populations of G. irostochiensis and G. pallida at four 

temperatures over a 20 d period (see Fit., 4.2 for 

symbols). 
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five days and analysis of variance revealed no significant 

differences between the species at this time. Overall, activity 

coefficients declined for both species after 20 d and only G. 

rostochiensis continued to be significantly less active at 250C than 

at the other temperatures (P < 0.05). 

Lipid utilisation 

The percentage of initial lipid content that was depleted by 

hatched juveniles of each population at the four temperatures after 

20 d is shown in Fig. 4.3A, B. Differences between species and 

between temperatures were examined by analysis of variance of 

percentage lipid depletion transformed to angles of equal information 

(Genstat Manual, 1977). At 15 and 200C, G. rostochiensis used 

significantly more lipid than G. pallida (P < 0.05). The former 

showed a higher rate of lipid utilisation at 20*C than at the other 

temperatures whereas temperatures of between 10 and 20*C had no 

significant effect on the percentage lipid depletion by G. pallida (P 

- 0.05). Both species utilised less lipid at 25*C than at other 

temperatures, including IO'C. 

DISCUSSION 

The hatching trials showed differences between G. rostochiensis 

and G. pallida both in the percentage hatch over 23 d and in the 

response to a range of temperatures. overall, G. rostochiensis 

hatched more freely than G. pallida suggesting a greater initial rate 

of juvenile emergence from cysts. In general the hatching responses 

to different temperatures were dissimilar with G. pallida having a 

slightly lower thermal optimum than G. rostochiensis. This is in 
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agreement with previous findings (Parrott & Berry, 1976) although 

adaptation to hatching at low temperatures in the field by previous 

generations may also have le, d to this effect (Hominick, A979). 

The optimum temperatures f or activity in both species of PCN 

were similar. Maximum activity coefficients were recorded at 

temperatures below 25*C and they decline to approximately 30% of 

initial values after 20 d storage. Similar optima for motility 

between 10 and 15*C have also been found for Meloidogyne javanica 

(Thomason, Van Gundy & Kirkpatrick, 1964) and Heterodera avenae 

(Davies & Fisher, 1976). 

Rates of lipid utilisation by the populations of G. rostochlensis 

showed a significant thermal optimum at 200C which did not occur for 

G. pallida. At 20*C the estimated times taken by juvenileSto utilise 

50% of their lipid reserves (T50) in PRD were 22 d for G. pallida and 

15 d for G. rastochiensis. A reduction in the lipid content of 

juveniles has been correlated to a loss in infectivity (Storey, 1984; 

Robinson et al., 1986) and therefore G. pallida may remain infective 

in the sail for longer periods than G. rostochiensis. The T50 values 

for these species at 20*C are considerably less than recorded 

previously (Storey, 1984) and may be due to the stimulatory effect of 

PRD on the motility of juveniles (Clarke & Hennessy, 1984). The 

reduced lipid utilisation at 259C was unexpected and it is associated 

with a decline in motility. Possibly it represents a quiescent 

response to high temperature which may be related to the dormant 

state that occurs during survival of the unhatched juveniles of these 

two species. 



The results suggest that G. pallida is well adapted to low 

temperatures in terms of hatching and persistence and this is 

consistent with its ability to gain an advantage in competition with 

G. rostochiensis in cool soils (Foot, 1978). The prolonged hatch and 

persistence of G. pallida may ensure that root growth is less 

affected by the parasite thus reducing intraspecific competition 

among f emales. It may also partly explain the poor control of G. 

pallida by oxamyl in the field (Whitehead et al., 1984) where the 

prolonged period of hatching of this species may extend beyond the 

effective life-span of the nematicide. By contrast to G. pallida, 

the rapid initial rate of hatch of G. rostochiensis favours early 

establishment in roots and may even partially exclude G. pallida. In 

mixed populations, G. pallida may be favoured by low soil 

temperatures and densities that do not alter early root growth 

whereas G. rostochiensis is more likely to become predominant in 

relatively warmer soils and at high densities. In Britain, the low 

soil temperature and typical densities of less than 15 eggs/g of soil 

at planting may favour G. pallida more frequently than G. 

rostochiensis on ware potatoes, whereas the position might be 

reversed elsewhere, particularly with early potato production in 

warmer soils. However, the widespread combination of short rotations 

and potatoes with gene H, resistance to G. z-ostochlensis but 

susceptibility to G. pallida is creating a more significant increase 

in G. pallida (A. G. Whitehead, pers. comm. ). Further work is 

required on the biological differences between the species to ensure 

that the efficacy of nematicide control of Globodera spp. remains 

high. 

61 
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CHAPTER 5 

THE INFLUENCE OF SOIL MOISTURE AND STORAGE ON THE PERSISTENCE AND 

INFECTIVITY OF JUVENILES 
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SUMMARY 

A range of sand moisture contents and storage times were used to 

examine the effect of these parameters on lipid utilisation and 

invasion by hatched juveniles of G. rostochiensis and G. pallida. 

Motility and lipid depletion were fastest ý at pF 1.66 which 

corresponded to the point of inflection of the sand moisture 

characteristic curve. G. rostochiensis utilised its lipid reserves 

significantly more rapidly than G. pallida at all sand moisture 

contents. Depletion of lipid reserves during storage le d to reduced 

motility and infectivity of hatched G. rostochiensis juveniles. This 

effect became significant when lipid reserves fell below 

approximately 65% of the original level. The results indicate that 

the infective life of Globodera juveniles ranges from 6-11 d under 

optimal conditions for motility and enhanced persistence is probably 

related to the ability to conserve food reserves under unfavourable 

conditions such as high or low soil moisture contents. 
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INTRODUCTION 

The survival of infective, non-feeding stages of certain plant 

and animal parasitic nematodes depends upon neutral lipid reserves 

(Barrett, 1976; Lee & Atkinson, 1976) and their depletion has been 

correlated with a reduction in motility (Van Gundy, Bird & Wallace, 

1967; Croll & Matthews, 1973) and infectivity (Wallace, 1966; Storey, 

1984; Robinson, Atkinson & Perry, 1986, ). The second stage juveniles 

of certain plant parasitic nematodes can remain infective in soil for 

up to 4 months (Van Gundy et al., 1967) and during this period food 

reserves are depleted at a rate that depends upon various biotic and 

abiotic factors such as temperature, soil moisture and the influence 

of the host plant. Previous work has examined the effects of 

temperature on hatching and motility aspects of the infectivity of 

the potato cyst nematodes G. rostochiensis and G. pallida (Chapter 4) 

but little is known about the effects of soil moisture on the 

survival of these two species. 

Abiotic factors, such as soil structure, aeration and moisture, 

influence nematode activity in soil (Jones, 1975a). Fine soil 

particle size and close packing, as in dense clays, results in 

nematodes traversing only the macropores between aggregates rather 

than the pore spaces between particles. In coarse sand, pore spaces 

are usually larger than the diameter of most nematodes and thus 

movement of nematodes through the pores is possible. However, 

movement is also dependent upon water films around the soil particles 

(Wallace, 1958a). In a water-saturated sandy soil, pore spaces are 

blocked and oxygenation prevented, leading to reduced motility. As 

the sand drains, movement and activity of individuals increases until 

the point of inflection of the moisture characteristic curve is 
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reached when many of the available pores are emptying. Further 

drainage results in a decline in motility as the forces retaining 

water increase and the water film thickness in the pore spaces is 

insufficient for rapid movement of nematodes. Thus the moisture 

content of the soil affects the rate of movement of nematodes and it 

is of interest to examine whether there are related changes in the 

rate of neutral lipid utilisation and survival of PCN. 

This work examines the relationship between soil moisture and 

depletion of food reserves for both species of PCN. once this is 

established, G. r-ostochiensis is used as a model to determine the 

effect of lipid depletion on motility at different moisture levels 

and on the ability of Juveniles to invade host roots. 

MATERIALS AND METHODS 

Cysts of G. rostochlensis (population Ballycastle, 1981; 

pathotype Rol) and G. pallida (population Woburn, 1982; pathotype 

Pa3) were reproduced on pot grown potato plants cv. Arran Banner, 

extracted by standard methods (Shepherd, 1970) and stored dry at room 

temperature for 9 months until the start of experiments. Hatched JJ2 

were obtained by soaking cysts for one week in glass distilled water 

(GDW) at 200C before replacing the GDW with PRD. PRO was obtained 

from potato cv. Arran Banner as described by Shepherd (1970) and 

diluted I in 4 by volume with GDW. Only JJ2 which hatched during the 

first week after exposure to PRD were used for experimentation. 



Determination of the moisture characteristic of sand 

Sand of particle size 150-400 Um was used for all experiments. 

This size range is optimal for movement of JJ2 of PCN (Wallace, 

1958b). The moisture characteristic curve of the sand was determined 

by applying suctions of up to pF 1.95 using the sintered glass funnel 

apparatus described by Wallace (1954). 

Effect of soil moisture and storage time on the lipid decline of 

hatched JJ2 

Hatched JJ2 of G. rostochiensis and G. pallida were stored in 

sand at pFs 1.66,1,81 and 1.95 for up to 18 d to study the effect of 

soil moisture on the rate of neutral lipid utilisation. Lipid 

reserves were stained with Oil Red 0 (G. T. Gurr, Ltd. ) according to 

the methods of Storey (1984) and the lipid content of individual 

juveniles was quantified with a Vickers M86 scanning micro- 

densitometer (Croll, 1972). 

Approximately 180-250 f reshly hatched JJ2 were stored in 3.5 cm 

diameter plastic pots filled with 40 & of sand. Each pot was fitted 

with a fibre wick in its base and placed in a large sand-filled 

container Joined to a sintered glass disc which allowed the sand 

moisture to be varied. After saturating the sand with fresh PRD, the 

suction pressure of three identical set-ups were adjusted to the 

above pFs. Pots containing JJ2 were then removed after 3,6,9 and 

IS d and the neutral lipid reserves of at least 40 individuals were 

determined. 


