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STELLINGEN

Alleen resistentiemechanismen tegen aardappelcysteaaltjes, die aangrijpen
op hst initiéren van reuzecellen, zijn gekoppeld azn tolerantie voor deze
aaltjes.

Dit proefschrift.

Opbrengstverhoging door aardappelcysteaaltjes berust op een tijdelijk
gunstiger balans tussen bruto assimilatie en onderhoudsademhaling van
een geinfekteerd gewas in vergelijking met een gezond gewas.

Dit proefschritt.

Don't count your Globoderas until they hatch.

Een verhoogde bladtemperatuur van aardappelplanten op met
aardappeicysteaaltjes besmette grond, als gevolg van een verminderde
openingstoestand van huidmondjes tijJdens aanwezigheid van tweede-
stadium juvenielen in de wortels, kan worden benut voor grondmonster-
vrije opsporing van besmettingshaarden met behulp van infrarood remote-
sensing technieken.

Bij gelijke initiéle dichtheid veroorzaakt Globodera pallida een grotere
opbrengstderving bij aardappel dan G. rosfochiensis.
Dit proefschrift.

Wetenschappelijke en niet-wetenschappelijke inspanningen met betrekking
tot duurzaambheid zullen geen resultaat geven zolang (inter)nationaal
overheidsbeleid wordt gedomineerd door de doelstelling van maximale
bedrijfs- en staatswinsten.

Bij een onzekere toekomst dient op duurzaamheid gericht beleid een
voortdurend zicht te hebben op alternatieve ontwikkelingspaden en hun
begaanbaarheid.
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Beperking van agrarische produktie tot het niveau van nationale
zelfvoorziening, zoals volgt uit de omschrijving van ekologische landbouw
volgens Goewie, gaat voorbij aan verschillen in produktiemogelijkheden
tussen landen, bevordert ongelijkheden tussen landen en remt derhalve de
ontwikkeling naar stabiele internationale verhoudingen.
E.A. Goewie. Ecologische landbouw: een duurzaam perspectief? Inaugursle rede,
Landbouwuniversiteit, Wageningen, 1993,

Rock & Roll als jeugdcultuur is de belangrijkste kracht achter de snelle
emancipatie in de westerse samenleving, begonnen in de tweede helft van
de twintigste esuw.

De snelle groei van het aantal leden van de Nederlandse Voedsel-Allergie
Stichting (NVAS) gedurende de afgelopen vijf jaar is vooral het gevolg van
gebrek aan belangsteliing, erkenning en deskundigheid bij medici voor een
sinds 60 jaar goed onderzocht en gedocumenteerd ziektebeeld.
A.H. Lowe. Food allergy, its manifestation, diagnosis and treatment. Philadelphia,
Lei and Fabiger, 1931.

Be duidelijkheid van lezingen wardt vaak negatief beinvioed door
oneigenlijk gebruik van de 'over-head' projector als 'behind-back’ projector.

Stellingen behorend bij het proefschrift van Jan Schans: 'Population dynamics and associated

damage to potato’.

Wageningen, 27 april 1993.




Abstract

Schans, J. 1993. Population dynamics of potato cyst nematodes and associated
damage to potato. Ph.D. Thesis, Wageningen Agricultural University, The
Netherlands. 115 pages, 16 tables, 36 figures.

Population dynamics of potato cyst nematodes {(PCN; Globodera rostochiensis
(Woll.} Skarbilovich and G. palfida Stone) and their interactions with potato plants
are insufficiently understood to explain variations of population increase and
yield reduction among years and locations. This thesis describes experiments
and simulation studies to elucidate mechanisms of PCN population increase and
associated damage to potato. Models of potato crop growth and PCN population
development, driven by radiation and ambient and soil temperatures, were linked
through effects of second-stage juveniles on photosynthesis and through
interactions among root growth, hatching and root invasion of second-stage
juveniles. Photosynthesis reduction by second-stage juveniles during syncytial
initiation could fully explain yield loss due to PCN. Population increase was
explained by effects of the density of second-stage juveniles in roots on the sex
ratio and on root death and concomitant death of the nematodes within.
Simulated mechanisms of crop resistance and tolerance agreed with
experimental observations. Tolerance was enhanced by resistance, acting upon
or before the stage of syncytial initiation. The potential use of the mods! for
deveiopment and evaluation of PCN control strategies in sustainable production
systems is discussed.

Additional keywords: Globodera rostochiensis, Globodera paliida, Solanum
tuberosum L., stomata, photosynthesis, tolerance, resistance, root growth,
spatial root distribution, host-parasite interactions, hatching, development,
production ecology
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Chapter 1

General introduction

Potato cyst nematodes (PCN; Globodera rostochiensis (Woll.) Skarbilovich and
G. pallida Stone) are highly persistent, soil-borne pests of potato, causing yield
losses of upto 80 % (Seinhorst, 1982a). PCN control has relied heavily on
chemical soil disinfestation and, to a lesser extent, cultivar resistance to
maximize cropping frequency of potatoes. However, intensive chemical control
did not prevent increase of PCN population densities in infested fields and
dispersion of PCN to other fields. This was caused by PCN multiplication on
volunteer potatoes, loss of resistance to virulent populations, and insufficient
effectivensss of chemical disinfestation and sanitary measures. Growing public
awareness of environmental problems of chemical PCN control pressured the
government and the potato production sector to substitute chemical control by
(combinations of) other control measures, including resistance and tolerance to
PCN, crop rotation and biological control (Anonymous, 1990; Bakker, 1990).
Development of such cropping systems requires insight in the mechanisms of
population dynamics and associated damage, as influenced by cultivar and
population characteristics in fluctuating, site-specific environments.

Thusfar this insight has been insufficient, even for susceptible and
intolerant cultivar-population combinations. In field experiments, multiplication
rates of PCN on susceptible cultivars varied between 2.5 x and 150 x (Seinhorst,
1986¢), and maximum yield loss due to PCN varied between 20 % (Seinhorst,
1982b) and 97 % (Greco et al, 1982) of control yields. This variation is little
understood and might be attributed to variation in weather and soil structure,
experimental error, genetic variability of the functional response of PCN -
populations to environmental variables and differences in seed potato vigour, but
the relative contribution of each factor remains largely unexplained. Descriptive
models of PCN population increase and yield loss due to PCN have been
formulated (e.g. Jones & Perry, 1978; Seinhorst, 1986b). These models describe
the variation in multiplication rates and yield losses among sites and years with
hindsight only, by fitting curves through historical data. Understanding of this
variation can be gained with models, that explain population density and crop
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yield through knowledge of the underlying physiclogical processes as affected by
their environment (Rabbinge & de Wit, 1989). A first approach towards such an
explanatory model of PCN population dynamics and associated damage was
developed by Ward, Rabbinge & den Ouden (1985). With this model, several
aspects of the potato - PCN system could be analyzed, but also the lack of
_knowledge of interactions between nematode invasion and crop growth
processes was demonstrated.

In this thesis, research was focussed on these interactions at the earliest
possible stage, i.e. second-stage juveniles just after their penetration in roots,
and for the principal process of crop growth, i.e. photosynthesis (Chapter 2).
Photosynthesis rate was strongly reduced by PCN at this stage. To investigate
the consequence of this interaction for plant growth, the time course of
photosynthesis was analyzed in relation to growth of four cultivars in soil,
containing PCN eggs at several densities (Chapter 3). Reduction of total dry
weight correlated with reduction of both leaf area and photosynthesis rate, but
was not related to tolerance and resistance of the cultivars. To analyze the
significance of this damage mechanism for yield reduction of field-grown crops,
dynamic models of potato crop growth and PCN population dynamics were
linked. The effect of temperature on the rate of development in all stages in the
PCN life cycle was quantified in order to calculate the density of PCN in each
developmental stage at any time during the potato growing season (chapter 4).
These experimental results were supplemented with published data to develop a
model of hatching in response to spatial root growth dynamics and the
subseqguent development of PCN to cysts (chapter 5). Yield reduction was
largely explained by photosynthesis reduction caused by second-stage juveniles
in roots. Population increase was regulated by the density of second-stage
juveniles in roots, through effects on the sex ratio of the developing population,
and by morality of roots containing second-stage juveniles at densities
excaeding the root 'carrying capacity'. Formulated mechanisms of tolerance and
resistance affected yield loss and population increase in conformity with
experimental observations. Possible applications of this modelling approach for
analysis of the efficacy of PCN control measures in relation to variable
environmental factors, required for development of sustainable potato cropping
systems, are discussed in Chapter 6.
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Chapter 2

Reduction of leaf photosynthesis and
transpiration rates of potato plants by second
stage juveniles of Globodera pallida

Abstract

Net photosynthesis and transpiration rates of potato plants, grown in pots in the
greenhouse, were measured at various light intensities and ambient CO,
concentrations, three days after inoculation with second stage juveniles of
Globodera pallida. Gas exchange rates, both in darkness and in light, and the
initial light use efiiciency were strongly reduced by nematodes. Stomatal
conductance of infected plants was lower than that of control plants and showed
little response to decreasing ambient CO, concentration. The maximum internal
CO, concentration of infected plants was lower than that of control plants. G.
pallida raduced photosynthesis also by apparent non-stomatal effects.

The effects of G. pallida on gas exchange rates are similar to the effects
of abscisic acid in the transpiration stream and of abiotic stresses in the root
environment. Apparently there is a general response of plant roots to adverse
conditions. The reduction of photosynthesis may be an important factor in yield
reduction by potato cyst nematodes.

Introduction

Potato cyst nematodes (PCN), Globodera rostochiensis (Woll.) Skarbilovich and
G. palfida Stone, cause serious yield losses in regions where potatoes are grown
frequently. Empirical relations between PCN density and yield loss, averaged
over several sxperiments, have been established by Seinhorst (1965) and Brown
(1969). The parameter values in these relations vary strongly among years,
locations and cultivars (e.9. Greco et al., 1982; Seinhorst, 1982a; Brown, 1983).
This variation may be due to effects of variable environmental factors on the
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physiological processes that determine the behaviour of the potatc - PCN
systom. These effects are not described by the Seinhorst and Brown aquations.

Understanding of the effacts of PCN on the physiological processes which
determine the growth rate of a potato crop (e.g. photosynthesis, respiration and
assimilate partitioning) is a prerequisite for explanation of the variation in yield
reduction by PCN under field conditions. Several studies have been focused on
effects of PCN on weight, dry matter content and mineral composition of plant
organs and on plant water relations (reviewed by Trudgill, 1986). Howsver,
various disorders can cause the observed phenomena and the experiments do
not expilain which plant physiological processes are affected by PCN.

Disturbance of potato growth processes by PCN may occur during several
phases of nematode development, in particular the invasion of roots by second
stage juveniles and the withdrawal of plant metabolites by following nematode
stages. In this paper the effects of penetration into roots and subsequent
formation of syncytia by second stage juveniles of G. pallida on photosynthesis
and franspiration rates of potato plants are investigated.

Materials and methods

Two experiments are described: one using the cultivar 'lrene’ (susceptible) and
nematode densities 0 and 15 juveniles g soil; and one using the cultivar
‘Darwing’ {with PCN resistance derived from Solanum vernel) and nematode
densities ¢ and 65 juveniles g soil.

Plants, nematodes and inoculation

Tubers (size 28-35 mm, with one sprout) of potato cultivars 'Irene’ and 'Darwina’
were surface sterilised in a hypochlorite solution and planted in pots containing 4
kg fertilized sandy loam soil to which 15 % by weight of water was added (pF=2;
approximately field capacity). The pots were weighed and watered twice a day to
keep soil moisture close to this level. The plants were grown in the glasshouss
with 16 hour daylength. Minimum temperature was 14 ‘C and maximum
temperature varied between 20 and 26 “C.

Cysts of G. pallida pathotype Pa2 were placed in root exudate solution at
20 °C after being soaked in water for 5 days. The root exudate solution was
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changed each day and the emerged second stage juveniles were collected and
stored at 5 "C. Hatching continued over a period of 10 days. Plants were
inoculated 3 weeks after emergence. A suspension of the juveniles was injected
into the soil using a veterinary syringe to approximate an even vertical
distribution of juveniles. Eight uniformly distributed injections per pot wers made.
The controi plants were inoculated with water.

Measurement of nematode density in roots

Roots were carefully separated from the soil, air-dried on filter paper for 15
hours, after which fresh weight was determined. The roots of controi plants and
75 % (by fresh weight) of infected roots were placed at 80 “C for three days to
determine dry weight. The remaining 25 % (by fresh weight) of the infected roots
was used to estimate the number of penetrated juveniles. The roots were
macerated with a blender. The suspension was poured over three sieves (350,
175 and 45 p). The debris from the 45 p and 175 p sieves were coliected
separately and each was suspended in 80 ml. From each suspension two 5 mi
samples were taken and stained with acid fuchsin. The nematodes present were
counted. The debris from the 350 p sieve was macerated again and the
procedure was repeated to collect remaining nematodes. This appeared
sufficient to collect all nematodes.

Gas exchange measurements

Three days after inoculation, rates of photosynthesis and transpiration were
measured on the fifth leaf from the top. Leaves were counted starting from the
first leaf with terminal leaflet > 1 cm?2. The laboratory assembiy used is similar to
the type described by Louwerse & van Oorschot (1868). The CO, concentration
and water vapour content of the air stream entering and leaving the leaf
chamber, irradiance, temperature and air humidity were recorded by a micro-
computer. From these data net photosynthesis and transpiration rates, stomatal
resistance and internal CO, concentration were calculated. For both cultivars the
light response of gas exchange rates at a constant ambient CO, concentration of
620 mg m* was measured at irradiances ranging from 0 to 250 J m? s
(photosynthetically active radiation, PAR). These measurements continued 3 - 5
hours. The light response was characterised by three parameters: the net
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photosynthesis rate at high irradiance (PHOTHI, in pug CO, m? s), the
respiration rate in the dark (RD, in pg CO, m?2 s’'), and the initial light use
efficiency (EFF, in ug CO, J). Values of PHOTHI and RD were measured
directly. Values of EFF were calculated as the increase in photosynthesis rate
per unit of irradiance between darkness and the first light level. To separate
between stomatal and non-stomatal effects on gas exchange (Rabbinge,
Jorritsma & Schans, 1985; Kropff, 1987), the CO, response of gas exchange
rates at a constant irradiance of 250 J m? s! (PAR) was measured for 'Darwina'
at ambient CO, concentrations ranging from 1600 mg m at the beginning of the
measurements to 80 mg m at the end. These measurements, performed
immediately after measuring the light response, lasted 4 - 5 hours. The CO,
response was characterised by the net photosynthesis rate at high ambient CO,
concentration (PHOTHC, in ug CO, m? s') and the initial slope of the CO,
response curve, i.e. the mesophyll conductance (MC, in mm g'). Values of
PHOTHC were measured directly. As a criterion of MC the increase in
photosynthesis rate per unit of CO, concentration between the two lowest
internal CO, concentration levels was employed. In all series, air temperature
was approximately 20 "C and air humidity was approximately 10 mbar. The area
and fresh and dry weights of the measured leaves were recorded immediately
after the gas exchange measuresments.

Gas exchange rates of plant leaves are controlled by the relative opening
of stomata. Stomatal opening may be affected directly by a stimulus, or indirectly
as a reaction on changes in the carboxylation rate (Schulze, 1986). Accordingly,
effects of G. pallida on gas exchange rates may be caused by direct and indirect
effects on stomatal conductance. In darkness carboxylation processes are
absent, therefore an effect of G. pafida on H,O and CO, exchange rates
indicates a direct influence on stomatal conductance. An effect on CO, exchange
rate only would indicate an effect of G.pallida on the leaf respiration rate. When
gas exchange rates of irradiated leaves are affected by G. pafiida, then direct
and indirect effects on stomata may be present simultaneously. Indirect effects
can be demonstrated by measuring the CO, response of gas exchange rates at
constant high irradiance, under the assumption that the measured gas exchange
is uniformly distributed over the leaf. Differences in stomatal resistance are
eliminated by relating the photosynthesis rate to the internal CO, concentration.
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The mesophyll conductance for CO, can then be calculated. f this conductance
is reduced by G. pallida, then indirect effects on stomatal opening must exist.
Howaever, if the distribution of transpiration and photosynthesis over the leaf is
non-uniform (Downton, Loveys & Grant, 1988), then indirect effects can not be
distinguished.

Results
Photosynthesis and transpiration measurements

Dark respiration and transpiration rates {RD and TRANSD, respectively) of
‘Darwina’ plants infected with G. pallida were significantly lower than RD and
TRANSD of ‘Darwina’ control plants (Table 2.1). This indicates that stomatal
conductance was already reduced three days after inoculation with second stage
juveniles of G. pallida. The dark respiration and transpiration rates of ‘lrene’ were
not affected, probably because of the lower inoculum level used for this cultivar.

The light response of the net photosynthesis rate for both cultivars with
and without nematodes is presented in Figures 2.1 and 2.2. The initial light use
efficiency (EFF, Table 2.1) of 'Darwina’ plants was significantly reduced by G.
pallida infection, due to a reduction of the dark respiration rate in combination
with a reduction of the net photosynthesis rate at the first light level (£ 20 J m? s
1 PAR). At both irradiance levels stomatal conductance of ‘Darwina’ plants was
more than haived by G. pallida (CONDO and COND1, respectively, Table 2.1},
which limits CO, concentration at the carboxylation site and thus reduces the net
photosynthesis rate. Similar effects of G. palfida on 'lrene' plants were observed,
but significant differences occurred in light only (Table 2.1). At high irradiance,
the net photosynthesis rate (PHOTHI, Table 2.1} was strongly reduced by G.
pallida. This effect occurred on both cultivars, but was largest for the high
nematode density on 'Darwina’. Transpiration rates were more strongly reduced
by penetrating nematodes than the photosynthesis rates. This is reflected in a
higher WUE (i.e. the ratio of photosynthesis rate to transpiration rate) of infected
plants at all irradiance levels (Figure 2.3).
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Figure 2.1. (left) Response of net photosynthesis rate (PHOT; pg m-2 s-1) of leaves of potato
cultivar 'Irene' to irradiance (J mr2 s-1), three days after inoculation with hatched juveniles of G.
paliida {density 15 juveniles g1 soil), and of leaves of control plants. Symbols: (Q) G. paflida
infected plants; (W) control plants.

Figure 2.2. (right) Response of net photosynthesis rate (PHOT; ug CO2 m2 s-1) of leaves of
potato cultivar 'Darwina’ 1o irradiance (J m-2 s-1 PAR), three days after inoculation with hatched
juveniles of G. pallida (65 juveniles g1 soil}, and of leaves of control plants. Symbols: () G.
paliida infected plants; (M) control plants.

The reduction of photosynthesis and transpiration rates by G. palfida may
be caused by direct or indirect effects on stomatal closure. The response of
stomatal conductance to decreasing ambient CO, concentration was analysed
(Figure 2.4). At high CO, concentrations stomatal conductance of nematode
infected plants was much lower than that of control plants. When the ambient
CO, concentration was gradually decreased, stomatal conductance of control
plants increased strongly until the CO,-compensation point was reached at
approximately 80 mg m2, This reflects the negative feedback of CO, supply for
carboxylation processes on stomatal conductance (Goudriaan & van Laar,
1978). Stomatal conductance of nematode infected plants remained low when
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Figure 2.3. Response of water use efficiency (WUE, x 10-3) of leaves of potato cultivars ‘Irene’
and 'Darwing’ to irradiance (J m-2 s-1), three days after inoculation with hatched juveniles of G.
pallida, and of leaves of control plants. Symbols: (0) ‘Darwina’ infected with G. paliida; (¢)
‘Darwina’ control plants; (1) Irene' infected with G. palfida; (M} ‘Irene’ control plants.

ambient CO, concentration decreased. This indicates a direct inhibition of
stomatal opening by G. pafiida.

To investigate whether G. pallida influenced carboxylation processes of
leaves as well, the CO, response of net photosynthesis at light saturation of
control and infected plants was analysed (Figure 2.5). Here photosynthesis rate
is related to internal CO, concentration to eliminate differences in stomatal
resistance. The values of PHOTHC and MC are given in Table 2.2. PHOTHC is
strongly reduced by G. pallida. The internal CO, concentration at which
PHOTHC is reached is lower for infected plants than for control plants. The
calculated mesophyll conductance for CO, (MC) is significantly reduced by
nematodes as well. This indicates either a non-uniform distribution of stomatal
closure over the leaf, or a reduction of the carboxylation rate by G. pallida, which
indirectly reduces stomatal aperture.
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The water content of the measured leaves of infected plants tended to be
higher than that of control plants for both cultivars, but this effect was not
significant (Table 2.3).

Nematode density in roots

The estimated total number of juveniles present in the root system was 7160 for
"Irene’, 12 % of inoculum, and 18820 for ‘Darwina’, 7 % of inoculum (Table 2.3}.
A fraction of the juveniles had slightly swolien bodies, indicating that initiation of
syncytia had occurred. The root system of ‘Darwina’ plants contained 3.3 times

Table 2.1. Measured valuas of respiration rate in darkness (RD), transpiration rate in darkness
(TRANSD} initial slope of light response (EFF), stomatal conductance in darkness and at £ 20 J
m-2 51 PAR (CONDO and CONDH1, respectively) and net photosynthesis rate at high irradiance
{PHOTHI), for plants infected with G. palfida and control plants of the potato cultivars ‘Irene’ and
'‘Darwina’. The P-value refers 1o the probability of false rejection of differences between infected
and control plants.

'Irene’ ‘Darwina’
Variable Control  Infected Control  Infected
RD 58.3 59.5 {P=0.815) 55.3 43.5 (P=0.012)
(ug CO, m?s1)
TRANSD 126 99 (P=0.385 233 10.6  {P=0.006)
(mg H,0 m2s)
EFF 9.9 8.1 (P=0.007) 100 8.2 (P=0.009)
(ug CO, J)
CONDO 0.9 0.8 (P=0.374) 2.3 0.9 (P=0.0086)
{(mms?)
COND1 36 1.5 (P=0.006) 2.5 1.0 (P=0.004)
(mm s)
PHOTHI 11235 810.9 (P<0.001) 1006.1 570.0 (P<0.001)

(ug CO, m? s
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as many nematodes per gram dry root as the root system of ‘Irene’ plants. The
number of recovered juveniles, expressed as a fraction of the total number
inoculated, was low. Turner & Stone (1984) observed, that the recovery
efficiency of early development stages of G. pallida from potato roots is lower
than that of later stages. Therefore it is likely that the actual number of juveniles
penetrated in the roots was higher.
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Figure 24. (left} Response of stomatal conductance (COND; mm s} to ambient COp
concentration {mg m-3) at high imadiance of leaves of potato cultivar Darwina, three days after
inoculation with hatched juveniles of G. paffida, and of leaves of control plants. Symbols: (Q) G.
pallida infected plants; (l) control plants.

Figure 2.5, {right) Response of net photosynthesis rate (PHOT; pg m2 s1) to internal CO;
concentration (mg m-3) at high irradiance of leaves of potato cultivar Darwing, three days after
inoculation with hatched juveniles of G. pallida, and of leaves of control plants. Symbols: (Q) G.
palfida infected plants; {l) control plants.
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Discussion

Three days after inoculation second stage juveniles of G. pallida reduced leaf
photosynthesis and transpiration rates of potato plants by an effect on stomatal
resistance and a apparent independent effect on carboxylation processes. The
latter effact is likely to be an artifact due to the erroneous assumption of uniform
distribution of gas exchange over the leaf (Downion et al., 1988). Similar effects
on photosynthesis have been cbserved after application of abscicic acid (ABA) to
the transpiration fiow through leaves of various plant species (Fischer, Raschke
& Stitt, 1986; Seemann & Sharkey, 1987). The process of penetration and
initiation of syncytia by G. paffida in potato roots might therefore increase the
level of ABA in the lsaves. Seemann & Sharkey (1987) suggest that ABA
production in leaves is the common link between any abiotic stress and
reduction in photosynthesis rate. The results of my work suggest that this may
also occur with G. pallida on potato. This is supported by Fatemy et al. (1985),
who showed slevated ABA levels in leaves of potato plants, 47 days after
planting in soil infested with cysts of G. rostochiensis.

The stomatal closure in nematode infected plants may be explained by
two possible mechanisms: induction of water stress in leaves due to reduced
water uptake capacity of roots, or interference with production and transport of
hormones synthesised in roots. The first mechanism is unlikely, because the leaf
water content of infected plants was not lower than that of infected plants. The
sacond mechanism is supported by Gollan, Passioura & Munns (1986), who
show that stomata close in response to a signal from the roots, independent of
leaf water potential. The nature of the messenger substance, released by roots

Table 2.2. Measured values of the net photosynthesis rate at high ambient COo concentration
{PHOTHC) and of the initial slope of the CO» response (MC), for plants infected with G. pallida
and contro! plants of the potato cultivar 'Darwina’. The P-value refers to the probability of false
rejection of differences between infected and control plants.

Variable Control Infected

PHOTHC (g CO, m2s") 1452.1 797.1 (P<0.001)
MC (mm s 4.6 3.6 (P=0.041)
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in drying soil, is not yet elucidated (Munns & King, 1988; Zhang & Davies, 1990).
A reduction of photosynthesis rate not linked to water stress has been reported
for several plants infected with nematode species from the families
Heteroderidae and Meloidogynidae (e.g. Poskuta, Dropkin & Nelson, 1986;
Melakeberhan et af., 1985). Brueske & Bergeson (1972) cbserved reduced
cytokinin levels in root xylem sap of tomato plants infected with Meloidogyne
incognita. Cytokinin may be the messenger for stomatal response to nematode
infection.

It is unknown which actions of G. pallida specifically induce the closure of
stomata. Rice, Stone & Leadbeater (1987) observed that susceptible and
resistant potato plants react similarly to penetration and movement of G. pallida
juveniles through the root cortex. Within 48 hours after inoculation of second
stage juveniles on potato roots grown in Petri dishes, syncytial formation was
initiated in roots of all clones tested. Subsequent development of syncytia was
checked by resistance. In my work the average temperature was approximately
equal to the constant temperature of 20 “C in the experiments of Rice et al.
(1987). On the assumption that the period, necessary for movement of
nematodes through the soil to the penetration site on the root surface, was 1 - 2
days (Oostenbrink, 1950), nematode - plant interactions had advanced to the
stage of syncytial formation at the time of the gas exchange measurements. This

Table 2.3. Water content (1.0 - dry weight/fresh weight) of measured leaves, immediately after
gas exchange measurements, and root fresh and dry weights of plants infected with G. pallida
and of control plants of the potato cultivars ‘Irene’ and *Darwina’ and the estimated number (t SE;
n=4) of nematedes in the root system of infected plants. The P-value refers to the probability of
false rejection of differences between infected and control plants.

‘Irene’ '‘Darwina’
Variable Control Infected Control Infected
Leaf water cont. 0.872 0.877(P=0.055) 0.874 0.881(P=0.059)
Root fresh w. (g) 8.7 7.9(P=0.505 7.5 6.7(P=0.550)
Root dry w. (g) 1.8 1.5(P=0.580) 1.4 1.2(P=0.440)

Nematodes 7160 £ 1930 18820 £ 6790
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is confirmed by the recovery of slightly swollen second stage juvenilss from
infected root systems. Therefore stomatal closure must result from nematode
actions just before or during formation of syncytia. Probably the disturbance of
cell development just behind the root tips, which preceeds syncytial formation
(Seinhorst, 1986a), interferes with the production of hormones which act as
messengers for stomatal closure (Munns & King, 1988).

This work demonstrated stomatal closure and reduction of leaf
photosynthesis rate of potato plants due to root invasion by hatched second
stage juveniles of G. pallida. The resistance of ‘Darwina’ did not prevent the
nematode effects. This fits with field observations where resistant cultivars suffer
as much damage as susceptible cultivars (Velema & Boerma, 1987). However,
in the natural situation with cyst inoculum stomatal function may be affected
differently, because invasion of roots by PCN is dispersed over several weeks
and the root density of second stage juveniles at each moment is much lower
than that in my experiments. The response of stomatal function to nematode
infection may also be influenced by the tolerance level of the cultivar (Fatemy ef
al, 1985). The consequences of these considerations for photosynthesis and
stomatal functioning in relation to plant growth are reported in Chapter 3.
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Chapter 3

Photosynthesis, transpiration and plant growth
characters of different potato cultivars at various
densities of Globodera pallida

Abstract

Plants of four potato (Solanum tuberosum L.) cultivars were grown in pots in a
greenhouse at five densities of Globodera pafiida between 0 and 300 sggs per
gram of soil. Photosynthesis and transpiration of selected leaves were measured
at 30, 37, 49 and 60 days after planting. Stem length was recorded at weekly
intervals. Plants were harvested 70 days after planting and various plant
variables were determined.

At 30 days after planting, when second and third stage juveniles were
present in roots, both photosynthesis and transpiration rates were severely
reduced by G. pafiida. In the course of time these effects became less
pronounced. Water use efficiancy was reduced by G. pallida between 30 and 49
days, but not at 60 days after planting. The results suggest independent effacts
of G. pallida on stomatal opening and on photosynthesis reactions. There were
no consistent differences among cultivars in the response of leaf gas exchange
rates and water use efficiency to nematode infection. Reduction of
photosynthesis by G. pallida appeared additive to photosynthesis reduction due
to leaf senescence.

Total dry weight was reduced by 60 % at the highest G. palfida density.
Woeights of all plant organs were about proportionally affected. Shoot/root ratio
was not affected and dry matter content was reduced. Stem length and leaf area
were most strongly reduced during early stages of plant-nematode interaction.
The number of leaves formed was only slightly reduced by G. paflida, but
flowering was delayed or inhibited. Reduction of total dry weight correlated with
reduction of hoth leaf area and photosynthesis rate. Leaf area reduction seems
the main cause of reduction of dry matter production. Tolerance differences
among cultivars were evident at 100 eggs per gram of sail only, where total dry
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weight of the intolerant partially resistant cv. Darwina was lower than that of the
tolerant partially resistant cv. Elles and of the tolerant susceptible cv. Multa. The
tolerance differences were not correlated with leaf photosynthesis and
transpiration. Apparently these processes are not part of tolerance of plants.

Introduction

Potato cyst nematodes (PCN), Globodera rostochiensis (Woll.) Skarbilovich and
G. pallida Stone, cause reduction of growth rate and tuber yield of potato plants.
Under the same environmental conditions, the amount of damage due to PCN
varies among susceptible as well as among resistant cultivars (Huijsman st al.,
1969; Dale et al., 1988). The term "tolerance' has been used for several aspscts
of this phenomenon. Here tolerance is defined as the complex of 'physiological
mechanisms that enable the plant, passively or actively, to counteract the
stresses caused by environmental constraints including parasitic nematodes’.
(Wallace, 1987). Although effects of PCN on plant growth characteristics have
been shown in many studies (summarized by Trudgill, 1986), the causal
mechanisms of damage and the nature of tolerance remain largely unclear.
Insight in these phenomena can be gained from the effects of PCN on the
physiological processes that determine plant growth and vyield, e.g.
photosynthesis and dry matter distribution. This may identify the key factors of
tolerance and improve selection methads for higher tolerance levels.

Plant growth reduction due to nematode infection was associated with
reduction of photosynthesis rate for Phaseolus bean infected with Meloidogyne
incognita (Melakeberhan et al., 1985) and for soybean infected with Heterodera
glycines (Poskuta et al., 1986). In Chapter 2 a strong reduction of photosynthesis
and transpiration rates of potato pfants, due to invasion into roots by second
stage juveniles of G. pallida was demonstrated, but effects of nematodes on
plant growth were not investigated.

In order to investigate whether the photosynthesis response of diffarent
potato cultivars to infection by G. pallida contributes to their tolerance of damage
by G. pallida, measurements of leaf gas exchange rates at several times after
plant emergence and at several densities of G. pallida were combined with
measurements of plant growth rate. The experiment was carried out in pots in a
greenhouse, where PCN-free treatments could be included as the control series
and where root weights could be measured accurately.
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Materials and methods
Plants and nematodes

Eye scoops of potato tubers with one sprout were planted on 7 July 1987 in pots
containing 4 kg of fertilized sandy loam soil to which 15 mass % water was
added (pF=2). Pots were watered twice a day to keep soil moisture
approximately at this level. At planting, an egg suspension of G. pallida,
pathotype Pa3, was added to the pots as described in Chapter 2. Five density
levels were established: 0, 10, 30, 100 and 300 eggs g soil. Four potato
cultivars were used. Two, ‘Darwina’ and 'Elles’, are partially resistant to Pa3, but
'Elles' has a higher tolerance level (Boerma and Velema, 1987). The other two
cultivars, ‘Multa' and 'Eba’, are susceptible to PCN. The high tolerance level of
'Multa' is well documented (Huijsman et al, 1969) and 'Eba’' is relatively
intolerant {Ir. A. Mulder, pers. comm.). The experiment was done in a
randomized block design with seven replicates. The pots were kept in a naturally
lit glasshouse at 18 "C for 10 hours and 12 °C for 14 hours per day. Relative air
humidity was kept at 80 %. Plants emerged on average 10 days after planting.
Analysis of root samples indicated that at 30 days after planting numerous
nematodes, mainly second and third stage juveniles, were present in the roots.
Tubers were not yet present at that tims.

Photosynthesis and transpiration rates

Photosynthesis rate (PHOT; expressed in uyg CO, m2 s'') and transpiration rate
(TRANS; expressed in mg H,0 m?2 s) of terminal leaflets of leaves were
measured with the LCA-2 gas analysis system (The Analytical Development
Company Lid., Hoddesdon, England). Air was supplied from a gas cylinder at a
rate of 400 ml/minute and contained approximately 585 mg m?3 CO,. Air
temperature in the leaf chamber varied between 20 and 24 "C. The relative
humidity of the air was 40-50 %. The halogen light source delivered 360 J m=2 s
(1800 pEinstein m2 s") photosynthetically active radiation at the leaf surface.
Water use efficiency (WUE) was calculated as PHOT/TRANS.

At 30 days after planting, the first leaf from the plant top with length > 2.5
cm was labeled A. The leaves, which developed subsequently above leaf A,
were labeled B through E respectively. The position of the leaves on the plant at
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Table 3.1. Position of leaves used for gas exchange measurements at each observation date
(days after planting). The leaf label indicates the relative position of the measured leaf. Leaf A is
the first leaf from the plant top with length > 2.5 cm at 30 days after planting, leaves B through E
have developad subsequently above leat A. The leaf number indicates the actual position of the
leaf, relative to the plant top, at the time of measurement.

observation date leaf label leaf number at
measurement time
30 A 5
37 A 7
B 6
C 5
49 C 7-8
D 6-7
60 E 8-10

the time of measurement are presented in Table 3.1. At 30, 37, 49 and 60 days
after planting gas exchange rates of selected leaves were measured in light. At
30 and 49 days after planting gas exchange rates were also measured in
darkness.

Plant growth

Stem length was recorded at weekly intervals during plant growth. The plants
were harvested 70 days after planting, and the number of leaves formed was
counted. The highast leaf with a length > 2.5 cm was regarded as leaf 1. Three
groups of leaves were distinguished. They are referred to as young (leaf 1-5),
intermediate (leaf 6-10) and old leaves (leaf 11-15). Leaf area and length of the
stem parts for these groups were recorded. Also, the diameter of the stem 30 ¢m
under the top was measured. Fresh and dry weight of leaves, stems, stolons,
roots and tubers were determined. Shoot/root ratio's were calculated on dry
waight basis. Dry matter content was calculated as total dry weight / total fresh
weight. Specific leaf area was calculated as leaf area/dry weight of leaves and
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Figure 3.1. Transpiration rate (TRANS, mg H.O m-2 s-1) of leaf A in darkness, averaged over
four potato cultivars at various densities of G. pallida (eggs per gram of soil), at 30 days after
planting. The vertical bar indicates the least significant difference (LSD, P=0.05).

specific stem length as stem length/dry weight of stem. Finally, cysts were
extracted and counted. Tolerance differences among cultivars were examined as
differences in final total dry weight per nematode density level. Correlations
between various characteristics were calculated, based on means per cultivar
and density.

Results
Photasynthesis and transpiration rates

Significant differences in gas exchange rates among cultivars were found on
each observation date, but these were neither consistent with nematode density
nor with time. On each observation date, the relative reduction of photosynthesis
and transpiration rates due to G. pallida was not different among cultivars.
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Figure 3.2. {left) Photosynthesis rate in light {PHOT) at each observation date, averaged over
four potato cultivars, at various densities of G. paflida {(eggs per gram of soil), relative to control
plants. Symbols: ( Q) leaf A; 30 days after planting. ( A ) leaf C; 37 days after planting. ( ¢ ) leaf
D; 49 days after planting. ( O ) leaf E; 60 days after planting. The vertical bars indicate the least
significant ditference (LSD, P=0.05) for each observation date.

Figure 3.3. (right} Water use efficiency (WUE) at each observation date, averaged over four
potato cultivars, in light at various densities of G. pallida {eggs per gram of soil), relative to control
plants. Symbols: { O ) leaf A; 30 days after planting. { A ) leaf C; 37 days after planting. ( ¢ ) leaf
D; 49 days after planting. ( O ) leaf E; 60 days after planting. The vertical bars indicate the least
significant difference {L.SD, P=0.05) for each cbservation date.

Therefore no correlation between effects of G. palflida on leaf gas exchange and
known tolerance or resistance characteristics of the four potato cuttivars to G.
pallida was apparent.

Respiration in darkness at 30 days after planting was not affected by G.
paflida, but TRANS in darkness was strongly reduced at 30 or more eggs g soil
(Figure 3.1). In darkness no photosynthesis occurs, therefore these results
suggest a direct reduction of stomatal opening by G. paffida. Gas exchange
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Table 3.2. Absolute values of photosynthesis rate (PHOT) and water use efficiency (WUE,
*1000) of indicated leaves of control plants {0 eggs g soil} in Figures 3.2 and 3.3, at each
observation date (days after planting). The values are averages of the four cultivars.

observation date  leaf measured PHOT WUE
{vg CO, m?s")

30 A 532.2 9.1
37 Cc 605.2 10.1
49 D 457.4 9.4
60 E 490.9 7.2

measurements at 49 days after planting revealed no effects of nematode
density.

At 30 days after planting, G. paflida infection reduced PHOT of irradiated
leaves to about 45 % of control values at 30 eggs g soil, and to about 30 % of
control values at 100 and 300 eggs g! soil (Figure 3.2). In the course of time, the
reduction of PHOT by G. pallida became less pronounced. At 37 days after
planting, PHOT of plants infected with G. pallida at 30 eggs g soil was still
about 70 % of control values and only at 300 eggs g soil a reduction to 30 % of
control values was observed. At 49 days after planting, PHOT was reduced to
about 80 % and 60 % of control values at 100 and 300 eggs g'' soil, respectively.
The trend of diminishing effects of G. pallida with time was not continued at 60
days after planting, when PHOT was reduced by G. pallida at 30 or more eggs g
! soil to about 70 % of control values. The absolute values of PHOT of control
plants are presented in Table 3.2.

Infection by G. palfida reduced TRANS of irradiated leaves along with, but
not always proportional to the reduction of PHOT. At 30, 37 and 49 days after
planting, WUE (= PHOT/TRANS) was increasingly reduced with increasing G.
paffida densities (Figure 3.3}, indicating that PHOT was more reduced than
TRANS by G. paliida. This suggests that gas exchange rates of infected plants
were reduced mainly by limitations on photochemical or biochemical processes
of photosynthesis rather than on stomatal functioning. The high WUE 30 days
after planting at 300 eggs g' soil is an inexplicable exception. At 60 days after
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planting, WUE was not affected by nematodes. The absolute values of WUE of
control plants are presented in Table 3.2.

The interference of effects of G. pallida with ageing of leaves was
analysed by comparing PHOT of leaves A, B and C at 37 days after planting
{Figure 3.4), and PHOT of leaves C and D at 49 days after planting {Figure 3.5).
At 37 days after planting, PHOT of leaves A and B was significantly lower than
PHOT of leaf C, at all G. pallida densities. PHOT of leaf A was significantly lower
than that of leaf B only at 0 and 10 eggs g' soil. At 49 days after planting, PHOT
of leaf C was significantly lower than that of leaf D, irrespective of nematode
density. Interaction between the effects of leaf age and nematode density on
PHOT was absent (F-probability = 0.59 and 0.99, respectively). This indicates
that G. pallida did not affect senescence processes in potato leaves in this
period.
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Figures 3.4-3.5. Effect of leaf position on photosynthesis rate (PHOT; pg CO2 m2 s-1) of potato
leaves in light at various densities of G. pallida (eggs per gram of scil). Average of four cultivars.
The vertical bar indicates the least significant difference (LSD, P=0.05).
Figure 3.4. (left} 37 days after planting. Symbols: { Q) leaf A, (9 ) leal B and { A) leaf C . Figure
3.5. {right) 49 days after planting. Symbols: { ¢ ) leaf C and ( A } leaf D.
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Plant growth

Significant interaction between cultivars and density of G. pallida was observed
only for dry weight of roots and tubers, total stem length at 50 days after planting
and the length of the stem section carrying the oldest leaves at 70 days after
planting. The correlation of these characters with total dry weight at 70 days after
planting (TDW) was high. Cultivar effects for the other measured plant
characters were not important when compared with effects of nematode density.

Stem length was reduced by G. pallida from 28 days after planting
onwards (Figure 3.6). Between 21 and 42 days after planting, the growth rate of
stem length was significantly reduced at 30 and more eggs g soil. From 42 to
56 days reduction of stem length growth rate occurred at 100 and 300 eggs g'*
soil. Between 63 and 70 days after ptanting stem length growth rate was reduced
at 300 eggs g’ soil only.

Stemlength (cm)

S0

—o— 0eggs g-1 soil
8ol egg

—&— 10 eggs g-1 soil
7017 —— 30 eggs g-1 soil
604- —o— 100 eggs g-1 soil
504 —— 300 eggs g-1 soil

40-}
SOJ(

1A% =+ 1 1 1 Lo
14 21 28 35 42 49 56 63 70 77
Time (days after planting)

Figure 3.6. Stem length of potato plants {cm), averaged over four cultivars, at weekly intervals
for five G3. pallida densities (eggs per gram of soif). The vertical bars indicate the least significant
difference (LSD, P=0.05) for each observation date.
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Figure 3.7. Total dry weight (g) and dry weight of roots, sprouts and tubers (g) 70 days after
planting for 4 cultivars at 5 G. pallida densities (eggs per gram of soil). Different letiers indicate
significant differences {P=0.05) in total dry weight between cultivars per density level.

Total dry weight at 70 days after planting (TDW), averaged over cultivars,
was significantly reduced by G. paflida at 100 and 300 eggs g'' soil (Figure 3.7).
At 300 eggs g soil, average TDW was about 40% of that of control plants. The
reduction of TDW was about proportionally distributed over root, sprout and
tuber weights. The correlation of root, sprout and tuber weights with TDW was
0.85, 0.95, and 0.79, respectively. Similarly, the decrease in sprout weight due to
G. pallida infection was caused by about proportionally decreased weights of
leaves, stems and stolons. A significant difference in tolerance was observed at
100 eggs g' soil only, where TDW of ‘Darwina’ was lower than that of 'Multa’ and
'Elles'.

The shoot/root ratio, whether calculated with shoot weight including or
excluding stolons and tubers, was not affected by G. pallida (Table 3.3; F-
probability = 0.15, for both computations). Dry matter content was reduced at
100 eggs g soil. The total leaf area per plant was strongly reduced at 100 and
300 eggs ¢! soil and was highly correlated with TDW (Table 3.3). The number of
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leaves longer than 2.5 em was only slightly decreased at 100 and 300 eggs g
soil (Table 3.3). Hence, total leaf area was reduced because of smaller size of
individual leaves. Specific leaf area was not influenced by G. paliida (Table 3.3).

Specific stem length increased at 100 and 300 eggs ¢! soil, indicating that stems
of infected plants were thinner, and had a highly negative correlation with TDW
(Table 3.3). The stem diameter 30 cm under the top highly correlated with
specific stem length (r=0.79). The number of plants flowering 70 days after
planting was significantly lower at 100 and 300 eggs g' soil (Table 3.3).
‘Darwing’ was excluded from these data, because this cultivar seldomiy flowers.

Table 3.3. Means per density and correlation with TOW for several plant growth characteristics.
Different letters indicate significant differences (P=0.05) of characteristics between densities.
Significance of the correlation at the 5 % and 1 % level is indicated by (*} and (**}, respectively.

Characteristic Density Correlation
{eggs g soil) with TDW
0 10 30 100 300

shoot/root ratio (excl. 3.1 3.0 2.7 4.4 3.9 -0.36

tubers and stolons)

shoot/root ratio {incl. 6.3 6.2 5.2 79 7.2 -0.23

tubers and stolons )

dry matter content 11.32  11.32 10.6ab 10.4b 10.73b 0.32
(%)

number of leaves 18.9ab 19.4a 1932 41820 472¢ o.72"
formed

leaf area plant 21608 24272 22158 15580 1069C 0.92**
(cm?)

specific leaf area 2918 3234 30828 3172 3182  -0.19
(cm?g™)

specific stem length 242 242 282 42 46 g~
(em?g™)

frequency of flowering 0.60% 0553 0.64% 0.29° 032" o067
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The decrease of total leaf area was mainly aftributed to leaf area
reduction of the old leaves (Table 3.4), which were formed during early stages of
nematode infection. The lsaf area of the old leaves at 300 eggs g' soil was less
than half of that of the control, whereas the leaf area of young leaves was not
reduced at all (Table 3.4). However, the young leaves were not yet full-grown at
harvest time. The correlation between leaf area and TDW increased with age of
leaves. The same effects were found for length of different stem parts, but length
of young stem parts was still reduced at 300 eggs g'' soil (Table 3.4).

The correlation between PHOT of various leaves at various dates and
TDW was quite high (Table 3.5). At 60 days after planting correlation was lowest,
but still significant.

There was no correlation between the number of cysts and TDW (r=0.04).

Discussion
Photosynthesis and transpiration rates

PHOT and TRANS of potato leaves were strongly reduced by G. pallida at 30 or
more eggs g soil, at 30 days after planting. The reduction of gas exchange

Table 3.4. Means per density and correlation with TDW for leaf area plant-1 {cm2) and for length
of stem parts (cm) in young, intermediate and old feaf layers. Different letters indicate significant
differences (P=0.05} of traits between densities. Significance of the correlation at the 5 % and 1
% level is indicated by (*) and (™), respectively.

Trait Density Carrelation
(eggs g'' soil) with TDW
0 10 30 100 300

area young leaves 63@ 7328 g2 652  p18 0.36

area interm. leaves 1528 18428 1818 134b g7C 0.71**

area old leaves 1448 1502 1392 92b  p5C 0.95**

length young stem 182 198 202 198 14b 0.48*

length interm. stem 268 262 288 22b  1gC 0.64**
length old stem 178 j98 978 12b  qpb 0.64"*
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rates persisted throughout the experiment, but its severity decreased with time.
In Chapter 2 a reduction of leaf gas exchange rates of potato, three days after
inoculation with freshly hatched second stage juveniles of G. pallida, was
demonstrated. The prolonged reduction of gas exchange rates by G. pallida
reported here can be explained by the continuous presence of second stage
juveniles in roots, because emergence of second stage juveniles from eggs and
subsequent penetration of roots is dispersed over time. The dispersion varies
trom six weeks in small pots (Forrest and Phillips, 1984) to three months in the
field (Storey, 1982b). The decreasing severity of the nematode effects with time,
up to 49 days after planting, reflects the gradual increase of the fraction of non-
infected root tips, due to growth of new roots and diminishing numbers of
infective second stage juveniles. The turn of this trend at 60 days after planting
might have been caused by second stage juveniles of a second generation of
the nematodes, as observed by Evans {1969).

The reduction of PHOT due to G. pallida might also be explained by a
decrease of sink strength of the tubers {Dwelle, 1985), because G. rostochisnsis
at 189 eggs g soil reduced the number of tubers per plant (Trudgill & Cotes,
1983b). However, the strongest reduction of PHOT and TRANS occurred at 30
days after planting, before the start of tuber growth. Therefore, it is more likely
that the reduction of tuber number due to PCN is caused by lower PHOT or by

Table 3.5. Correlation of photosynthesis measurements with total dry weight {TDW). Significance
of the comrelation at the 5 % and 1 % level is indicated by (*} and (**), respectively.

days after leaf label leaf number at correlation with
planting measurement time TDW

30 A 5 0.72*

37 A 7 0.73"*

37 B 6 0.78™*

37 c 5 0.81**

49 C 7-8 0.78**

49 D 8-7 0.67*"

60 E 8-10 0.58"*
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the factors, responsible for the reduction of PHOT.

The reduction of WUE by G. pallida in this experiment is different from the
observations in Chapter 2, where WUE of potato plants was increased by G.
pallida, three days after inoculation with freshly hatched second stage juveniles.
The increased WUE indicated that PHOT was less inhibited than TRANS, which
implies that limitation of gas exchange was due to stomatal closure. The
decreased WUE indicated that non-stomatal processes (i.e. photochemical or
biochemical processes of photosynthesis) were involved in the reduction of
PHOT and TRANS. However, a simultaneous direct reduction of stomatal
conductance may have been masked because of feedback of these processes
on stomatal opening. Apparently, infection by G. paflida reduced gas exchange
rates initially by stomatal closure and later on by non-stomatal processes, as
observed between 30 and 49 days after planting. Possibly the prolonged release
of stomatal inhibitors by infected roots (as discussed in Chapter 2} not only
reduces stomatal conductance, but affects the Calvin cycle or the photochemical
reactions as well. Schapendonk et al. (1989) reported analogous effects of water
stress on photosynthesis of potato plants. Photosynthesis rate was reduced by
water stress initially as a consequence of stomatal closure, but after three days
increasingly by non-stomatal processes. These results support the hypothesis of
Seemann and Sharkey (1987), that initial plant reaction to stress in the root
environment, resulting in stomatal closure, is independent of the nature of the
stress. The effects of G. pallida on the WUE of individual leaves agree with
effects of G. rostochiensis on the transpiration ratio (i.e. water consumption/dry
matter growth per period of 7 days) of whole potato plants (Evans, 1982). Initially
the transpiration ratio was decreased (WUE increased} by G. rostochiensis, but
from 32 days onwards the transpiration ratio was increased in the presence of
nematodes.

The reduction of leaf photosynthesis by G. palflida was additive to the
reduction of leaf photosynthesis due to senescence. In ageing potato leaves,
photosynthesis reduction is closely correlated with the reduction of leaf nitrogen
content due to breakdown of proteins (Vos and Oyarzun, 1987; Thimann, 1980).
However, the reduction of nitrogen content of haulms or leaves by PCN is
unimportant, when compared with the reduction of potassium content (Trudgill et
al., 1875; Trudgill and Cotes, 1983b; Trudgill, 1987b). Leaf potassium content of
infected plants is reduced by 75 % of control plant values to about 1 % of leaf dry
matter, depending on cultivar and fertilizer level. This is below the potassium







