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This thesis is dedicated to Cairnie Le Cornu,

to my friends, and to my parents.

"1847 was the year it all began,
deadly pains of hunger drove a million from the land.
They journeyed not for pleasure,
their motive was not greed,
a journey of survival across the lonely sea.”

From "The City of Chicago" by C. Moore.
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Summary

This study investigated the factors that affect the incidence of tuber blight, with
particular reference to the occurrence of tuber blight in the absence of any visible
foliar blight. The factors investigated were fungicide type, the severity of stem
blight, edaphic factors, particularly soil moisture and the production of P. infestans
inoculum on daughter and seed tubers. In addition, the infection of tubers during
washing for the pre-pack market and its control were also studied.

The results in this thesis have demonstrated that foliar lesions are not the only
source of P. infestans inoculum for the infection of daughter tubers. It was
demonstrated that lesions on the stem base are an important source of sporangia
and that in certain circumstances inoculum produced on infected seed or daughter
tubers may also infect healthy daughter tubers directly. These less obvious sources
of inoculum could explain the occurrence of high incidences of tuber blight in the
absence of visible foliar lesions.

In a field experiment fungicide type affected the date on which incidences of
tuber blight significantly greater than zero first occurred, the date on which the
maximum amount of tuber blight occurred and the overall incidence of tuber blight.
The effect of fungicide type on the relationships between foliar blight and the
overall incidence or timing of tuber infection was modest. Fungicide type did,
however, substantially affect the severity of stem blight at which incidences of
tuber infection significantly greater than zero occurred. The severity of stem blight
varied more with fungicide type than did the percentage foliar blight. In field and
laboratory experiments the growth rate of P. infestans in leaflets was influenced by
fungicide type and some fungicides resulted in significantly reduced incidences of
subsequent petiole and stem infection. In contrast, when the stems were inoculated
directly, fungicide type had little effect on stem lesion development.

The use of ELISA to monitor the growth of P. infestans in inoculated stems of
plants in a growth cabinet showed that stem lesions continued to develop in

conditions that were not suitable for the production of abundant sporangia. In this



experiment the number of sporangia produced on stem lesions, after incubation of
the stems in a high humidity, did not increase substantially until the rate of lesion
growth declined. Sporangia production was more closely related to the length of
the lesion supporting sporulation than the lesion length per se. In glasshouse and
field experiments incidences of tuber blight significantly greater than zero occurred
following the irrigation of plants whose main stem had been inoculated with P.
infestans but whose foliage was maintained free of blight. Another field experiment
demonstrated that the incidence of tuber blight was significantly correlated with the
length of stem lesions but not with the percentage of foliar blight.

Soil moisture content greatly influenced the incidence and development of
blight on daughter tubers. Increasing the soil moisture content of field plots to 75 %
of field capacity for approximately 12 weeks significantly increased the spread of
P. infestans from inoculated daughter tubers to other tubers on the same plant.
Healthy tubers on the same plant that were 5 cm from the source of inoculum
became infected when the soil moisture content was this high. Tubers on bait plants
that were up to 60 cm away from the nearest plant with an inoculated tuber were
also infected. In laboratory studies increasing the soil moisture content to 79 % of
field capacity pre-inoculation increased the proportion of inoculated daughter
tubers which became infected whereas soil moistures above 39 % of field capacity
post-inoculation reduced infection. However, post-inoculation soil moisture
contents up to 79 % of field capacity considerably increased the development of
lesions and sporangia production on infected daughter tubers. Soil temperature had
less of an effect on infection, lesion development and inoculum production.

Increasing the soil moisture content above 79 % of field capacity immediately
following inoculation decreased the infection of seed tubers inoculated 6 months
after harvest. Inoculum production on the infected seed tubers increased with soil
moisture content up to 79 % of field capacity although there was little effect of
moisture content on lesion development. When seed tubers that had been

inoculated soon after harvest were planted the following year in soil with moisture



contents below 79 % of field capacity they remained sound for a period of 58 days.
A soil moisture of 79 % of field capacity increased the number of tubers supporting
sporulation by P. infestans. The transfer of tubers, that were not supporting
sporulation after 58 days, from soils at 39 % or 59 % of field capacity into soil at 79
% of field capacity resulted in the production of viable sporangia on these tubers 7
days after transfer.

When blighted seed tubers were removed from storage, incubated for 3 days or
longer under conditions suitable for sporulation by P. infestans and then mixed
with blight-free seed tubers, significant numbers of the latter became infected.
Damaging the blight-free seed tubers increased the number of new infections.

Daughter tubers inoculated in situ on glasshouse-grown plants had P. infestans
sporulating on their surface when harvested 9 days later. The use of ELISA to
detect P. infestans in tuber wash samples showed that individual tubers could
liberate up to 4.4 mg of P. infestans inoculum during washing. Significant numbers
of blight-free tubers were infected following the washing of a sample of immature
tubers containing 1 % of blighted tubers. The washing system was based on one
used in a commercial pre-pack processing plant. Damaging the tubers increased the
number infected whereas more mature tubers were less susceptible to infection.

The infection of daughter tubers dipped in a suspension of P. infestans for 3
minutes was completely controlled if the temperature of the suspension was 44° C.
There was no indication of tuber damage at this temperature. Although
concentrations of peracetic acid above 100 ppm in tuber wash water significantly
reduced the survival of P. infestans in vitro, a concentration of 125 ppm peracetic
acid did not prevent the infection of tubers during washing. In addition,
experiments showed that concentrations of 250 ppm or greater resulted in severe

phytotoxic damage to tubers.
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CHAPTER 1

Literature review: the infection of potato tubers by Phytophthora infestans
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1.1 The potato crop in the U.K.
1.1.1 The introduction of the potato into Europe and the U.K.

The cultivated potato was first introduced from South America into
continental Europe and mainland Britain during the end of the sixteenth
century (Salaman, 1949; Hawkes, 1992). Cultivation of the potato rapidly
spread through much of Europe although it was a long time before the British,
apart from the poorer classes, recognised its food value. In the British Isles
potatoes were probably first widely grown in Scotland where, as in Ireland,
they became the staple food of much of the population. For many years,
however, the potato remained largely unknown in England and it was not until
after the Irish potato famine of 1845-1846 that the crop was extensively grown
by English farmers (Salaman, 1949).

1.1.2 Potato production in the U.K.

Although the area planted in the U.K. has been declining over the past 10
years, over 180,000 hectares of seed and ware crops (almost 3 % of the total
arable land) were grown in 1992 (Anon, 1993). The percentages of the total
area planted to maincrop, second early and first early cultivars in 1992 were
66.4, 24.1 and 9.5 % in England and 73.6, 19.2 and 7.2 in Scotland (Nix,
1993). One-sixth of fhe total mainland U.K. potato area is in Scotland. Total
production of potatoes is, however, relatively stable as average yields are
increasing. The average yield of maincrop potatoes for the U.K. in 1992 was
43.7 tonnes ha” (Anon, 1993). Average yields of 36.5 and 35.4 tonnes ha” in
1990 and 1991 respectively are, however, more typical. First and second early
cultivars on average yielded 24.0 and 38.0 tonnes ha™ respectively in 1992
- (Nix, 1993).

The average on-farm price for early potatoes in the U.K. during July 1993
was £80 per tonne, compared with an average price of £178 per tonne at the
same time in 1994, In 1993 the average price for maincrop was £63 per tonne,

compared with an average price of £122 per tonne in 1994 (Bojduniak, 1994,
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1995). Exports of potatoes from the U.K. during 1992 totalled 168,432 tonnes,
valued at £28.8 million, whereas imports of 354,907 tonnes were valued at
£81.1 million (Anon, 1993).

1.2 The fungus Phytophthora infestans

1.2.1 The first occurrence of Phytophthora infestans in the U.K.

The potato had been cultivated in Europe for about two and a half centuries
in the absence of P. infestans. Although Streptomyces scabies (common scab)
and Spongospora subterranea (powdery scab) were known previously (Cox &
Large, 1960), the year of arrival of P. infestans in Europe, or its source, cannot
be pinpointed accurately. A review of the literature (Grainger, 1957; Lacey,
1962; Bourke, 1964; Klinkowski, 1970; Robertson, 1991) suggests that it is
likely to have been between 1842 and 1845. Infections were first seen in
Flanders (Belgium) in 1842 and 1843 (Klinkowski, 1970) and in Flanders,
Kent, Isle of Man and possibly Ayrshire and Ireland in the 1844 season
(Bourson quoted by Lacey, 1962). Bourke (1964) reported that P. infestans
was first noted as a serious problem in 1845 in Courtrai (Belgium) towards the
end of June. In 1845, unlike the previous years when it is probable that local
conditions did not favour the spread of infection, the spread of the fungus was
rapid. In the middle of July most of the potatoes in Flanders were affected. The
fungus then spread into France and Switzerland and also southern England,
southern Scotland and Ireland. The losses in 1845 were, in general, worst
where the weather was wet and the attack was early.

1.2.2 Taxonomy of Phytophthora infestans

In 1845 the fungus on blighted leaves was described as Botrytis infestans
although there was much controversy over whether this was the causal
organism or a saprophyte (Bourke, 1964). Descriptions of the fungus published
by Berkeley in 1846 and by Caspary in 1854, however, placed the fungus in
the class Oomycetes and genus Peronospora (Lacey, 1962; Agrious, 1978).De
Bary (1876) later published a comprehensive study which placed the fungus in
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the new genus Phytophthora as a result of its special features of an
indeterminate sympodial sporangiophore with ovoid, detachable papillate
sporangia.

1.2.3 Life cycle

The only U.K. crop hosts of P. infestans are the potato (Solanum tuberosum
L.) and the tomato (Lycopersicon esculentum Mill). P. infestans can, however,
also infect and sporulate on eggplant and many other members of the
Solanaceae family including tropical trees and shrubs (Cox & Large, 1960;
Thurston & Schulty, 1981).

In countries in which the occurrence of oospores is rare or absent potato
tubers infected with P. infestans are essentially the only source of the fungus
for infection in the following season (Boyd, 1980). Infected tubers may be
found in dumps of discarded tubers, they may be planted as seed or survive
over winter un-harvested (Holmes et al, 1994). De Bary (1876) first
demonstrated the invasion of potato sprouts from a diseased seed tuber. The
occurrence of this is, however, infrequent. Murphy & McKay (1927) found
that blighted seed tubers produced shoots as healthy as those from non-blighted
tubers and Hirst & Stedman (1960) found that only 0.79 and 0.52 % of
artificially inoculated and naturally infected tubers respectively produced
infected shoots. Van der Zaag (1956) found on average one infected shoot per
square km with the cultivar De Streek. Although it is widely accepted that such
a low frequency of infection is sufficient to carry the disease over from year to
year (Robertson, 1991), the presence of an infected shoot may not be essential
for inoculum to spread from infected seed tubers. Hirst & Stedman (1960)
reported outbreaks of foliar blight, in irrigated plots after heavy rain, which
seemed not to originate from blighted shoots and suggested that these might
have been initiated by sporangia washed up from diseased seed tubers. The
evidence that this can happen is, however, meagre. When Hirst & Stedman

(1960) repeated this work in only one out of three years did the race of P.
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infestans causing the first lesions on leaves match the one used to inoculate the
tubers. Lacey (1967b), in irrigation experiments similar to those of Hirst &
Stedman and with known races of P. infestans, also failed to prove that
sporangia from infected seed tubers can infect leaves which are touching the
soil.

Sporangia produced on infected shoots lead to localised spread (Hirst,
1955). Long distance spread may not occur until weather conditions become
favourable. Once the sporangia are deposited on the leaf or stem surface, they
may germinate by means of a germ tube, or more commonly they form about
eight biflagellate zoospores that swim freely in water and encyst on solid
surfaces. Encysted zoospores can germinate via germ tubes that enter the host
via stomata. Usually, however, an appressorium is formed and penetration
hyphae enter directly through the cuticle. Once inside the plant, the nonseptate
mycelium is both intercellular and intracellular by means of haustoria that
extend into cells (Thurston & Schulty, 1981).

In wet weather sporangia and zoospores produced on lesions are readily
washed to the ground where they contaminate daughter tubers (de Bary, 1863;
Mclntosh, 1965; Lacey, 1962, 1965; Lapwood, 1977; Sato, 1979). These tubers
may also become contaminated with sporangia or zoospores which spread
underground from infected daughter tubers to healthy ones (Lacey, 1962;
Lapwood, 1962) or at lifting with sporangia or zoospores produced on infected
haulm or tubers (Murphy & McKay, 1925; Lapwood, 1961¢).

Tuber lesions continue to develop in storage, particularly under damp
conditions (Gray, 1965). Dowley & O'Sullivan (1991b) reported that viable
sporangia of P. infestans were produced on infected potato tubers during
storage and that these could infect healthy tubers during handling. Murphy
(1921) and Boyd (1972), however, considered that P. infestans did not spread

from tuber to tuber during storage.
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1.2.4 A2 mating type and the production of oospores

P. infestans has two mating types, Al and A2. Sexual reproduction can
only occur between strains which are of different mating types. Until the mid-
1980's the A2 mating type had not been recorded in the U.K. and was first
isolated in 1984 from imported Egyptian tubers (Shaw et al., 1985). Tantius et
al. (1986) in a survey of 70 potato crops in England and Wales during 1985
isolated the A2 mating type from five crops in widely separated localities, i.e.
Cumbria, Hampshire, Herefordshire, Suffolk and Gwynedd. Malcolmson
(1985) found two A2 isolates among stock cultures which had been isolated
from a crop of the cultivar Wilja grown commercially in the east of Scotland in
1983. One practical significance of both mating types occurring in the UK. is
that there will be increased genetic variation in the pathogen as a result of
sexual reproduction. This may generate strains which are more aggressive or
resistant to fungicides. Moreover as oospores have been observed in field
samples in the U.K. (Shattock et al., 1990; Pittis & Shattock, 1994) and as both
Al and A2 types were detected at the same source (Tantius et al., 1986)
abundant oospores are likely to be produced in the field if the A2 type becomes
established (Tantius et al., 1986). Oospores, which are thick-walled, resistant,
long-lived spores will provide the fungus with a means of survival in the soil
between susceptible crops. In the future this could have a considerable impact
on the epidemiology of tuber blight, resulting in the direct infection of tubers,
the earlier infection of crops and an increase in the spread of inoculum from
tuber to tuber in the soil and from field to field with soil movement.
Furthermore, effective control of oospores is likely to be very difficult and this
coupled with underground spread of inoculum (Lacey, 1962; Lapwood, 1962)
may lead to the frequent occurrence of high incidences of tuber blight in the

absence of foliar blight.
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1.2.5 Tuber blight

Tubers can become infected by P. infestans through eyes, lenticels, wounds
(Lacey, 1967a) and directly through the skin (Walmsley-Woodward & Lewis,
1977). The first visible symptom in an infected tuber is a faint light brown line
usually extending no more than 3 to 5 mm along the tuber surface. Infections
sometimes fail to develop past this point and the phenomenon of lesion arrest in
thread-like lesions has been reported (Lapwood 1961d, 1962, 1964; Hirst, et
al., 1965; Lacey, 1966). More advanced symptoms are mottled brown or purple
irregular lesions on the skin which tend to become sunken during storage.
Internally, infected tissue has scattered areas of dry, rusty brown, speckled
patches (Plate 1.1). Infected patches generally extend in lobes towards the
central pith although on some occasions they fail to penetrate the vascular ring.
Blighted tubers frequently sprout in advance of other tubers, although other
diseases or mechanical damage often have the same effect (Boyd, 1972).

The infection of daughter tubers by P. infestans is the most important phase
of the disease economically (Zan, 1962). Tuber blight incidences in the U.K.
are, however, generally very variable from crop to crop and from year to year
(Cox & Large, 1960). Typically, in a season in which blight is common on
foliage more than half the crops in England and Wales suffer little or no loss
due to tuber blight whilst in others over 20 % of the tubers may become
infected (Large, 1958; Cox & Large, 1960). The economic loss due to tuber
blight is, however, greater than simply the percentage of tubers infected. In
poor storage conditions secondary invasion by bacteria, principally Erwinia
carotovora, may cause rapid breakdown of the tissue and further infection of
previously uninfected tubers. This can lead to entire crops being lost (Cox &
Large, 1960). Although grading prior to storage would remove much infection
many infected tubers may be overlooked as lesions are often difficult to

observe (Grainger, 1957; Gray, 1965). Furthermore, as has been stated already
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infected tubers provide the inoculum that starts outbreaks the following year
(Lacey, 1967b).
1.2.6 Foliage and stem blight

Leaf lesions are highly variable depending on host cultivar, relative
humidity, temperature and light intensity (Thurston & Schulty, 1981).
Typically, however, initial symptoms on the leaves are small, pale to dark
green, irregularly shaped spots. Under favourable environmental conditions,
namely a high humidity with a temperature above 8° C, they grow rapidly to
become large, brown to black, necrotic lesions (Plate 1.2). A chlorotic margin
is often present outside the area of leaf necrosis. In humid conditions, a delicate
white growth of sporangiophores and sporangia develops on the lesion
generally, but not always, restricted to the chlorotic areas of recently colonised
tissue, and to the underside of the leaf. However, much of the tissue which has
been invaded is symptomless and sporangiophores may emerge from the
underside of the leaf before chlorotic or necrotic symptoms can be detected by
eye. |

Stem lesions are initiated by direct infection of the stem or by expansion of
a leaf lesion down the petiole (Lapwood, 1961a, b). Weihing & O'Keefe (1962)
however, noted that in many cultivars infected leaves generally abscised prior
to the infection reaching the stem. P. infestans rapidly colonises young stem
. tissue which soon turns brown and dies. Progress on mature stems is, hbwever,
much slower than on the leaves. Mature stem lesions are typically light to dark
brown, long and often restricted to a narrow circumference of the stem (Plate
1.3).
1.3 Factors affecting the incidence of late blight
1.3.1 Influence of the aerial environment 7

The rate at which haulm blight develops is highly dependent upon the aerial

environment with temperature, relative humidity and rainfall having the

-
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greatest influence. Rainfall or dew is essential for the development of an
epidemic as the presence of free water on the surface of foliage is necessary for
infection by P. infestans (Harrison, 1992). Humidity has a major effect on the
development of an epidemic of foliar blight because two key stages of the life
cycle of P. infestans, i.e. the production of sporangia and their germination, are
dependent on high humidities. Prolonged survival of sporangia also requires a
high humidity (Crosier, 1934; Rotem & Cohen, 1974). Rotem & Cohen (1974),
however, showed that low relative humidities increased the rate of sporangia
dispersal and Harrison & Lowe (1989) showed that hyphae of P. infestans
established in leaves continued to invade tissue provided the ambient humidity
was between 80 and 100 %.

Temperatures greater than 23°C (Grainger, 1979) or less than 10° C (Smith,
1956) severely restrict the development of a foliar blight epidemic. The effect
of favourable temperatures on disease development can, however, be limited by
dry weather whilst conversely the beneficial effect of wet weather can be
countered by unfavourable temperatures (van Everdingen, reported by
Harrison, 1992). Periods of weather during which the aerial environment is
favourable for the development of an epidemic in the U.K. may be defined by
the Beaumont period (minimum temperature of 10° C and minimum relative
humidity of 75 % for 48 hours) and by the Smith period (minimum temperature
of 10° C for 48 hours and minimum rh of 90 % for at least 11 hours on each of
two consecutive days) (Beaumont, 1947; Smith, 1956).

Climatic conditions, particularly rainfall, also greatly affect the incidence of
tuber blight. Lacey (1962, 1965) suggested that rainwater was the most
probable way by which spores of P. infestans reach the soil to infect tubers and
found that at least 6 mm of rainfall was needed to wash sporangia down to the
tubers and cause infection. Hirst et al. (1965) found little tuber infection
without rainfall and although some tubers developed blight after repeated light

rain, most infections followed rain of more than 13 mm which coincided with

22



profuse sporulation on the foliage. Lapwood (1977) concluded that at least 5
mm of continuous rain was needed for tubers to become infected by inoculum
produced on foliar blight lesions but that infection was greatest after about 10
mm of rain over a two to three-day period. Lapwood also concluded that rain
was essential to keep the tuber surface wet sufficiently long for infection to
occur, and that more rain was necessary for tuber infection than for leaf
infection, for which a persisting dew was sufficient.

Lacey (1967b) showed that up to 30 times the amount of rain water
expected could be caught in rain traps on the stems of some upright cultivars
such as King Edward. Infected potato stems in growing crops and in field
experiments have been observed (Lapwood, 1964; Lacey, 1967b; Steck, 1988).
Both Lapwood (1964) and Lacey (1967b) demonstrated that sporangia of P.
infestans can be washed down the stems, although never in very high numbers
(Lacey, 1967b). Sporangia washed down the stem are more likely to reach the
tubers than those deposited on the ridge as they are able to pass down a channel
in the soil created by the stem rocking in the wind (Zan, 1962). Indeed Zan
considered that, in practice, cracks in the soil surface were necessary for
extensive tuber infection and Lacey (1965) showed that sporangia were moved
in the soil profile by rainwater, probably through cracks, sometimes to a depth
of 19.6 cm. Despite this evidence of the importance of stem blight in the
epidemiology of tuber blight there has been no evaluation of the amount of
inoculum produced on infected stems or the incidences of tuber blight which
might arise from them.

The timing of rainfall relative to the severity of foliar blight also influences
the proportion of tubers infected. Lapwood (1977), reviewing work carried out
at Rothamsted Experimental Station by Hirst, Stedman, Lacey and Hide over
the "blight years" of 1960 to 1967 concluded that, in general, the initial
infection of tubers occurred when rain coincided with one to five percent of the

foliage being destroyed by blight. Most tuber infection occurred before half of
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the foliage was killed by blight and few new infections occurred after 50 to 75
% of the haulm had been destroyed. Tuber slice tests used by Lacey (1962) to
determine the infectivity of surface soil showed that soil was most infective
when between 25 and 75 % of the haulm had been destroyed. Furthermore,
Lacey (1962) reported that two different trials in the same year (1960) gave 27
% and 48 % of infected tubers and concluded that this difference was because
most of the rain fell on the former trial after 50 % of the haulm had been
destroyed, when sporangia production was declining. In 1960 and 1961, the
main increase in the number of tubers infected occurred at about 50 % of the
haulm destroyed and in 1963 at about 30 %, probably corresponding to the
period of maximum sporangia production (Lapwood, 1977). The timing of
rainfall during the day is also likely to affect the incidence of tuber infection.
Hirst (1953) showed that, in general, the release of sporangia as a result of a
change in humidity commences at 8 am and reaches a peak at 10 am. Sporangia
released in this way are, however, unlikely to give rise to tuber infection
directly, unless their release coincides with rainfall, since they are more likely
to be dispersed onto the haulm or outwith the crop or become desiccated.

The relationship between rainfall, foliar blight and tuber blight is, however,
not always straightforward. High incidences of tuber blight have been reported
when foliar blight lesions were few or absent (Murphy & McKay, 1927; Lacey,
1962; Lapwood, 1962; Boyd, 1972). Sato (1979) reported that in Japan despite
extensive foliar infection and heavy rainfall incidences of tuber blight were
sometimes low and concluded that tuber infection was markedly decreased in
soils with temperatures above 18° C.

1.3.2 Influence of cultivar

Cultivars have race non-specific and/or race-specific resistance (see 1.4.2)
to infection of the haulm or tubers by P. infestans. Resistance to P. infestans
does not, however, greatly affect the commercial success of a cultivar. Only

seven of the 24 cultivars fully recommended in the U.K. in 1993 by NIAB had
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a rating of 6 or more for foliar blight on the NIAB 1 to 9 scale of increasing
resistance. Resistance to tuber blight was poorer with only six cultivars
achieving a score of 6 or greater (Anon, 1992). Van Oijen (1991) reported that
yield differences between potato cultivars exposed to the same blight pressure
are mainly due to the maintenance of the green leaf area in the presence of the
disease. Wastie et al. (1987a), however, found that some cultivars appeared to
be highly tolerant of the effects of loss of leaf area due to P. infestans whereas
others were highly intolerant and had a much greater yield loss than would be
anticipated from their known resistance.

1.3.3 Tuber susceptibility

Bonde et al. (1940), Boyd & Henderson (1953) and Boyd (1960) all found
that the resistance of whole tubers to infection by P. infestans between tuber
initiation and harvest increased with maturity. Bjor (1987), however, citing
results from cultivar resistance trials, reported that there was no significant
effect of the maturity of whole tubers on the susceptibility to P. infestans. Boyd
& Henderson (1953) found that in tubers which had been scuffed an increase in
resistance was associated with an increase in maturity.

The effect that maturity between tuber initiation and harvest has on the
susceptibility to P. infestans of various infection sites on the tuber has been
studied in detail. Boyd & Henderson (1953), Zan (1962), Hirst et al. (1965),
Lacey (1967a) and Walmsley-Woodward & Lewis (1977) all found an increase
in the resistance of lenticels to P. infestans with increasing tuber maturity. Hirst
et al. (1965) showed the increase in resistance of lenticels to be slight, whereas
Walmsley-Woodward & Lewis (1977) found that lenticels of cultivars King
Edward, Record, Maris Peer and Majestic were almost completely resistant by
mid-September. Lacey (1967a), however, reported that greater lenticel
resistance associated with tuber maturity varied between years and associated
this with the variation in suberisation which occurred in different years. Lacey

(1967a) found no close association between increasing maturity and an increase
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in the resistance of eyes in the cultivar King Edward, which is in contrast to
Walmsley-Woodward & Lewis (1977) who found that increased resistance of
eyes was associated with an increase in maturity. Walmsley-Woodward &
Lewis (1977) did, however, report that eye resistance showed a temporary
decrease during mid-August. This, they concluded, was related to a reduction
in levels of antifungal substances within the tuber. Although Zan (1962) and
Lacey (1967a) reported that infection through the periderm did not occur,
Walmsley-Woodward & Lewis (1977) found that such infection occurred if
tubers were immature. The association between growth cracks and tuber
maturity is unclear. Growth cracks are potential sites of infection and if they
increase in number and size as the tuber matures then there is an increased
likelihood of infection being associated with greater maturity. No association
has been made between tuber maturity and stolon infection (reported by
Walmsley-Woodward & Lewis, 1977). Lohnis (reported by Lacey, 1962)
related the development of a cork cambium with an increase in lesion arrest
(see section 1.2.5), both of which she associated with an increase in maturity.

Lacey (1962) reported that tubers with symptoms of common scab
(Streptomyces scabies) or black scurf (Rhizoctonia solani) showed no
consistent or significant difference in the number of eyes or lenticels which
were infected by P. infestans compared with healthy tubers. Bonde (reported
by Boyd, 1972), however, noted that P. infestans sometimes infected tubers
through pustules of powdery scab (Spongospora subterranea).
1.3.4 Influence of edaphic factors

Lapwood (1962) and Lacey (1967b) demonstrated in field trials the
movement of sporangia from inoculated daughter tubers to neighbouring
healthy daughter tubers. Lacey inoculated 53 tubers on separate growing plants
of the cultivar Ulster Ensign on different dates. At lifting, 42 of the inoculated
tubers were identified along with 11 newly infected tubers on eight plants.

Similar results were found with the cultivar King Edward. All new infections
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were on tubers within 1.3 cm of the one inoculated. The highest incidences of
infection occurred when the soil moisture was over 20 % by weight. Lapwood
(1965), however, found that 20 % soil moisture content was the lower limit
required for tuber infection to occur. Soil texture may also affect the spread of
P. infestans as both Lacey (1962) and Zan (1962) reported that spores passed
more freely through vertical columns of sand than corresponding clay columns.

Lapwood (1961b) and Lacey (1962) found active sporulation by P.
infestans on the eyes and lenticels of daughter tubers in growing crops of
several cultivars, particularly Ulster Ensign. Sometimes detached
sporangiophores were detected in the soil surrounding tubers, contaminating
areas up to 20 mm’. Murphy & McKay (1927) and Lacey (1962) have also
reported sporulation on stolons in the soil and Lacey (1962) observed
sporulation of P. infestans on the roots of potato plants grown in the laboratory.
Lacey (1967b) reported that a maximum of 39,400 spores per tuber per day
were produced on tubers which had been inoculated in the laboratory two
weeks previously. After 2 weeks incubation sporulation rapidly declined.
Tubers which were inoculated and then incubated in soil, followed by lifting
and washing, produced fewer sporangia after 24 hours incubation than similar
tubers incubated in the laboratory. Laboratory tests showed that sporulation
was greatest on tubers of Ulster Ensign followed by King Edward, Up-to-Date
and Majestic and that maximum sporulation on tubers occurred when the soil
moisture was over 20 % by weight (Lacey, 1967b).

Lohnis (reported by Lacey, 1967a) found that more tubers become infected
in clay soils than in sandy soils and that in clay soils an increase in resistance
was associated with lenticel suberisation. Cox & Large (1960), however,
reported that heavy infections occurred occasionally and negligible infection

frequently in all soil types.
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1.4 Control of late blight
1.4.1 Fungicide treatment

All potato blight fungicides commercially available in the UK. are
marketed as protectant fungicides. They can, however, be classified into five
groups based on the mobility of their active ingredients in potato plants (Table
1.1). Differences in the control of foliar and tuber blight due to treatment with
fungicides from different groups have frequently been reported (Holmes &
Storely, 1962; Bock, 1981; Bain & Holmes, 1990a).

Bruck et al. (1980) showed that the phenylamide metalaxyl strongly
inhibited sporulation of P. infestans at concentrations below 0.1 ppm and
Coffey & Young (1984) found that the germination of zoospores was inhibited
by metalaxyl. In practice blight fungicides are only applied to the foliage,
however, foliar applications (Bruin et al., 1982; Bhatia & Young, 1983) and
soil applications (Rowe, 1982) of metalaxyl have given effective control of
foliar blight. Stachewicz & Burth (1988) reported that metalaxyl treatment of
seed tubers protected the germ primordia of infected tubers as well as lowering
haulm susceptibility for up to 70 days after planting. Phenylamide-resistant
isolates of P. infestans were, however, first detected on the U.K. mainland in
1981 by Holmes & Channon (1984), a year after phenylamide fungicides were
made commercially available in the U.K. Subsequent surveys throughout the
U.K. by SAC, DANI and ADAS have revealed that resistant isolates are now
widespread (Bain & Holmes, 1990a). Furthermore, results from ADAS
Trawsgoed in Wales have shown that over the years 1986 to 1989
phenylamides no longer always contributed substantially to the control of tuber
or foliar blight (Slawson, unpublished).

In Israel the use of phenylamide fungicides has selected for P. infestans
isolates which exhibit a stronger competitive ability than the sensitive
population (Kadish & Cohen, 1988a; b) but this would not appear to be the

case in the U.K. or Eire. Dowley (1987) found phenylamide-sensitive isolates
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in Eire to have a higher sporulation capacity and Walker & Cooke (1988) found
no difference in sporulation between U.K. resistant and sensitive isolates.
Although Walker & Cooke (1988) observed, in tuber inoculation and
overwintering experiments, that phenylamide-resistant isolates infected more
tubers of the cultivar Kerr's Pink than sensitive ones, fewer tubers infected with
phenylamide-resistant isolates survived in storage due to subsequent invasion
by soft rotting bacteria. Kozlovskii & Suprun (1987) found no correlation
between sensitivity to metalaxyl and pathogenicity of Russian isolates.

No resistance has been reported in P. infestans to the translaminar fungicide
cymoxanil (Schwinn & Margot, 1991). This absence of insensitivity is most
likely because cymoxanil has always been marketed in a mixture, and as
cymoxanil has a relatively short persistence of only a few days in plants
(Douchet et al., 1977) P. infestans has not been exposed to control by
cymoxanil alone. In addition, cymoxanil is less fungitoxic than metalaxyl and
therefore exerts less of a selection pressure for resistance (Schwinn & Margot,
1991).

Redbond et al. (1990) reported that the efficacy of the three-way mixture of
mancozeb + oxadixyl + cymoxanil against foliar blight was superior to a two-
way mixture of metalaxyl + mancozeb applied at the same intervals. Although
the improvement in protection was small at the beginning of the season it
increased as the number of applications increased. Samoucha & Gisi (1987a; b)
reported that the three-way mix was more effective against both phenylamide-
sensitive and resistant isolates of P. infestans than would have been expected
from the sum of the efficacies of the individual active ingredients, representing
a significant level of synergistic interaction. Compared with the two-way mix,
the three-way mix has also been shown to reduce the build up of resistance to
phenylamides in mixed populations of P. infestans. Samoucha & Gisi (1987b)
reported that if the initial percentage of resistance was 10 % or higher then the

two-way mixture selected a 100 % resistant population after only four to five
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sporangial generations. In contrast, mixed populations containing as high as
50 % resistant isolates, remained fairly stable when treated with the three-way
mixture. Indeed, Samoucha & Cohen (1988) reported that oxadixyl + mancozeb
+ cymoxanil mixtures were effective in controlling both phenylamide-resistant
and sensitive isolates of P. infestans on potatoes in growth chamber studies
whereas mixtures without cymoxanil were only effective against the sensitive
isolates. Cooke & Little (1992), however, reported that in Northern Ireland
three-way mixtures gave no better protection against foliar blight than two-way
mixtures. In addition, they found that cymoxanil did not improve the protection
of treated plants against metalaxyl-resistant or sensitive isolates when it was
applied together with oxadixyl + mancozeb and that there was no evidence of
enhanced systemicity or persistence of components of this mixture. There are
no reports of the three-way mixture reducing the incidence of tuber blight
compared with other fungicide treatments.

Good control of foliar blight with fungicides does not necessary result in
good tuber blight control and, as demonstrated by Hirst et al. (1965), good
control of foliar blight can often lead to high numbers of sporangia being
deposited on the soil. Also, there is little information on the effect of different
fungicides on the relationship between foliar blight and tuber blight. Bain &
Holmes (1990a) reported that although fentin hydroxide gave about equal
control of foliar blight as some other fungicides only fentin hydroxide
significantly reduced the incidence of tuber blight. The widely accepted
mechanism of this improved tuber blight control is that fentin fungicides kill
(by inhibiting respiration) spores and mycelium of P. infestans in the soil
before tuber infection can occur. The scientific evidence for this is, however,
meagre and is based largely on the evidence obtained by Aldridge (reported by
Corbett, 1974) that fentin compounds are active inhibitors of oxidative
phosphorylation in isolated mammalian mitochondria. Fentin fungicides are

also reported to inhibit sporulation by P. infestans (Schwinn & Margot, 1991).
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1.4.2 Breeding for resistance

To improve the resistance of S. tuberosum cultivars after the P. infestans
epidemics during the 19" century, crosses with S. demissum from Mexico were
made. In addition to race non-specific resistance the progeny of these crosses
exhibited race-specific resistance, the genetic basis for which is the gene-for-
gene relationship first proposed by Flor (Wastie, 1991). Depending upon which
resistance and virulence genes are present in the host and pathogen respectively
race-specific resistance will be effective against one or more races of P.
infestans. It is not effective against races with virulence genes which
correspond to the host’s resistance genes (R genes) (Wastie, 1991). There are
currently eleven known ex-demissum genes. These genes prevent P. infestans
development following infection by conditioning a hypersensitive necrotic
response in the plant cells. However, once cultivars carrying R gene resistance
are widely grown and are exposed to a high disease pressure they can become
susceptible to the new races of P. infestans with novel combinations of
virulence genes which they select for (Boyd, 1972). Complex races of P.
infestans were detected soon after the introduction, in the early part of the 20"
century, of cultivars which carried R genes (Roer & Toxopeus, 1961). One
example of this was in 1968 when tubers of the cultivar Pentland Dell which
were previously resistant due to the cultivar having the resistance genes R;, R,
and R; became badly blighted over a wide area of the U.K. (Malcolmson,
1969). Within any particular cultivar R gene resistance does not always operate
in both the tubers and haulm and in general, the resistance of whole tubers to
infection by P. infestans is not necessarily related to that of the haulm (Roer &
Toxopeus, 1961). There are many complex races of P. infestans currently in the
U.K., however, as virulence analysis is time consuming and sometimes
inaccurate, very little work has been performed to determine their frequency

and type (Wastie, 1991).
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The limited success of race specific resistance in preventing blight
epidemics has led breeders to concentrate on race non-specific resistance and
breeding material is generally selected without considering R genes (Wastie,
1991). Race non-specific resistance is a complex of many characteristics that
combine to limit the development of all isolates of a given pathogen (Colon &
Budding, 1990). Umaerus (reported by Wastie, 1991) found that this resistance
inhibited penetration into, and spread of the pathogen through, the plant tissue.
In addition, Umaerus found that race non-specific resistance increased the
intensity of sporulation and the length of time required to initiate new
infections. Many host and environmental factors affect race non-specific
resistance. Race non-specific resistance to foliar blight is expressed as factors
which affect the ability of P. infestans to infect and develop, such as the nature
of the leaf surface, the maturity and growth habit of the plant, and its canopy
density and structure. Race non-specific resistance to tuber blight includes the
depth in the soil at which tubers are produced; for example tubers of the
cultivar King Edward are often formed on short stolons near the stem base or
near the soil surface (Boyd, 1972) and so are more prone to infection. Cultivars
whose tubers are formed early before the risk of blight becomes too great may
escape much infection whereas those for which sporangia and zoospores are
readily washed into the soil may become heavily infected.

Breeding for resistance in tubers has in general received less attention than
breeding for resistance to foliar blight (Wastie, 1991). Langton (reported by
Wastie, 1991) suggested that this was due to the belief that a high degree of
resistance in the foliage would deny inoculum to the tubers beneath. Toxopeus
(1958), however, showed that in practice a slowly developing leaf infection on
a resistant cultivar produced inoculum over a much longer period of time than a
more rapidly spreading and heavily sporulating infection on a susceptible
genotype. Furthermore, as van der Zaag (1959) found that infected tubers of

cultivars with good tuber resistance were less likely to produce infected stems,
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breeding for tuber resistance may effectively reduce the overall source of the
inoculum for the following year.
1.4.3 Forecasting

Older forecasting systems, produced empirically using meteorological
records by Beaumont (1947) and Smith (1956), predict the initial occurrence of
foliar blight in crops and identify when the first treatment should be applied.
These systems are still used in the U.K., e.g. a spray warning is issued by SAC
following the occurrence of the first high risk period of the season (Smith or
Beaumont periods; see section 1.3.1). If further high risk periods are recorded
additional spray warnings are issued with the recommendation that fungicide
spray intervals are reduced.

Recently more sophisticated forecasting systems have been produced and
the features of these have been reviewed by Harrison (1992). In general,
however, it is considered that sophisticated forecasting systems offer little
benefit over the simpler systems in predicting the occurrence or development of
blight primarily due to the large variation in the micro-climate within the crop
canopy (Harrison, 1992). Furthermore, with the exception of one forecasting
system developed in Germany by Sparr & Ebert (quoted in Harrison, 1992),
they do not forecast the first occurrence or overall incidence of tuber blight.
1.4.4 Cultural control

Careful attention to good agronomic practice may also reduce the overall
incidence of blight. Although tubers as deep as 15.2 cm below the crest of the
ridge may be infected (Grainger, 1957), Boyd (1972) reported that King
Edward tubers in the top 5.1 cm are more frequently infected than those which
are deeper. Well-formed ridges may therefore protect many of the developing
tubers.

High concentrations of soil nitrogen have been associated with increased
severity of foliar blight (Carnegie & Colhoun, 1983) and Herlihy (reported by
Boyd, 1972) found that the incidence of infected tubers increased with
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increased nitrogen but was reduced with extra phosphate. Nitrogen applications
may encourage lush haulm growth and as a result greater sporulation on the
haulm, promoting a higher incidence of foliar and tuber blight. In addition, as
high soil nitrogen tends to retard tuber initiation and maturity it may indirectly
increase the susceptibility of tubers to infection (Boyd, 1972).

Irrigation generally increases the overall incidence of foliar blight (Rotem et
al., 1970) and tuber blight (Rotem & Palti, 1969) and should not be applied in
excess of that required to maintain adequate soil moisture for crop growth and
to prevent common scab.

When the percentage foliar blight reaches a certain level, typically 5 % of
the leaf area, dessication of the crop will minimise the risk of tuber infection.
1.4.5 Harvest and post-harvest losses

Murphy (1921) showed that if lifting occurred while the infected haulm was
still green, infection of tubers by sporangia from the haulm could be greater
than that which occurred before lifting. An interval of 10 to 14 days between
death of the haulm and lifting is generally recommended. Murphy & McKay
(1925), however, found that tubers became infected even after periods of longer
than 14 days and Lacey (1962) reported that although the infectivity of
sporangia in soil declined rapidly after 7 days, the sporangia remained infective
for up to 32 days after burning off the haulm with sulphuric acid. Cox & Large
(1960) concluded that further work was required to determine whether a 10 to
14 day period between death of the haulm and lifting was sufficient. In the
U.K. crops are frequently not harvested for 3 weeks after desiccation to allow
skin set so that tuber damage inflicted during harvest and moisture loss during
storage are reduced.

Blighted tubers may also be a source of sporangia for the infection of
healthy tubers during handling and processing. The possibility of eliminating
this source, and of reducing infection by other fungal pathogens, by chemical

application has been looked at recently by various researchers. Stachewicz &
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Burth (1988) reported that, in field and laboratory experiments, applications of
metalaxyl within 24 hours of infection resulted in greatly reduced tuber blight
and consequently storage losses were considerably less. Turkensteen et al.
(1990), using a technique of green crop harvesting, found that the application
of chlorothalonil to the tubers at lifting reduced the incidence of tuber blight
from 6.7 % or 3.7 %, depending on green crop harvesting method used, to 0.7
%. This compared with 0.5 % tuber blight when a conventional herbicide was
used to desiccate the haulm. Similar results were found when mancozeb and
zineb were applied to the tubers. However, Turkensteen gave no indication of
the disease pressure in the trial or of the fungicide programme applied to the
haulm. Both factors may affect the success of such an approach. Kassim
(1986), Hide & Cayley (1987) and Harrison & Franc (1988) all found that the
application of chemicals to tubers post-harvest reduced the incidence of other
tuber diseases.

For the control of tuber infection that occurs during processing non-
chemical treatments such as the temperature or pH of the wash water used
during washing may also be a possibility. Martin et al. (1987) reported that
water with a pH of 2.4 almost completely inhibited direct and indirect
germination of P. infestans sporangia. Scholey et al. (1968) found that the pre-
packing of immature tubers in polyethylene bags led to an increased incidence
of tuber rotting by Erwinia carotovora. Limited trials by Zan (1962) suggest
that reduced oxygen concentration, i.e. 10.5 %, had no effect on the
germination of P. infestans sporangia, whereas carbon dioxide at twice the

normal concentration found in air decreased tuber infection.
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1.5 Objectives of the study

The overall objective of this study was to investigate the circumstances
under which a high incidence of tuber blight could occur in the apparent
absence of foliar blight. The subsidiary objectives were to examine:
a. the effect of fungicide type on the overall incidence of tuber blight,
b. whether fungicide type affects the relationship between the amount of blight
on the haulm and the number of blighted tubers,
c. the influence of the infection of potato stems by P. infestans on the overall
incidence of tuber blight,
d. the influence of fungicide type on the initiation and development of stem
blight and on the subsequent incidence of tuber blight,
e. the influence of edaphic factors, especially soil moisture content, on the
infection of potato tubers by P. infestans and on the spread of inoculum
underground from infected tubers,
f. the potential for spread of P. infestans during washing of potatoes for the pre-

pack market and to evaluate potential control measures.
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CHAPTER 2

General materials and methods
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2.1 Cultivars used in the experiments

Three potato cultivars were used in these experiments. They were selected
on the basis of maturity type and blight resistance rating (Table 2.1). All the
cultivars used were on the U.K. Recommended List either for general or
special use (Anon, 1992). Seed tubers of the Super Elite grade in the Scottish
Seed Potato Classification Scheme were used in most experiments. Progeny
tubers produced at Auchincruive from Super Elite seed were used in

experiments in which potato tubers were not planted to produce plants.

Table 2.1 Potato cultivars used in the experiments

cultivar maturity type blighi :i;i;}ance
foliage tuber
Home Guard early 3 3
King Edward maincrop 3 3
Kingston maincrop 4 3

'1 to 9 scale on which 9 indicates a very high level of resistance

2.2 P. infestans isolates and inoculation procedures
2.2.1 Isolation and maintenance of P. infestans

Following the surface sterilisation of washed blighted tubers for 30 seconds
using cotton wool soaked in industrial methylated spirits (Holmes & Channon,
1984), conical segments were cut from the cortex with a sterilised scalpel.
These segments, or in some cases infected leaf material, were placed onto the
surface of rye B agar which had been prepared using a technique adapted from
that of Hodgson & Grainger (1964). Sixty grams of organic rye grains were
partially ground before soaking in 1 1 of distilled water at 50° C for 3 hours.

The grains were then removed by filtration and 20 g of Oxoid No. 3 agar and
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20 g of sucrose added to the filtrate. The pH of the mixture was adjusted to
between 6.5 and 7 prior to autoclaving at 120° C and 103 kPa for 15 minutes.
The agar was amended with rifamycin (0.03 g), pimaricin (0.05 g) and
benomyl (Benlate) (0.02 g) before being poured into 5 c¢cm diameter Petri
dishes. After inoculation, the agar plates were sealed with Parafilm (American
National Can) and kept at 15° C in the dark for approximately 5 days. A
sterilised 4 mm diameter cork borer was used to transfer agar plugs with hyphal
tips of P. infestans from inoculated plates to new agar plates in order to obtain
pure cultures. Isolates were sub-cultured onto fresh rye B agar plates at
intervals of 3 to 5 weeks throughout the course of these experiments. In order
to avoid any loss of pathogenicity, reported to occur as a result of continued
culturing on agar media (Hohl, 1991), isolates were grown at intervals on
potato leaves.
2.2.2 Preparation of P. infestans inoculum

Leaves from plants of the cv. King Edward growing in the glasshouse were
placed on corrugated damp tissue in plastic trays with the abaxial (lower)
surface uppermost and inoculated with several 30 pl droplets of a dilute
suspension of P. infestans (mycelia and sporangia) harvested from rye B agar.
On occasions, a hand-held, gas-propelled sprayer (Humbrol) was used to apply
finer droplets of the P. infestans suspensions to the leaves. The trays of leaves
were then sealed in polyethylene bags (Samson, ldpe) and incubated at 15° C
with a 16-hour daylength (Stewart, 1990) of an approximate light intensity of
c. 1000 pmol. m™2s™ for 12 to 17 days. The incubation period was reduced to 9
to 12 days for leaves that had been inoculated using the Humbrol sprayer.
Following incubation sporangia were washed from the leaves with distilled
water, the concentration checked using a haemocytometer and adjusted to that
required. Earlier experiments (results not presented), in accord with Lacey
(1962), had shown that tap water was toxic to P. infestans sporangia. To ensure

a continuity of supply of leaf material seed tubers of the cv. King Edward were
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periodically planted in 8 cm square pots containing compost in a blight-free
glasshouse. During the winter, plants were exposed to a 16-hour daylength
under fluorescent lights with an approximate intensity of 2000 pmol. m? s™.
On occasions sporangia were produced on rye B agar by incubating inoculated
plates at 15° C in the dark for 7 to 19 days.
2.2.3 Isolates used in the experiments

Thirteen isolates of P. infestans, all from the U.K., were used in these
experiments (Table 2.2). The sensitivity to metalaxyl of the isolates most
frequently used was determined using the floating leaf disc technique (Carter et
al., 1982).
2.2.4 Inoculation of plants

Tubers were wounded by removing a small piece of tissue from the tuber
surface with a flamed scalpel so that cortical tissue was exposed (Wigginton,
1974). The technique used to inoculate the tubers was based on those used by
Lacey (1966), Malcolmson (1969) and Bhatia & Young (1985). A single 5 mm
square of Whatman No. 1 filter paper, onto which a 20 ul droplet containing
between 500 and 1000 P. infestans sporangia had been placed, was inserted
into the wound. On occasions, a droplet of P. infestans sporangia was inserted
directly into the wound (Lacey, 1967b). For stem or leaf inoculation the filter
paper was sealed onto the stem or leaf surface with Parafilm to prevent drying
out. Paper clips were used on the leaves to ensure that the impregnated filter
paper and Parafilm remained in place. On occasions, the centres of leaflets
were inoculated with a 150 pl droplet of sporangial suspension using a
micropipette (Stewart, 1990). As the viability of sporangia decreases with age
(unpublished results), inoculations were always performed with inoculum
which was less than 20 days old. Harrison (1992) reported that there was a
marked decline in the ability of sporangia to release zoospores as cultures of P.

infestans aged. When zoospores were used for plant inoculation the sporangia
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suspensions were chilled at 10° C for 2 hours prior to inoculation (Stewart,
1990).
2.3 The soil used in the experiments

A sandy loam of the Bargour series (Table 2.3) was used for all field
experiments and all of the glasshouse and growth cabinet experiments in which
soil moisture was a factor. Although unusual for Ayrshire, sandy loam soils are
typical of much of the lowland potato production area of eastern Scotland (C.
Smith, personal communication). To ensure that soil moisture contents in these
experiments corresponded to those occurring in a field situation a pressure
membrane technique, similar to that described by Heining (1963), was used to
determine the moisture contents (% gravimetric water content) of the soil at
field capacity and at permanent wilting point (Table 2.4).

Plants used in glasshouse experiments, other than when soil moisture was a
factor, were grown in either a 1:1 v/v mixture of sandy loam soil and sphagnum
peat (Finnfibre Horticulture) or a 7:3:2 v/v mixture of sandy loam soil,
sphagnum peat and Perlite.

2.4 Measurement of P. infestans and assessment of blight symptoms
2.4.1 Enzyme-linked immunosorbent assay (ELISA)

P. infestans in plant material (experiment 3 in Chapter 4) and in tuber wash
water (experiment 1 in Chapter 6) was assayed using PTA-ELISA as described
by Clark & Adams (1977), Moham (1981) and by Harrison et al. (1990).
Polystyrene immunological microtitre plates (Nunc Immunological II; Gibco
Ltd) were used. For each sample, six 200 pl aliquots were placed in
predetermined duplicate plate wells leaving the outer plate wells blank. The
plates were then incubated at 4° C for 16 hours before washing using an
automatic plate washer (Dynatech) which soaked the plates for three
consecutive cycles of 60 seconds with PBS-Tween (Appendix 2.1) and with

sterile distilled water. The washing process was repeated three times. Once the
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Table 2.3 Composition of the Bargour series soil used in field, glasshouse

and laboratory experiments

fraction %
sand (total) 543
silt 20.6
clay 25.1
organic matter'  (7.7)
organic carbon'  (2.3)

! percentage of total sand, silt and clay fraction

Table 2.4 Water content of the Bargour series soil at field capacity and at

permanent wilting point

gravimetric water content (%)

soil stratum  field capacity permanent wilting point
(0.05 bar) (15 bar)

topsoil 26.72 8.21

subsoil 23.87 10.06

mean 25.30 9.14
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plates had dried, 200 pl of a 1 in 1000 dilution of polyclonal anti-P. infestans
gamma globulin in PBS-Tween (supplied by J. Harrison, SCRI) was added to
each plate well. The plates were then incubated for 3 hours at 37° C following
which they were washed as previously described and then allowed to dry. Two
hundred microlitres of goat anti-rabbit gamma globulin-alkaline phosphatase
conjugate (Sigma Chemical Company, A-8025) diluted in PBS-Tween at 1 in
8000 was then added to each plate well and the plates incubated for a further 3
hours at 37° C. The plates were then washed and allowed to dry as previously
described. Four phosphatase substrate tablets (Sigma Chemical Company, 104
- 105) were then dissolved in 30 ml of substrate buffer (Appendix 2.1) and 200
ul of this suspension were added to each plate well. After 2 hours incubation at
20° C the absorbance value of each well at 405 nm was determined using a
Titertek Multiskan Photometer (Flow Laboratories).
2.4.2 Assessment of foliar and stem blight

Foliage disease in field plots was assessed by the same person
approximately twice weekly using a modified version of a widely used key
(Anon, 1947) (Table 2.5). Stem blight was assessed as the percentage of the
surface area of individual stems with symptoms. To confirm that stem and
foliage lesions were due to P. infestans approximately 5 % of lesions were
incubated at 15° C in the dark for c. 48 hours, and then examined for sporangia
of P. infestans.
2.4.3 Assessment of tuber blight

Tubers were assessed for the blight symptoms described in section 1.2.5.
The percentage of blighted tubers at lifting was assessed in terms of both tuber
number and weight, but to avoid repetition only the percentages based on tuber
number are presented in this thesis. Confirmation that lesions were due to P.
infestans was obtained by the incubation and examination of tubers as

described in section 2.4.2.
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Table 2.5 Potato foliage blight assessment key

percentage description’

0.025
0.05
0.1
0.2
03
0.4
0.5
0.6
0.7
0.8
0.9
1.0
5.0
25
50

75

95
100

blight not seen in plot
1or2
Jor4
5t08
9to 16
17 to 31
32 to 63
64 to 127
128 to 255
lor2
Jor4d
5t09
10
50
nearly every leaflet with lesions
every plant affected and about one-half of leaf area destroyed by
blight
approximately three-quarters of the leaf area destroyed by
blight
only a few leaves left green

all leaves dead from blight infections

'0 - 0.6 % foliar blight based on lesions per plot. 0.7 - 100 % based on number

of lesions per plant.

-
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2.5 Field trials: planting and pesticide application

All field trials (experiments) were carried out in a field in which potatoes
had not been grown since 1986. Seed tubers were planted using a tractor-
mounted Reekie four-row planter. The drills were 70 cm wide with 30 cm
between the tubers. Drills were ridged up and the herbicide Opogard (Ciba
Agriculture) sprayed before emergence. All fungicides were applied in 300 1 of
water ha using a Horstine Farmery Powerdrive tractor-mounted sprayer in
1991 and 1992 and a tractor-mounted AZO compressed-air sprayer in 1993.
The operating pressure of both sprayers was between 2 and 3 bar which gave a
medium spray quality. A 3.5 m spray boom with flat fan nozzles set at 50 cm
centres was used in all years. To prevent damage to the trial plots by tractor
wheels (reported by Large et al.,, 1954) fungicides and herbicides were applied
from tramlines which bypassed the plots.
2.6 Statistical analyses

The data obtained from all but one of the experiments were continuous. All
proportion or percentage data were transformed by means of the angular
transformation (i.e. arcsin \ p) as used by Roberts (1992). Counts were
transformed using the square root transformation (Mead & Curnow, 1983). To
test that all transformed data satisfied the necessary assumption of normality
(Mead & Curnow, 1983) two diagnostic tests were carried out. Plots of the
residuals vs. fitted values were made to demonstrate that the assumption of
homogeneity of variance was satisfied. Plots in which the values of the
residuals remained relatively constant as the fitted values increased indicated
that the transformation was appropriate. Plots of quantile vs. quantile were
performed to indicate the normality of the distribution of the residuals. A linear
relationship indicated that the residuals were distributed normally. Where the
data were not continuous, i.e. experiment 7 in Chapter 6, plotted residuals
approximated a normal distribution and further transformations of the data did

not improve this distribution. Linear and multiple linear regression were
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performed to determine the correlations between different variates. The
analyses were performed using Genstat5 (Payne ef al, 1987) or Minitab,
Version 6.2 (Anon, 1989).
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CHAPTER 3

The effect of type of fungicide on the relationship between the amount of
blight on the haulm and tuber blight incidence
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3.1 Introduction

The relationship between the amount of foliar blight in a crop and the
subsequent incidence of tuber blight is complex. Hirst et al. (1965) established
that when the fungicides copper oxychloride, zineb, maneb and mancozeb were
applied to trial plots of the cultivar King Edward the first infected tubers
generally occurred when between 1 and 5 % of the foliage was destroyed by
P. infestans and that most infections arose before 50 % of the haulm had been
destroyed. No significant differences in the control of tuber blight by different
fungicide types and no effect of fungicide on the relationship between foliar
blight and tuber blight were noted. On the other hand high incidences of tuber
blight in the absence of foliar blight were observed in some potato crops in the
UK. in 1988 (Bain & Holmes, 1990b). The field experiment in this chapter
aimed to investigate to what extent fungicide type affected the relationship
between the amount of blight on the haulm and the timing and overall
incidence of tuber infection. Fentin hydroxide and metalaxyl + mancozeb were
selected because they were reported to give very good control of tuber blight
whereas mancozeb was reported to give poor control (Schwinn & Margot,
1991). The mancozeb + oxadixyl + cymoxanil mix was also included, although

it was not marketed in the U K. until 1990.

3.2 Materials and methods

The trial was situated in Diamond Field at Auchincruive and was planted
with the cv. Kingston (see section 2.1) on 26 April 1991. Details of the field
soil are given in section 2.3. The design of the trial, taken from Fisher & Yates
(1963), was intended to ensure that disease pressure from the control plots
across the fungicide treated plots was as uniform as possible. The trial
consisted of five treatments with six replicate plots, each plot comprising

approximately 160 plants in four drills of 40 plants.
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Inoculation of the trial with P. infestans was carried out on 11 July before
any natural infection was observed in the locality. Small blocks of 12 plants at
each end of the treatment plots served as infector plots and two plants in every
infector plot were inoculated. The first plant was inoculated with nine 150 pl
droplets of an equal mixture of two different metalaxyl-sensitive (ms) isolates
(TSE1 & TSE2) (see section 2.2.3) at a concentration of 1.5 x 10* sporangia
ml" and the second plant with one droplet, of the same concentration and
volume, of an equal mixture of two different metalaxyl-resistant (mr) isolates
(SA91 & SA92). This was intended to give an initial inoculum ratio of 10:90
mr:ms isolates. Immediately following inoculation, the plants were covered
with clear polyethylene bags for 24 hours to maintain a high relative humidity
and to prevent the inoculum from being washed off. Eight days later the
inoculated plants were assessed for infection and 88 % of the plants inoculated
with ms isolates and 74 % of those inoculated with the mr isolates were found
to be infected. The true ratio of mr:ms isolates at the start of the season was
therefore 10:107.

In order to maintain disease pressure during dry periods, overhead irrigation
was applied. The system was calibrated to apply 1.3 mm of water per minute.
Measurements were made to ensure that the distribution of irrigation water
over the trial was approximately even.

The fungicide products used and their rates of application are listed in
Table 3.1. There was also an unsprayed (control) treatment. The first fungicide
sprays were applied on 3 July, which was just before the plants met across the
drills. A modified, tractor-mounted, Horstine Farmery Powerdrive sprayer (see
section 2.5) was used to apply products in 300 1 of water ha™'. Additional dates
of spraying are given in Table 3.2. Towards the end of the season the
recommended spray intervals were extended to try to increase the overall

amount of blight in the trial. The nearest synoptic weather station, which was

51



Table 3.1 Fungicide products and rates

product active ingredient product application
(% a.i.) rate (kg ha™)
Dithane 945 mancozeb (80 % w/w) 1.7
Fubol 75 mancozeb + metalaxyl 2.0
(67.5: 7.5 % wiw)
Du-ter 50 fentin hydroxide 0.56
(47.5 % wiw)
Trustan cymoxanil + mancozeb
+ oxadixyl (3.2:56:8 % w/w) 2.5

Table 3.2 Dates of, and intervals between, fungicide applications

spray number  date interval (days)
1 3 July

13
2 16 July

14
3 30 July

15
4 14 August

16
5 30 August

20
6 19 September

18
7 7 October

located at Prestwick Airport (approximately 2 miles from Auchincruive),

recorded only one high risk period (Smith) during the season, on 28 and 29

August. As the spray interval at the start of this high risk period was 16 days,
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the plots were poorly protected at this stage which probably further increased
disease pressure within the trial.

The percentage foliar blight per plot was measured approximately twice
weekly from the introduction of P. infestans onwards, using a modified version
of a widely used key (Anon, 1947) (see section 2.4.2). Plants and tubers from
each of the treatment plots were destructively sampled on nine occasions

throughout the season (Table 3.3). On each date nine plants (three randomly

Table 3.3 Dates of sampling plants and tubers from treatment plots

sample date weather conditions
during lifting
25 July dry
31 July dry
8 August dry
18 August dry
27 August rain
5 September rain
16 September rain
26 September dry
2 October dry

selected blocks of three adjacent plants in the same drill) were dug from each
plot. There were guard plants on either side of each block of three plants. Only
one stem from each harvested plant was retained for assessment. The
percentage surface area of the stem with blight symptoms was either assessed
on the day of sampling or within two days. The tubers harvested from any one
plot were bulked prior to assessment. On each sampling date tuber blight

incidence per plot was assessed by randomly selecting 54 tubers per plot,

53



washing them, examining them visually and recording the sites of infection and
their areas.

In addition, some more detailed assessments were made. To determine if
the type of fungicide influenced the number of sporangia produced on lesions,
10 infected leaflets per plot were randomly selected on 19 and 31 August, 7
and 22 September and 1 October. Leaflets were washed with sterile distilled
water from a 500 ml capacity polyethylene squeeze bottle to remove as many
sporangia as possible and then incubated at 16° C for 48 hours to allow further
sporulation. The 10 leaflets per plot were then bulked and washed for 30
seconds in 7 ml of sterile distilled water in order to wash off any newly formed
sporangia. Estimates of the concentrations of these sporangia were made from
10 samples of each washing using a haemocytometer slide. The influence of
fungicide type on the size of foliar lesions (and on the size of the leaflets) was
examined on 31 August and 7 September by photocopying the sampled leaflets
prior to the incubation period described above. The leaflet and lesion areas on
the photocopies, which could generally be distinguished clearly, were
measured at a later date using an area measurement light meter (Plate 3.1). To
determine if fungicide type had any effect on sporangial germination, a 2 ml
sample from each of the sporangial suspensions produced from blighted
leaflets selected on 22 September was diluted to approximately 5 x 10°
sporangia ml”'. These samples were chilled at 10° C for 2 hours (Stewart,
1990) and left at 16° C for a further 24 hours to encourage germination. Counts
of the numbers of sporangia that had germinated, either directly or by the
release of zoospores, and the number that had failed to germinate were made
by counting all the sporangia visible under the field of view of the microscope.
Twenty different fields of view were examined for each suspension.

The trial was desiccated on 30 September by applying diquat (Reglone) at a
rate of 800 g a.i. in 300 | water ha™.
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3.3 Results
3.3.1 Effect of fungicide type on the incidence of tuber blight

For all treatments tuber blight appeared relatively early in the growing
season, peaked and then, with the exception of the mancozeb + oxadixyl +
cymoxanil and the fentin hydroxide treatments declined. Fungicide type,
however, affected the date on which incidences of tuber blight significantly
greater than zero first occurred. A significant incidence of tuber blight occurred
in the control plots on 18 August, in the mancozeb- and mancozeb + metalaxyl-
treated plots on 16 September and in the fentin hydroxide- and mancozeb +
oxadixyl + cymoxanil-treated plots on 26 September (Fig. 3.1).

Fungicide type affected the date on which the maximum amount of tuber
blight occurred and the overall incidence of tuber blight (Fig. 3.1). For the
control, mancozeb and mancozeb + metalaxyl treatments incidences of tuber
blight peaked on 26 September. Incidences of tuber blight in plots treated with
fentin hydroxide or mancozeb + oxadixyl + cymoxanil were, however, highest
at the final assessment on 2 October. Overall, for the four fungicides used,
fentin hydroxide generally gave the lowest incidence of tuber blight followed
by mancozeb + oxadixyl + cymoxanil, mancozeb + metalaxyl and mancozeb.
On 16 September significantly more tuber blight was recorded in plots treated
with mancozeb than in those treated with fentin hydroxide. On 26 September
there was significantly more tuber blight for the mancozeb treatment than with
the other fungicides, between which there were no significant differences. On
this date the incidence of tuber blight in the mancozeb-treated plots was also
greater than in the control plots, but not significantly so. Significantly less
tuber blight occurred with the fentin hydroxide and mancozeb + oxadixyl +
cymoxanil treatments than in the control and less, but not significantly so, than
in the 'mancozeb + metalaxyl treatment plots. By 2 October, although tuber
blight incidences for all treatments were still significantly greater than zero, the

significant differences between the treatments had disappeared.
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3.3.2 The effect of fungicide type on the severity of foliar blight and stem
blight when the incidence of tuber blight became significantly greater than
Zero

All fungicides, compared with the control, increased the percentage foliar
and stem blight at which incidences of tuber blight significantly greater than
zero occurred. For the four fungicides tested fungicide type had some effect on
the amount of stem blight at which significant incidences of tuber infection
occurred but relatively little effect on the corresponding percentage foliar
blight (Table 3.4). Plots treated with fentin hydroxide, compared with the other
fungicide treatments, had a relatively small amount of stem blight when the
incidence of tuber blight became significant. However, the corresponding
incidence of foliar blight was highest for fentin hydroxide-treated plots.

Fungicide type had only a minor effect on the relationships between the
amount of haulm blight or lesion sporulation and tuber blight. On 26
September (when the greatest differences in tuber blight between fungicide
treatments were detected) the ranking orders for foliar and stem blight and the
cumulative sporangia number for the mancozeb, mancozeb + metalaxyl and
mancozeb + oxadixyl + cymoxanil treatments corresponded to that for tuber
blight (Fig. 3.2). Fentin hydroxide, however, despite having the lowest
incidence of tuber blight did not have the lowest incidence of foliar blight or
cumulative sporangia number. Stem area infected was, however, smallest in the
plots treated with fentin hydroxide. The incidence of tuber blight in the control
plots was intermediate, in spite of the control having the highest values for
cumulative sporangia number and foliar and stem blight.

From the data which are available (Appendices 3.1 to 3.5) it is not possible
to determine which of the three variates, i.e. foliar or stem blight or cumulative
sporangia number, has the greatest influence on the incidence of tuber blight.

Although there was some indication that treatment with fentin hydroxide
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reduced the ability of sporangia to germinate indirectly, incidences of tuber
blight for the different fungicides were not, in general, closely related to the
germination of sporangia from leaf lesions (Fig. 3.3).
3.3.3 Effect of fungicide type on the incidence of foliar blight and severity of
stem blight

Percentages of foliar blight significantly greater than zero first occurred in
the control and mancozeb treatment plots on 26 July and in the plots treated
with other fungicides on 5 August (Fig. 3.4). All fungicide treatments, between
which there were no significant differences, gave significantly less foliar blight
than the control from 26 July onwards. Fungicide type affected the severity of
stem blight (Fig. 3.5) to a greater extent than it affected the incidence of foliar
blight. By the final assessment, on 28 September, the severity of stem blight
ranged between 10.1 and 43.3 % for the fentin hydroxide and mancozeb
treatments respectively whereas for foliar blight (on 25 September) the
corresponding range was 19.6 to 22 % (Figs. 3.4 & 3.5). Overall for the four
fungicides used fentin hydroxide generally gave the least severe stem blight
followed by mancozeb + oxadixyl + cymoxanil, mancozeb + metalaxyl and
mancozeb. Significant stem blight first occurred in the mancozeb-treated plots
on 28 August but the value for this treatment was not significantly greater than
for other fungicides. Similarly, on 18 September, stem blight significantly
greater than zero only occurred in the mancozeb-treated plots. Control of stem
blight on 18 September was markedly superior, but not significantly so, in the
plots treated with fentin hydroxide or mancozeb + oxadixyl + cymoxanil
compared with those treated with mancozeb + metalaxyl (Fig. 3.5). On 28
September significantly more stem blight occurred with the mancozeb and
mancozeb + metalaxyl treatments, between which there was no significant
difference, than with the fentin hydroxide treatment. Markedly more stem

blight was also recorded in the mancozeb- and the mancozeb + metalaxyl-
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treated plots than in those treated with the mancozeb + oxadixyl + cymoxanil
mixture.
3.3.4 Effect of fungicide type on sporangia production on leaf lesions

Fungicide treatment delayed the time of maximum sporulation. Sporangia
production on lesions from the control and mancozeb-treated plots, in general,
decreased over time, whilst sporulation on lesions from the mancozeb +
metalaxyl-treated plots increased over time (Fig. 3.6). Sporangia production on
lesions from the mancozeb + oxadixyl + cymoxanil and fentin hydroxide
treatments continued to increase until 22 September, after which a slight
decline was observed. Significant differences in sporulation, as a result of
fungicide treatment, were recorded on the different assessment dates. On 19
August, sporangia production on lesions treated with mancozeb was
significantly greater than on those treated with mancozeb + oxadixyl +
cymoxanil. Sporangia production for all fungicide-treated lesions was
significantly reduced compared with the control. On 31 August sporulation on
the lesions from the control and the mancozeb-treated plots was significantly
greater than on those from plots treated with fentin hydroxide or mancozeb +
oxadixyl + cymoxanil. By 7 September, although significant differences
between the four fungicide treatments had disappeared, all fungicides
significantly reduced sporangia production compared with the control. On 22
September, sporulation on the control lesions was, however, significantly
reduced compared with the fungicide-treated lesions, between which there
were no significant differences. On 1 October sporangia production from the
mancozeb-treated lesions was significantly reduced compared with those
lesions treated with the other fungicides.

From the data that are available, sporangia production within sampling
dates was generally related to the area of the lesion (Table 3.5; Fig. 3.6). On 31

August the largest lesions were on plants treated with mancozeb
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+ metalaxyl or mancozeb, or on untreated plants. Sporangia production on 31
August was greater for these three treatments than for fentin hydroxide or
mancozeb + oxadixyl + cymoxanil. A significant reduction in sporulation on
lesions from plants treated with mancozeb + oxadixyl + cymoxanil compared
with those treated with mancozeb was associated with significantly smaller

lesions. Significantly reduced sporangia production from lesions treated with

Table 3.5 Area (cm?) of foliar blight lesions on plants of cv. Kingston
treated in the field with four fungicides

sampling date

treatment 31 August 7 September
control 7.44 (16.57)" 3.75 (12.85)
mancozeb 8.65 (22.33) 3.17 (16.00)
fentin hydroxide 5.81 (18.85) 2.59 (16.43)

mancozeb + metalaxyl 8.67 (22.74) 2.68 (17.53)

mancozeb + oxadixyl 4.13 (16.87) 2.42 (18.10)
+ cymoxanil

s.e.d. (29 df) 1.97 (2.52) 0.40 (1.98)

! values in parentheses are corresponding leaflet areas (cm®)

mancozeb + oxadixyl + cymoxanil compared with control lesions, and from
fentin hydroxide treated-lesions compared with control or mancozeb-treated
lesions, was related to smaller, but not significantly smaller, lesions. Although
the lesions from plants treated with mancozeb + metalaxyl were significantly
larger than those treated with mancozeb + oxadixyl + cymoxanil they did not
produce a significantly greater number of sporangia. The ranking orders of
lesion area and sporangia production from lesions on 7 September were

generally similar. A significant reduction in sporulation on lesions from the
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fungicide-treated plots, compared with the control, was associated with a
reduced lesion size. Only the lesions from plots treated with mancozeb +
oxadixyl + cymoxanil, fentin hydroxide and mancozeb + metalaxyl were,
however, significantly smaller than control lesions.

Checks were made to determine if differences in foliar lesion area between
treatments were genuine or an artefact of fungicide influencing leaflet size. On
31 August the ranking orders of the fungicide treatments for lesion and leaflet
area were generally similar. For example, significantly smaller lesions on
plants treated with mancozeb + oxadixyl + cymoxanil compared with those
treated with mancozeb or mancozeb + metalaxyl were associated with
significantly smaller leaflets (Table 3.5). On 7 September, however, the
ranking orders for lesion and leaflet area were not related. There were no
significant differences in leaflet area between fungicide treatments on 7

September.

3.4 Discussion

Fungicide type affected the incidence of tuber blight and fentin hydroxide
generally gave the lowest incidence, with the exception of the final assessment.
This result is in general agreement with the findings of Last (1961), Holmes &
Storely (1962), Pieters (1962), Jarvis et al. (1967), Bock (1981) and Bain &
Holmes (1990a) that fentin fungicides can be very effective at controlling tuber
blight. Holmes & Storely (1962) proposed that significant reductions in the
incidence of tuber blight for fentin acetate compared with copper oxychloride,
copper hydroxide, zineb and maneb were attributable to a suppressive effect on
foliar sporulation or to protection of the tubers by the fungicide reaching the
soil. Treatment of soil with fentin fungicides has, however, been only partly
successful in reducing the incidence of tuber blight. Applications of fentin
acetate to the soil significantly reduced tuber blight in only one out of two

years (Mclntosh, 1965, 1966) and only in one of two experiments conducted
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during 1962 by Bruin (reported by Bock, 1981). Schwinn & Margot (1991)
reported that fentin hydroxide inhibits the release and germination of zoospores
which might also explain the lower incidences of tuber blight. The results
reported here also show that sporangia harvested from lesions treated with
fentin hydroxide, compared with lesions treated with other fungicides, have a
reduced ability to germinate indirectly.

Foliar applications of the phenylamide metalaxyl have been reported to
protect tubers from infection by P. infestans (Bhatia et al., 1979; Smith, 1979,
Cooke et al., 1981; Bruin et al., 1982; Bhatia & Young, 1983; Cooke & Little,
1986, unpublished). Similarly, Easton & Nagle (1985) found that metalaxyl,
when applied either to the foliage or to the soil, significantly reduced the
incidence of tuber blight. Bruck et al. (1980) reported that metalaxyl
significantly reduced the sporulation capacity of leaf lesions and Bock (1981)
proposed that the protection of tubers was due to metalaxyl dramatically
reducing the number of zoospores being produced on foliar lesions. In addition
Bruin et al. (1982) and Barak et al. (1984) detected biologically active residues
of metalaxyl, of 0.02 to 0.04 and 0.002 to 0.01 ppm respectively, in tubers
following foliar applications. Barak et al. (1984) suggested that this conferred
on the tubers general resistance to fungal pathogens through the stimulation of
the host's resistance. In the results reported here, however, reductions in the
incidence of tuber blight in the plots treated with mancozeb + metalaxyl
compared with those treated with mancozeb alone were generally modest.
These results indicate that the contribution of metalaxyl to the control of tuber
blight in situations where a significant proportion of phenylamide-resistant
P. infestans is present is limited. Slawson (unpublished) showed that since
1984 the control of tuber blight by metalaxyl at the Trawsgoed Experimental
Station in Wales has been minimal and recent surveys by SAC and the

Department of Agriculture, Ireland have shown that the occurrence of
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phenylamide resistant isolates in the U.K. and Ireland is widespread (Bain &
Holmes, 1990b; Dowley & O'Sullivan, 1991a).

In the trial reported here there was little difference in the incidence of tuber
blight for mancozeb + oxadixyl + cymoxanil compared with the mancozeb +
metalaxyl treatment. These results are, however, only for one year and, as there
is no other published data on the efficacy of the three-way mix in tuber blight
control, further work is needed to confirm these results.

Holmes & Storely (1962) found in trials over 4 years that tuber blight
incidences in plots treated with the dithiocarbamate fungicides zineb and
maneb were essentially the same as in the control plots. In the trials reported
here mancozeb gave very poor control of tuber blight and at one sampling time
the incidence was greater than in the control plots. This is in agreement with
results from Bain & Holmes (1990a) which showed that in trials in two years
incidences of tuber blight in mancozeb-treated plots were higher than in the
unsprayed plots. Likewise, Lloyd et al. (1962) found that treatment with zineb
increased the incidence of tuber blight compared with the untreated control and
Brase & Baumann (reported by Bock, 1981) found in three years that the
incidence of tuber blight in plots treated with dithiocarbamate fungicides was
greater than in control plots. The results reported here suggest that higher
incidences of tuber blight in plots treated with mancozeb compared with the
untreated control may be due to the limited effect of mancozeb, compared with
other fungicides, on sporulation by P. infestans. With the exception of
mancozeb, all fungicide treatments delayed the peak sporulation on leaf lesions.
This may have led to a reduced incidence of tuber infection since tuber
resistance to infection increases with tuber maturity. Fungicides maintain green
leaf area, and therefore sporangia production, for longer therefore the risk of
tuber infection in plots treated with fungicides compared with un-treated plots

is increased.
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At the end of the season incidences of tuber blight declined in all of the
treatment plots with the exception of those treated with mancozeb + oxadixyl +
cymoxanil or fentin hydroxide. This decline, which was most pronounced in
the control plots and in those treated with mancozeb, was probably the result of
blighted tubers breaking down. Indeed lesions on the tubers from the control
and mancozeb-treated plots were observed to be far larger (unpublished
results), possibly because they had been infected earlier or because they had
been exposed to a higher concentration of inoculum. In addition, by 2 October
fewer new infections of healthy tubers probably occurred in these plots as the
remaining healthy tubers were less accessible to the inoculum released from
the foliage or stems and probably less susceptible to infection (see section
1.3.3). Furthermore, results from this experiment have shown that less
inoculum was produced at the end of the season on haulm lesions from the
control plots and from those treated with mancozeb. Results from field trials
carried out over 4 years by Hirst et al. (1965) also showed that in some years
the incidence of tuber blight in both fungicide-treated and untreated plots
decreased at later sampling dates.

The results of this field experiment have shown that even when very
different types of blight fungicide were used they did not greatly influence the
relationship between the incidence of foliar blight and the initial occurrence of
tuber blight. This agrees with the conclusion reached by Hirst ez al. (1965),
using contact fungicides only, that fungicide type had little effect on the
incidence of foliar blight at which tuber infection first occurred. It therefore
seems unlikely that the occurrence of tuber blight in the absence of foliar blight
(Murphy & McKay, 1927; Grainger, 1957; Hirst & Stedman, 1962; Lacey,
1962; Boyd, 1972) is due to fungicide type altering the epidemiology of the
disease. The results reported here have, however, shown that fentin hydroxide,
compared with the other fungicide treatments, dramatically reduced the

severity of stem blight at which tuber infection occurred. These results are,
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however, only from a single year, in which conditions were generally not
favourable for the spread of P. infestans, and as a result incidences of haulm
blight were relatively low for all fungicide treatments. A season more
conducive to haulm blight may have resulted in a greater influence of fungicide
on the relationship between the incidence of haulm blight and the timing of the
initial occurrence of tuber blight. In addition, comparison of the results from
this experiment is complicated as fentin hydroxide and mancozeb + oxadixyl +
cymoxanil compared with mancozeb and mancozeb + metalaxyl delayed the
occurrence of significant incidences of tuber blight by 10 days. All fungicide
treatments increased the percentage of foliar blight and severity of stem blight
at which tuber infection arose compared with the control. This is in agreement
with the results of Hirst et al. (1965) which showed that in untreated plots the
first tubers became infected when only 1-2 % of the unprotected foliage had
symptoms. Tuber infections in plots treated with copper oxychloride, zineb,
maneb or mancozeb were, however, seldom abundant until at least 5 % of the
foliage was blighted. Hirst et al. (1965) concluded that this was presumably
because the fungicides killed many sporangia before they reached the tubers.
When the percentage foliar blight was greatest, fungicide type had only a
minor influence on the relationship between foliar blight and tuber blight. On
26 September significantly lower incidences of tuber blight in the plots treated
with fentin hydroxide, mancozeb + oxadixyl + cymoxanil or mancozeb +
metalaxyl compared with those treated with mancozeb were not associated
with significantly less foliar blight. This is in agreement with the results of
Holmes & Storely (1962) which showed that a significant reduction in the
incidence of tuber blight in plots treated with fentin acetate compared with
those treated with zineb and maneb was not associated with a reduction in the
incidence of foliar blight. Bain & Holmes (1990b) also found that although
fentin hydroxide and mancozeb gave about equal control of foliar blight, the

incidence of tuber blight was only significantly reduced in the plots treated
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with fentin hydroxide. Bock (1981), however, reported that fentin hydroxide
and fentin acetate showed superior control of both foliar and tuber blight
compared with dithiocarbamate fungicides. The results reported here suggest
that the significantly better control of tuber blight by fentin hydroxide
compared with mancozeb was, at least in part, a result of the superior control
of stem blight. The potential for high incidences of tuber blight to arise from
sporangia produced on stem lesions has been noted previously (Lapwood,
1964, 1965, 1977). The influence of fungicide treatment on the incidence of
stem blight is covered in more detail in Chapter 4.

The results reported here have shown for the first time that fungicide
treatment affected the severity of stem blight to a greater extent than it affected
the percentage of foliar blight. Although no significant differences in foliar
blight were recorded, the severity of stem blight was on three occasions
significantly less for fentin hydroxide than for mancozeb. The control of stem
blight was also markedly superior in plots treated with mancozeb + oxadixyl +
cymoxanil compared with mancozeb + metalaxyl. These results suggest that
separate blight assessments for the foliage and stems may be necessary in
fungicide evaluation trials and perhaps in assessments of the resistance of
breeding material.

Treatment with mancozeb + oxadixyl + cymoxanil generally gave little
improvement in the control of foliar blight compared with mancozeb +
metalaxyl. Although Samoucha & Gisi (1987a), Samoucha & Cohen (1988),
Samoucha et al. (1988) and Redbond et al. (1990) reported that the efficacy of
the three-way phenylamide mixture against foliar blight was superior to that of
the two-way mix, the results obtained in this experiment are in accord with
those obtained in Northern Ireland by Cooke & Little (1992) that the addition
of cymoxanil to oxadixyl + mancozeb gave no better control of foliar blight

than the two-way mixture.
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Fungicide type affected sporangia production on blight lesions. Fentin
hydroxide, mancozeb + metalaxyl and mancozeb + oxadixyl + cymoxanil,
compared with mancozeb, delayed the maximum sporulation on leaf lesions by
3 to 4 weeks. Cumulative sporangia numbers were, however, generally higher
in plots treated with fentin hydroxide than in those treated with mancozeb +
oxadixyl + cymoxanil or mancozeb + metalaxyl, although incidences of tuber
blight were generally lower with fentin hydroxide.

Phytotoxic damage to potato foliage by fentin fungicides has been reported.
Bock (1981) reported that foliar applications of fentin hydroxide were
phytotoxic and Pieters (1962) noticed severe leaf burns after seven applications
of fentin acetate, although applications of fentin hydroxide showed very little
phytotoxicity. There was, however, no indication of any phytotoxicity of the

fungicides used in the field experiment reported here.
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CHAPTER 4

The role of stem blight in the infection of daughter tubers by P. infestans
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4.1 Introduction

As stated in the previous chapter, Hirst e al. (1965) found that in fungicide
treated field trials the first blighted tubers were found when the percentage of
leaf area infected reached about 1 to 5 % and that most tuber infections had
occurred by the time 50 % foliar blight was reached. The relationship between
foliar blight and tuber blight is not, however, always straightforward and
incidences of up to 30 % tuber blight have been reported when foliar blight
lesions were few (Cotton, 1922; Lapwood, 1962, 1964) or absent (Murphy &
McKay, 1927; Grainger, 1957; Hirst & Stedman, 1962; Lacey, 1962; Boyd,
1972). One possible explanation for this phenomenon is that under certain
circumstances stem lesions are able to initiate high incidences of tuber blight.
Indeed the potential of the inoculum produced on infected stems to cause tuber
blight has been noted (Lapwood, 1964, 1965, 1977; Lacey, 1966). Although the
number of blighted stems which develop from blighted seed tubers is very low
(Boyd, 1980), stem lesions which originate from a different inoculum source
have frequently been reported in the growing crop (Crosier, 1934; van der
Zaag, 1956; Lapwood, 1961a, b, ¢, 1964; Zan, 1962; Lacey, 1966; Rotem &
Cohen, 1974; Kable & MacKenzie, 1980; Steck, 1988). High incidences of
sporulating lesions on stems have also been observed in field trials on
occasions (Bain, personal communication) and Robertson (1991) reported that
sporangia were produced at stomata on stem lesions. There has, however, been
little research to determine which factors influence the infection of stems or to
examine the development of stem lesions under a closed foliage canopy where
penetration by fungicides is limited. Similarly the incidence of tuber blight
which might result from inoculum produced on blighted stems has not been
evaluated.

One objective of Chapter 4 was to investigate the rate of mycelial growth in
the stems of potato plants inoculated with P. infestans (experiment 1) and the

associated production of sporangia (experiment 2). Further objectives were to
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determine, in glasshouse and field experiments, the incidence of tuber blight
resulting from inoculum produced on infected stems and to determine the
influence of rainfall and soil moisture on this incidence (experiments 3 to 5).
Further glasshouse and field experiments (6 & 7) investigated the effect of
fungicide type on the initiation and development of stem blight and on the

subsequent incidence of tuber blight.

4.2 Materials and methods
4.2.1 Experiments 1 & 2 The development of stem lesions and sporangia
production by P. infestans
Experiment 1 The growth of P. infestans within stems of potato plants

The stems of five week-old plants of the cv. Home Guard, grown in the
glasshouse in small pots containing a sandy loam and sphagnum peat mixture
(see section 2.3) were inoculated with sporangia of P. infestans, isolate SA91
(see section 2.2.3), which had been washed, with sterile distilled water, from
potato leaves inoculated 9 days earlier. Non-inoculated plants served as
controls. In total, six plants were inoculated approximately 5 cm above the soil
surface using the technique described in section 2.2.4. Following inoculation
the plants were placed in a growth cabinet at 10° C with a 16-hour daylength of
approximate light intensity ¢. 1000 pmol. m™>s” and a low relative humidity of
c. 70 %. The progression of P. infestans in the inoculated stem tissue was
monitored using ELISA. Samples were prepared as detailed by Moham (1981),
Harrison et al. (1990) and Harrison & Perry (1990). Seven days after
inoculation and before any lesions were visible the inoculated stems were
sectioned transversely with a sterilised scalpel into six separate 10 mm lengths
from the point of inoculation upwards. Sections taken from the same distance
above the inoculation point were bulked and then ground for 5 minutes using a
pestle and mortar. Following grinding 0.5 g of tissue from each sample were

extracted and suspended in 5 ml of carbonate buffer (see appendix 2.1).
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Samples of non-inoculated potato stem were similarly prepared. All of the
suspensions were then sonicated (M.S.E. Soniprep 150) for 10 minutes (55
seconds on & 5 seconds off in each minute) at 18 amplitude modules (Am).
Following sonication 0.05 g of polyclar (Sigma Chemical Company) and 0.95g
of sodium metabisulphate (Sigma Chemical Company) were added to each
sample before leaving the samples to incubate for 2 hours at room temperature.
After incubation the samples were centrifuged for 10 minutes at 18000 rpm.
Replicates of extracted supernatant were then diluted by 1 in 500 in carbonate
buffer before assaying by ELISA as described in section 2.4.1. The increase in
absorbance readings due to P. infestans in the test samples was calculated by
subtracting the mean absorbance reading of the control samples from the mean
absorbance readings of the test samples. The concentration of P. infestans in
the test samples was then calculated by comparing the mean sample absorbance
value (A40s) (see section 2.4.1) due to P. infestans with those given by a series
of five-fold dilutions of a 0.75 mg ml™ extract of P. infestans mycelium, isolate
SA91, peeled from 10 day-old cultures on rye B agar ground and sonicated as

described above.

Histological studies were carried out in order to determine in which stem
tissue P. infestans was present. Inoculated stems were cross sectioned either
freehand or with a microtome after fixing in formalin-acetic acid-alcohol as
described by O'Brian & McCully (1981). Sectioned samples were then stained
in either glycerine-toluidine blue O (Héchler & Hohl, 1984) or acid fuchsin
(Crucefix et al., 1984) prior to microscopic examination.

Experiment 2 Sporangia production in relation to stem lesion development

The main stem on nine lots of six plants of the cv. Home Guard grown in a
sandy loam and sphagnum peat mixture (see section 2.3) was inoculated and
the plants incubated as in experiment 1. A similar number of control plants
were inoculated with washings from non-inoculated leaves which had also been

incubated for 9 days. At 7, 14, 22, 28, 34 and 40 days post-inoculation one
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plant per lot was selected at random. Stem lesion length, visible from the
second assessment date onwards, was measured from the point of infection to
its highest point. Each plant was then sealed in a polyethylene bag and
incubated at 10° C at a relative humidity close to 100 % for 48 hours.
Following incubation the length of stem on which sporulation was visible was
measured and any leaves which were attached to this area were removed. As
earlier attempts to use a stem trap (Corke, 1958) to collect water coming down
the stem were unsuccessful, inoculated stems were cut off at the base and
suspended with fine pins above test-tubes. The equivalent of 4 mm of rainfall
over two 5 minute periods, separated by an interval of 5 minutes, was then
applied to the cut stems using a misting bench. The volume of water caught
below each stem was measured and the concentration of sporangia assessed
using a haemocytometer slide. This experiment was repeated once using similar
techniques.
4.2.2 Experiments 3 to 5 Stem lesions as a source of inoculum for tuber
infection
Experiment 3 Stem lesion development and sporulation on glass-house
grown plants

The main stem of 24 week-old plants of the cv. Home Guard grown in the
sandy loam and sphagnum peat mixture (see section 2.3) was inoculated as in
experiment 1. A similar number of control plants were inoculated with
washings from non-inoculated leaves which had been incubated for 9 days.
Following inoculation the plants were kept in a glasshouse with an ambient
temperature of between 16 and 26° C. The foliage of the plants was kept dry by
watering the pots from below and the soil in the pots was kept close to field
capacity. Ten, 22 and 30 days after inoculation four lots of two plants were
selected at random and the stem lesion length measured. The plants were then
sealed in polyethylene bags and incubated at a humidity close to 100 % for 48

hours. After incubation the simulated rainfall treatment was carried out as in
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experiment 2 but a total of 6 mm of rainfall was applied to the plants which
were still in their pots. To check for leaflet infection the haulm of the plants
was removed following misting and the lower leaves still attached to the
inoculated stem were incubated at 16° C for c. 24 hours. The soil containing
the tubers was maintained at approximately field capacity for a further 10 days
after which the tubers were harvested and assessed for infection by P. infestans.
This experiment was repeated once using similar timings and techniques.
Experiment 4 The relationship between stem blight and tuber blight in field
plots

Field plots of the cv. King Edward were planted on 15 May 1992. Plots
were separated from each other by a minimum distance of 6 m of cultivated and
rolled soil. There were three replicate plots of two treatments, i.e. plots with
inoculated stems and control plots in a randomised block design. The freedom
from blight of the seed was ensured by the careful visual inspection of samples
which were incubated for 7 days at 10° C and at a relative humidity close to
100 % to reveal any infection. The trial was inoculated on 27 July, as in
experiment 1, with c. 200 P. infestans sporangia of an equal mixture of isolates
SA91 (phenylamide-resistant) and TSE1 (sensitive) (see section 2.2.3) per
stem. Two isolates were used in this and in some of the following experiments
in case one isolate was not sufficiently pathogenic. The trial was inoculated
before there was any natural infection in the locality and when the crop canopy
was meeting along the rows. Each plot had two inoculated (or control) plants
per drill, each with five bait plants on either side (Fig 4.1). Rainfall at
Auchincruive was measured from the time of inoculation onwards. Additional
overhead irrigation, to approximate the amount of rainfall in 1988 at
Auchincruive, was applied twice weekly to all the plots. Rainfall in 1988,

measured at Auchincruive, during July, August and September had been higher
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Key
* = inoculated or control plant

® = bait plant

Fig. 4.1 Position of plants with inoculated stems and bait plants in each plot

of field experiment 4
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than normal (Appendix 4.1) and a survey of commercial crops in Scotland
established that although incidences of foliar blight were low (as reported by
growers), high incidences of tuber blight were found.

Mancozeb (1360 g a.i. ha in Dithane 945) was sprayed, using a tractor-
mounted sprayer (see section 2.5), at 10-day intervals from soon after
emergence and the foliage regularly checked for blight. Suspect lesions were
incubated at 16° C and a high relative humidity for 24 hours. Thirty-nine and
59 days after inoculation the two inoculated or control plants from each of the
two centre rows of each plot were harvested. For each plant the stem lesion
length was measured and the incidence of tubers with blight assessed on the
day of harvest. Three bait plants on either side of each of the inoculated and
control plants were separately harvested and assessed for tuber blight.
Experiment 5 The effect of soil moisture on the development of stem lesions
and the incidence of tuber blight on field-grown plants

Plots of the cv. King Edward consisting of four drills each were planted
with blight-free seed on 15 May 1992. There were three replicate plots of two
soil moisture treatments and an equal number of control plots. Plots were
separated from each other by 12 m of cultivated and rolled soil in the direction
of the drills and 5.1 m in the direction perpendicular to the drills. For selected
plants one stem was inoculated, using the method described in experiment 1, on
10 July with c. 160 P. infestans sporangia of a mixture of isolates SA91 and
TSE1 in the ratio 9:11 respectively. Each plot had six inoculated (or control)
plants per drill with two non-inoculated bait plants on either side (Fig 4.2). The
bait plants on the edge of the subplots were separated from each other by a 90
cm gap, in the centre of which an additional bait plant served as an indicator of
underground movement of sporangia. The two target soil moisture treatments

were no irrigation and irrigation equivalent to a season of high rainfall. Rainfall
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Fig. 4.2 Position of plants with inoculated stems and bait plants in each plot

of field experiment 5
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data for Auchincruive from 1971 to 1991 were ranked by month from the
lowest to the highest values and the third Quartile (Q3) (Anon, 1989) calculated
for each month. These data, in conjunction with long term evapotranspiration
rates (pe) were used to establish target soil moisture deficit (smd) for the trial
plots (Table 4.1). From April 1 rainfall at the trial site was measured daily and
the actual evapotranspiration rates (ep) were calculated weekly. From these
data the smds of all the trial plots were calculated and water was applied to the
irrigation treatment plots at three to five-day intervals through seep hose
(Access Irrigation). The smd for the non-irrigated plots was lower than that
targeted due to greater than expected rainfall (Table 4.1). To check that
irrigation gave lower soil moisture deficits, 10 soil cores were taken from each
plot at regular intervals and oven-dried at 110° C for 36 hours (Johnson & Curl,
1972) to determine the percentage gravimetric soil moisture content.

All plots were treated with mancozeb (1360 g a.i. ha™' in Dithane 945) at
c. 10-day intervals to protect the foliage from infection by P. infestans. Suspect
lesions were incubated at 16° C in a high relative humidity for 24 hours as a
check for any foliar blight. At 17, 33, 49 and 64 days after inoculation one
randomly selected block of four inoculated, or four control, plants was
harvested from each plot. At each sampling the lesion length on each inoculated
stem was measured and the incidence of blighted tubers was determined on the
day of harvest. In addition, for the second sampling only, the sporulation
capacities of the stem lesions were determined by incubating each stem at
10° C and ¢. 100 % rh for 48 hours. After incubation all the visible P. infestans
mycelium was carefully removed using a clean, mounted needle and suspended
in 0.5 ml of water. The concentration of sporangia in each of the suspensions

was assessed using a haemocytometer slide.

84



Table 4.1 Target and actual soil moisture deficits for the two irrigation

treatments
soil moisture deficit' (mm of waterm™ depth of soil)

month target actual

no irrigation irrigation  no irrigation irrigation
April -12.2 0.0 0.0 0.0
May -21.6 0.0 0.0 0.0
June -54.3 -12.8 -47.8 0.0
July -65.1 -5.8 -56.3 0.0
August -42.7 0.0 -0.6 - 0.0
September 0.0 0.0 0.0 0.0

!calculated at the end of the month

4.2.3 Experiments 6 & 7 The influence of fungicide type on the relationship
between leaf lesions, stem blight and tuber blight
Experiment 6 Stem blight development on glasshouse-grown plants in
relation to fungicide type

Single seed tubers of the cv. King Edward were planted in pots in the
glasshouse in June 1993 in the sandy loam soil and sphagnum peat mixture (see
section 2.3). Soon after emergence the plants were allocated to 15 lots of eight
plants which were arranged in a randomised block design. The foliage of the
plants was kept dry by watering the pots from below. Six weeks after planting,
three replicate lots were treated with one of five fungicide treatments, i.e.
cymoxanil + mancozeb + oxadixyl (80 + 1400 + 200 g a.i ha™ in Trustan),
cymoxanil + mancozeb (90 + 1360 g a.i ha™' in Curzate M), mancozeb (1360 g
a.i ha”' in Dithane 945), fentin hydroxide (266 g a.i ha in Du-ter 50) or no
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fungicide (control) using a Mardrive precision bench sprayer calibrated to
apply the equivalent of 253 1 of water ha™'. The plants were then returned to the
glasshouse for 10 days following which they were re-sprayed so that the
quantities of active ingredient on the plants would be more typical of a
commercially grown crop. After a further two days in the glasshouse single
leaves were cut from the upper, middle and lower sections of the main stem of
each plant. Each leaf was cut so that approximately 10 cm of stem remained
attached to the leaf. Single leaves were then placed in containers, with the
lower end of the stem in a small vial of water. The containers were randomly
arranged between 18 trays. A 20 pl droplet, containing approximately 100
sporangia of P. infestans, isolate T1A1 (see section 2.2.3), was then placed on
the centre of the adaxial (upper) surface of each terminal leaflet. Immediately
following inoculation the trays were sealed in polyethylene bags and incubated
for a further 3 days at 16° C with a 24-hour daylength to help delay leaf
senescence. Following incubation, the number of infected leaflets and petioles
were assessed. The leaves were then incubated for a further 4 days under the
same conditions, after which symptoms of blight in the stem were assessed.
Experiment 7 The growth of stem blight lesions and incidence of tuber
blight following stem and leaf inoculations of plants in field plots treated
with mancozeb or fentin hydroxide

Plots of the cv. King Edward, consisting of four drills each, were planted
with blight-free seed on 8 May 1993. Plots were separated from each other by
10 m of cultivated and rolled soil in the direction of the drills and 5 m in the
direction perpendicular to the drills. There were three replicate plots of six
treatments, i.e. plots with inoculated stems or inoculated leaves or non-
inoculated control plants, treated with either mancozeb (1360 g a.i. ha' in
Dithane 945) or fentin hydroxide (266 g a.i. ha” in Du-ter 50). The trial was
inoculated, using the method described in section 2.2.4, on 28 July as the

foliage was meeting along the drills and before there were reports of natural
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infection in the locality. On the main stem either the stem base or the terminal
leaflet of a leaf mid-way up the stem was challenged with c. 5000 P. infestans
sporangia, isolate T1A1. Paper clips were used to ensure that the impregnated
filter paper and Parafilm stayed in place. Each drill had six plants with
inoculated stems or leaves or which were non-inoculated controls and had two
guard plants on either side (Fig. 4.3). Plots were sprayed with the fungicides
from soon after plant emergence at intervals of 10 to 14 day depending on
blight risk. Rainfall at the site was recorded from soon after inoculation and
additional overhead irrigation was applied to the plots twice weekly to
correspond to the amount of rainfall at Auchincruive in 1988. Plots were
assessed at regular intervals for the percentage of foliar blight using a modified
version of a widely used key (see section 2.4.2). Fifty-nine days after
inoculation three randomly selected rows of four inoculated or control plants
were harvested from each plot. The stem lesion length, or the percentage of the
inoculated leaf area which had symptoms, and the number of blighted tubers at
harvest were assessed. Assessments were also made of the number of blight

lesions developing at sites which were not inoculated.

4.3 Results

4.3.1 Experiments 1 & 2 The development of stem lesions and sporangia

production by P. infestans

Experiment 1 The growth of P. infestans within stems of potato plants
ELISA tests on symptomless stems, carried out 7 days after inoculation

showed that the concentration of P. infestans mycelium was greatest 30-40 mm

above the point of inoculation (Fig. 4.4). At this height the concentration of P.

infestans was approximately 10 times greater than that of the control. Although

the concentration of P. infestans in the symptomless stems was lower above

30-40 mm, concentrations of almost three times greater than that of the
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Fig. 4.3 Position of plants with inoculated stems or leaves and bait plants in

each plot of field experiment 7
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control were still detected at distances of 60-70 mm above the point of
inoculation.

The results of the histological studies were inconclusive due to
unsatisfactory differences in staining of stem tissue and P. infestans mycelium.
However, cross sections of stem lesions indicated that the mycelium extended
only into the epidermal layer and outermost cortex and to a depth of less than 2
mm.

Experiment 2 Sporangia production in relation to stem lesion development

Lesion length, i.e. length of necrotic tissue, on stems inoculated with P.
infestans increased significantly between each of the assessment dates in both
experiments (Figs. 4.5a and 4.5b). However, the number of sporangia produced
after the incubation of stems at c. 100 % rh did not increase significantly until
30 and 28 days after inoculation in experiment 2a and 2b respectively. In
experiment 2a the increase in sporangia number coincided with a reduction in
the rate of lesion growth and an increase in the length of the lesion which
supported sporulation, i.e. from the advancing margins of the lesion only to
most of the lesion length. In experiment 2a sporangia numbers and lesion
length were not significantly correlated but sporangia production and the length
supporting sporulation after incubation were (r = 0.998, p = 0.002). In both
experiments the increase in sporangia number coincided with the start of
senescence of the plants. Nine days after inoculation abundant sporangia were
produced on stems which before incubation at c¢. 100 % rh for 48 hours had
been symptomless (Fig. 4.5a and 4.5b). In both experiments inoculated stems
became completely girdled by P. infestans after 40 days and lesion
development ceased. No lesions were observed on control stems inoculated

with washings from non-inoculated leaves.
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4.3.2 Experiments 3 to 5 Stem lesions as a source of inoculum for tuber
infection
Experiment 3 Stem lesion development and sporulation on glass-house
grown plants

A significant increase in the length of stem lesions over time was recorded
in both experiments (Table 4.2). The incidence of tuber blight was, however,
only once significantly greater than zero; in experiment 3a 10 days after
inoculation. No P. infestans infection was observed on the control plants or on
the incubated lower leaves of inoculated stems.
Experiment 4 The relationship between stem blight and tuber blight in field
plots

Despite treatment of the plots with mancozeb at regular intervals, stem
lesion length had increased significantly 39 days after inoculation and a high
incidence of tuber blight occurred in plots in which stems had been inoculated
(Table 4.3). Incidences of tuber blight were significantly greater than zero for
inoculated plants assessed 39 days after inoculation but not at the second
assessment. Incidences of tuber blight were not significantly greater than zero
for the bait plants at either assessment. No P. infestans sporangia were
observed on incubated, suspect leaf lesions. None of the daughter tubers
éampled from the plots in which stems had not been inoculated were blighted.
Experiment 5 The effect of soil moisture on the development of stem lesions
and the incidence of tuber blight on field-grown plants

The irrigated and non-irrigated plots were at different soil moisture contents
from soon after stem inoculation although the difference decreased with time
(Fig. 4.6). There was no significant difference in the incidence of stem
infection in the non-irrigated (74.7 %) and irrigated (70.1 %) plots. In general,
soil moisture deficit had little effect on stem lesion length, however, 33 days
after inoculation the stem lesions in the non-irrigated plots were significantly

longer than those in the irrigated plots (Fig.4.7). In addition, at 33 days
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Table 4.2 Stem lesion length and the incidence of tuber blight in glasshouse-

grown potato plants following the inoculation of stems with P. infestans

days after inoculation

10 22 30 s.e.d.
experiment (11 df)
3a lesion length (mm) 64.2 140.5 159.1 30.80
incidence (%) of 7.6 0.0 0.0 344
tuber infection’

3b lesion length (mm)  83.7 136.3 135.1 15.57
incidence (%) of 0.0 6.6 0.0 542

tuber infection'

'ang. transformed data

Table 4.3 The relationship between stem lesion length and the incidence of

tuber blight in the field

inoculated plots control plots

days after inoculation s.e.d.
39 59 39 59 (23 df)

stem lesion length (mm) 180.0 208.0 0.0 0.0 26.90

incidence (%) of tuber 20.0 9.0 0.0 0.0 8.10
infection'
incidence (%) of tuber 4.9 4.2 0.0 0.0 2.75
infection®

'for inoculated or control plants (ang. transformed data)

*for neighbouring bait plants (ang. transformed data)
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significantly more sporangia per stem were harvested after incubation of
lesions from the non-irrigated plots (14.4 x 10*) than lesions from the irrigated
plots (1.2 x 10*) (s.e.d. 5.90 x 10*, 47 df). The increase in sporangia production
was far greater than would have been expected from the increase in lesion
length alone and represented a nine-fold increase in the sporangia production
per unit length of lesion. A consistently higher incidence of tuber blight
developed in the non-irrigated plots, although the incidence was only
significantly greater than zero in tubers harvested 64 days after inoculation
(Fig. 4.8). The bait plants were not harvested at any of the assessment dates
since only low incidences of tuber blight occurred on the inoculated plants. No
P. infestans sporangia were observed on suspect foliar lesions, even after
incubation.

4.3.3 Experiments 6 & 7 The influence of fungicide type on the relationship
between leaf lesions, stem blight and tuber blight

Experiment 6 Stem blight development on glasshouse-grown plants in

relation to fungicide type

All four fungicide treatments gave significantly fewer infected leaflets than
the control (Fig. 4.9). There were, however, no significant differences between
the fungicides. The four fungicide treatments significantly reduced the growth
rates of lesions in leaflets (Table 4.4) but again there were no significant
differences. Preliminary experiments (data not presented) demonstrated that
when glasshouse-grown plants were sprayed with a suspension containing 500
P. infestans sporangia ml" of isolate TSE1, over 90 % of the stem lesions
which developed were the result of mycelial growth down a leaf petiole from
an infected leaf lamina (Plate 4.1). In experiment 6 significantly fewer leaflet
lesions progressed into the petiole on plants treated with fentin hydroxide
compared with the other fungicides, between which there were no significant
differences (Fig. 4.9). However, compared with the control all the fungicide

treatments significantly reduced the number of leaflet lesions which spread into
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