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Abstract
Resistance to Phytophthora infestans, the causal agent of late blight, is
present in the potato, Solanum tuberosum, and in many wild relatives of this
crop. The resistance of S. tuberosum is partial and, though helpful in reducing
the use of fungicides, is not sufficient to fully solve the problem. It also has the
disadvantage of being associated with late maturity. Since 1910, other genes for
resistance have been introduced into the potato genepool from the Mexican
species S. demissum. These genes, designated R genes, initially supplied complete
protection from the disease, but the pathogen soon managed to overcome the
resistance of these genes, which is no longer useful. This thesis describes several
other wild Solanum species as potential donors of resistance to P. infestans.
Firstly, the partial resistance of a number of old cultivars of S. tuberosum was
studied, and appeared to be durable. In the South American species S.

berthaultii, S. circaeifolium, S. microdontum and S. venturii, both partial and
(nearly) complete resistance were found, while S. arnezii x hondelmannii, S
leptophyes, S. sparsipilum and S. vernei carried promising partial resistances. The
Mexican species S. verrucosum was also found to be highly resistant. Crosses
with susceptible diploid S. tuberosum revealed the presence of major genes in S.
microdontum, while minor genes appeared to be important in S. arnezii x
hondelmannii. Complementary action of major genes from one of the
susceptible S. tuberosum parents was also found. A wide genetic variation was
found with these species for the components of resistance infection efficiency
(IE), lesion growth rate (LGR) and sporulation capacity (SC), while latent period
(LP) was found to vary less. In S. tuberosum, IE, LGR and SC and in S.

microdontum IE, LGR and LP appeared intercorrelated. Results supported the
suggested role of glandular trichomes in the resistance of S. berthaultii. The
resistance of some S. tuberosum cultivars appeared to be lost at short
photoperiods. A similar, though much smaller loss was observed for the partial
resistance of S. microdontum. The resistance of the nonhost species S. nigrum,
evolved in India, was found to be of a prehaustorial nature, and associated with
a hypersensitive reaction. This resistance was transferred to sexual hybrids with S.

tuberosum and S. demissum.
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INTRODUCTION
Late blight is an infectious disease of potato, caused by the fungus

Phytophthora infestans (Mont.) de Bary. It is a devastating disease, which, under
favourable conditions of frequent rain or dew and temperatures around 10 to 20 °C,
can completely kill the foliage of a crop within a few weeks time. Tubers, when
present, may be severely infected and rot in store before they can be utilized. The
disease caused the Great Famine in Ireland of the eighteenforties in a society for
which the potato was a staple food (WoodhamSmith, 1962).
The pathogen is a heterothallic species from the class of the Oomycetes, a
group of fungi characterized by gametangial meiosis, giving rise to haploid antheridia
and oogonia which fuse into a longlived diploid oospore (Alexopoulos & Mims,
1979). Phytophthora infestans most probably originates from the Toluca Valley, in the
central highlands of Mexico, where both compatibility types occur and the greatest
genetic variation of the pathogen is found (Fry et al., 1993). From there, P. infestans
must have been introduced into Europe around 1845, probably in a shipment of
potatoes, and distributed to other parts of the world (Fry et al. 1993). Outside Mexico
until about 1980, only the A1 compatibility type existed and no sexual reproduction
was possible. However, around 1980 a new introduction into Europe occurred and
this time it included the other compatibility type, A2, which has established itself since
then and spread to many different parts of the world (Fry et al., 1993). Evidence is
accumulating that the sexual cycle actually operates in Europe (Drenth et al., 1993).

Phytophthora infestans is a known pathogen of potato (Solanum tuberosum)
and tomato (Lycopersicon esculentum). It can also infect many other Solanum species
of the section Petota, while other plant species, including those from the other
sections of the Solanaceae, are difficult to infect (Turkensteen, 1973).
In North Western Europe, the pathogen survives the winter period as mycelium
in tubers in the soil, in potato waste piles or in stockrooms. In spring, a small
proportion of infected tubers produce infected shoots which supply the first airborne
inoculum of the season. The spores are dispersed to potato foliage where they may
germinate in the presence of free water, and cause infection of the leaves. (Van der
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Zaag, 1956). Spores may either germinate directly, by means of a germ tube, or
indirectly, by the release of zoospores that move through the waterfilm until they
adhere to the leaf surface, encyst and form a germ tube. Germ tubes produce an
appressorium and a narrow penetration peg which pierces the cuticle, presumably
both by mechanic and enzymatic action. An infection vesicle is formed inside the
infected epidermis cell, and develops into an intercellular, branching mycelium.
Narrow, digitlike haustoria penetrate the host cell walls, protrude towards the
cytoplasm, invaginated by the host plasmalemma, and develop an electrondense
extrahaustorial matrix (Coffey & Wilson, 1983). Infected tissue soon dies, and the
mycelium continues to grow in advance of this necrosis, while sporangiophores
extend through the stomata to produce numerous conidia (hemibiotrophic
parasitism). Thus, a late blight lesion on a potato leaf consists of an expanding
necrotic area, surrounded by an annulus of dead or dying tissue on which the fungus
is sporulating, and a zone of newly invaded tissue which may be symptomless, but
may also be watersoaked under wet conditions, or slightly chlorotic. The pathogen is
also able to infect inflorescences, petioles and stems, the latter serving to protect it
from unfavourable weather conditions which may temporarily arrest leaf infection
(Van der Zaag, 1956). Rain may wash down conidia from infected leaves and release
zoospores, which are able to migrate some distance into the soil and infect tubers
through wounds, lenticels or directly through the skin. Infected tubers may soon rot
and become infested with secondary pathogens, but infections may also be arrested
in an early stage and become latent, so as to enable the pathogen to survive in the
tuber until the next growing season (Van der Zaag, 1956). Oospores may be formed
in leaves when coinfection with A1 and A2 strains occurs, and remain in the soil,
although it has not yet been proven that this happens in Europe (Fry et al., 1993). A
new potato crop may be infected when the oospore releases zoospores, which infect
leaf tissue in contact with the soil through water (A. Drenth, pers. comm.).
In temperate climates such as in the Netherlands, potato late blight appears
nearly every year in June or July, and forces ware potato farmers to apply ten to 12
sprays of protective chemicals to their crop, from the moment the crop closes until
death of the foliage (Anonymous, 1993). This heavy spraying is expensive, and poses
a severe threat to the environment. If infection occurs in spite of the treatment,
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growers have to kill the foliage to prevent spread to tubers, at a moment when tuber
production has not yet been completed. Late infections may go unnoticed and cause
unexpected rot of tubers in storage. In developing countries, the situation is even
more difficult, as farmers often cannot afford fungicides or do not know how to
apply them properly, and potatoes may be grown yearround, enabling a continuous
buildup of the pathogen population. In these countries, which are in desperate need
of reliable food sources to sustain their growing populations, late blight severely
impedes the desired expansion of potato cultivation.
An alternative to chemical protection would be the use of resistant potato
cultivars. In order to be widely adopted, resistance should be durable, and should be
stable with respect to climatic influences on its expression. At present, neither
requirement has been fulfilled (Mendoza, 1993).
Resistance to late blight has been an important issue in most potato breeding
programmes throughout the world since the beginning of plant breeding. Two major
resistance sources have been utilized so far. The first is the cultivated potato, S.

tuberosum, which appeared genetically variable with respect to late blight resistance
when it encountered the pathogen in Europe around 1845. The epidemics of that
period initially wiped out most existing cultivars, but a few exhibited some resistance
and survived (Glendinning, 1983). This partial resistance may help to protect the crop,
but is insufficient to offer a final solution. The answer was sought in the immunity of
the Mexican wild potato species S. demissum and S. stoloniferum, which gained
interest in the beginning of the twentieth century and were extensively used in
breeding. However, before the first cultivars with these resistances were introduced,
virulent races appeared which were able to infect the new cultivars (Müller & Black,
1952). A geneforgene interaction was suggested, but not proven, to operate in this
system of racespecificity (Toxopeus, 1956). Shortly afterwards, effective fungicides
were developed and chemical protection was adopted as the main strategy against
late blight. Although resistance breeding continued in countries that did not rely on
chemical protection, the interest in resistance to late blight in countries where the
main breeding activities were centred, such as Western Europe and the United States,
was low until fairly recently, when environmental awareness was increased.
Breeders are now facing the need for durable, highlevel resistance. The major
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genes from the Mexican sources appear to confer racespecific resistance which is too
easily overcome by the pathogen (Turkensteen, 1993). The partial resistance from S.

tuberosum has not shown such clear race interactions, and appears durable (Thurston,
1971), but the resistance level is too low, although it may serve to bridge the period
in which chemical protection is applied at a reduced rate, until higher resistance levels
are incorporated into cultivars. Therefore, new resistances are required.
In this thesis, several sources of resistance to P. infestans are explored. The
partial resistance of old potato cultivars is assessed for its level and durability (Chapter
1). Wild Solanum species are evaluated as a potential new source. It has been argued
that the demissumgenes have evolved in response to challenges with the pathogen,
since both P. infestans and S. demissum are assumed to have evolved in Mexico
(Nelson, 1975). As P. infestans is thought to have been absent from South America,
while many Solanum species closely related to S. tuberosum evolved there, it was
thought that these species would offer better chances of durability, since there has
been no coevolution of these species with P. infestans. Therefore, a number of
tuberbearing species from this continent were screened for resistance to a complex
race of P. infestans (Chapter 2). Resistant genotypes of these diploid species were
crossed with susceptible diploid S. tuberosum, in order to study the inheritance of the
trait (Chapter 3). The resistances were studied more closely in the greenhouse, to
determine which components of resistance were affected and whether there were
differences between the species with respect to the importance of specific
components (Chapter 4). An important aspect of partial resistance to P. infestans, also
known in other pathosystems, is its relation with late maturity: earliness, which is
associated with early senescence of the foliage, appears associated with susceptibility
(Toxopeus, 1956). In addition to this, resistance appears lost in some cultivars when
they are grown in the tropics, where daylengths are short. Therefore, the resistance
of one of the promising wild species, S. microdontum, was studied under varying
daylengths, in comparison with some S. tuberosum cultivars (Chapter 5). A totally
different source of resistance, the nonhost weed black nightshade (S. nigrum), was
studied when sexual hybrids of this species with S. tuberosum and S. demissum
became available (Chapter 6). Finally, the results are discussed and related to recent
advances in other areas of Phytophthora research (General discussion).
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CHAPTER 1

Durable resistance to late blight (Phytophthora infestans)
in old potato cultivars.

Introduction
Potato late blight, caused by Phytophthora infestans (Mont.) de Bary, is a
serious fungal disease of potato worldwide. Although application of
agrochemicals against this disease still is common practice, financial costs and
unfavourable environmental consequences render host resistance a more
desirable means of protection. In developing countries, knowledge and financial
input are insufficient to effectively apply fungicides. To relieve these problems,
late blight resistance is an important objective of most potato breeding
programmes.
Breeding for resistance to late blight has a long history. Potatoes were first
introduced from South America into Europe in the 16th century (Glendinning,
1983). The pathogen arrived in Europe much later, around 1840 (Van der Zaag,
1956), probably introduced with potatoes from Mexico, the centre of origin of
the pathogen (Fry & Spielman, 1991; Fry et al., 1993). In the early 19th century,
true seed was commonly used for propagation, to produce virusfree seed
potatoes. A large part of the S. tuberosum populations that had by 1840
evolved by the repeated use of true seed, was eliminated by late blight
(Glendinning, 1983). However, part of these populations survived the epidemic
of 18451846, and their descendants were submitted to continuous natural
selection in the presence of disease. This 'natural' selection continued through
the second half of the 19th century, when breeding and seed production began
to replace the traditional onfarm selection but seed potato growers continued
to lay emphasis on late blight resistance (Glendinning, 1983).
Shortly after the first outbreaks of late blight in Europe and the United
States, the Mexican species S. demissum, first described as Solanum utile
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Klotzsch, was already known as resistant to late blight (Lindley, 1848; Jühlke,
1849). At that time, neither the fungal nature of the disease, nor the principles
of genetics were common knowledge, and there was a widespread belief that
late blight was due to degeneration of the potato. Solanum demissum was tried
as an alternative crop plant, that could replace the late blightthreatened potato,
but found unsuitable due to the bad quality and low yield of the tubers;
moreover, the species was found to be susceptible to late blight (Jühlke, 1849).
Although (malesterile) S. demissum x S. tuberosum hybrids were derived by
Klotzsch in 1851 and brought into trade as 'BastardZuckerkartoffel' by F.A.
Haage jr., they were not as resistant to late blight as Klotzsch initially claimed
(Focke, 1881). It is unlikely that these hybrids were used for further breeding,
although this cannot be excluded. Therefore, there is a slight possibility that
resistance genes from these early S. demissum introductions were transferred to

S. tuberosum. In 1909, S. demissum was identified as a source of major genes
for resistance to late blight (Müller & Black, 1952). The major genes for late
blight resistance of S. demissum were designated R genes. S. stoloniferum, also
from Mexico, was found to have the same type of resistance (Schick et al.,
1958b). The two species were incorporated into several breeding programmes
and from 1930 onwards cultivars with R gene resistance appeared (Müller &
Black, 1952), like Sandnudel in 1934 and Brennragis in 1936 (Schick et al.,
1958a). Later, with the introduction of chemicals which more effectively
protected potato crops against P. infestans, interest for resistant cultivars
decreased, and many recently introduced cultivars are very susceptible to late
blight.
At present in potato cultivars, two different forms of resistance to late blight
can be distinguished. The first is a partial resistance type, known as field
resistance, which is thought to be polygenic, nonracespecific and which
appears associated with late maturity (Umaerus et al., 1983). This type of
resistance may be derived both from the earliest S. tuberosum introductions in
Europe, and from S. demissum used as source of major resistance genes
(Glendinning, 1983). The second type of resistance, conferred by major genes
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from S. demissum and S. stoloniferum, is racespecific and provokes a
hypersensitive response to incompatible, but not to compatible isolates of the
pathogen (Toxopeus, 1956). Some R genes cause a weak hypersensitive response
which allows for some lesions to develop, and these resistances may easily be
confused with field resistance (Turkensteen, 1993). R genes can easily be
manipulated in potato breeding programmes, but as R gene resistance was too
shortlived and compatible races for most R genes are now common, their use is
no longer advocated (Ross, 1986).

Phytophthora infestans is known to be a highly variable pathogen which
easily adapts to factors restricting its development, such as systemic fungicides or
host resistance based on R genes. Recently, the potential for variability has been
further increased with the introduction of the A2 compatibility type and
therefore the sexual mode of reproduction of the fungus in Western Europe and
other parts of the world (Schöber & Turkensteen, 1992). Therefore, durability is
an important aspect of late blight resistance.
Van der Plank (1971) and Thurston (1971) assume that field resistance in
potato to P. infestans is durable, as it is remarkably stable throughout the years.
James and Fry (1983) found no evidence for cultivarisolate interactions,
indicative of racespecificity, and the cultivarisolate interactions reported by Latin
et al. (1981), though significant, are very small. All evidence suggests that field
resistance in S. tuberosum is durable. However, durability is difficult to predict
since the biological principles determining the durability of disease resistances are
not known.
With respect to partial resistance, breeding may be improved when screening
is made for separate, complementary resistance components rather than for
general levels of field resistance (Parlevliet, 1979). For P. infestans, model studies
by Van Oijen (1992) indicate that infection efficiency (IE) and lesion growth rate
(LGR) are likely to be components with a major effect on the resistance level,
whereas latent period (LP), sporulation capacity (SC) and sporulation period (SP)
are thought to be less effective. In partially resistant genotypes of S. andigena,
considered to be the ancestor of S. tuberosum (Burton, 1989), and S. phureja,
IE, LGR, LP and SC all appeared reduced (GuzmánN, 1964). Nilsson (1981)
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confirmed that IE and LGR are reduced in resistant genotypes of S. andigena and

S. phureja and found that the two components were intercorrelated. However,
the real importance of these components in resistant potato cultivars, reviewed
by Van Oijen (1991) is not clear since contradictory data have been reported.
This paper reports on the level of resistance of 22 R genefree cultivars
introduced before 1954, as compared to resistance ratings given at the time of
introduction, and on lesion growth rate and latent period of P. infestans of some
of these clones. The results are compared with those of two old susceptible
cultivars and nine modern cultivars differing in resistance and maturity type.

Materials and methods
Plant material
Twenty cultivars introduced before 1954 and described as having good field
resistance to late blight, or as being the progenitor of several resistant cultivars,
the old susceptible cvs. Eersteling (synonyms: Midlothian Early, Duke of York) and
Bintje, and nine modern cultivars differing in resistance level and maturity type
(Bildtstar, Cleopatra, Darwina, Elkana, Kardal, Krostar, Nicola, Ostara, Spunta),
were chosen from the inventories of S. tuberosum germplasm by Hogen Esch &
Zingstra (1957) and Joosten (1988). The cv. Krostar has the R1 gene from S.

demissum (Anonymous, 1990); this gene, and most other R genes that might be
present in these nine modern cultivars, are overcome by the complex race of the
pathogen used in our experiments. The old cultivars are supposed to be free of R
genes, as all their ancestors were S. tuberosum genotypes introduced before
1909, when S. demissum was first used as a source of resistance (Müller & Black,
1952). The old cultivars and their ancestry, maturity and late blight resistance,
are listed in Table 1.1. Years and acreage of cultivation in the Netherlands, are
given in Table 1.2. Since 1929, ratings for late blight resistance have been given
in the Dutch Descriptive Lists of Cultivars of Field Crops (Anonymous, 1929
1990). The earliest resistance rating for each cultivar was taken, corrected for
minor fluctuations in average ratings, using those of cv. Alpha (7 in 192930, 8
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in 193140, 7 in 194185 and 6 since 1986), the only partially resistant cultivar
continuously on the list since 1929, as a reference.
Tubers of these cultivars were derived from the gene bank of DAFSASS at
East Craigs, UK (cv. Pepo) and from a Dutch collection of old and current
cultivars known as the C.O.A. collection, which was kept at Wageningen by the
Dutch Committee for Research of Potato Cultivars (C.O.A.) until 1990. Some
cultivars that are still current today, were available at CPRODLO. The clones
were multiplied in the field, as virusfree as possible, in a potato seed growing
area.
Fungal material

P. infestans race 1.2.3.4.5.6.7.10.11 was taken from liquid nitrogen storage
at the DLOResearch Institute for Plant Protection (IPODLO), Wageningen. The
fungus was cultured at 15 °C and 100% RH under continuous low intensity
fluorescent tube (Sylvania 'cool white' 40W tubes) illumination on detached
leaves of either the susceptible cvs. Bildtstar or Eersteling, or the moderately
susceptible cv. Nicola.
Inoculum was prepared by rinsing leaflets with the sporulating fungus in tap
water. The sporangial suspensions were placed at 10 °C for 12 h to induce the
release of zoospores. Spore densities were recorded by ten counts of 3.2 mm3
samples of inoculum using a haemocytometer.
Assessment of field resistance.
Field resistance was measured in three successive seasons on all old cvs. and
on the susceptible modern cvs. Ostara and Bildtstar. Seven other modern cvs.
were tested only in the third year.
Each year the trial consisted of three randomized blocks, subdivided into 12
hills wide plots. The plots were bordered by single rows of a field resistant
cultivar. In the plots, rows of four subplots were laid across the hills, so that each
subplot contained 3x2 plants. Rows of subplots were alternated with single
spreader rows of the moderately susceptible cv Nicola. In each block a cultivar
was represented by one subplot, which was treated as a single experimental unit,
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Table 1.1. Ancestry, maturity and original late blight resistance rating of 22 R genefree cultivars.

1

cultivar

year of
introduction1

ref2

cross

maturity3

blight4

Robijn

1926

2

Rode Star x Preferent

3

9

Pimpernel

1953

2

Populair x (Bravo x Alpha)

3½

9

Populair

1928

1

Robijn x Monopool

3

8

Victor

1954

2

Robijn x Industrie

3

8

Libertas

1946

2

Record x ((Bravo x Energie) x
(Rode Star x Pepo))

4½

8

Irene

1953

2

Furore x (Rode Star x Pepo)

5

8

Furore

1930

2

Rode Star x Alpha

5

8

Surprise

1954

2

Noordeling x Libertas

5½

8

Noordeling

1928

2

Bravo x Jam

6

8

Bevelander

1925

2

Bravo x Preferent

6½

8

Rode Star

1909

2

Prof. Wohltmann x Erica

4

7

Alpha5

1925

2

Paul Kruger x Preferent

4

7

Gelderse Rode

?

2

unknown; very old Dutch
cultivar

5

7 ref2

Gineke

1950

2

(Rode Star x Pepo) x Record

5

7

Hindenburg5

1916

1

Ismene x Jubel

4

?

Voran

1932

1

Kaiserkrone x Herbstgelbe

4

6

Industrie5

1900

1

Zwickauer Frühkartoffel x
Simson

4½

6

Record5

1932

2

Trenctria x Energie

6½

6

Bravo5

1900

1

Zeeuwse Blauwe x Wilhelm
Korn

6½

6

Pepo5

1919

1

Deutsches Reich x Jubel

5

5 ref 1

Bintje6

1910

2

Munstersen x Fransen

6½

2

Eersteling6

1900

2

Early Primrose x King Kidney

9½

2

year of introduction in country of origin
Hogen Esch & Zingstra, 1957 (1); Joosten, 1988 (2)
3
9 = very early; 8 = early; 7 = fairly early; 6 = medium; 5 = fairly late; 4 = late; 3 = very late
4
late blight resistance at introduction, or in 1929 (earliest data), in the Netherlands, (Anonymous,
19291990); 9 = resistant, 3 = susceptible
5
not field resistant, but ancestor of several field resistant cultivars
6
susceptible standards
2
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Table 1.2. Cultivation in the Netherlands of 22 R genefree cultivars, and mean area under the disease
progress curve (ADPC), assessed in the field from 1991 to 1993. app. = approximately.
cultivar

cultivation in the Netherlands
total period

main period1

top year

first year

last year

sum of
acreage
(1000
ha)

# years

year

acreage
(1000
ha)

% of
Dutch
acreage

Robijn

1927

1946

5.8

5

1942

2.1

1

0.23

Pimpernel

1955

1986

19.2

19

1968

1.5

1

0.30

Populair

1935

1955

6.0

4

1942

2.1

1

0.28

Victor

unknown

Libertas

1946

1980

146.2

28

1959

13.1

9

0.30

Irene

1953

present

71.1

29

1988

5.6

3

0.34

Furore

1930

1980

96.9

36

1952

5.6

3

0.41

Surprise

1954

present

43.0

30

1968

3.0

2

0.31

Noordeling

1928

app. 1978

230.3

40

1948

15.5

7

0.42

Bevelander

1925

app. 1976

280.5

39

1943

21.2

10

0.34

Rode Star

app. 1909

app. 1965

327.7

29

1932

31.7

22

0.38

Alpha

1925

present

121.7

55

1949

5.5

3

0.42

Geld. Rode

unknown

Gineke

1950

Hindenburg

unknown

Voran

1938

1973

821.6

34

1954

56.4

33

0.39

Industrie

app. 1900

1959

230.4

24

1931

24.6

13

0.37

Record

1936

1984

177.8

32

1947

16.2

8

0.41

Bravo

app. 1900

1936

Pepo

unknown

Bintje

app. 1910

present

2207.1

59

1988

68.9

40

0.61

Eersteling

app. 1900

present

276.9

59

1932

12.3

7

0.66

LSD (P<0.05)
1

ADPC

0.42

0.40
app. 1976

33.9

17

1960

4.4

3

0.39
0.43

<1931

0.46
0.43

0.06

years during which the cultivar was grown on more than 0.25% of the Dutch potato acreage, in the period
of 19311988 (Anonymous, 19491990).
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as described in chapter 2.
Seed tubers were planted in a trial field with sandy soil near Wageningen, at
a distance of 0.35 m in hills that were 0.75 m apart. Planting dates were 24th
April in 1991, 28th April in 1992 and 22nd April in 1993. Patoran (metobromuron)
was applied as a preemergence herbicide, and Imidan (fosmet) against Colorado
potato beetles. No other pesticides were applied.
Inoculations were made when the crop had fully developed, in 1991 on 15th
July, in 1992 on 30th June and in 1993 on 22nd June. Inoculum densities were
1.7 x 104 sporangia and 1.0 x 104 zoospores per ml in 1991, 1.1 x 104 sporangia
and 2.1 x 104 zoospores per ml in 1992, and 2.4 x 104 sporangia and 0.5 x 104
zoospores per ml in 1993. Plots were thoroughly wetted by overhead sprinkling
prior to inoculation, and inoculated late in the evening by spraying the spore
suspension across the plots with a spraying arm with six nozzles placed 0.75 m
apart, connected to a propane tank at 2.5 bar, and moved across the plots at a
fixed speed of about 5 km/h. The border rows of the plots were not inoculated.
After inoculation, the trial field was irrigated with overhead sprinklers every
morning and every evening to improve the conditions for sporulation and
infection by increasing the humidity.
Disease assessments were made at weekly intervals. The percentage of leaf
area affected by late blight was estimated for each plot using the scale given in
chapter 2. From these readings the area under the disease progress curve (ADPC)
was calculated according to the method of Shaner & Finney (1977) and
normalized as described by Fry (1978).
Field assessment of resistance components
Lesion growth rate (LGR) and latent period (LP) were assessed for the
resistant old cvs. Libertas, Pimpernel and Surprise, the susceptible old cvs. Bintje
and Eersteling and the nine modern cultivars. Three experiments were carried
out, on a trial field with sandy soil near Wageningen, in 1987, 1989 and 1990.
The 1987 experiment was a detailed study of the development of late blight
lesions, for which a subset of three cultivars was used. In 1989 and 1990, lesion
growth rate and in 1989 latent period of all 14 cultivars was assessed.
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Tubers were planted at a distance of 0.35 m in hills that were 0.75 m apart.
Trials were bordered by single rows of the field resistant cultivar Pimpernel.
In 1987, the trial consisted of ten randomized blocks with one plant of each
of the cvs. Bintje, Pimpernel and Libertas in each block, planted on 22nd May. On
10th August, three to eight leaflets of each plant were inoculated at the lower
epidermis with a 10 Tl droplet of inoculum containing 2.6 x 104 sporangia/ml.
Infection percentages were around 90%. On day 4, 5, 6, 7, 8 and 11 post
inoculation (p.i.), the resulting lesions were measured using a transparent mm
grid, counting all mm squares covering the necrotic area. From this area an
average linear lesion growth rate was obtained by converting the area into a
radius as if the mostly ellipsoid lesion were circular, followed by linear regression
of the resulting radius on time.
In 1989, two blocks with five plants of each genotype were planted on 16th
May, and sprayinoculated on 10th July with a suspension of 4.4 x 104
sporangia/ml. Four days later, four lesions of each plant were labelled. On day 4,
6, 7 and 8 p.i., the greatest length of the lesions, usually parallel with the
secondary leaf veins, and the largest width along an axis perpendicular to the
first measurement, were measured. To convert these pairs of measurements into
single values, the area of a corresponding ellipse was calculated as
¼π.length.width. LGR was estimated from this area for lesions that reached a
final size of more than 5 mm2, by square root transformation of the area,
followed by linear regression on time. Two lesions on each of seven plants per
genotype were used to assess latent period. As soon as lesions were visible,
which was 4 days p.i., they were sampled early each morning. A strip of
cellotape was gently pressed against the lesion on the lower side of the leaf to
trap spores formed during the night. The strip was placed on a microscope slide,
a drop of lactophenolacid fuchsin was added to stain the living sporangia and
the strips were examined for the presence of sporangia under a microscope at
320x magnification. Lesions were sampled till 7 days p.i., or until they showed
sporulation. Latent periods were estimated through logistic regression of the
fraction sporulating lesions on time, as the time in days after inoculation at
which 50% of the final number of sporulating lesions was reached.
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In 1990, three blocks with one plant of each genotype were planted on 1st
May, and sprayinoculated on 10th July with a suspension of 3.8 x 104
sporangia/ml and 0.9 x 104 zoospores/ml. Five lesions of each plant were
measured on day 5 and 7 p.i., and LGR was estimated as in the 1989
experiment.
Statistical analyses
Analyses were performed on all ADPC values, and on the LGR values larger
than 0.1 mm/day. Small lesions and low LGR values were usually associated with
highly necrotic lesions that did not extend beyond the originally inoculated area,
whereas other lesions on the same genotype grew to a much larger size. These
nongrowing lesions were regarded as unsuccessful infections.
Average ADPC and LGR values and standard errors were estimated with the
residual maximum likelihood (REML) method (Patterson & Thompson, 1971),
using years, replicates and plots/plants as random factors and genotypes as fixed
factor. Residuals were checked and appeared uniform.
Calculations were done with Genstat (Payne et al., 1987). All significance
levels were computed at P=0.05, unless stated otherwise.

Results
Epidemics resulting from the field inoculations were moderately severe; the
foliage of susceptible genotypes was completely killed in about five weeks. In
1993, temperatures were rather low in the weeks following inoculation, and this
resulted in lower ADPC values compared with 1991 and 1992 for all genotypes.
Average ADPC values of 22 old cultivars, estimated in the three years (Table 1.2)
varied from 0.23 (most resistant) to 0.66 (most susceptible). Three years of
testing allowed for a reliable separation of susceptible and resistant cultivars.
Coefficients of linear correlation (r) between two years were 0.85, 0.90 and
0.95. The most resistant cultivars were Robijn and Populair. Most cultivars that
were included because they were ancestors of resistant cultivars, had only
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Figure 1.1. Development of late blight lesions in the field in 1987 on leaves of the susceptible cv.
Bintje (n=33) and the field resistant cvs. Libertas (n=58) and Pimpernel (n=63), inoculated with
single 10 Tl droplets of inoculum containing 2.6 x 104 sporangia/ml of P. infestans race
1.2.3.4.5.6.7.10.11.
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Table 1.3. Area under the disease progress curve (ADPC; 1993), latent period (LP; 1989) in days
after inoculation, and linear lesion growth rate (LGR; average of 1989 and 1990) in mm/day, of
Phytophthora infestans race 1.2.3.4.5.6.7.10.11 on 15 potato cultivars, based on assessment in
the field. n = number of lesions.

1

cultivar

ADPC

LP

(n)

LGR

Surprise

0.22

5.1 (13)

Libertas

0.24



Pimpernel

0.25

Kardal

(n)

maturity1

1.15 (44)

5½

1.14

(7)

4½

5.0 (13)

1.37 (46)

3½

0.27

5.8 (13)

1.32 (47)

3

Alpha

0.33

4.3 (14)

1.65 (39)

4

Elkana

0.37

5.6 (12)

1.79 (45)

4½

Darwina

0.38

4.7 (14)

1.85 (45)

4½

Nicola

0.41

5.0 (14)

1.52 (40)

6

Spunta

0.48

5.2 (12)

1.63 (43)

7

Bildtstar

0.49



1.96 (12)

6

Krostar

0.51

4.6 (13)

2.05 (36)

7

Ostara

0.53

4.5 (12)

1.78 (30)

8

Bintje

0.54

4.6 (11)

2.41 (38)

6½

Cleopatra

0.60

4.5 (10)

2.26 (32)

8

Eersteling

0.60

5.1 (10)

2.42 (29)

9½

LSD (P<0.05)

0.06



0.46 (38)

see table 1.1 for explanation

intermediate resistance (Tables 1.1 and 1.2). ADPC values were closely correlated
to resistance ratings given at introduction of the cultivars (linear correlation,
r=0.89, n=21). ADPC values were also significantly correlated with maturity
ratings, in the sense that the more resistant genotypes strongly tended to be late
maturing, whereas susceptible genotypes appeared in every maturity class. This
association was found with both old (Tables 1.1 and 1.2) and more recently
introduced cultivars (Table 1.3). The ranking correlation between ADPC and
maturity in table 1.3 was r=0.85 (n=15).
Radial lesion growth in the 1987 experiment appeared to be linear (Fig. 1.1).
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Therefore, this component of resistance was assessed as linear lesion growth rate
(LGR) in the other experiments. LGR of 14 cultivars, assessed in 1989 and 1990
(Table 1.3) significantly varied between cultivars, but there was little variation in
latent period (LP, Table 1.3). LGR ranged from 1.14 mm/day (cv. Libertas) to 2.42
mm/day (cv. Eersteling). The coefficient of linear correlation between average
LGR values from the two experiments was r=0.70 (n=12). LP varied less, from 4.3
to 5.8 days p.i., the average being 4.9 days p.i.. LGR averaged across 1989 and
1990 was closely correlated to ADPC as measured in 1993 (r=0.90, n=15), while
LP was less closely correlated with ADPC (r=0.42, n=13).

Discussion
Some of the old cultivars tested had higher levels of partial resistance to late
blight than well known field resistant cultivars grown at present. Especially Robijn
and Populair were highly resistant. Fry (1978) found a dosage of about 0.65 kg
mancozeb/ha/wk to be sufficient to reduce ADPC to 0.02 in the partially resistant
cv Sebago (ADPC unsprayed 0.28), whereas about 1.75 kg mancozeb/ha/wk was
needed to reduce disease to the same level in the susceptible cv Hudson (ADPC
unsprayed 0.50). Therefore, the resistance of cultivars such as Robijn (ADPC in
our experiments 0.23) may be sufficient to reduce the amount of fungicide by
more than 70%, compared to the amount needed on a susceptible cultivar.
The most resistant among the old cultivars are all rather late maturing, which
is probably not a chance effect since field resistance to P. infestans in S.

tuberosum is known to be associated with lateness (Toxopeus, 1958; Umaerus et
al., 1983). At present, it is not known whether genetic linkage is at the basis of
this unfavourable association, or whether physiological factors in ageing potato
plants, which occur earlier in early maturing genotypes, influence the expression
of resistance genes (Toxopeus, 1958; Chapter 5).
The resistance of Robijn and Populair is high, but perhaps even higher
resistance levels may be obtained through accumulation of the resistance genes
in these genotypes. Transgression in S. tuberosum of partial resistance to late
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blight has been reported before (Toxopeus, 1958). All cultivars we have tested
are derived from crosses between a resistant and a susceptible or at best
moderately resistant progenitor. Therefore, intercrossing the most resistant ones
might result in even better resistance, although it may also result in a further
deterioration of earliness.
The most resistant cultivars in the experiments, Robijn, Populair, Libertas,
Pimpernel and Surprise, are all closely related. Robijn is a progenitor of Populair
and Pimpernel. Libertas and Robijn are both descendants of Rode Star (= Prof.
Wohltmann x Erica), and Surprise is a direct descendant of Libertas. Robijn was
derived from the cross Rode Star x Preferent (= Eigenheimer x Cimbals Neue
Imperator), in which both Cimbals Neue Imperator (= Imperator x Wilhelm Korn),
known to be fairly resistant, and Rode Star may have contributed to the
resistance. Preferent itself is only moderately resistant (Hogen Esch & Zingstra,
1957). Imperator has been derived, through Early Rose, from Rough Purple Chili,
introduced from Chile in 1851 (Glendinning, 1983). The eight most resistant
cultivars all had both Prof. Wohltmann (= Daber x Erste von Frömsdorf) and
Wilhelm Korn as progenitors. Daber was introduced in 1830 from South America
(Ross, 1958, cited by Glendinning, 1983), probably also from Chile (Hawkes,
1956, cited by Glendinning, 1983). In Libertas the cv. Energie (Commandant x
Zomerroden), being both grandparent and great grandparent of Libertas, and
also known to be fairly resistant, may have contributed to its resistance as well.
Unfortunately, neither Prof. Wohltmann, nor Wilhelm Korn, Cimbals Neue
Imperator or Energie were available for our experiments. The pedigrees of most
of these ancestors are not known, and it is possible that they can all be traced
back to just a few genotypes. Consequently, it cannot be excluded that they
share the same resistance genes. Recent success in mapping quantitative trait loci
(QTLs) for field resistance to late blight in S. tuberosum (LeonardsSchippers,
1992) may allow for a future more precise identification of the alleles involved in
the resistance of these old cultivars.
Results presented here suggest that the partial resistance as present in these
old S. tuberosum cultivars is durable, since the general level of resistance now
seems to be about the same as it was at the time of introduction of the
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cultivars, indicating that no important differential erosion of this resistance has
taken place. Although we cannot compare the two measures of resistance, as
they may not have been determined by the same method, it is apparent that
cultivars that were much more resistant than the susceptible Bintje and Eersteling
at introduction, nowadays still are relatively resistant. We have used one
common, virulent isolate in our experiments. Ideally, several different isolates of
the pathogen should be used, to check whether cultivar x isolate interactions are
present that might eventually lead to adaptation of the pathogen population on
these resistant cultivars. Such an adaptation has been reported for tuber
resistance of cv. Pimpernel in Norway (Bjor & Muledid, 1991). However, the
resistance ratings given to these cultivars during the years they were cultivated,
which were derived from tests with other isolates and natural infections, show
no conspicuous interactions with years, nor an increase in susceptibility during a
cultivar's life span, as was also found by Van der Plank (1971). The cultivars
Alpha, Gineke and Voran were found to be partially resistant in the late blight
areas of Mexico, where the widely variable population of the pathogen has every
opportunity to break nondurable resistances (Niederhauser & Mills, 1953). Some
of the resistant cultivars tested in our experiments, like Bevelander and Rode
Star, were cultivated on a considerable acreage for several decennia and if
adaptation of the pathogen population were possible, it would most likely have
taken place. However, this appears not to have happened, and therefore, in
accordance with Van der Plank (1971) and James & Fry (1983), it may be
assumed that this resistance is durable.
Lesion growth rate appeared to be an important component of this
resistance, whereas latent period hardly varied and was not closely related to
field performance. The relationship of LGR with field resistance has been
reported before (a.o. Weihing & O'Keefe, 1962 and Umaerus & Lihnell, 1976),
but in those experiments LGR was measured only under controlled conditions in
the glasshouse. The data presented in Table 1.3 show that also in the field LGR
is an important component of late blight resistance, as was predicted by Van
Oijen's (1992) model. This was found in both old and more recently introduced
cultivars, some of the latter having S. demissum among their ancestors, which
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may have donated (part of) the field resistance. The correlation of the average
LGR of 1989 and 1990 with the average ADPC of 1993 was so strong, that LGR
may be used as a reliable indicator of field resistance. The low, though significant
correlation between the LGR averages of 1989 and 1990 is not in agreement
with this, nor with the high correlations which we have generally found between
years for ADPC. Possibly this may be explained by the fact that most of the
lesions (30 on each cultivar) were measured in the 1989 experiment, whereas
the 1990 tenlesions averages are less reliable. The high correlation between
ADPC and LGR may be advantageous for breeding, as it can be applied in an
early phase of selection when only few plants are available. Cultivars with lowest
LGR in our experiments were Libertas, Surprise, Kardal and Pimpernel. We did
not assess LGR of Robijn or Populair, but Lapwood (1961), under controlled
conditions, found lesion growth rate of Robijn to be reduced compared to that
of Pimpernel.
Our results suggest that these old field resistant cultivars are valuable sources
of durable resistance to late blight, although it is not sure whether this resistance
can be combined with earliness. More research is urgently needed to clarify the
reasons for the unfavourable association between lateness and resistance. At the
moment, it cannot be ruled out that it is caused by genetical linkage.
Nevertheless, there will always be a place for late maturing cultivars with
resistance to potato late blight. It may be possible to improve the resistance
through accumulation and recombination of resistance genes, in which
measurements of lesion growth rates may be a valuable tool, especially in early
stages of selection. It should be investigated whether and to what extent this
resistance may be combined with partial resistance from other sources, such as S.

demissum and other Solanum species.
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CHAPTER 2
Resistance to late blight (Phytophthora infestans) in 10 wild Solanum
species.

Introduction
Late blight of potatoes, caused by Phytophthora infestans (Mont.) de Bary, is
usually controlled by frequent applications of fungicides. The cultivation of
resistant varieties, will reduce these costly applications and their environmental
hazards, considerably.
Genetic control of late blight in the foliage can be achieved by three basic
types of resistance, namely
1. racespecific hypersensitivity
2. partial resistance
3. nonhost resistance
Hypersensitivity to late blight in potato varieties is controlled by dominant
genes designated R genes. Eleven R genes have been found since 1910 in the
Mexican species Solanum demissum (Black, 1954; Eide et al., 1959; Malcolmson
& Black, 1966; Malcolmson, 1969) and S. stoloniferum (Schick et al., 1958b),
and transferred to the cultivated potato (Toxopeus, 1964). Resistant genotypes
react to penetration with rapid death of a few cells at the infection site, which
shows as a small necrotic spot. The hypersensitive reaction is weak and lesions
may develop when the genes R2, R4, R10 or R11 are involved (Turkensteen,
1993). R genes in the host and genes for virulence in the pathogen probably
interact in a geneforgene system. Many compatible races have appeared in
nearly all potato growing areas (Malcolmson, 1969). Consequently, R gene
mediated resistance is no longer effective. New races may evolve even more
rapidly after the appearance of the A2 compatibility type of the pathogen in
Europe (Hohl & Iselin, 1984; Malcolmson, 1985; Shaw et al., 1985).
Partial resistance, found in S. tuberosum cultivars such as Surprise and
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Pimpernel, has lost nothing of its effectiveness since the introduction of these
varieties more than thirty years ago (Chapter 1). However, the resistance is not
strong enough to give sufficient protection. The resistance mechanism is
unknown. Breeders' observations on its inheritance suggest the role of many
minor genes with additive effects. The resistance is associated with late maturity,
and up till now the combination of earliness and a high partial resistance has not
been realized.
Nonhost resistance to late blight has received little attention. Some
Solanaceous species, like Solanum nigrum, cannot be infected (Chapter 6). So
far, nonhost resistance has not been used in potato breeding.
Breeding for hypersensitive resistance has been practised on a large scale, but
is no longer recognized as a feasible solution. The nonspecific resistance in the
current breeding material of S. tuberosum may be too low to provide an
alternative; combining the resistance with partial or nonhost resistance from
related Solanum species might bring it to an acceptable level.
Since 1976, CPRODLO has been participating in evaluations of Solanum
accessions from the GermanDutch potato gene bank of the Genetic Resource
Centre at Braunschweig (BGRC). Sixty to eighty accessions have been tested
annually for their resistance to a complex race of P. infestans in field trials. These
evaluations have identified many accessions showing intermediate to high levels
of resistance (Hoekstra & Seidewitz, 1987), nineteen of which have been chosen
to detect partial resistance and incorporate it into breeding lines.
Although the nonspecific nature of resistance can only be established in
time, the chances of avoiding specific resistances seem to be greatest when
major genes associated with a hypersensitive type of resistance are excluded. It is
planned to achieve this through genetic analysis, and the study of resistance
mechanisms. Only those accessions which show nonhost resistance or, in
contrast to hypersensitivity, a detectable amount of infection upon inoculation
are used.
This paper reports the results of two years of field evaluations of 19
accessions of 10 species, S. tuberosum ssp. andigena, S. berthaultii, S. arnezii x

hondelmannii, S. leptophyes, S. microdontum, S. sparsipilum, S. sucrense, S.
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venturii, and S. vernei, all from South America, and S. verrucosum from Mexico.
Results of our present work on the mechanism, inheritance and durability of
these resistances will be reported in the near future.
Materials and Methods
Plants
Nineteen accessions of 10 Solanum species and 2 natural interspecific hybrids
(Table 2.1) were obtained from the BGRC as populations derived from
interpollination of up to 25 genotypes. Fifty seeds per accession were sown in
the greenhouse in 1984. The tubers were harvested and replanted in the
greenhouse for multiplication in 1985. In December 1985, sufficient tubers were
harvested to start the experiments; the remaining tubers were planted in the
greenhouse for multiplication.
Experimental design
Each year the trial consisted of two randomized blocks. The blocks were
subdivided into 14 to 16 hills wide plots. The plots were bordered by single hills
of cultivars Astarte (1986) or Pimpernel (1987) and separated from each other by
four open hills. In the plots rows of six or seven fourplants subplots were laid
across the hills. Rows of subplots were alternated with single spreader rows of
the moderately susceptible cultivar Nicola. Between subplot rows and spreader
rows room was left to allow access for evaluations (Fig. 2.1). In each block a
genotype was represented by one fourplants subplot which was treated as a
single experimental unit.
For comparisons between years two standards were included, a susceptible
(Bildtstar) and a partially resistant (Pimpernel) latematuring cultivar. Cultivar
Bildtstar is as susceptible as the frequently used Bintje, but is slightly later
maturing. Latematuring varieties were chosen because the Solanum accessions
had appeared to be latematuring when the genotypes were multiplied. Each of
the two standard cultivars appeared once in every fortyfourth (1986) or forty
eighth (1987) subplot.
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Table 2.1. Solanum accessions tested.

Species

BGRC
code

Number of
genotypes

S. berthaultii

10.063

27

S. berthaultii

18.548

18

S. arnezii x hondelmannii

27.308

20

S. leptophyes

27.196

22

S. microdontum

8.138

11

S. microdontum

18.302

43

S. microdontum

24.981

41

1

18.568

29

S. microdontum1

18.570

38

S. microdontum1

27.352

20

S. microdontum1

27.353

50

S. microdontum ssp. microdontum

18.303

29

S. sparsipilum

7.215

30

S. sparsipilum x S. leptophyes

27.099

35

S. sucrense

27.370

22

S. tuberosum ssp. andigena

7.632

18

S. venturii

24.720

25

S. vernei

24.733

21

S. verrucosum

8.255

15

S. microdontum

1

S. microdontum var gigantophyllum (Hoekstra & Seidewitz, 1987).

To assess their lateness, all genotypes were also represented in 1987 in four
additional, smaller blocks that were lifted on 17 June, 31 July, 11 September,
and 9 October to assess tuber initiation. Apollonia, Bintje, Doré and Eersteling
served as standards in these blocks.
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Figure 2.1. Field design of the experiments.
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Cultural procedures
The trial field was situated on sandy soil fertilized with 4060 m3 of liquid
cow manure, 300 kg of calcium ammonium nitrate and 400500 kg of 0:25:25
(1986) or 0:15:30 (1986) NPKfertilizer. Planting dates were 1 May 1986 and 6
May 1987. The seed tubers were placed at a distance of 0.35 m in hills that
were 0.75 m apart and earthed up to a height of 0.30 m. The field was treated
in 1986 and 1987 with the herbicide Patoran (metobromuron) after planting.
Imidan (fosmet) was applied on 11 July 1986 to protect against Colorado
beetles. The 1987 trial was carried out on a field adjacent to that of 1986.
Inoculum
A Dutch P. infestans isolate of race 1.2.3.4.5.7.10.11 was kindly supplied by
Dr L.J Turkensteen of the Research Institute for Plant Protection (IPO) at
Wageningen. It was subcultured on tuber slices of cultivar Bintje in moist trays in
a dark climate chamber at 15 °C in plastic bags to ensure a high humidity. The
isolate was subcultured only twice, to maintain sufficient pathogenicity on
foliage. To prepare inoculum, about 80 kg of tuber slices, cultivar Bintje, were
inoculated and after 7 days washed in 80 l of tap water; the resulting spore
suspension was placed at 10 °C for 4 hours to stimulate the release of
zoospores. About 75 % of the conidia released zoospores. The zoospore density
was estimated and adjusted to 5 x 104/ml, without removing the remaining
conidia.
Inoculation and disease assessment
Inoculations took place when the crop was closed, which was for most
accessions at or just before the onset of flowering. Inoculum was sprayed
through a spraying arm with 6 or 7 nozzles placed 0.75 m apart. The arm was
connected to a propane tank with a constant pressure of 2,5 bar, and moved
across the plots by a tractor at a fixed speed of about 5 km/hour. Before
inoculation the plants and soil were wetted thoroughly by sprinkling irrigation.
Inoculations were carried out at nightfall to ensure a sufficiently prolonged leaf
wetness. Border rows and blocks laid out to assess tuber initiation were excepted
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Table 2.2. Disease assessment key used to
estimate the percentage of leaf area covered
by lesions of P. infestans.
______________________________
Leaf area covered (%)
Reading
______________________________
0
0
0

0.5
0.51)
0.5

1
11)
1

5
51)
5

15
101)
15

25
20
25

35
30
35

45
40
45

55
50
55

65
60
65

75
70
75

85
80
85

95
902)
95

99
952)
99

99.5
992)
99.5

100
99.92)
______________________________
1)
= in 1986 all read as 10
2)
= in 1986 all read as 90

from inoculation.
Inoculations took place on 2 July
in 1986 and on 14 and 27 July in
1987. In 1987 two inoculations were
done, as the first one was not
successful.
The epidemic development was
sustained by sprinkling 35 times 1 x
103 m3 per m2 of water from a local
spring twice a day, after sunrise and
before nightfall, except when it was
raining.
Disease assessments were carried
out at intervals of about one week.
The percentage of leaf area covered
by late blight lesions was estimated
for each plot on a 09 scale (Table
2.2). The 1987 scale contained more

steps to improve disease assessments at the very low and very high disease levels.
Disease readings were converted prior to analysis by calculating the area
under the disease progress curve (ADPC) according to the method of Shaner &
Finney (1977). ADPC values were normalized as described by Fry (1978).
Statistical analysis
Two types of analysis of variance (ANOVA) were carried out; one to analyze
average ADPC values of the accessions (betweenaccessions ANOVA), the other
to analyze average ADPC values of genotypes within accessions (within
accessions ANOVA). ANOVAs of the latter type were carried out because the
accessions were large enough to allow estimations of the error terms for
individual accessions. These estimates were considered more appropriate than
the average error term estimated in the betweenaccessions ANOVA.
Genotypes that remained uninfected in both plots of both years were
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Table 2.3. Model used to analyze areas under the disease progress curves of genotypes within
each of the nineteen Solanum accessions.

1)

Effect

Variance estimator1)

years

σ2e + σ2block(year) + b.c.σ2year

blocks within years

σ2e + σ2block(year)

genotypes

σ2e + σ2genotype x block(year) + b.σ2genotype x year + y.b.K2genotype

genotype x year

σ2e + σ2genotype x block(year) + b.σ2genotype x year

residual

σ2e + σ2genotype x block(year)

Characters indicate numbers of years (y), of blocks per year (b) and of genotypes (c). According

to Snedecor & Cochran (1980) σ2 is used for random effects and K2 is used for fixed effects.

considered completely resistant and were excluded from the analyses.
A betweenaccession ANOVA was carried out on all remaining data taking
accessions as a fixed factor, years as a random factor and blocks as a random
factor nested within years. Genetic variance between genotypes was thus pooled
with the error term. Missing values were estimated.
Withinaccession ANOVAs were carried out, taking genotypes as a fixed
factor, years as a random factor and blocks as a random factor nested within
years (Table 2.3). Genotypes with missing values, owing to lack of seed tubers or
poor plant growth, were not taken into account.
Analyses were carried out with Genstat (Payne et al., 1987).

Results
Resistance
In both years the two standard varieties differed very much in the
development of the disease, the onset of the epidemic of the resistant cultivar
Pimpernel being delayed compared to that of the susceptible Bildtstar. The rates
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Table 2.4. ANOVA of areas under the disease progress curves of 19 Solanum accessions of 445
infected genotypes per accession.
Source of variation

df1)

(mv)2)

ss3)

ms4)

vr5)

Fpr6)

year

1

4.518

4.518

416.80

<0.001

year.replicate

2

0.022

0.011

0.51

0.602

accession

16

43.491

2.718

20.18

<0.001

year.accession

16

2.155

0.135

6.38

<0.001

0.021

residual

1613

(219)

34.057

total

1648

(219)

78.904

1)

degrees of freedom
missing values; these were estimated.
3)
sums of squares
4)
mean squares
5)
variance ratios
6)
Fprobabilities
2)

of increase of infected leaf area were the same in both cultivars (Fig 2.2).
Bildtstar had an average ADPC value of 0.67 + 0.01 and Pimpernel of 0.43 +
0.01. This difference was significant at the 0.001 level.
As in the standards, the years affected ADPC in a highly significant way in
the wild species. (P<0.001, Table 2.4). Average ADPC values were 0.31 in 1986
and 0.21 in 1987. ADPC values averaged for individual genotypes showed good
agreement between the two years (r=0.87, n=446). Separate analyses for the
two years yielded two very similar experimental errors (not shown), indicating
that a combined analysis of the data from the two years was allowed.
There was a highly significant accession effect (P<0.001, Table 2.4). S.

leptophyes 27.196, S. sparsipilum 7.215 and S. sparsipilum x S. leptophyes
27.099 were on average more susceptible than cultivar Pimpernel (Table 2.5). All
other accessions were either more or much more resistant; S. sucrense 27.370
and S. verrucosum 8.255 were hardly infected.
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The more resistant accessions,
except those of S. berthaultii, tended
to be much less infected in 1987
than in 1986 (Table 2.5). The
difference between years was not so
large in the case of the more
susceptible accessions. The large
interaction could be explained by the
differential behaviour of resistant
and susceptible accessions. Separate
ANOVAs for the 19 accessions (not
shown) indicated significant (p<0.05)
differences in resistance between
infected genotypes of S. tuberosum
ssp. andigena 7.632, S. arnezii x

hondelmannii 27.308, S. leptophyes
27.196, S. microdontum 8.138, S.
microdontum ssp. microdontum
18.303, S. venturii 24.720 and S.
vernei 24.733. There was a

Figure 2.2. Average leaf area covered by
late blight lesions on standard cultivars
Bildtstar (ο,●) and Pimpernel (▲ , ∆) in 1986
(, ∆; n=4446) and 1987 (●,▲; n=2224)

significant (P<0.05) interaction between genotypes and years for genotypes of S.

microdontum 18.302, 18.568, 18.570, 24.981, 27.352 and 27.353, S.
sparsipilum 7.215, and S. sparsipilum x S. leptophyes 27.099. The genotypic
effects of the genotypes of S. microdontum 18.302, 18.570, 24.981 and
27.353, and S. sparsipilum 7.215 were much more important than the genotype
x year interactions.
The distribution of genotypes of the accessions among nine resistance
classes, including genotypes that were not infected at all, is shown in Table 2.6.

S. leptophyes 27.196 and S. sparsipilum 7.215 were very susceptible.
Nevertheless, a few genotypes of these accessions had some resistance that was
higher than that of Pimpernel. The naturally hybrid accession S. sparsipilum x S.

leptophyes 27.099 only gave rise to completely susceptible genotypes.
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Table 2.5. Number of uninfected (u) and infected (i) genotypes, and average areas under the
disease progress curves (ADPC) of 19 Solanum accessions tested in field experiments.
Accession and BGRC code
u

i

1986

1987

Mean1)

n2)

S. berthaultii 10.063

2

25

0.10

0.15

0.12

66

S. berthaultii 18.548

5

13

0.10

0.17

0.14

38

S. arnezii x hondelmannii 27.308

0

20

0.41

0.31

0.36

53

S. leptophyes 27.196

0

22

0.59

0.49

0.54

64

S. microdontum 8.138

0

11

0.39

0.27

0.33

42

S. microdontum 18.302

0

43

0.15

0.06

0.10

171

S. microdontum 24.981

0

41

0.24

0.18

0.21

160

S. microdontum 18.568

0

29

0.16

0.04

0.10

110

S. microdontum 18.570

1

37

0.37

0.18

0.27

142

S. microdontum 27.352

5

15

0.14

0.07

0.11

57

S. microdontum 27.353

3

47

0.19

0.12

0.15

184

S. microdontum ssp. microdontum 18.303

0

29

0.38

0.15

0.26

106

S. sparsipilum 7.215

0

30

0.58

0.48

0.53

108

S. sparsipilum x leptophyes 27.099

0

35

0.63

0.49

0.56

136

12

10

0.04

0.05

0.04

31

S. tuberosum ssp. andigena 7.632

0

18

0.36

0.23

0.29

60

S. venturii 24.720

1

24

0.23

0.17

0.20

67

S. vernei 24.733

0

21

0.34

0.17

0.25

76

S. verrucosum 8.255

9

6

0.03

0.00

0.01

22

Pimpernel*

0.45

0.38

0.43

68

Bildtstar*

0.71

0.53

0.67

67

S. sucrense 27.370

1)

ADPC

s.d.3)

0.14

LSD (P<0.05)4)

0.05

To compare pairs of accessions, LSDs are to be calculated as t1689.S.\/(n1+n2)/(n1.n2), where n1
and n2 are the sample sizes (n) of the two accessions to be compared.
2)
Each genotype was to be represented by two plots in 1986 and two in 1987, but some plots
were missing; these missing values were not estimated. Only infected genotypes (genotypes that
had at least one infected plot) have been included in ADPC calculations.
3)
The standard deviation (s.d.) was estimated as the square root of the residual mean square
taken from Table 4; data of Bildtstar and Pimpernel were not used in this mean square.
4)
The average least significant difference (LSD) was calculated as t1689.S.\/2/n0 , where t1689 is
Students' t for 1689 degrees of freedom, and n0 is the geometric mean of all sample sizes.
found between accessions and years (Table 4).
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Table 2.6. Distribution of genotypes1) of 19 Solanum accessions among 9 resistance classes.
Accession2)

Number of genotypes
ADPC class3)

Sum

1

2

3

4

5

6

7

8

9

adg 7.632

0

0

0

7

3

2

0

0

0

12

ber 10.063

1

4

2

0

0

0

0

0

0

7

ber 18.548

3

3

1

0

0

0

0

0

0

7

axh 27.308

0

0

0

2

2

2

1

0

0

7

lph 27.196

0

0

0

0

2

1

6

0

0

9

mcd 8.138

0

1

3

1

1

2

2

0

0

10

mcd 18.302

0

28

10

1

2

0

1

0

0

42

mcd 24.981

0

10

7

8

8

2

2

0

0

37

mcd 18.568

0

13

11

0

0

1

0

0

0

25

mcd 18.570

1

7

6

4

6

5

1

1

1

32

mcd 27.352

3

6

4

3

0

0

0

0

0

16

mcd 27.353

2

23

10

3

3

4

1

0

0

46

mcr 18.303

0

3

14

7

0

0

0

0

0

24

spl 7.215

0

0

0

1

1

8

6

5

2

23

sxl 27.099

0

0

0

0

0

2

24

6

0

32

0

0

0

0

11

4

scr 27.370

6

4

0

0

1

ven 24.720

0

5

1

0

0

0

2

2

0

10

vrn 24.733

0

0

4

8

3

1

0

0

0

16

ver 8.255

5

5

0

0

0

0

0

0

0

10

1)

Genotypes were represented by two plots in 1986 and two in 1987. Only genotypes with data
of four plots were included.
2)
See Table 5 for full species names.
3)
0 = 0, 1 = 00,1, 2 = 0.10.2, 3 = 0.20.3, 4 = 0.30.4, 5 = 0.40.5, 6 = 0.50.6, 7 = 0.60.7
and 8 = 0.70.8
4)
Based on only 3 data values

S. tuberosum ssp. andigena 7.632, S. arnezii x hondelmannii 27.308, S.
microdontum 8.138, 18.302, 18.568 and 24.981, S. microdontum ssp.
microdontum 18.303 and S. vernei 24.733 showed a wide range of resistance. In
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S. berthaultii 10.063 and 18.548 and in S. microdontum 18.570, 27.352 and
27.353 a broad range was found as well, but in these accessions we also found
some genotypes that were not infected throughout the experiments.
The S. sucrense accession gave highly resistant genotypes except one, which
was susceptible but still rated better than Pimpernel.
The genotypes of S. venturii 24.720 fell into two groups, one being
somewhat more resistant than Pimpernel, the other being very susceptible.
All genotypes of S. verrucosum 8.255 fell into the two highest resistance
classes.
Many genotypes of S. tuberosum ssp. andigena appeared to be very sensitive
to the disease; leaves with lesions quickly yellowed and dropped. This
phenomenon was not observed in the other accessions, nor in the standard
varieties.
Maturity
None of the accessions in the additional blocks of the 1987 experiment
showed any tuber initiation on 17 June, whereas all standards had by then
tubers at least 1 cm in diameter. Some genotypes of S. tuberosum ssp. andigena
had started to tuberize on 31 July and had tubers of at least 1 cm diameter on
11 September. Only one other genotype, of S. berthaultii 18.548, showed tuber
initiation on 11 September, and had very small tubers on 9 October.
Discussion
The experiments were designed to test the level of partial resistance.
Complete resistance was meant to be excluded. However, it was impossible to
distinguish between a very high level of partial resistance, allowing no lesion
formation under the conditions of the experiments, and complete resistance.
Uninfected genotypes were numerous in some of the accessions. We chose to
exclude symptomless genotypes from the statistical analyses; such genotypes
were found in S. berthaultii 10.063 and 18.548, in S. microdontum 18.570,
27.352 and 27.353, and in the S. sucrense and S. verrucosum accessions. These
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exclusions may have led to an underestimation of the resistance. However, by
ignoring the uninfected genotypes, we were able to demonstrate a very
significant genetic variation in the remaining, partially resistant material.
In all accessions, except S. sparsipilum x S. leptophyes 27.099 genotypes
could be identified that were more resistant than the resistant cultivar Pimpernel.
In S. sparsipilum only 2 out of 23 and in S. leptophyes only 2 out of 9 genotypes
belonged to this group. In the other accessions most of the genotypes were
much more resistant than Pimpernel. Testing resulted therefore in the detection
of very promising breeding material.
The results of genotypes of S. sparsipilum x S. leptophyes 27.099 run
contrary to the findings of Van Soest et al. (1984). They considered this
accession to be much more resistant than the susceptible cultivar Bintje. Since
they were using a mixture of races 1.2.3, 1.3.4 and 1.4.11, this accession might
contain the gene(s) 2, 3, 4 or 11.
Our results confirm earlier reports about S. tuberosum ssp. andigena (Nilsson,
1981), S. microdontum, S. vernei and S. verrucosum (Lipski et al., 1978;
Hanneman & Bamberg, 1986), S. berthaultii, S. leptophyes and S. sucrense (Van
Soest & Hondelmann, 1983), S. sparsipilum (Ross & Rowe, 1969) and S. venturii
(Hoekstra & Seidewitz, 1987).
The identification of resistant genotypes as described in this paper is the first
step in the search for more durable resistance to late blight. The next and more
difficult step will be to verify which genotypes have a non racespecific type of
resistance. As stated before, this can best be done by excluding all major genes
associated with a hypersensitive reaction.
The resistance distribution of the genotypes can be used to indicate whether
or not major genes are involved. It should be kept in mind, however, that the
segregation ratios obtained can give no clear evidence of the genetic constitution
of the resistance, since the genotypes stem from unknown parents. It should also
be noted that a major gene conferring partial resistance would have the same
effect as the combined action of a group of minor genes. Test crosses with a
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susceptible genotype might reveal the genetic constitution of the partial
resistance of the accessions.
Segregations suggest that major genes are present in the accessions of S.

sucrense and S. venturii. In both species the genotypes of the susceptible group
still showed an acceptable level of resistance; these may be useful, provided the
resistance is of the nonracespecific type.
Both major and minor genes could control the uniformly high levels of
resistance in S. verrucosum. Graham (1962) found the resistance in this species
to be quantitatively inherited, and Tazelaar (1981) reported a gradual decrease
of resistance when S. verrucosum genotypes were crossed and backcrossed with

S. tuberosum. Therefore, action of minor genes appears common in S.
verrucosum. Black & Gallegly (1957) produced evidence for the presence of R
genes in this species. Both systems might operate simultaneously in the accession
we tested.
The wide range of resistance of S. tuberosum ssp. andigena 7.632, S.

berthaultii 10.063 and 18.548, S. arnezii x hondelmannii 27.308, S.
microdontum 8.138, 18.302, 18.568, 18.570, 24.981, 27.352 and 27.353, S.
microdontum ssp. microdontum 18.303 and S. vernei 24.733 suggest that
several minor genes with additive effects are involved. Some genotypes of these
accessions that were not infected may have high numbers of minor genes and
thus have escaped infection in our experiments. Many authors report the
presence of nonracespecific resistance or 'field resistance' in these species, but
this is often only based on infection experiments, and information on inheritance
is not available. Simmonds and Malcolmson (1967) considered S. tuberosum ssp.

andigena free from R genes and observed a slow improvement of the resistance
in repeated cycles of crosses and field selections.
If the resistance is truly nonspecific, we can take the high resistance level of
the uninfected genotypes as an indication of what can be achieved by breeding
using these sources.
A matter of concern is that the association of the polygenic, non racespecific
type of resistance with late maturity, known of S. tuberosum (Toxopeus, 1958;
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Umaerus et al., 1983), may also be found in other sources of resistance. The
physiological changes occurring at tuber initiation may weaken the resistance, in
which case these resistances are of no use in commercial varieties. However, the
possibility exists that the two characters are genetically linked and that breeding
may break the linkage. In our experiments the accessions were extremely late
maturing and most did not tuberize at all under field conditions. However, when
planted in the greenhouse in August under natural light conditions, most
genotypes tuberized by December (genotypes that failed to do so were
discarded). This indicates that these accessions may be sensitive to day length
rather than latematuring. In the course of breeding with these sources we hope
to learn whether or not the resistance can be transferred to early genotypes.
All accessions except those of S. tuberosum ssp. andigena and S. sucrense
are diploids and, according to our crossing results of 1986 and 1987, can be
crossed to S. tuberosum dihaploids. Attempts to pollinate S. tuberosum ssp.

andigena and S. sucrense by S. phureja IvP 35 or 48 to induce dihaploids have
been unsuccessful so far. However, S. tuberosum ssp. andigena and S. sucrense
are known to cross well with S. tuberosum at the tetraploid level (Hawkes,
1958).Consequently, we expect that the resistance genes of all these sources can
be transferred to S. tuberosum. The expected polygenic character of the
resistance will necessitate repeated cycles of backcrossing and intercrossing, as
outlined by Sanford & Ladd (1987), to achieve sufficient recombination of the
required genes. Otherwise, the level of resistance will soon drop as it did in
attempts to transfer the resistance of S. verrucosum to the cultivated potato by
repeated backcrosses (Tazelaar, 1981).
The interactions we encountered between years and genotypes indicate that
genotypes should preferably be selected after more than one year of testing.
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CHAPTER 3
Partial resistance to late blight (Phytophthora infestans) in hybrid
progenies of four South American Solanum species crossed with diploid

S. tuberosum.

Introduction
Partial resistance in potato (Solanum tuberosum) to late blight, caused by the
fungus Phytophthora infestans (Mont.) de Bary, is at present too low to cultivate
potatoes without chemical protection from this disease (Turkensteen, 1993).
Much higher levels of resistance are found in related Solanum species. A well
known example is S. demissum, of which eleven major resistance genes,
designated R genes, have been identified and some transferred to the cultivated
potato. However, races of the pathogen with virulence for all known R genes
have developed and are now widespread (Turkensteen, 1993). Therefore, R
genebased resistance is no longer of value. It has been argued that the

demissumgenes have evolved in response to challenges with the pathogen, since
both S. demissum and P. infestans are assumed to have evolved in Mexico
(Nelson, 1975). Therefore, resistant Solanum species originating from South
America are particularly interesting, since in these species coevolution with P.
infestans has probably not taken place and the resistance may be of a less
specific and hence more durable nature.
The South American species S. berthaultii and S. microdontum have high
resistance to P. infestans, whereas S. arnezii x hondelmannii and S. leptophyes
have moderate resistance (Chapter 2). For breeding purposes it is important to
know whether these resistances are inherited through major or through minor
genes. At this moment, little is known about inheritance of resistance in these
species. This chapter gives a genetic analysis of these resistances.
Genetic variation for partial resistance to P. infestans has been demonstrated
in S. tuberosum. Partial resistance to P. infestans in S. tuberosum is usually
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considered to be a polygenic character (Ross, 1986; Wastie, 1991). Mapping of
quantitative trait loci (QTL) suggests the involvement of at least 7 chromosome
regions (LeonardsSchippers, 1992). Some of the partial resistances in potato to

P. infestans that were derived from S. demissum, have been found to be based
on single genes that have an incomplete effect. The resistance conferred by
these 'leaky' R genes, R2, R4, R10 and R11 (Turkensteen, 1993) may easily be
mistaken, due to its incomplete nature, for oligo or polygenically inherited
partial resistance, unless tests are made with proper differentiating isolates of the
pathogen, or genetic analysis is done to estimate the number of genes involved.
The occurrence of single genes conferring partial resistance indicates that partial
resistance and polygenic inheritance, at least in the potato  late blight
interaction, are by no means synonymous as is often, erroneously, assumed.
The species described in this paper are sensitive to daylength and do not
tuberize at long photoperiods. Since polygenic partial resistance to P. infestans in

S. tuberosum appears associated with lateness (Van der Plank, 1957; Toxopeus,
1958; Chapter 5), it is of interest to know whether such an association would
also appear in these wild species. Therefore, crosses were made with several
testers differing not only in susceptibility, but also in maturity type, and the
progenies were tested both for resistance and for earliness.

Materials and methods
Plant material
Wild parents for genetic analysis were chosen on the basis of threeyears
averages of field infection by race 1.2.3.4.5.7.10.11 of P. infestans, expressed
as
area under the disease progress curve (ADPC), as described in Chapter 2. Of S.

berthaultii, S. microdontum and S. microdontum var. gigantophyllum two
genotypes, one highly resistant and one with an ADPC between 0.07 and 0.20,
which is a high level of partial resistance, were used. Of S. arnezii x

hondelmannii and S. leptophyes, which are less resistant, the most resistant
genotype was used. Accession and genotype numbers, and average ADPC values

Table 3.1. Accession names, gene bank (BGRC) codes and genotype designations of wild Solanum genotypes crossed with susceptible diploid S.
tuberosum, average infection by Phytophthora infestans (area under the disease progress curve = ADPC; not transformed) and progeny sizes.
Wild Solanum parent

a

S. tuberosum parent
SH 8244111 (early)
ADPC = 0.57

SH 771142988 (late)
ADPC = 0.50

SH 8259223
ADPC = 0.32

Species

BGRC code

Genotype

ADPC

# genotypes

# genotypes

# genotypes

S. berthaultii

10.063

ber 24

0.02

92

61

62

S. berthaultii

10.063

ber 29

0.20

63

52

31

S. arnezii x hondelmannii

27.308

axh 58

0.42

a

42

53

S. leptophyes

17.196

lph 81

0.36

43

37

35

S. microdontum

24.981

mcd 167

0.01

75

49

68

S. microdontum

24.981

mcd 178

0.09

85

77

72

S. microdontum var. gigantophyllum

18.570

mcd 231

0.00

78

68

40

S. microdontum var. gigantophyllum

18.570

mcd 264

0.07

67

61

14

Cross not available

50

of the parents are given in Table 3.1. ADPC values of Dutch S. tuberosum
cultivars tested in the same experiments varied between 0.29 (most resistant)
and 0.73 (most susceptible). All wild parents were diploids.
The wild parents were crossed with two susceptible diploid S. tuberosum
CPRODLOclones, SH 771142988 (late) and SH 8244111 (early). To transfer
the resistance to breeding material, they were also crossed with SH 8259223, a
diploid genotype combining several desirable characters such as 2ngametes,
earliness and partial resistance to late blight; the progenies of the crosses with
this third genotype supplied additional information on inheritance. S. tuberosum
was used as pollinator except in crosses with S. berthaultii, which only succeeded
with S. berthaultii as male parent. Crosses were made during summer in a
greenhouse. Seeds were extracted from the mature berries, dried and stored.
In spring, seeds were pretreated with gibberellic acid (2 mg/l) for 24 h and
sown in seed trays in sterilized soil. Seedlings were transplanted into pots, and
grown to maturity to produce tubers. Tuber stocks were multiplied and annually
renewed through cultivation in the greenhouse under natural short day
conditions. Tubers were stored at 4 °C. If necessary, tuber dormancy was broken
with Rindite (Burton, 1989). Numbers of progeny genotypes tested for resistance
are given in Table 3.1.
Fungal material

P. infestans races 1.2.3.4.5.7.10.11 and 1.2.3.4.5.6.7.10.11 were provided
by the DLOResearch Institute for Plant Protection (IPODLO), Wageningen, from
liquid nitrogenpreserved stocks. The fungus was cultured at 15 °C and 100%
RH under continuous low intensity fluorescent tube (Sylvania 'cool white' 40W
tubes) illumination, on detached leaves of the susceptible cv. Bildtstar or the
moderately susceptible cv. Nicola.
Inoculum was prepared by rinsing leaflets with the sporulating fungus in tap
water. The sporangial suspensions were placed at 10 °C for 12 h to induce the
release of zoospores. Spore densities were recorded by ten counts of 3.2 mm3
samples of inoculum using a haemocytometer.
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Assessment of resistance in the field
The resistance of the wild parents was measured in the field in three years
(19861988). The resistance of the progenies was measured in the field in two
other years (1990 and 1991). Unfortunately, parents could not be included with
the progenies due to insufficient numbers of seed tubers. As standard cultivars,
Bildtstar (susceptible and mediumearly to medium late), Pimpernel (partially
resistant and late), Eersteling (susceptible, first early) and Apollonia (19861988)
or Ostara (19901991; both moderately susceptible and early), all supposedly free
of R genes, were used. These standard genotypes served to evaluate the
evenness of the distribution of disease across the field, and to compare the level
of resistance of the progenies with those of known potato genotypes. In the
second year in which the progenies were tested, the three diploid S. tuberosum
parents were added to the set of standards.
Each year the trial, situated on sandy soil in the vicinity of Wageningen,
consisted of two randomized blocks (Fig. 2.1, Chapter 2). One twoplants plot of
each genotype was planted in each block, and treated as a single experimental
unit. Parental genotypes were completely randomized within blocks, among a
larger set of wild Solanum materials. Every ninth subplot was used for one of the
standard genotypes, which appeared in a fixed order. Seed tubers were planted
at a distance of 0.35 m in hills that were 0.75 m apart. Planting was done in the
last week of April. Patoran (metobromuron) was applied as a preemergence
herbicide, and Imidan (fosmet) against Colorado potato beetles. No other
pesticides were applied.
Inoculations were carried out when the crop had fully developed, in the first
half of July. Plants and soil were thoroughly wetted prior to inoculation, and
plants were inoculated late in the evening by spraying a spore suspension across
the plots, using a spraying arm with six nozzles placed 0.75 m apart, connected
to a propane tank at 2.5 bar, and moved across the plots at a fixed speed of
about 5 km/hour. Border rows were not inoculated. Inoculum densities for the
wild parents were 5 x 104 zoospores per ml. Inoculum densities for the progenies
were 2.6 x 104 sporangia and 0.7 x 104 zoospores per ml in the first year and
1.7 x 104 sporangia and 1.0 x 104 zoospores per ml in the second year.
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After inoculation, the trial field was irrigated in the mornings and evenings
with a total of 8 l of water per m2 each day, using a sprinkler system, to improve
the conditions for sporulation and infection by increasing the humidity.
Disease assessments were made at weekly intervals. The percentage of leaf
area covered by late blight lesions was estimated for each plot using the scale
given in Chapter 2. From these readings the area under the disease progress
curve (ADPC) was calculated according to the method of Shaner & Finney (1977)
and normalized as described by Fry (1978). In addition, the ADPC values were
arcsinsqrttransformed, to achieve normality.
Assessment of maturity type
Progeny genotypes of which seed tubers were available in sufficient
numbers, were used for maturity assessment. The wild parents were not
included, since their daylengthsensitivity did not allow for tuberization at natural
daylength in the summer season (Chapter 2). The experiment was done on a clay
soil in a seed potato growing area. Three tuberplots of each genotype were
planted midApril in hills that were 0.75 m apart, at a planting distance of 0.35
m. Genotypes were randomized within progenies. Seed tuber numbers were
insufficient to make replications. The late maturing cultivar Karnico was included
as a reference with six plots randomly distributed across the trial. At three dates,
17 July, 8 August and 11 September, one plant of each plot was harvested and
given a score for tuber set at a scale of 0 = no stolons, 1 = stolons, 2 = tuber
initiation, 3 = tuber size 1 cm, 4 = tuber size 2 cm till 9 = tuber size 7 cm and
10 = tuber size > 7 cm. Tuber scores were logtransformed to achieve normality,
and averaged to a mean score for each genotype.
Statistical analyses
The trait under study, partial resistance to late blight, was expected to vary
continuously, its variation resulting from segregating genes and also from
environmental error. For such a trait, the theory of classical quantitative genetics
describes the genetics in terms of variances (Bulmer, 1985). Therefore, variance
components models were fitted to estimate variance components for years,
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blocks within years, genotypes and the interaction between years and genotypes,
using the residual maximum likelihood method (REML; Patterson & Thompson,
1971). Components larger than twice their standard error were considered
significant.
In a segregating population, a quantitative trait may be considered to follow
a mixture of (normal) distributions. Therefore, the likelihood of the normal model
may be compared to the likelihood of normal mixture models with two or more
underlying components to assess the segregation of a major gene. To this end,
mixture models with two underlying, presumably genetically based components
were fitted to the ADPC values of segregating populations. Population sizes were
too small to allow for proper fitting of more extended mixture models.
Calculations were carried out in Genstat (Jansen, in press). Before fitting, ADPC
values were corrected for effects of years and blocks, and also for interaction
effects between genotypes and years. For testing a normal model versus a
normal mixture model with two components, a test statistic of twice the
differences in the loglikelihoods was used (i.e. the likelihood ratio test statistic),
which approximately follows a χ2distribution with two degrees of freedom
(Titterington et al., 1985). The results should still be regarded as preliminary; they
have to be confirmed by further experiments.
To assess the general combining ability (GCA) and the specific combining
ability (SCA) in the crosses and to estimate progeny means, the model
E(yij)=m+gi+gj+sij was fitted to the ADPC values, where m is the overall mean, gi
is the main effect of parent i on the offspring, gj is the main effect of parent j
on the offspring, and sij is the interaction effect between the parents (Bulmer,
1985). Crosses differed in variability, and therefore a weighted analysis of
variance was done, using as a weight the reciprocal of the residual variance
within each cross.
For each progeny, linear correlations were estimated between the genotypic
means of transformed ADPC of the two years.
For the average tuber set scores, progeny means and standard errors were
estimated with REML (Patterson & Thompson, 1971), using the wild parents and
the S. tuberosum parents as fixed factors and the genotypes as a random factor.
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Residuals were checked and appeared uniform.
All calculations were done with Genstat (Payne et al., 1987). The significance level
used was 0.05, unless stated otherwise.

Table 3.2. Estimates of components of variance, with their standard errors, for ADPC in progenies of
ber 24, ber 29, axh 58 and lph 81 crossed with SH 8244111, SH 771142988 and SH 8259223,
assessed in the field against race 1.2.3.4.5.6.7.10.11 of P. infestans. Components larger than twice
their standard error may be considered significant.
SH 8244111

ber 24

0.2

+

4.6

1.8

+

6.3

0.0

year.block

4.7

+

5.0

4.0

+

4.5

4.1

+

3.8

genotype

2.5

+

2.3

12.1

+

4.7

6.3

+

2.7

genotype.year

2.7

+

3.2

3.8

+

4.3

0.0

27.4

+

3.1

26.2

+

3.9

19.3

+

2.7

year

2.2

+

4.5

18.8

+

31.1

0.0

year.block

1.0

+

1.8

4.2

+

5.3

0.0

genotype

11.0

+

4.6

30.8

+

11.9

0.0

10.7

+

9.1

16.8

+

7.2

35.6

+

6.3

22.5

+

5.5

year

12.2

+

28.4

0.0

year.block

12.6

+

13.6

4.0

+

4.2

genotype

29.5

+

11.8

32.4

+

10.9

9.4

+

8.5

8.4

+

7.4

29.3

+

5.6

30.5

+

5.3

5.0

+

15.2

5.2

+

10.6

+

4.2

+

9.0

genotype.year
residual

axh 58

0.0
36.4

+

4.7

genotype.year
residual

lph 81

SH 8259223

year

residual

ber 29

SH 771142988

year

0.0

year.block

12.0

+

11.4

8.6

+

9.4

1.5

genotype

0.2

+

10.1

18.3

+

8.9

0.0

genotype.year

23.8

+

13.6

9.5

+

7.1

0.0

residual

39.6

+

7.7

20.0

+

4.2

58.1
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Table 3.3. Estimates of components of variance, with their standard errors, for ADPC in progenies of
mcd 167, mcd 178, mcd 231 and mcd 264 crossed with SH 8244111, SH 771142988 and SH 82
59223, assessed in the field against race 1.2.3.4.5.6.7.10.11 of P. infestans. Components larger than
twice their standard error may be considered significant.
SH 8244111

mcd 167

year

1.1

+

2.4

0.0

year.block

0.7

+

1.2

0.8

+

109.4

+

19.5

157.4

1.2

+

3.3

29.5

+

year

1.4

year.block
genotype

+

6.7

1.5

1.0

+

1.4

+

35.5

64.9

+

13.5

7.8

+

6.8

6.6

+

4.1

3.6

39.9

+

6.0

22.0

+

3.0

+

3.9

0.0

2.0

+

2.3

0.5

+

1.0

2.7

+

2.9

60.2

+

11.2

38.6

+

9.3

28.7

+

7.7

6.8

+

3.6

10.0

+

5.3

0.0

25.1

+

2.9

33.8

+

4.1

54.0

+

5.7

year

0.9

+

1.6

0.0

year.block

0.0

genotype

23.4

+

7.0

+

4.1

+

13.4

+

13.6

genotype.year
residual

genotype.year
residual

mcd 231

genotype.year
residual

mcd 264

SH 8259223
3.8

genotype

mcd 178

SH 771142988

+

4.7

0.0

0.0

0.0

1.5

+

1.7

0.0

26.7

+

6.4

21.9

0.0

0.0

18.9

+

1.9

35.1

+

3.7

28.8

year

0.8

+

1.8

2.4

+

4.3

0.0

year.block

0.2

+

0.7

0.7

+

1.3

0.0

genotype

7.8

+

4.6

9.0

+

3.2

12.5

genotype.year

8.9

+

5.1

0.0

28.7

+

3.9

25.3

residual

0.0
+

3.0

41.2

Results
Most progenies exhibited a wide genetic variation, since genotypic effects were
significant while year effects and genotype x year and year x block interactions were
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not (Tables 3.2 and 3.3). Correlations between years for progenies with a
significant genotype effect ranged from r=0.29 to r=0.86, and averaged r=0.60.
The genotypic component was especially large in the progenies of mcd 167 and

mcd 178. The distribution patterns of resistance levels differed widely (Figures
3.1, 3.2 and 3.3). Some of the progenies with a significant genetic component,
especially of mcd 167 and mcd 178, segregated into a wide range of
phenotypes, while others, like those of ber 29 and lph 81, had a narrow
distribution. The progenies of SH 771142988 were generally segregating into a
wider range, and their mean ADPCs were higher (more susceptible) than those
of SH 8244111 and SH 8259223. A large difference between the mean ADPC
of the most resistant progeny genotype and that of the most resistant parent
was found in the progenies of axh 58, in mcd 178 x SH 8244111 and in mcd
178 x SH 8259223. In some progenies, especially of mcd 167 and mcd 178,
the distributions appeared to contain more than one underlying component. No
significant genotypic component was found in ber 24 x SH 8244111 and the
progenies of lph 81 and mcd 264 with SH 8244111 and SH 8259223, and

ber 29 x SH 8259223. Probably, these progenies do not contain much genetic
variation.
Significant segregations into two groups were detected in progenies of mcd
167, mcd 178 and mcd 231 (Table 3.4). Progenies of these genotypes crossed
with SH 8244111 segregated in a 3:1 (R:S) ratio, while those with SH 77114
2988 and SH 8259223 either did not segregate into groups, or segregated in a
1:1 ratio. The susceptible component sometimes consisted of a wide range of
phenotypes, and could significantly be split up further. However, these secondary
separations were not very clear, as standard errors obtained for the estimated
proportions were high (not shown). None of the other progenies significantly
segregated into groups.
The assessment of GCA and SCA in the crosses resulted in mean sums of
squares of P1 (278.6, df=6) and P2 (287.0, df=2) that were relatively large when
compared with the interaction mean sum of squares (12.3, df=13), although all
effects were significant at P<0.001. Therefore, general combining ability
appeared to be predominant and the average performance of the crosses should
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Figure 3.1. Frequency distribution of average levels of resistance to Phytophthora infestans race
1.2.3.4.5.6.7.10.11 assessed in the field in two years, of progenies of ber 24, ber 29 and axh 58
crossed with the susceptible diploids S. tuberosum genotypes SH 8244111, SH 771142988 or
SH 8259223. Twentyone groups are distinguished, on the basis of the average area under the
disease progress curve (ADPC). The upper limit of each third ADPC interval is given at the xaxis.
Bars indicate LSD at P<0.05. Parents are marked ▼ and progeny means are marked ∇.
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Figure 3.2. Frequency distribution of average levels of resistance to Phytophthora infestans race
1.2.3.4.5.6.7.10.11 assessed in the field in two years, of progenies of lph 81, mcd 167 and mcd
178 crossed with the susceptible diploids S. tuberosum genotypes SH 8244111, SH 77114
2988 or SH 8259223. Twenty groups are distinguished, on the basis of the average area under
the disease progress curve (ADPC). The upper limit of each third ADPC interval is given at the x
axis. Bars indicate LSD at P<0.05. Parents are marked ▼ and progeny means are marked ∇.
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Figure 3.3. Frequency distribution of average levels of resistance to Phytophthora infestans race
1.2.3.4.5.6.7.10.11 assessed in the field in two years, of progenies of mcd 231 and mcd 264
crossed with the susceptible diploids S. tuberosum genotypes SH 8244111, SH 771142988 or
SH 8259223. Twentytwo groups are distinguished, on the basis of the average area under the
disease progress curve (ADPC). The upper limit of each third ADPC interval is given at the xaxis.
Bars indicate LSD at P<0.05. Parents are marked ▼ and progeny means are marked ∇.
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Table 3.4. Segregation into one or two susceptibility groups in progenies of mcd 167, mcd 178
and mcd 231 crossed with S. tuberosum SH 8244111 (111), SH 771142988 (2988) and SH
8259223 (223). Susceptibility was assessed as ADPC in the field against race 1.2.3.4.5.6.7.10.11
of P. infestans. The test statistic (see text) for the difference between the onecomponent model
and the twocomponents model, and estimates for p, s.e. and s2 for the most likely models are
given. The percentages given with s2 indicate how large these s2 are compared to the s2 of the
onecomponent model, given in tables 3.2 and 3.3.
cross

test statistic

p1

p2

s.e.1

s.e.2

s2

(%)

1→2

mcd 167 x 111

56.69

0.69

0.31

0.05

0.53

14.3

(13)

mcd 167 x 2988

15.72

0.45

0.55

0.10

0.10

31.3

(20)

mcd 167 x 223

12.62

0.55

0.44

0.10

0.20

31.0

(48)

mcd 178 x 111

18.14

0.64

0.36

0.06

0.06

15.0

(25)

mcd 178 x 2988

0.54

1.0







34.5

(89)

mcd 178 x 223

1.73

1.0







18.0

(63)

mcd 231 x 111

13.76

0.67

0.33

0.06

0.31

7.3

(31)

mcd 231 x 2988

2.09

1.0







19.2

(72)

mcd 231 x 223

18.69

0.97

0.03

0.00

0.00

7.6

(35)

critical value at P=0.05

6.0

critical value at P=0.01

9.2

pi = proportion of genotypes in group i
s.e.i = standard error of pi. The phenotypic variance s2 was assumed to be the same in all
segregating groups of a progeny.

reasonably be predicted from their parental values. Sixty percent of the
interaction mean sum of squares was attributed to the cross mcd 264 x SH 77
1142988.
The partially resistant cv. Pimpernel was significantly (P<0.001) less affected
by late blight than the susceptible cvs. Bildtstar and Eersteling in all years (Table
3.5). However, there was a year effect (mean sum of squares 1017, df=4) and a
cultivar x year interaction (mean sum of squares 488, df=7) which were both
significant at P<0.001, though small compared to the effect of the cultivars
(mean sum of squares 26260, df=2). In 1990 and 1991, when the progenies
were tested, Pimpernel was less affected than in 19861988, when the wild
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Table 3.5. Mean ADPC of the susceptible cvs. Bildtstar and Eersteling, and the partially resistant
cv. Pimpernel in the five years of the experiments.
Cultivar

Bildtstar

Eersteling

Pimpernel

Year

Mean + s.e.

Mean + s.e.

Mean + s.e.

1986

57.5

+

0.4

59.9

+

0.5

42.1

+

0.5

53.2

1987

51.1

+

0.5

54.3

+

0.5

38.2

+

0.5

47.9

1988

55.6

+

0.6

58.8

+

0.5

48.5

+

0.6

54.3

1990

53.2

+

0.4

59.3

+

0.4

33.0

+

0.4

48.5

1991

51.2

+

0.4

56.9

+

0.5

32.4

+

0.5

46.8

Mean

53.7

57.8

Mean

38.8

parents were tested.
The phenotypic means of most progenies of SH 8244111 and SH 8259
223 were lower than those of the corresponding progenies of SH 771142988
(Table 3.6) The exception to this were the crosses of mcd 264, all of which had
about the same genotypic mean, which appeared to equal the mean of the
parent mcd 264. In the progenies of ber 29, axh 58, and lph 81 with SH 8259
223, and in lph 81 x SH 8244111, progeny means were lower than both
parental means.
In all progenies, tubers were formed on extremely long stolons and were
difficult to collect. Both the S. tuberosum parents and the wild parents
significantly influenced the maturity type of the progeny. SH 8244111 and SH
771142988 gave the best tuber set, whereas SH 8259223 generally gave very
poor tuber set (Table 3.7). ber 24, ber 29, lph 81, mcd 167 and mcd 178 gave
better tuber set than axh 58, mcd 231 and mcd 264, while all progeny were
much later than the cv. Karnico. Correlations within progenies between ADPC
values and maturity were low and mostly nonsignificant (not shown), while the
most resistant populations appeared to have the lowest average tuber set.
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Table 3.6. Phenotypic means of area under the disease progress curve (ADPC), of parents and
progenies of ber 24, ber 29, axh 58, lph 81, mcd 167, mcd 178, mcd 231 and mcd 264 with SH
8244111, SH 771142988 and SH 8259223, assessed in the field against P. infestans. All means
of crosses were predicted from the regression model used to estimate GCA and SCA effects. The
wild parents were tested for resistance in 19861989, the progenies and the SH parents in 1990
and 1991. Parental means are given between brackets.
Wild Solanum parent

S. tuberosum parent

Mean of

SH 8244111
(49.1)

SH 771142988
(45.0)

SH 8259223
(34.3)

crosses

ber 24

(4.8)

18.0

24.0

14.7

18.9

ber 29

(23.3)

23.4

30.6

18.6

24.2

axh 58

(39.7)



38.0

28.5



lph 81

(37.9)

33.8

42.0

31.4

35.7

mcd 167

(5.6)

16.4

28.5

15.6

20.2

mcd 178

(17.7)

25.1

34.5

20.7

26.8

mcd 231

(1.2)

12.9

19.7

11.3

14.6

mcd 264

(13.7)

14.6

15.6

13.1

14.4

21.2

29.1

19.2

Mean of crosses

Table 3.7. Average tuber set and area under the disease progress curve (ADPC) of progenies of
wild Solanum genotypes, crossed with susceptible diploid S. tuberosum of different maturity type.
Tuber set scores corresponding with these averages are 0 = no stolons, 1 = stolons, 2 = tuber
initiation, 3 = tuber diameter 1 cm, 4 = tuber diameter 2 cm till 9 = tuber size 7 cm and 10 = tuber
size > 7 cm. n = number of genotypes. Mean tuber set was estimated from elogtransformed data,
and subsequently transformed back to the scale of observation. Means marked with the same
character were not significantly different at P<0.05.

a

Wild

S. tuberosum parent

Solanum

SH 8244111

parent

Tuber
set

n

ADPC

Tuber
set

n

ADPC

Tuber
set

n

ADPC

set

ber 24

2.9

1

18.0

2.4

10

24.0

1.5

7

14.8

2.2y

axh 58







(1.7)

(2)

(24.0)

(1.4)

(14)

(14.8)



lph 81

2.3

9

34.2

2.1

5

43.1

1.5

4

32.1

1.9y

mcd 167

2.4

43

16.4

2.4

28

28.6

1.4

21

15.7

2.0y

mcd 178

2.6

36

25.1

2.3

28

34.5

1.2

16

20.7

1.9y

mcd 231

1.4

36

12.8

2.0

42

19.6

1.1

17

11.2

1.4z

mcd 264

1.3

30

14.8

1.6

31

15.8

1.1

7

12.9

1.3z

Meana

2.1a

155

20.2

2.1a

144

27.7

1.3b

72

17.6

Karnico

9.4

6

Mean
SH 771142988

values between brackets excluded

SH 8259223

tuber
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Discussion
A wealth of genetic variation for resistance to P. infestans was found in most
of the progenies of the four South American Solanum species crossed with diploid

S. tuberosum. Some of the progenies significantly segregated into resistant and
susceptible groups. Therefore, part of the genetic variation might be contributed to
major genes, conferring partial rather than complete resistance, in several of the
wild parents under investigation. Action of minor genes appears also present, as
genetic variation was found in most progenies, including those that did not
significantly segregate into groups.
Most genetic variation was found in the progenies of mcd 167, mcd 178, axh
58 and mcd 231. The progenies of the other wild parents varied much less. With
respect to the S. tuberosum parents, SH 771142988 gave more variable
progenies than the other two SH parents.
Comparing the parental and progeny means of the crosses to find out whether
dominant genes are present in the crosses was not possible, because parents and
progenies were not tested in the same years; findings that progeny means are
closer to that of the wild parent than to that of the SH parent may also be due to
differences between years. A general influence of years on resistance for all these
wild species, and slight genotype x year interactions for S. microdontum, have
been demonstrated (Chapter 2). Particularly the standard cultivar Pimpernel had a
higher ADPC in the years when the wild parents were tested, than when the SH
parents and the progenies were tested. It has to be taken into account that only
when parents and progenies are tested simultaneously, additive effects can be
accurately distinguished from dominant effects.
General combining ability appeared important; the parents in general, rather
than specific combinations determine the resistance of the progeny. However, no
conclusions can be drawn as to how genes from the different wild Solanum
species would combine in interspecific crosses between the wild Solanum species.

S. microdontum. By far the most genetic variation occurred in the progenies of
mcd 167, mcd 178 and mcd 231, while those of mcd 264 were rather uniform.
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Distinct segregations of major genes were found.
The segregations in the crosses of mcd 167, mcd 178 and mcd 231 with SH
8244111 can be explained by the segregation of two genes per cross, one in
each of the wild parents, and the other in SH 8244111. The gene in mcd 178
and that in mcd 231 in this model have to have a relatively small effect, since the
separation in groups was not significant in crosses with SH 771142988 and SH
8259223. However, this model does not explain the single, susceptible genotype
segregating in mcd 231 x SH 8259223. This genotype may be a rare segregant
which happens to be present in this progeny, but is missing in the other progenies.
In the crosses with mcd 264, no major genes appeared to segregate. The
parent mcd 264 may have at least one homozygous major gene epistatic over the
genes from the SH parents, as mcd 264 x SH 771142988 was as resistant as

mcd
264 x SH 8244111 and mcd 264 x 8259223, while with the other wild parents
the crosses with SH 771142988 were more susceptible than with the other two
SH parents. The relatively high resistance of mcd 264 x SH 771142988 accounts
for most of the interaction term in the GCA/SCA analysis.
Although parental and progeny means cannot be compared directly, some of
the phenotypic means, like those of the nonsegregating progeny of mcd 264, or
of the resistant groups in the progenies of mcd 167 and mcd 231, are so close to
that of the resistant parent that dominant gene action can be assumed. Backcross
populations should be made and compared with their parents to show whether
these genes are really dominant.

S. berthaultii. With respect to S. berthaultii, the results suggest that the two
wild parents differ in resistance genes, as the progenies of ber 24 were more
resistant than the corresponding progenies of ber 29. The parents ber 24 and ber
29 may have homozygous major genes, since their progenies did not seem to
segregate.
The widest genetic variation was found in the crosses with SH 771142988.
The finding that the variation in crosses with the other SH parents is much smaller,
suggests that most of the genetic variation in the crosses with SH 771142988
came from the SH parent. In crosses with SH 8244111 and SH 8259223, the
progeny means were lower (more resistant) than with SH 771142988. This
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suggests action of genes from these two SH parents, rather than from S.

berthaultii.
S. arnezii x hondelmannii. The two progenies of axh 58 had a wider range of
phenotypes than those of S. berthaultii. Therefore, minor genes for resistance
appear to be present in axh 58. The higher resistance of axh 58 x SH 8259223
compared with axh 58 x SH 771142988 suggests SH 8259223 donated genes
for resistance in the first cross.

S. leptophyes. The progenies of lph 81 resembled those of ber 24 and ber 29
with respect to the genetic variation derived from the wild and from the SH
parents, except that the resistance level was generally much lower. The progenies
with SH 8244111 and SH 8259223 were slightly more resistant than that with
SH 771142988. This again suggest a contribution by resistance genes from SH
8244111 and SH 8259223. The parent lph 81 does not appear to have donated
significant resistance to its progenies.
The results discussed above strongly suggest that not only the wild species, but
also one of the susceptible S. tuberosum parents is likely to carry a major gene for
resistance. The segregation ratios of 3:1 (R:S) instead of 1:1 in the progenies of

mcd 167, mcd 178 and mcd 231 crossed with SH 8244111 suggest that two
genes, which confer partial resistance, are involved. The different ratios in the
progenies of SH 771142988 and SH 8259223 crossed with these wild parents
suggests that at least one segregating gene must be from SH 8244111. The
putative single gene from SH 8244111 appears to have a major effect on the
resistance of some progenies, and a minor effect in others. However, it does not
confer resistance to SH 8244111. This suggests epistatic gene action of this gene
with genes from the wild parents. Evidence for epistatic gene action has been
found for R genes from S. demissum in crosses between diploid S. tuberosum (A.
ElKharbotly, pers. comm.). It is not known whether S. demissum is involved in the
ancestry of the S. tuberosum parents that we used.
The relatively wide variation, which appears to be of genetic origin, in crosses
with SH 771142988 suggests segregation of only minor genes from this SH
parent.
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The number of (heterozygous) major and minor genes cannot be deduced
from the data presented here, but may be derived from linkage analysis with RFLPs
or other molecular markers, to map QTLs (Lander & Botstein, 1989) for resistance
on the genomes of these Solanum species, for which the populations discussed
may be used.
Earliness and susceptibility might be linked in these Solanum spp., as they
appear to be in S. tuberosum, either physiologically or genetically (Van der Plank,
1957; Toxopeus, 1958). If so physiologically, the progenies of the early parent SH
8244111, if earlier than the other progenies, are expected to be more susceptible
than those of the late parent SH 771142988. However, the resistance of the
progenies of SH 8244111 was higher than of the progenies of the late tester,
and no consistent differences in maturity were found. Maturity scores of individual
genotypes were probably too inaccurate to reliably assess the influence of maturity
on resistance within the progenies. As a consequence, no conclusions can be
drawn yet on the influence of maturity type on the resistance of the wild Solanum
species, although the induction of tuberization by short photoperiod treatment in

S. microdontum has been shown to be associated with a slight, but significant loss
of resistance of some genotypes of this species (Chapter 5).
In this chapter, it has been demonstrated that high levels of partial resistance
are transferred to the progeny when crossing partially resistant Solanum genotypes
with S. tuberosum. Transferring this resistance to the cultivated potato should be
possible and could be done by repeated backcrossing with S. tuberosum, under
selection for resistance, with regular intercrossing to assemble enough resistance
genes in one genotype before the next backcross is done. Markerassisted
introgression would greatly facilitate the accumulation of the resistance genes.
More than one backcross is probably necessary to improve characters such as
daylength sensitivity, yield, stolon length and others.
Although the resistance coming from Bolivian and Peruvian species, rather than
Mexican Solanaceae, is hoped to be durable, the efforts required to introduce this
resistance into cultivars make it necessary to assess the durability of this resistance.
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CHAPTER 4

Components of resistance to late blight (Phytophthora infestans) in eight
South American Solanum species.

Introduction
Late blight, caused by the fungus Phytophthora infestans (Mont.) de Bary, is a
potato disease of worldwide importance, and resistance against this pathogen is one
of the main objectives of most potato breeding programmes. Resistance can be found
in several wild Solanum species and, to some extent, in the cultivated potato.
Resistance varies from low level partial resistance, as in some potato cultivars, to
immunity in some wild species (Wastie, 1991). Major genes for resistance to the
disease from the Mexican species S. demissum have been transferred to potato, but
were soon overcome by the pathogen and their use is no longer advocated (Ross,
1986; Wastie, 1991). The partial resistance of S. tuberosum, which is supposed to be
polygenic (Umaerus et al., 1983), appears to be durable and may help to protect
potato crops from late blight, but appears to be associated with late maturity
(Umaerus et al., 1983) and does not offer complete protection (Chapter 1). Therefore,
other sources of resistance are of interest. These have been found in some South
American Solanum species, some of which have high levels of resistance (Van Soest et
al., 1984; Chapter 2). The high level resistance of some of these wild species appears
to be partial, in contrast to the hypersensitive response conferred by the major genes
of S. demissum and S. stoloniferum (Ross & Baerecke, 1951; Chapter 2).
For partial resistance, the breeding process may be improved by screening for
separate, complementary resistance components rather than for general levels of
resistance (Parlevliet, 1979). Resistance is effectuated when one or more steps in the
life cycle of the pathogen are slowed down or blocked completely. In this paper, each
host factor affecting a specific step in the life cycle is termed a component of
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resistance.
In modelling studies with P. infestans by Van Oijen (1992), infection efficiency (IE)
and lesion growth rate (LGR) appear to be two components with major effects on the
resistance level, whereas latent period (LP), sporulation capacity (SC) and sporulation
period (SP) are thought to be less effective. The real importance of these components
in partially resistant potato cultivars, reviewed by Van Oijen (1991), is not clear since
contradictory results have been reported. However, analysis of LGR and LP of 15
cultivars in field experiments appeared to confirm the major importance of LGR, while
LP appeared to be of little importance (Chapter 1).
Less information is available on components of resistance in wild potato species.
In partially resistant Mexican Solanum species, IE, LGR and SC appear to be reduced
(Niederhauser, 1961). In partially resistant genotypes of S. andigena and S. phureja,
IE, LGR, LP and SC have been reported to be reduced (GuzmánN, 1964). Nilsson
(1981) confirmed that IE and LGR appear to be reduced in resistant genotypes of S.

andigena and S. phureja and reported that the two components are intercorrelated.
Nothing is known so far about components of resistance in other Solanum
species. The objective of this paper was to assess IE, LGR, LP and SC in the tuber
bearing species S. arnezii x hondelmannii, S. berthaultii, S. circaeifolium, S. leptophyes,

S. microdontum, S. sparsipilum, S. sucrense and S. vernei, both in the greenhouse
and
in the field, and to relate these components to resistance assessed in the field. Most
emphasis was put on IE and LGR. The general level and genetic variation for
resistance in the field of these species have been reported elsewhere (Chapter 2).

Materials and methods
Plant material
All wild Solanum genotypes used in these experiments (Table 4.1) were clones of
seedlings derived from the GermanDutch Potato Gene Bank at the Braunschweig
Genetic Resource Centre (BGRC) in Germany. They were maintained in the form of
tubers and the stock was annually renewed through multiplication in pots in the
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Table 4.1. Solanum species tested.
Species and accession code

abbreviation

# genotypes

S. arnezii x hondelmannii BGRC 27.308

axh

7

S. berthaultii BGRC 10.063

ber

3

S. berthaultii BGRC 18.548

ber

4

S. circaeifolium ssp. quimense BGRC 27.036

crc

3

S. leptophyes BGRC 27.196

lph

4

S. microdontum BGRC 18.302

mcd

3

S. microdontum BGRC 24.981

mcd

10

S. microdontum var. gigantophyllum BGRC 18.568

mcd

2

S. microdontum var. gigantophyllum BGRC 18.570

mcd

11

S. microdontum var. gigantophyllum BGRC 27.352

mcd

1

S. microdontum var. gigantophyllum BGRC 27.353

mcd

2

S. sparsipilum BGRC 7.215

spl

8

S. sucrense BGRC 27.370

scr

3

S. vernei BGRC 24.733

vrn

5

S. tuberosum

tub

4

greenhouse under natural short day conditions. Tuber set was poor in many
genotypes and only limited numbers of seed tubers were available for the
experiments.
Samples of four hybrid progenies, from crosses of two genotypes of BGRC
24.981, and two of BGRC 18.570, with the susceptible diploid S. tuberosum SH 77
1142988 (Chapter 3), each consisting of 1820 randomly chosen genotypes, were
also tested. They were multiplied in the same way as the wild species.
The cultivars Bildtstar and Pimpernel were used as standards in most experiments.
In addition to this, the susceptible parent SH 771142988 was included in the four
progeny experiments. The susceptible cv. Bintje and the partially resistant cv. Libertas
were used in some experiments, to represent the extremes in resistance of S.

tuberosum. The cultivars and the diploid parent were available at CPRODLO, and
were multiplied in the field under viruslimiting conditions in a seed potato growing
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area. All tubers were stored at 4 °C.
It was impossible to test all genotypes in one experiment, and no more than a
few seed tubers of each wild genotype were available at a time. Therefore, not all of
the in total 66 wild genotypes that have been tested, were included in each
experiment. The progenies were tested in a separate set of four experiments, one for
each progeny.
Field evaluation
Threeyear (19861988) averages of area under the disease progress curve (ADPC)
for resistance to race 1.2.3.4.5.6.7.10.11, taken from field trials as described in
chapter 2, were used as a quantitative description of the field response of the
genotypes under investigation. The progenies and the parent SH 771142988 were
tested in the same way, in two years (19901991). Each year the genotypes were
tested in two replicates, except for the standard cultivars Bildtstar and Pimpernel,
which were tested in 20 replicates each year, and SH 771142988, which was tested
in 11 replicates in 1991. Average ADPC and standard errors were estimated with the
residual maximum likelihood (REML) method (Patterson & Thompson, 1971), using
genotypes as fixed factor and years and blocks as random factors.
Fungal material

P. infestans race 1.2.3.4.5.6.7.10.11 was provided by the DLOResearch Institute
for Plant Protection (IPODLO), Wageningen, from a liquid nitrogenpreserved stock.
The fungus was cultured at 15 °C and 100% RH under continuous low intensity
fluorescent tube (Sylvania 'cool white' 40W tubes) illumination on detached leaves of
the susceptible cultivars Bintje and Bildtstar. Race identity was not checked, but the
isolate was replaced by a new one from the same stock after a few multiplication
cycles. In some experiments, infected leaves from an isolated trial field that had been
inoculated with race 1.2.3.4.5.6.7.10.11, were used as inoculum source. In one
experiment natural infection with un unknown race occurred and the plants were not
inoculated.
Inoculum was prepared by rinsing leaflets with the sporulating fungus in
demineralized water. Sporangia were washed using a 15 Tm mesh nylon sieve and
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resuspended in demineralized water. The sporangial suspension was placed at 10 °C
for 12 h to induce the release of zoospores. When zoospore densities were high
enough (approximately 7 x 104/ml), sporangia were removed from the zoospore
suspension by passing it through a 15 Tm mesh nylon sieve. If no zoospores could be
obtained, inoculations were done with sporangia (Table 4.2). Spore densities were
recorded by counting ten 3.2 mm3 samples of inoculum using a haemocytometer.
Inoculum densities were adjusted to 7 x 104/ml, except when zoospore release was
too poor to achieve this density (Table 4.2). In one experiment, a higher
concentration, of 11 x 104 sporangia/ml (Table 4.2), was used to obtain enough
lesions for LGR measurements, as many genotypes in this experiment were highly
resistant. Similarly, the progeny of mcd 167 was inoculated with 5.9 x 104 sp/ml, that
of mcd 178 with 6.9 x 104 sp/ml, that of mcd 231 with 10.2 x 104 sp/ml, and that of

mcd 264 with 15.4 x 104 sp/ml.
Growing conditions of plants prior to inoculation
Nine experiments (exp. 19) were done in the greenhouse and three (exp. 1012)
in the field, in five successive years. Experimental conditions are given in Table 4.2.
The progenies were tested in four other greenhouse experiments, in 1992.
If necessary, dormancy of tubers was broken with Rindite (Burton, 1989). Whole
presprouted tubers or, in the case of cultivars, eye cuttings were planted in soil in a
floorless greenhouse (exp. 13), or in sterilized peat in 2.25 l pots in the greenhouse.
The temperature was set at 20/15 °C day/night, but in exp. 19 occasionally reached
30 °C. The four progeny experiments were planted at weekly intervals from the end
of April. Regular gifts of NPK fertilizer (12:10:18) were supplied in all greenhouse
experiments, and plants were given additional Philips SonT or PhilipsHPIT illumination
(8090 W/m2) at a 16h photoperiod. In the field, in the vicinity of Wageningen, plants
were grown in a sandy soil, and given the regular cultural procedures of a potato
crop on this type of soil. Seed tubers were planted at a distance of 0.35 m in hills
that were 0.75 m apart in exp. 10 and 11, while no hills were made and planting
distance was 0.75 x 0.40 m in exp. 12. No fungicides were applied.

Table 4.2. Experimental conditions of experiments 19, dropinoculated in the greenhouse, and 1012, carried out in the field, sprayinoculated.
Exp Rindite
nr treatmenta

a

Planting
date

Inoculation
date

kb Assessmentc
days

Inoculum density
zoospores/ml

sporangia/ml

1 no

4 May 1988

28 June

4.8 x 104



413 3,4,6,8,10

LGR

2 no

16 May 1989

7 Aug.

5.6 x 104

0.5 x 104

590 4,5,6,9,11

LGR,SC

4

4.0 x 10

384 5,6,7

IE,LGR

3 yes

24 May 1990

31 July



4 yes

2 Apr. 1991

23 May

7.0 x 104

0.1 x 104

723 4,5,6,7

LGR

5 yes

7 Aug. 1991

24 Oct.

2.0 x 104

3.0 x 104

475 4,5,6,7,8

IE,LGR

6 yes

10 Sep. 1991

31 Oct.

7.9 x 104



758 4,5,6,7

IE,LGR

7 no

12 June 1992

6 Aug.

2.7 x 104

11.2 x 104

1995 4,5,6

IE,LGR,SC

8 no

22 June 1992

20 Aug.

6.5 x 104



635 4,5,6

IE,LGR,SC

9 no

15 July 1992

3 Sep.

7.0 x 104



676 4,5,6

IE,LGR,SC

4

10 no

16 May 1989

10 July



4.4 x 10

 4,5,6,7,8

LP,LGR

11 yes

1 May 1990

26 July



3.8 x 104

 5,7

LGR

12 no

9 July 1992

natural infection

 1/9, 2/9, 4/9

LGR,SC

To break dormancy
Number of zoospores and sporangia in each drop of inoculum, if drop inoculation was applied
c
days after inoculation, or date (exp. 12)
d
IE = infection efficiency, LGR = lesion growth rate, SC = sporulation capacity, LP = latent period
b

Components
assessedd
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Inoculations
In the greenhouse experiments, plants were inoculated when they had developed
enough leaves that could be used, usually about 8 weeks after planting. Plants of the
four progenies were inoculated 56 weeks after planting. Inoculations were made on
the youngest fully developed leaves, positioned about one third from the top of the
plant, which was considered the best way to have leaves of about the same
physiological age of the different genotypes. Inoculations were made by placing
separate 10 Tl droplets of inoculum on the lower epidermis of a leaf or leaflet.
Droplet sizes were determined by counting the number of droplets that filled a
volume of 1.5 ml. On S. vernei, a species with very hairy leaves, droplets would not
remain attached to the lower leaf surface and inoculations were made on the upper
surface of the leaves. Inoculations were done at the end of the day. Plants were
incubated overnight at a high humidity (90100% RH), created by means of
vaporizers in the greenhouse (exp. 13), by spraying water on the upper side of the
leaves and covering the plants in plastic bags (exp. 4), or by placing them in a
controlledclimate greenhouse at >90% RH, or in a mist chamber. Incubation was at
15 °C, except in exp. 13, where the temperature gradually decreased from 20 °C at
inoculation, to 15 °C at the end of the night. In the morning, the vaporizers were
turned off, bags were removed, RH was reduced to 70% or plants were transferred
to the greenhouse. In exp. 13 and in the progeny experiments, growing conditions
remained as they were prior to inoculation. In exp. 49, plants were incubated at
70% RH in a controlledclimate greenhouse at 20/15 °C day/night temperature and
under additional illumination (Philips SonT or Philips HPIT, 80 W/m2) at a 16 h
photoperiod.
In the field experiments, inoculations were made about ten weeks after planting,
when the crop had fully developed, except for exp. 12, where natural infection was
observed six weeks after planting, and no inoculation was done. Inoculum was made
as described, and sprayed across the plots late in the evening with a gasdriven
atomizer. Plots were thoroughly wetted prior to inoculation, and in exp. 11 they were
covered with a thin plastic sheet after inoculation. Experiments 10 and 11 were sub
experiments in a late blight field trial, which was given overhead irrigation every
morning and every evening.
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Assessment of resistance components
Experiments were done in four (exp. 1, 2, 3 and 11, and the progeny
experiments) or five (exp. 410 and 12) randomized blocks. Each genotype was
represented by one plant in each block, though in some cases blocks were incomplete
due to insufficient seed.

Infection efficiency (IE) was assessed in the greenhouse, in the experiments 3 and
59, and in the four progeny experiments. Infection efficiency was expressed as the
chance p of a single spore to be successful, which is more meaningful
epidemiologically than the percentage of inoculum droplets resulting in infection. The
chance p was estimated, on single plant basis, from the fraction of inoculum droplets
that resulted in growing lesions, using the formula p=1H1/k, given by Swallow (1987)
to estimate small probabilities of virus transmission by single vectors from data derived
from group inoculations. H is the fraction of unsuccessful inoculations and k is the
number of spores in each inoculum droplet. The factor k (Table 4.2) was estimated
from the inoculum density and the droplet size. Estimated p values of plants with at
least one unsuccessful inoculation were found to be in the range 0.00  0.08. If all
inoculations on a plant had been successful and consequently p equalled 1.0, which is
an exceptionally large value, an alternative p for this plant was estimated on the total
of plants of that genotype in the experiment. This was done for 63 of the 290 plants
that were tested in exp. 3 and 59, and for 28 of the 332 plants of the four
progenies. If p was 1.0 for all plants of a genotype in an experiment, the lower limit
for p was estimated as if one inoculum droplet had not given infection and the
resulting value was assigned to all plants of this genotype. This was done for 20
plants in exp. 3 and 59, of six wild genotypes, and for SH 771142988 in the
experiments with the progenies of mcd 231 and mcd 264.
For the wild species, the resulting p values were analyzed for the entire data set,
with the average p values of the susceptible cv. Bildtstar in each of the experiments as
covariates, while those of the four progenies were analyzed for each experiment
separately. The analyses were done using a general linearized model (McCullagh &
Nelder, 1989), with a Poisson distribution and a logarithmic link function. Residuals
were checked and appeared to be uniform. Average p values and standard errors of
the genotypes were predicted from the model. To compare groups of genotypes, the
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mean p values and standard errors of the groups were predicted from a similar
model, with groups instead of genotypes as independent variable.

Lesion growth rate (LGR). In all experiments except exp. 12, lesions were
measured daily from the first appearance of symptoms, usually 4 days after
inoculation, until leaflets of the most susceptible genotypes were nearly destroyed by
the pathogen, 711 days after inoculation. The greatest length of the lesion, usually
parallel with the secondary leaf veins, and the largest width along an axis
perpendicular to the first measurement, were measured. The area of the measured
ellipse, ¼π.length.width, was square root transformed, and the average linear lesion
growth rate in mm/day was estimated by linear regression on time. Lesion growth
rates were estimated for lesions that reached a final size of more than 5 mm2, which
is about the area initially covered by the inoculum droplet, and only LGR values larger
than 0.1 mm/day were included in the analysis. Small lesions and low LGR values
were usually associated with highly necrotic lesions that did not extend beyond the
originally inoculated area, whereas other lesions on the same genotype grew to a
much larger size. These nongrowing lesions were regarded as unsuccessful infections,
the pathogen being stopped by a hypersensitive reaction, and were therefore not
included in the LGR analysis. The analysis was restricted to plants with at least two
LGR values, and to genotypes of which at least two plants fulfilled this requirement.
Average LGR values were calculated for each leaf (consisting of one to several
leaflets), and the averages were analyzed for the combined data sets of the
greenhouse and, separately, for those of the field, with the average LGR values of the
susceptible cv. Bintje in exp. 1, and the cv. Bildtstar in each of the other experiments
as covariates. For the cultivars, data from several experiments were combined in one
analysis. Average LGR and standard errors of the wild genotypes were estimated with
REML (Patterson & Thompson, 1971), using genotypes as a fixed factor, leaf position
(= leaf age) as covariate, experiments (for the cultivars) and plants as random factor,
and the number of lesions on a leaf as weight. The random factor blocks was found
to be zero or negative, and dropped from the model. In the field experiments the
random factor blocks was also dropped, for the same reason. In the progeny
experiments, REML was also used, with replicates, leaves and plants as random factors
and genotypes and leaf positions as fixed factors. Residuals were checked and
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appeared to be uniform.

Latent period (LP) was measured in the field in exp. 10. As soon as lesions were
visible, which was 4 days after inoculation, they were sampled early each morning. A
strip of cellotape was gently pressed against the lesion on the lower side of the leaf
to trap some of the spores formed during the night. The strip was placed on a
microscope slide, a droplet of lactophenolacid fuchsin was added to stain the living
sporangia and the strips were examined under a microscope at 320x magnification for
the presence of sporangia. Lesions were followed until they had begun to sporulate.
The last samples were taken 7 days after inoculation, when sporulation was visible on
most lesions that developed beyond the stage of the initial necrotic spot. Latent
periods were estimated through logistic regression on time of the fraction of
sporulating lesions, as the time in days after inoculation at which 50% of the final
number of sporulating lesions was reached.

Sporulation capacity (SC) was determined in exp. 2, 7, 8, 9 and 12, on leaves that
had also been used to assess LGR. Leaves with welldeveloped lesions were collected
immediately after the last LGR measurement and incubated at 100% RH on wet filter
paper in closed containers (exp. 2), or in closed plastic tubes where a few droplets of
water were added if leaves were dry. Incubation was in the dark for 3 days (exp. 2),
44 h (exp. 7) or 24 h (exp. 8, 9 and 12). After incubation, lesions in exp. 2, with the
underlying piece of paper, were transferred to plastic tubes and stored at 18 °C.
Sporangia were washed off with 20 ml of 0.8 M NaCl (to prevent germination of
sporangia), tubes were shaken for 30 minutes at 200300 rpm, and the sporangia
were counted. In the other experiments, sporulation was stopped by adding 10 ml
0.8 M NaCl and spores were washed off by shaking the tubes for 10 seconds on a
Whirlmix, after which the leaves were discarded. Spores were allowed to settle on the
bottom of the tube, the volume of the spore suspension was reduced to 2.2 ml
through careful removal of the upper part of the fluid, and spores were resuspended
by shaking the tubes for counting. Very few spores were found in the discarded
fluids. Sporangial densities were determined by counting two 3.2 mm3 samples in a
haemocytometer. From spore counts and total volume the total numbers of spores
produced were derived and, with lesion circumference estimated as ½π(length +
width), expressed in spores/cm lesion circumference. The circumference was used

77

instead of the area, because P. infestans lesions mainly sporulate at their edges. Spore
counts were then logtransformed (elog) and averaged per sample, and the averages
were analyzed for the combined data sets of the greenhouse and of the field, with
the average SC values of the susceptible cv. Bildtstar in each of the experiments as
covariates. For the cultivars, data from several experiments were combined in one
analysis. Average SC and standard errors were estimated with REML (Patterson &
Thompson, 1971), using genotypes as a fixed factor, leaf position as covariate and
experiments (for the cultivars) and plants as random factor. The random factor blocks
was found to be zero or negative and dropped from the model. Residuals were
checked and appeared uniform. Estimates of SC and standard errors were then
transformed back to a linear scale (eSC) and least significant ratios (LSR) were
calculated.
Spearman's rank correlations between genotypic means of ADPC, IE and LGR
were estimated for each of the four progenies.
Statistical analyses were carried out using Genstat (Payne et al., 1987). For all
components significance levels were computed at P=0.05, unless stated otherwise.
LSD values of genotypic means of IE were calculated from s.e.d. as t240 x √(s.e.d.12 +
s.e.d.22). LSD and LSR values of genotypic means of LGR and SC respectively were
calculated from s.d. and n as t0.05; df x s.d. x √[(n1+n2)/n1n2]. If results from several
experiments were averaged, overall error variances were derived from the error
variances of the experiments as a weighted average, using the number of replicates in
an experiment as weighing factor (Chapter 14, Cochran & Cox, 1957).

Results

S. tuberosum.
Measurements of LP, IE, LGR and SC of the two standard cultivars in the 12
experiments are given in Table 4.3. The cv. Pimpernel (ADPC=0.46) was moderately
resistant, whereas the cv. Bildtstar (ADPC=0.66) was susceptible. Averaged for all
experiments, IE, LGR, and SC were all significantly reduced in the cv. Pimpernel
compared to the cv. Bildtstar, although in some experiments the differences were too
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Table 4.3. Resistance components infection efficiency (IE; the chance p x 10000; predicted from exp. 3
and 59), linear lesion growth rate (LGR; mm/day), and sporulation capacity (SC; x 1000 spores/cm) of
Phytophthora infestans race 1.2.3.4.5.6.7.10.11 on the standard cultivars Bildtstar (Bil), susceptible, and
Pimpernel (Pim), partially resistant. n = the number of inoculum droplets (IE) or lesions (LGR, SC). Least
significant differences (LSD) between overall genotypic means at P<0.05 were 4.8 for IE, derived from a
generalized linear model analysis of 29 plants of each cultivar, and 0.47 for LGR. Least significant ratio
(LSR) for SC, derived from analysis of variance of the experiment means, was 2.0.
Exp.

IE

LGR

Bil

Pim

Mean

Bil

Mean

n

1



(42.2)

2





3

28.1

4



5

21.3

130

19.6

6

60.0

102

7

22.8

8
9

Pim

Mean

48

n

Bil

Mean



n



15

268

2.86

(4.13)

43



3.39

40

3.05

117

2.94

82

56.6

109

4.41

96

20.8

64

54.6

89

45.1

53.1

104

34.7

86

n

42

22

2.3

Mean

(4.04)

3.96

72

Pim
Mean

n


37

73


58





1.73

68





102

3.48

107





5.91

96

3.54

64

163

19

109

14

95

3.58

87

2.37

91

180

25

121

23

82

3.85

102

2.39

74

49

19

10

12

(1.29)

35














11





2.11

12

1.32

11



12





2.37

14

1.99

22

44

40.0

29.9

3.61

2.53

14

10

109

40

values between brackets not included

Table 4.4. Infection efficiency (IE; the chance p x 10000; predicted from exp. 3 and 59), linear lesion
growth rate (LGR; mm/day; averages of exp. 7,8 and 9, and of exp. 11 and 12), latent period (LP; days
post inoculation; exp. 10) and sporulation capacity (SC; x 1000 spores/cm; average of exp. 7,8 and 9,
and of exp. 12) of Phytophthora infestans race 1.2.3.4.5.6.7.10.11 on S. tuberosum, measured in the
greenhouse or in the field. ADPC = area under the disease progress curve (threeyear average). n =
numbers of plants (IE, LGR, SC) or lesions (LP). The maximum LSD or LSR, for the lowest n, are given.
genotype

ADPC

IE (n)

6



10

Meana
a

n

SC

LGR (n)

LP (n)

greenhouse

field

SC (n)
greenhouse

field

Libertas

0.46

16.8 (19)

2.22 (15)

1.18 (8)

5.1 (13)

54 (14)

20 (5)

Pimpernel

0.46

24.8 (29)

2.81 (15)

1.73 (8)

5.0 (13)

54 (12)

20 (5)

Bildtstar

0.66

32.5 (29)

4.50 (14)

2.27 (6)



109 (14)

54 (3)

LSD/LSR (P<0.05)

0.05

4.8

0.44

0.45

1.6

3.7

20
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small to be significant. The LP on the cv. Pimpernel was 5.0 days, which is not much
longer than the 4.6 days found on the cv. Bintje (Table 4.8).
Results of IE, LGR and SC of three cultivars, from a subset of experiments, are
given in Table 4.4. ADPC values ranged from 0.46 (Libertas, Pimpernel) to 0.66
(Bildtstar). The cv. Bildtstar had significantly higher IE, LGR and SC than the two
partially resistant cultivars. It had 1.9x higher IE, 2.0x higher LGR and 2.4x higher SC
than the cv. Libertas. The cv. Libertas had lower IE and LGR than the cv. Pimpernel,
while the two cultivars were equal with respect to SC.

Solanum arnezii x hondelmannii.
Infection efficiency and LGR of six genotypes and SC of two genotypes of this
species were measured (Table 4.5), while LP was not tested. Partial resistance of the

Table 4.5. Infection efficiency (IE; the chance p x 10000; exp. 3 and 5), linear lesion growth rate (LGR;
mm/day; exp. 2, 3 and 5) and sporulation capacity (SC; x 1000 spores/cm; exp. 2 and 12) of
Phytophthora infestans race 1.2.3.4.5.6.7.10.11 on S. arnezii x hondelmannii BGRC 27.308 and two
potato cultivars, measured in the greenhouse or in the field. ADPC = area under the disease progress
curve (threeyear average). n = numbers of plants (IE) or leaves (LGR, SC). Values in italics are
significantly lower than those of the cv. Bildtstar at P<0.05.
genotype

ADPC

IE (n)

LGR (n)

Mean

s.e.d.

0.0 (2) 0.0

SC (n)

Greenhouse

Field

Greenhouse

Field









1.72 (10)







axh 54

0.27

axh 66

0.31

axh 70

0.35

9.8 (3) 4.6

0.98 (6)

0.52 (3)





axh 53

0.35

10.3 (3) 4.7

3.84 (11)

1.46 (3)

89 (2)



axh 71

0.35

26.4 (4) 6.7

2.16 (11)

0.95 (3)



9 (3)

axh 58

0.40

0.0 (1) 0.0



0.84 (3)





axh 57

0.48

18.6 (4) 5.6

3.86 (13)

1.06 (3)





Pimpernel

0.46

24.8 (29) 1.9

2.97 (100)

1.54 (13)

73 (14)

22 (5)

Bildtstar

0.66

32.5 (29) 2.2

4.16 (108)

2.19 (6)

163 (23)

54 (3)

s.d. (df)

0.08 (289)

1.34 (88)

0.52 (142)

2.0 (64)

5.5 (24)
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genotypes was moderate, ADPC values ranging from 0.27 to 0.48.
Infection efficiency was significantly lower on all genotypes compared with the cv.
Bildtstar, except on axh 71, and showed no apparent relationship with ADPC. Lesion
growth rate appeared significantly reduced compared with the susceptible standard
Bildtstar in all genotypes except in axh 53, both in the greenhouse and in the field,
and in axh 57 in the greenhouse, while it did not appear related to ADPC. The SC
was slightly lower compared to the cv. Bildtstar in axh 53 and axh 71, but these
differences were not significant.

Solanum berthaultii.
Infection efficiency of seven genotypes, LGR of two genotypes and SC of one
genotype, representing two accessions, were measured (Table 4.6), while LP was not

Table 4.6. Infection efficiency (IE; the chance p x 10000; exp. 3 and 6), linear lesion growth rate (LGR;
mm/day; exp. 1 and 6) and sporulation capacity (SC; x 1000 spores/cm; exp. 9) of Phytophthora
infestans race 1.2.3.4.5.6.7.10.11 on S. berthaultii BGRC 10.063 (ber 9, 11 and 29) and BGRC 18.548
(ber 38, 39, 41 and 44) and two potato cultivars, measured in the greenhouse. ADPC = area under the
disease progress curve (threeyear average). n = numbers of plants (IE) or leaves (LGR, SC). Values in
italics are significantly lower than those of the cv. Bildtstar at P<0.05.
genotype

ADPC

IE (n)
Mean

s.e.d.

LGR (n)

SC

Greenhouse

Greenhouse

ber 9

0.00

0.0 (2) 0.0





ber 11

0.06

0.4 (4) 0.8





ber 29

0.17

1.0 (5) 0.8

0.16 (5)



ber 39

0.01

0.0 (2) 0.0





ber 44

0.01

0.0 (4) 0.0





ber 41

0.11

7.8 (1) 4.1

3.18 (6)

268 (8)

ber 38

0.22

2.0 (1) 2.1





Pimpernel

0.46

24.8 (29) 1.9

2.97 (100)

73 (14)

Bildtstar

0.66

32.5 (29) 2.2

4.16 (108)

163 (23)

s.d. (df)

0.08 (289)

1.34 (88)

2.0 (64)
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assessed. Partial resistance was high, ADPC values ranging from 0.00 to 0.22.
Infection efficiency appeared generally very low and always much lower than
those of the cvs. Pimpernel and Bildtstar. Few lesions could be measured and for
BGRC 18.548 LGR values of the 25 lesions that developed were not significantly
different from those of the cv. Bildtstar, while for BGRC 10.063 LGR values were very
low in nine out of the ten lesions that were measured, so low that it is doubtful
whether these lesions should be termed growing lesions. Sporulation capacity was
measured on ber 41, and found to be not significantly different compared with the
cv. Bildtstar.

Solanum circaeifolium ssp. quimense.
Three genotypes of this accession, all without symptoms in the field trials, were
tested, in exp. 5 and 8; they were inoculated with 80, 106 and 136 droplets of
inoculum respectively. No lesions developed; on one plant two necrotic spots
appeared which did not develop into lesions and may have been due to other causes
than late blight infection.

Solanum leptophyes.
Infection efficiency and LGR of four genotypes of this species were measured
(Table 4.7), while LP and SC were not tested. Partial resistance was moderate to low,
ADPC values of the genotypes varied between 0.48 and 0.60.
On lph 98, all inoculations were successful, and the p value given to this
genotype in Table 4.7 is the lower limit that was estimated. Both IE and LGR
appeared to vary among the host genotypes and were not consistently lower on the
most resistant genotypes than on the most susceptible genotypes or the cv. Bildtstar.

Solanum microdontum.
Infection efficiency of 16 genotypes, LGR of 26 genotypes, LP of nine genotypes
and SC of eight genotypes of six accessions were measured (Tables 4.8, 4.9 and
4.10). ADPC values of the genotypes ranged from 0.00 to 0.75.
In the accessions BGRC 24.981 and BGRC 18.570, infection efficiency varied
widely and showed no relationship with partial resistance (Tables 4.9 and 4.10). On
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Table 4.7. Infection efficiency (IE; the chance p x 10000; exp. 3, 6 and 9) and linear lesion growth rate
(LGR; mm/day; exp. 6 and 9) of Phytophthora infestans race 1.2.3.4.5.6.7.10.11 on S. leptophyes
BGRC 27.196 and two potato cultivars, measured in the greenhouse. ADPC = area under the disease
progress curve (threeyear average). n = numbers of plants (IE) or leaves (LGR). Values in italics are
significantly lower than those of the cv. Bildtstar at P<0.05.
genotype

ADPC

IE (n)

LGR (n)

Mean

s.e.d.

Greenhouse

lph 102

0.48

29.0 (7) 3.5

3.33 (29)

lph 100

0.55

23.4 (7) 3.1

3.80 (25)

lph 106

0.56

21.9 (6) 3.2

2.13 (11)

lph 98

0.60

> 26.6 (5) 3.8

3.67 (16)

Pimpernel

0.46

24.8 (29) 1.9

2.97 (100)

Bildtstar

0.66

32.5 (29) 2.2

4.16 (108)

s.d. (df)

0.08 (289)



1.34 (88)

Table 4.8. Linear lesion growth rate (LGR; mm/day; exp. 1 and 2), latent period (LP; days post
inoculation; exp. 10) and sporulation capacity (SC; x 1000 spores/cm; exp. 2) of Phytophthora infestans
race 1.2.3.4.5.6.7.10.11 on S. microdontum BGRC 18.302 (mcd 125, 127 and 130) and BGRC 18.568
(mcd 218 and 224) and three potato cultivars, measured in the greenhouse or in the field. ADPC =
area under the disease progress curve (threeyear average). n = numbers of leaves (LGR, SC) or lesions
(LP). Values in italics are significantly lower than those of the cv. Bildtstar (ADPC) or Bintje (LGR, SC) at
P<0.05.
genotype

ADPC

LGR (n)

LP

SC

Greenhouse

Field

Greenhouse

mcd 127

0.08

0.93 (7)





mcd 130

0.16



4.6 (3)



mcd 125

0.57

3.87 (17)



10.9 (2)

mcd 218

0.14

2.29 (8)





mcd 224

0.38

3.38 (13)





Pimpernel

0.46

2.97 (100)

5.0 (13)

11.2 (14)

Bildtstar

0.66







Bintje

0.80

4.16 (108)

4.6 (11)

12.0 (23)

s.d. (df)

0.08 (289)

1.34 (88)

0.7 (64)
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Table 4.9. Infection efficiency (IE; the chance p x 10000; exp. 3 and 7), linear lesion growth rate (LGR;
mm/day; exp. 3, 4, 7 and 11), latent period (LP; days post inoculation; exp. 10) and sporulation
capacity (SC; x 1000 spores/cm; exp. 7) of Phytophthora infestans race 1.2.3.4.5.6.7.10.11 on S.
microdontum BGRC 24.981 and three potato cultivars, measured in the greenhouse or in the field.
ADPC = area under the disease progress curve (threeyear average). n = numbers of plants (IE), leaves
(LGR, SC) or lesions (LP). Values in italics are significantly lower than those of the cv. Bildtstar at
P<0.05.
genotype

ADPC

IE (n)

LGR (n)

Mean

s.e.d.

LP

SC (n)

Greenhouse

Field

Field

Greenhouse

mcd 167

0.02

0.0 (4) 0.0

0.32 (5)





121 (4)

mcd 199

0.02

4.4 (3) 3.1

0.26 (6)







mcd 176

0.08

> 29.0 (2) 9.8

2.06 (6)





147 (4)

mcd 178

0.10



0.80 (4)

0.38 (3)





mcd 182

0.26





1.04 (3)

5.7 (11)



mcd 179

0.27

3.23 (21)





220 (4)

mcd 181

0.35





1.84 (4)

4.4 (11)



mcd 180

0.46





1.58 (2)





mcd 175

0.48

> 27.8 (2) 9.5

2.32 (5)





180 (3)

mcd 164

0.53

7.4 (4) 3.5

3.13 (13)







Pimpernel

0.46

24.8 (29) 1.9

2.97 (100)

1.54 (13)

5.0 (13)

73 (14)

Bildtstar

0.66

32.5 (29) 2.2

4.16 (108)

2.19 (6)



163 (23)

Bintje

0.80







4.6 (11)



s.d. (df)

0.08 (289)



1.34 (88)

0.52 (142)

> 33.0 (3) 8.5

2.0 (64)

mcd 175, mcd 176, mcd 179, mcd 262 and mcd 265, all inoculations were successful
and the lower limits of p are given. S. microdontum exhibited the potential of a
strong necrotic reaction in all but the most susceptible genotypes. The colour of the
necrotic tissue could be very dark brown or even black. The expression of this reaction
varied between and within plants, leaves and even lesions of the same genotype.
Some lesions were necrotic and nongrowing at one end, while they expanded
rapidly, with little necrosis, at the other end. Younger leaves gave this necrotic
reaction more often than older leaves. In the greenhouse, very low LGR were found
on all highly resistant genotypes except on mcd 176 (Table 4.9), which also gave a
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Table 4.10. Infection efficiency (IE; the chance p x 10000; exp. 3 and 7), linear lesion growth rate (LGR;
mm/day; exp. 3, 4, 7 and 11), latent period (LP; days post inoculation; exp. 10) and sporulation capacity
(SC; x 1000 spores/cm; exp. 7) of Phytophthora infestans race 1.2.3.4.5.6.7.10.11 on S. microdontum
BGRC 18.570 (mcd 231265), BGRC 27.352 (mcd 276) and BGRC 27.353 (mcd 298 and 310), and
three potato cultivars, measured in the greenhouse or in the field. ADPC = area under the disease
progress curve (threeyear average). n = numbers of plants (IE), leaves (LGR, SC), or lesions (LP). Values
in italics are significantly lower than those of the cv. Bildtstar at P<0.05.
genotype

ADPC

IE (n)

LGR (n)

Mean

s.e.d.

Greenhouse

LP

SC (n)

Field

Field

Greenhouse

mcd 231

0.00

0.2 (6)

0.5 0.29 (4)



7.1 (2)



mcd 234

0.02

0.7 (4)

1.1 0.19 (5)







mcd 244

0.06





1.05 (2)

5.3 (5)



mcd 264

0.06

1.3 (4)

1.5 







mcd 249

0.20

8.6 (5)

3.3 3.86 (12)

0.78 (2)





mcd 245

0.35

1.1 (3)

1.6 

0.72 (2)





mcd 258

0.34

13.6 (3)

5.4 1.47 (20)





44 (4)

mcd 262

0.57

> 35.5 (4)

7.6 3.66 (26)





109 (11)

mcd 238

0.61

3.6 (1)

4.8 

2.14 (5)

4.1 (6)



mcd 263

0.67

3.7 (3)

2.8 0.99 (4)







mcd 265

0.75

> 35.1 (4)

7.6 3.70 (22)





121 (46

mcd 276

0.21





1.56 (2)

4.2 (7)



mcd 310

0.04







7.1 (3)



mcd 298

0.22







5.6 (2)



Pimpernel

0.46

24.8 (29)

1.9 2.97 (100)

1.54 (13)

5.0 (13)

73 (14)

Bildtstar

0.66

32.5 (29)

2.2 4.16 (108)

2.19 (6)



163 (23)

Bintje

0.80







4.6 (11)



s.d. (df)

0.08 (289)



1.34 (88)

0.52 (142)



2.0 (64)

susceptible reaction with respect to IE, and on mcd 249 (Table 4.10). The susceptible

mcd 263 (Table 4.10) had a low IE, and a low LGR in the greenhouse, while LGR was
not measured in the field. In the field, differences in LGR were smaller, but still
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Table 4.11. Ranges of, and Spearman's rank correlation coefficients between genotypic means of
infection in the field with race 1.2.3.4.5.6.7.10.11 of P. infestans (area under the disease progress
curve; ADPC), and infection efficiency (IE) and lesion growth rate (LGR; mm/day) measured in the
greenhouse, of four hybrid progenies of S. microdontum crossed with the susceptible S. tuberosum
pollinator SH771142988. The average ADPC of the susceptible parent was 0.50. The IE values of the
susceptible parent were 34.6, 20.2, > 29.5 and > 22.4 and the LGR values 4.29, 3.97, 3.69 and 2.47 in
the four experiments respectively. The numbers of genotypes are given between brackets. All
correlations are significant at P<0.01, except when marked ns.
Wild

Range

correlation coefficient (r)

parent

ADPC

LGR

IE

IE vs. ADPC

LGR vs. ADPC

IE vs. LGR

mcd 167

0.020.62

0.444.00

0.051.8

0.70 (20)

0.75 (17)

0.74 (17)

mcd 178

0.160.61

0.744.78

0.421.7

0.61 (18)

0.66 (16)

0.91 (18)

mcd 231

0.040.29

0.964.24

0.022.9

0.59 (18)

0.29 (12) ns

0.78 (12)

mcd 264

0.030.21

0.252.84

0.625.9

0.75 (18)

0.74 (17)

0.84 (17)

significantly lower on three partially resistant genotypes than on one susceptible
genotype, and than on the cv. Bildtstar. Latent periods of some genotypes are given in
Tables 4.8, 4.9 and 4.10. They appeared to be longer on resistant than on susceptible
genotypes, but only a few lesions were followed. In BGRC 24.981 and BGRC 18.570
(Table 4.10), SC appeared generally high, sometimes higher than on the cultivars
(Table 4.9), while in BGRC 18.302 (Table 4.8) it was significantly less on one resistant
genotype than on the cv. Bildtstar. The genotype mcd 167, with very low LGR,
produced high numbers of spores (Table 4.9).
In the progenies of mcd 167, mcd 178, mcd 231 and mcd 264, LGR was highly
variable, whereas IE was highly variable in mcd 167 x SH 771142988, but less so in
the other progenies. IE and LGR were significantly correlated with ADPC, except for
LGR in the progeny of mcd 231 (Table 4.11). Multiple regression of ADPC on both IE
and LGR did not give higher correlations (not shown), probably because the two
components appeared closely correlated (Table 4.11).

Solanum sparsipilum.
Infection efficiency of five genotypes, LGR of seven genotypes and SC of two
genotypes of this species were measured (Table 4.12). No data were collected on LP.
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Table 4.12. Infection efficiency (IE; the chance p x 10000; exp. 5 and 9), linear lesion growth
rate (LGR; mm/day; exp. 1 and 9) and sporulation capacity (SC; x 1000 spores/cm; exp. 2 and 9)
of Phytophthora infestans race 1.2.3.4.5.6.7.10.11 on S. sparsipilum BGRC 7.215, S. sucrense
BGRC 27.370 and two potato cultivars, measured in the greenhouse. ADPC = area under the
disease progress curve (threeyear average). n = numbers of plants (IE) or leaves (LGR, SC). Values
in italics are significantly lower than those of the cv. Bildtstar at P<0.05.
genotype

ADPC

IE (n)
Mean

s.e.d.

LGR (n)

SC

Greenhouse

Greenhouse

spl 408

0.26

3.6 (7)

1.5 3.87 (4)



spl 390

0.31



 0.74 (4)



spl 402

0.47

0.7 (3)

spl 410

0.45

spl 400

1.2 



33.1 (4)

5.2 3.09 (9)



0.64

21.8 (2)

5.4 2.87 (5)



spl 381

0.64

11.1 (5)

2.6 2.04 (11)

9 (6)

spl 399

0.73



 3.06 (8)



spl 382

0.76



 3.66 (7)

147 (3)

scr 447

0.02

0.1 (5)

0.2 



scr 454

0.02

0.0 (3)

0.0 



scr 469

0.37

22.8 (8)

3.3 1.47 (14)



Pimpernel

0.46

24.8 (29)

1.9 2.97 (100)

73 (14)

Bildtstar

0.66

32.5 (29)

2.2 4.16 (108)

163 (23)

s.d. (df)

0.08 (289)



1.34 (88)

2.0 (64)

ADPC values of the genotypes ranged from 0.26 to 0.76.
Infection efficiency and LGR were sometimes, but not consistently found low
on partially resistant and high on susceptible genotypes. One susceptible
genotype had a very low SC compared to the cultivars, a difference which was
highly significant, while another, more susceptible genotype produced high spore
numbers. Sporulation capacity was not assessed on the partially resistant
genotypes.

87

Solanum sucrense.
Infection efficiency of three genotypes and LGR of one genotype of this
species were measured (Table 4.12), while SC and LP were not assessed. Two
genotypes were highly resistant (ADPC below 0.02), the other genotype was
moderately susceptible, its ADPC value being 0.37.
Very low IE were found on the resistant genotypes, whereas on the
susceptible genotype IE was slightly, but significantly lower than on the cultivars.
The LGR of the moderately susceptible genotype was significantly lower than
that of the cvs.
Pimpernel and Bildtstar.

Solanum vernei.
Infection efficiency and SC of four genotypes and LGR of five genotypes of
this species, were measured (Table 4.13). ADPC values of the genotypes ranged

Table 4.13. Infection efficiency (IE; the chance p x 10000; exp. 8), linear lesion growth rate (LGR;
mm/day; exp. 1, 8 and 12) and sporulation capacity (SC; x 1000 spores/cm; exp. 8 and 12) of
Phytophthora infestans race 1.2.3.4.5.6.7.10.11 on S. vernei BGRC 27.733 and two potato
cultivars, measured in the greenhouse or in the field. ADPC = area under the disease progress
curve (threeyear average). n = numbers of plants (IE) or leaves (LGR, SC). Values in italics are
significantly lower than those of the cv. Bildtstar at P<0.05.
genotype

ADPC

IE (n)

LGR (n)

Mean

s.e.d.

SC (n)

Greenhouse

Field

Greenhouse

Field







vrn 531

0.10



2.88 (7)

vrn 530

0.20

2.4 (4)

1.2 1.65 (7)

0.78 (4)

18 (6)

11 (4)

vrn 514

0.24

4.9 (6)

1.4 2.01 (10)



20 (8)



vrn 515

0.29

0.2 (3)

0.4 

1.02 (3)



4 (3)

vrn 526

0.41

13.4 (5)

2.7 3.02 (21)

1.57 (5)

24 (7)

12 (5)

Pimpernel

0.46

24.8 (29)

1.9 2.97 (100)

1.54 (13)

73 (14)

22 (5)

Bildtstar

0.66

32.5 (29)

2.2 4.16 (108)

2.19 (6)

163 (23)

54 (3)

s.d. (df)

0.08 (289)

0.52 (142)

2.0 (64)

5.5 (24)



1.34 (88)
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from 0.10 to 0.41
Infection efficiencies were found very low compared to the cultivars on all
genotypes. Lesion growth rates on all genotypes were significantly lower than on
the cv. Bildtstar, both in the greenhouse and in the field. Sporulation capacity in
the greenhouse was significantly lower than on the cv. Bildtstar on all
genotypes, while these differences were comparable, but mostly not significant
in the field.

Discussion
Here genetic variation for components of resistance to P. infestans in wild

Solanum species was considered, related to resistance in the field.
The data should be interpreted with care: the measurements of components,
especially of IE, strongly depend on the quality of the inoculum and the
environmental conditions during inoculation and incubation. These factors
obviously differed between experiments, as indicated by the variation in the
results of the standard cultivars. Also, experiments were done in different
seasons of the year. The numbers of lesions per plant on which LP, LGR and SC
have been assessed, were often low. Nevertheless, the fact that of the two
standard cultivars, Pimpernel always had the lowest LGR and SC, and nearly
always also the lowest IE, indicates that the conditions of the tests allowed for a
fairly reliable ranking of genotypes with respect to these components.
Lesion growth rates assessed in the field appeared much lower than those
assessed in the greenhouse. Sporulation capacity of leaves collected in the field
were also lower than SC of leaves from the greenhouse. This would suggest that
either fieldgrown leaves are better able to withstand infection or, in the case of
LGR, that climatic conditions in the field are less favourable for the development
of the disease. Nevertheless, since no apparent inversions in the ranking order of
the standard genotypes were seen when comparing field results with data from
the greenhouse, both methods appeared suitable to assess LGR. Similarly, leaves
both from the field and from the greenhouse appeared suitable to assess SC.
There appeared to be much genetic variation for IE, LGR and SC among the
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66 wild genotypes and the four potato cultivars under consideration. Low IE and
LGR values were found in some genotypes of all the wild species except S.

leptophyes. Latent periods were long in some genotypes of S. microdontum,
while they were not assessed for the other wild species. Low SC were found in

S. sparsipilum and S. vernei, while in S. microdontum SC could be very high.
Sporulation capacity was not assessed for S. leptophyes. In S. microdontum, IE
and LGR appeared positively associated, and negatively associated with LP. The
positive association of IE and LGR was supported by the results of progenies of
genotypes of this species crossed with susceptible diploid S. tuberosum.
A general relationship between IE and LGR, in the sense that lesions
originating from inoculum droplets of a higher spore density tend to have higher
LGR values, has been reported for late blight on tomato (Turkensteen, 1973).
This might be due to the higher density of mycelium in lesions originating from
multiple infections. It is likely that the same relation would play a role in droplet
inoculations of potato. Therefore, the positive associations between IE and LGR,
and the genetic variation of LGR that we have found for S. microdontum and S.

tuberosum may be artefacts. However, it is unlikely that all the genetic variation
observed for LGR would be due to variation in IE, since the variation for LGR was
also found in field experiments which were sprayinoculated or naturally infected
and in which, consequently, most lesions stem from single infections.
Results of S. vernei, suggesting that both IE and LGR are low, need to be
interpreted with care, as most of these plants were inoculated on the upper
surface of the leaves, which is reported to be less easily infected than the lower
surface (Lapwood, 1960). Therefore, the low IE found on this species may be an
underestimation. There is no obvious reason why LGR or SC would be influenced
by the side of the leaf which is chosen for inoculation, once the pathogen has
established itself inside the leaf. Therefore, our observations of these
components of resistance made on S. vernei are thought to be more reliable.
To relate the genetic variation for components of resistance to P. infestans to
the variation in ADPC, used to quantify partial resistance to P. infestans, was
complicated, due to the unbalanced nature of many of the experiments. Results
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from simulations of late blight epidemics of potato indicate that IE and LGR will
probably have the greatest effect on the resistance of a potato genotype, while
LP and SC appear less important (Van Oijen, 1992). Consequently, resistant
genotypes are expected to have either a reduced IE, or a reduced LGR or both,
compared to susceptible genotypes, while variation for SC and LP is expected to
be less clearly related to resistance. It needs to be realized that our experiments
were not really suitable to study associations of LP and SC with resistance. The
ADPC values we used as indicators of partial resistance, were derived from field
trials with small plots of 24 plants, interspersed with rows of susceptible plants,
all of which were inoculated. Such a field trial is in fact a continuous monocyclic
test (Zadoks & Schein, 1979), in which the inoculum produced by a partially
resistant genotype will contribute relatively little to the disease developing on this
genotype, as most of the inoculum will come from the spreader rows and from
heavily infected plots nearby. This effect is called interplot interference and is
known to be important in field experiments with late blight (Paysour & Fry,
1983). As a consequence, ADPC will be influenced less by resistance components
related to the production of inoculum, i.e. LP and SC, than by IE and LGR. Even
so some associations between LP or SC and partial resistance were found. Our
experiments also indicated that there is genetic variation for LP and SC. The
relation we have demonstrated between SC and ADPC, most clearly in S.

tuberosum, indicates that genetic variation for this trait is comparatively large.
In our experiments with S. tuberosum, SC was the component that varied
most between susceptible and partially resistant genotypes, with LGR and IE
immediately following, and all seemed to be strongly related to ADPC. A large
genetic variation for LGR and a close correlation with ADPC were also found in a
larger set of potato cultivars, in which there was little genetic variation for LP
(Chapter 1).
While in S. tuberosum the ranking orders of genotypes according to ADPC,
IE and LGR were similar, the picture for the wild genotypes was less consistent,
as many genotypes had IE or LGR values that were not in accordance with their
ADPC value. In general, IE appeared to be an important component in one
accession of S. microdontum and in S. sucrense, and also in S. berthaultii, S.
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circaeifolium and S. vernei, although we had no susceptible genotypes of the
three latter species. Lesion growth rate appeared related to ADPC in S.
microdontum and possibly also in S. sucrense, though of this species only one
moderately susceptible genotype was tested, and in S. vernei, of which no
susceptible genotypes were examined. The importance of IE and LGR in S.
microdontum was supported by the results of the four hybrid progenies of this
species. Latent period seemed related to ADPC in S. microdontum, while it was
not measured on other species. Sporulation capacity appeared related to ADPC
in one accession of S. microdontum.
In S. microdontum, interactions with the environment might account for the
many exceptions to these general trends. This species exhibited the potential of a
strong necrotic reaction in all but the most susceptible genotypes. Infection
efficiencies of S. microdontum genotypes also appeared to have higher standard
errors than those of the other species. These findings suggest a delicate balance
between triggering and nontriggering of the necrotic response, which may
strongly depend on the environment. If the response is triggered, some lesions
will have reduced growth rates, while the potential growth rate on that
genotype may be much larger. Inoculation of plants with spores collected from
relatively fast growing lesions did not result in increased susceptibility (data not
shown), so virulent segregants of the pathogen within these lesions probably do
not account for the observed variation. On very young leaves of susceptible S.

tuberosum necrotic or halfnecrotic lesions were also found, though rarely, so
this reaction, although stronger on the wild species, may not be typical for S.
microdontum.
In S. microdontum, another component, which we have not studied in
detail, may also interfere with the relation between IE, LGR and ADPC, namely
stem infection. In this species, we repeatedly observed sudden death of a plant,
which did not appear heavily infected, because its main stem was infected by P.

infestans and broke. This may explain why genotypes with low IE and low LGR
sometimes were observed to have a high ADPC. Stem infection was also often
found in other species, but usually only on genotypes with susceptible leaves.
In S. berthaultii BGRC 18.548, genotypes with a low IE developed lesions
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with a high LGR, and therefore IE probably is the main component responsible
for the low ADPC values found for this accession. This suggests a different
resistance mechanism in S. berthaultii than in the other species described in this
paper. Resistance to late blight in S. berthaultii has been attributed to type B
trichomes, typical for the species, which produce a fungistatic exudate; the
resistance appears to be reduced when the exudate is washed off the leaves
(Holley et al., 1987). Infection efficiency would most probably be affected by this
'external' resistance mechanism, whereas LGR needs not be affected. The other

S. berthaultii accession, BGRC 10.063, is likely to have another mechanism in
addition to this, possibly of a hypersensitive nature, which reduces LGR. It is
interesting to note that of all the Solanum species we have tested in the field,
only S. berthaultii was relatively susceptible in 1987 (Chapter 2). In that year,
there had been much more precipitation during crop growth than in the two
other test years; week averages for rainfall during the 50 days prior to
inoculation were 16.7 mm/week in 1987 and 8.4 and 5.2 mm/week in the two
other years. Heavy rain is expected to reduce the amount of exudate on the
leaves, resulting in higher IE. Therefore, the major role IE appears to play in the
resistance of S. berthaultii to P. infestans, in contrast to the situation in other

Solanum species, would be in accordance with the putative involvement of type
B trichomes.
We have found genetic variation for LP, IE, LGR and SC in most of the wild
species discussed in this paper, though more markedly for IE, LGR and SC than
for LP. Especially for IE and LGR, but also for SC, higher levels of resistance were
found amongst the wild species than within S. tuberosum. The importance of
individual components of resistance varied between the species, and our results
underline the complexity and the variability of this particular plantpathogen
interaction. Although reliable estimates of components of resistance to P.

infestans are not easily obtained, the transfer and even combination of
components from different wild species may be feasible and deserves attention
in potato breeding programmes aiming at high levels of resistance to P.

infestans.
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CHAPTER 5
The influence of daylength on the expression of resistance to

Phytophthora infestans in S. tuberosum and S. microdontum.

Introduction
Partial resistance to potato late blight (Phytophthora infestans (Mont.)
de Bary) in the cultivated potato (Solanum tuberosum L.) appears to be associated
with late maturity (Van der Plank, 1957; Toxopeus, 1958; Van der Zaag, 1959).
As a result, the combination of this type of resistance with earliness in a potato
cultivar is difficult, if not impossible, and has not yet been achieved (Wastie,
1991). The association between lateness and resistance may be explained either
by genetic linkage between resistance and maturity genes, or by physiologic
characteristics of the maturing potato plant influencing the expression of
resistance. Physiologic characteristics offer the more likely explanation. The
susceptibility of leaves of both susceptible and resistant plants increases with leaf
and plant age (Grainger, 1956). Changing the photoperiod from long to short
daylength is known both to cause early onset of tuberization (Werner, 1940), the
main determinant of earliness, and to decrease resistance to late blight
(Pohjakallio et al., 1957; Umaerus, 1960). Thus, early tuberization and early
physiological maturity, either genetically inherited or induced by short
photoperiod treatment, may render an otherwise resistant genotype susceptible
(Umaerus, 1960). Van der Plank (1957) even suggests that genetic variation for
partial resistance in S. tuberosum may be small, and that most of the observed
variation in resistance may in fact be due to variation in maturity type.
Partial resistance to late blight also occurs in many wild relatives of the
potato. In some species, as in S. microdontum Bitt., the resistance is of a very
high level (Chapter 2). However, this species is also highly sensitive to
photoperiod and does not tuberize under long photoperiods. It is of interest to
know whether its resistance will be expressed in long dayadapted genetic
backgrounds, which possibly are of an earlier maturity type.
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Tuber formation and its induction have been reviewed by Ewing & Struik
(1992). The main effect of short photoperiod, or rather of long nights, on potato
plants is the induction of tuber formation. The signal is perceived in the leaves,
and the stimulus is thought to be translocated to other parts of the plant. The
general effects on shoot morphology of photoperiod extension with
incandescent lamps appears similar whether the treatment is applied early or late
in plant growth. Once the stimulus has been given, the effects are irreversible.
Tuber induction in potato is associated with reduced levels of gibberellins,
possibly due to some inhibiting substance which may be abscisic acid, auxin or
12OHjasmonic acid, and it can be stimulated by cytokinins and ethylene.
Calcium and calmodulin must be present for tuberization to occur, and high
assimilate levels are also thought to be a contributing factor, along with
hormonal effects. Compared to long photoperiod obtained by daylength
extension with incandescent lamps, short photoperiod favours tuber growth
relative to growth of all other parts of the plant. In addition to this, under short
photoperiod leaflets are larger and thinner and have higher rates of
photosynthesis per unit leaf dry weight, stems are shorter, flower bud abortion
increases, the angle of the leaf to the stem increases, the dry weight ratio of
leaves to stems increases, axillary branches at the base of the main stem and
sympodial branches are suppressed, root dry weight decreases, senescence is
accelerated and stolon growth is replaced by tuber growth. The rise of the rate
of photosynthesis after tuber initiation is probably due to the strong activity of
the tuber sink, although it precedes tuber initiation. Any of the processes
involved in tuber initiation could theoretically interfere with the expression of
partial resistance to late blight in potato leaves.
The purpose of this study was to gain more insight in the relationship
between earliness and resistance in S. tuberosum and S. microdontum.
Genotypes of S. microdontum with different levels of resistance were grown
under short day conditions, to induce early maturity, and the effect of this
treatment on the resistance was assessed, in comparison with the effects of short
photoperiod on resistance of S. tuberosum cultivars. In order to study the sink
effect, developing tubers were removed from maturing plants of S. tuberosum
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cultivars grown at short photoperiod while their resistance was assessed, whereas
tubers were not removed from the controls.

Materials and methods
Plant material
Four Dutch S. tuberosum cultivars, three of which were field resistant, and
seven S. microdontum genotypes were used (Table 5.1.). The resistant cultivars
were chosen to represent both cultivars with photoperioddependent (Alpha,
Pimpernel) and photoperiodindependent (Libertas) resistance (Turkensteen,
1993). The cultivar Bildtstar was included in the experiments to represent a high
level of susceptibility. The S. microdontum genotypes were chosen from a larger
set of genotypes, described in chapter 2. Threeyear averages of area under the
disease progress curve (ADPC) values for infection by race 1.2.3.4.5.7.10.11,
taken from field trials (Chapter 2), were used to quantify the field response of
the S. microdontum genotypes, and of the cultivars Bildtstar and Pimpernel.
Resistance data and scores for earliness of the cultivars were derived from the
1978 and 1992 editions of the Dutch Descriptive List of Varieties of Field Crops
(Anonymous, 1978 & 1992).
The cultivars were multiplied in the field in a potato seed growing area. The

S. microdontum genotypes were multiplied in the greenhouse under natural
short day conditions. Tubers were stored at 4 °C.
Fungal material

Phytophthora infestans races 1.3.4.7.10 and 1.2.3.4.5.6.7.10.11 were
provided by the DLOResearch Institute for Plant Protection (IPODLO),
Wageningen, from a liquid nitrogenpreserved stock. The fungus was cultured at
15 °C and 100% relative humidity under continuous low intensity fluorescent
tube (Sylvania 'cool white' 40W tubes) illumination on detached leaves of the
susceptible cultivar Bildtstar.
Inoculum was prepared by rinsing leaflets with the sporulating fungus in tap

Table 5.1. S. tuberosum cultivars and S. microdontum genotypes used in the experiments.
Genotype

Resistance

scorea

scoreb

ADPCc

Number of plants
Photoperiod experiments

Stolon pruning experiments

1991

1989

1992

1991

12 h

16 h

12 h

16 h


tuber

+
tuber


tuber

+
tuber

Bildtstar

6

3

0.66

6

6

6

6

5

5

5

5

Pimpernel

3.5

8

0.46

6

6

6

6

4

5

5

4

Alpha

4

7



6

6

6

6

5

4

5

5

Libertas

4.5

7



6

6

6

6

5

5

4

4

S. microdontum BGRC24.981  179 (mcd 179)

extr. late



0.27

6

6

4

3









S. microdontum BGRC24.981  199 (mcd 199)

extr. late



0.03





3

5









S. microdontum BGRC18.570  234d (mcd 234)

extr. late



0.00





6

6









S. microdontum BGRC18.570  254d (mcd 254)

extr. late



0.19

6

6













S. microdontum BGRC27.352  265d (mcd 265)

extr. late



0.71

6

5

6

6









S. microdontum BGRC27.352  277 (mcd 277)

extr. late



0.11





5

6









S. microdontum BGRC27.352  280d (mcd 280)

extr. late



0.00

5

6













d

LSD (P<0.05)
a

Maturity

0.14

2=late, 9=early; extr. late = extremely late
3=susceptible, 8=partially resistant
c
ADPC = area under the disease progress curve (0=resistant, 0.7 = susceptible); average of 3 years of field assessment with Phytophthora
infestans race 1.2.3.4.5.7.10.11.
d
S. microdontum var. gigantophyllum
b
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water. Sporangia were washed on a 15 Tm mesh nylon sieve and resuspended in
tap water. The sporangial suspension was placed at 10 °C for 12 h to induce
the release of zoospores. Sporangia were removed from the zoospore suspension
by passing it through a 15 Tm mesh nylon sieve. Spore densities were recorded
by ten counts of 3.2 mm3 samples of inoculum using a haemocytometer, and
adjusted to 4 x 104 spores per milliliter.
Growth conditions of plants
All experiments were done in the greenhouse in late fall, when natural
photoperiods are short.
In the two photoperiod experiments, one in 1991 and one in 1992, whole
presprouted tubers or, in the case of cultivars, eye cuttings were planted on 8th
October in 2.25 L pots. Plants were placed in groups of eight (1991) or nine
(1992) on 0.85 x 0.95 m tables in a greenhouse at 20/15 °C day (12 h)/night
temperature, 6070% relative humidity and natural daylight at a photoperiod
which decreased from 11 h to 8 h in the course of the experiment. Additional
illumination was given placing one 400W growth lamp, Philips SonT and/or
PhilipsHPIT 1,5 m above each table. The lamps were set at a 12 h photoperiod.
The short day treatment received no additional illumination outside these 12
hours. In the long day treatment, in the same greenhouse compartment but
separated from the short day treatment by curtains, the photoperiod was
extended to 16 h with one photosynthetically inactive 60W incandescent lamp
(Lorenzen & Ewing, 1990) placed 1,5 m above each table, 2 h prior to and 2 h
after the main illumination period. In both treatments, the incandescent lamps
were also lit during the period of 12 h photosynthetically active light. The
curtains separating the treatments were closed only during the 2 h light
extension periods.
In two other experiments in 1989 and 1991, with potato cultivars, the effect
of stolon pruning was tested. Presprouted tubers were planted on a brick in soil,
on 11th August in 1989 and 10th September in 1991, in a greenhouse at 20/15
°C day (12 h)/night temperature, 6070% relative humidity and natural daylight
at a photoperiod which decreased from 14 h to 8 h in the course of the
experiment. Additional illumination was given (Philips SonT, 140 W/m2 in 1989
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and Philips HPIT, 250W/m2 in 1991) for 12 h per day. As soon as the plants were
firmly rooted, the mother tubers were cleared of soil without damaging the
roots, so that tuber formation could be followed. From the onset of tuberization,
which was around 27th September 1989 and 10th October 1991, stolons and
tuber primordia were removed weekly, whereas on control plants the stolons
were allowed to grow into the soil and set tubers there.
Plant development
In the photoperiod experiment of 1992, plant length was measured and the
number of leaves on each plant was counted 10 weeks after planting. In the
stolon pruning experiment of 1991, plant length was measured 13 weeks after
planting and tuber formation on controls was assessed by weighing of the tubers
14 weeks after planting.
Inoculations
In the photoperiod experiments, inoculations were carried out eight weeks
after planting, on the youngest three fully developed leaves, positioned about
one third from the top of the plant, by placing separate 10 Tl droplets of
inoculum of race 1.2.3.4.5.6.7.10.11 on the lower epidermis of a leaf or leaflet.
The number of inoculations made on each leaf varied between five and 10,
depending on leaf size. After inoculation, water was sprayed on the upper side
of the leaves to increase air humidity, and each block of nine plants was covered
and incubated overnight at 15 °C in a large plastic bag. In both experiments,
the relative humidity in two of the bags was measured and found to be at least
95%. The bags were removed the next morning and the temperature was set at
20/18 °C day/night.
In the stolon pruning experiments, plants were inoculated 13 weeks after
planting. At that moment, plants in the 1989 experiment had been at
photoperiod less than 12 h for seven weeks, and in 1991 for 11 weeks. Six
leaflets of each of the 6th and 7th leaf below the first expanded leaf in 1989 and
five to 12 leaflets of each of the 6th, 7th and 8th leaf in 1991 were inoculated
with single 10 Tl droplets of inoculum of race 1.3.4.7.10. After inoculation, a set
of dispensers, producing a fine mist of water, coupled to a hygrometer, kept the
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relative humidity overnight at least at 85%, and temperature was lowered to 15
°C. The next morning, relative humidity was set at 75% and temperature at
20/18 °C day/night.
Assessment of resistance
The effect of the treatments was assessed for three resistance components:
infection efficiency (IE), lesion growth rate (LGR) and, in the second photoperiod
experiment, also sporulation capacity (SC).
IE was expressed as the chance p that a single spore in the inoculum was
successful, estimated, on single plant basis, from the fraction of inoculum
droplets that resulted in growing lesions, as p=1H1/k (Swallow, 1987); H is the
fraction of unsuccessful inoculations and k is the number of spores in each
inoculum droplet. Estimations of k were derived from the inoculum density and
the droplet size, determined by counting the number of droplets that filled a
volume of 1.5 ml. Estimated p values of plants with one unsuccessful inoculation
were found to be about 0.1. When all inoculations on a plant had been
successful and consequently p equalled 1.0, which is exceptionally large, an
alternative p for this plant was estimated on the total of plants of that particular
genotype x treatment combination in the experiment. If p was 1.0 for all plants
of a genotype x treatment combination, the lower limit for p was estimated as if
one inoculum droplet in the experiment had not given infection and the
resulting value was assigned to all these plants. Average IE and standard errors
were estimated with the residual maximum likelihood (REML) method (Patterson
& Thompson, 1971), using genotypes and treatments as fixed and blocks, tables
(photoperiod experiments) or treatments (stolon pruning experiments), and
plants as random factors. In the stolon pruning experiments, p values were also
submitted to ANOVA.
Lesions were measured daily for 3 to 7 days after inoculation in the
photoperiod experiments, and 3 to 10 days after inoculation in the stolon
pruning experiments. The greatest length of the lesion, usually parallel with the
secondary leaf veins, and the largest width along an axis perpendicular to the
first reading, were measured. The area of the measured ellipse was calculated as
¼π.length.width. From this area, an average linear lesion growth rate was
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estimated by converting the area into a radius as if the lesion were circular,
followed by linear regression of the resulting radius on time. LGR was estimated
for growing lesions, defined as lesions reaching a final size of more than 5 mm2
at a rate of more than 0.1 mm/day. Average LGR and standard errors were
estimated with REML (Patterson & Thompson, 1971), using genotypes and
photoperiod as fixed and experiments, blocks, tables or treatments, plants and
lesions as random factors. In the stolon pruning experiments, LGR values were
also submitted to ANOVA.
For each genotype x treatment combination in the second photoperiod
experiment, 30 leaves with welldeveloped lesions were randomly collected 7
days after inoculation and incubated in closed plastic tubes, in the dark at 15 °C
for 24 h. Sporulation was stopped by adding 10 ml 0.8 M NaCl and shaking the
tubes. Spores were washed off by 10 seconds of sonication on a Whirlmix, after
which the leaves were discarded. Sporangial densities were determined by
counting two 3.2 mm3 samples in a haemocytometer. From spore densities and
total volume the total numbers of spores produced were derived and, with lesion
circumference estimated as ½π(length + width), expressed in spores per
centimeter lesion circumference. Lesion circumference was used instead of lesion
area, because late blight lesions predominantly sporulate at the edge. Paired
spore counts of samples were logtransformed (elog) and averaged. Standard
errors were estimated with REML (Patterson & Thompson, 1971), using
genotypes and photoperiod as fixed and plants and lesions as random factors.
Analyses were also done for each experiment separately, to determine
whether combined analysis was allowed. All analyses were done with Genstat
(Payne et al., 1987). For all resistance components significance levels were
computed at P=0.05, unless stated otherwise.
Experimental design
Each photoperiod experiment was divided into two blocks, which were given
either the longday or the shortday treatment. Within these blocks, six
completely randomized groups of eight (1991) or nine (1992) plants (Table 5.1),
in which each genotype was represented by a single plant, were placed on
separate tables.
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In the stolon pruning experiments, plants were grown in rows in five
replications, with treatments and cultivars randomized within replications.

Results
Photoperiod experiments
Plant growth of all genotypes was markedly affected by the photoperiod
treatments. At 16 h, plants were on average 24% longer (0.64 m vs. 0.52 m)
than at 12 h. The number of leaves on the four cultivars was 28% higher (18.4
vs. 14.4 leaves per plant), whereas the S. microdontum genotypes produced
equal numbers of leaves (15.0 leaves per plant) in both treatments.
Table 5.2. The effect of photoperiod on infection efficiency (IE). IE is given as p values (x 10000),
estimated as p=1H1/388 (H is the fraction of unsuccessful inoculations), after inoculation with 10Tl
droplets of inoculum containing on average 388 zoospores of Phytophthora infestans race
1.2.3.4.5.6.7.10.11. Genotypes are ranked in order of decreasing mean IE. n is the number of
inoculum droplets tested. The least significant difference (LSD) at P=0.05 for photoperiod effects
within genotype was 18.7.
Genotype

12 hours

Significance

IE

(n)

Bildtstar

96.7

(258)

mcd 179

91.3

mcd 265

Mean IE

IE

(n)

ns

111.1

(261)

103.9

(202)

ns

99.7

(197)

95.5

85.1

(257)

ns

91.2

(226)

88.2

Pimpernel

75.3

(238)

ns

65.9

(236)

70.6

Alpha

84.7

(231)

P<0.005

55.9

(252)

70.3

Libertas

36.6

(214)

ns

33.4

(248)

35.0

mcd 277

47.2

(98)

P<0.05

24.0

(126)

35.6

mcd 199

15.3

(60)

ns

10.9

(85)

13.1

mcd 254

11.0

(117)

ns

0.0

(115)

3.4

mcd 234

0.0

(147)

ns

0.0

(152)

0

mcd 280

0.0

(101)

ns

0.0

(117)

0

LSD (P<0.05)

30.7

Mean

45.7

of difference

16 hours

30.7
ns

40.0

27.5
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Table 5.3. The effect of photoperiod on the linear lesion growth rate (LGRa). Genotypes are
ranked in order of decreasing mean LGR. n is the number of lesions measured. LGR was
estimated after inoculation with Phytophthora infestans race 1.2.3.4.5.6.7.10.11. The least
significant difference (LSD) at P=0.05 for photoperiod within genotype was 0.54.
Genotype

12 hours

Significance
of photoperiod

LGR

(n)

mcd 265

4.41

mcd 179

16 hours

Mean
LGR

effect

LGR

(n)

(249)

P<0.05

3.85

(218)

4.13

3.90

(198)

ns

3.45

(193)

3.68

Bildtstar

3.08

(252)

ns

2.83

(259)

2.95

Alpha

3.05

(234)

P<0.05

2.43

(225)

2.74

Pimpernel

2.07

(229)

ns

1.78

(208)

1.92

Libertas

1.60

(161)

ns

1.52

(168)

1.56

mcd 199

1.63

(15)

ns

1.25

(14)

1.44

mcd 277

1.82

(68)

P<0.05

0.91

(60)

1.37

mcd 254

1.37

(37)

ns

0.86

(10)

1.12

LSD (P<0.05)

0.78

Mean

2.55

0.78
P<0.05

0.78

2.10

The two most resistant S. microdontum genotypes, mcd 234, and mcd 280,
were not infected, whereas the highly resistant mcd 199 and mcd 254 formed
just a few lesions. Photoperiod had no significant effect on this. Consequently,
SC and LGR could not be assessed on mcd 234 and mcd 280.
Inoculations were more successful on the other S. microdontum genotypes,

mcd 179, mcd 277 and mcd 265, and the four cultivars, resulting in infection
percentages of 48 to 100%.
With respect to IE, LGR and SC, Bildtstar, mcd 179 and mcd 265 were the
most susceptible genotypes, with the cultivar Alpha immediately following and
then the cultivars Pimpernel and Libertas, and the other S. microdontum
genotypes. The susceptible reaction of mcd 179 was not in agreement with the
high resistance of this genotype in the field, while the results of the other
genotypes adequately reflected field behaviour. The resistant S. microdontum
clones, including those that had partial resistance, performed better than the
field resistant cultivars Alpha, Libertas and Pimpernel.
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Table 5.4. The effect of photoperiod on the sporulation capacity (SC). SC is given in
e
log[spores/cm lesion circumference in 24 hours]) after inoculation with Phytophthora infestans
race 1.2.3.4.5.6.7.10.11. Genotypes are ranked in order of decreasing mean SC. n is the number
of lesions sampled. The least significant difference (LSD) at P=0.05 for photoperiod within
genotype was 0.82.
Genotype

12 hours

Significance
of photoperiod

SC

(n)

mcd 179

12.36

(31)

mcd 265

12.42

Alpha

16 hours
SC

(n)

ns

12.31

(30)

12.34

(30)

ns

12.00

(30)

12.21

12.46

(30)

ns

11.96

(30)

12.21

Bildtstar

11.96

(29)

ns

12.36

(30)

12.16

Libertas

11.95

(27)

ns

11.33

(29)

11.64

mcd 199

11.49

(7)

ns

10.83

(7)

11.16

Pimpernel

11.27

(20)

P<0.01

10.16

(23)

10.71

mcd 277

10.46

(29)

ns

10.13

(20)

10.29

LSD (P<0.05)
Mean

effect

Mean SC

0.82
11.80

0.82
P<0.01

11.38

Separate analyses of the two experiments yielded two sufficiently similar
experimental errors (not shown) to allow for a combined analysis.
At 12 h compared with 16 h, a significantly higher IE was observed on the
cultivar Alpha and on mcd 277 (Table 5.2). For the cultivar Pimpernel and for

mcd 179, there appeared to be some effect, but it was not consistent; it was
significant and similar to the effect on the cultivar Alpha in the second
experiment, whereas in the first experiment these genotypes had higher instead
of lower IE at 16 h than at 12 h, differences which were not significant. No
significant photoperiod effects on IE were found for the cultivars Bildtstar and
Libertas, nor for mcd 265 (Table 5.2).
LGR increased significantly when photoperiod was reduced in the cultivar
Alpha, mcd 265 and mcd 277, but not in the other genotypes (Table 5.3).
Although this effect was significant in the combined analysis, it was not
significant in the second experiment, in which the tendency was the same as in
the first experiment, but the experimental error was larger.
Reducing the photoperiod significantly increased SC on the cultivar
Pimpernel, but had no effect on the other genotypes (Table 5.4).

0.58
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Table 5.5. The effect of stolon pruning on infection efficiency (IE) and lesion growth rate (LGR).
IE is expressed as p values (x 10000), estimated as p=1H1/400 (H is the fraction of unsuccessful
inoculations) after inoculation with 10Tl droplets of inoculum containing on average 400
zoospores of Phytophthora infestans race 1.3.4.7.10. LGR is expressed in mm/day and derived
from the same inoculations as IE. n is the number of inoculum droplets tested, viz. the number of
lesions measured. The least significant differences (LSD) at P=0.05 for treatment within genotype
were 14.0 and 0.46, for IE and LGR respectively.
Genotype

tubers removed
IE

(n)

Libertas

50.0

(133)

Pimpernel

50.4

Alpha

Significance
of stolon pruning
effect

control

Mean IE

IE

(n)

ns

42.3

(145)

46.2

(160)

ns

59.4

(150)

54.9

57.0

(163)

ns

62.0

(151)

59.5

Bildtstar

63.0

(166)

ns

75.6

(156)

69.3

LSD (P<0.05)d

14.0

14.0

Mean

9.9

ns
LGR

(n)

LGR

(n)

Mean LGR

Libertas

1.91

(117)

ns

2.04

(116)

1.98

Pimpernel

2.52

(137)

ns

2.30

(140)

2.41

Alpha

3.75

(148)

ns

3.75

(141)

3.75

Bildtstar

3.96

(156)

ns

3.64

(151)

3.80

LSD (P<0.05)d

0.46

Mean

3.04

0.46
ns

2.92

Stolon pruning experiments
Plants grown in soil in the stolon pruning experiments grew to a much larger
size than the potted plants of the photoperiod experiments. The cultivars
Bildtstar and Alpha reached a plant length of 1.3 m, whereas the cultivars
Pimpernel and Libertas grew to 1.6 m. The average plant length was not
significantly influenced by removing the tubers in any of the four cultivars. There
were large differences in tuber formation. On average 199 g of tubers per plant
were harvested from the Libertas controls, and 115 g and 110 g of tubers per
plant respectively from those of the cultivars Bildtstar and Pimpernel. Of the
cultivar Alpha, only one plant produced tubers, with a total weight of 47 g.
As in the photoperiod experiments, the cultivar Libertas had the lowest IE

0.32
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and LGR, and the cultivar Bildtstar the highest, while the cultivar Pimpernel was
intermediate in both respects and the cultivar Alpha was intermediate for IE, but
equalled the cultivar Bildtstar with respect to LGR (Table 5.5). Most of these
differences between genotypes were significant. Removing the tubers from the
cultivars Bildtstar, Pimpernel, Alpha and Libertas at 12 h did not significantly
influence LGR on any of these cultivars (Table 5.5). ANOVA of this component of
resistance (not shown) demonstrated a significant effect of genotype, but not of
stolon pruning, while the genotype x treatment interaction was not significant.
Infection efficiency was significantly (P=0.02) influenced by stolon pruning in the
second experiment, but not in the first, nor in the combined analysis, while the
genotypic effect was predominant (P<0.001) in both experiments.

Discussion
The photoperiod sensitivity of the resistance of the cultivar Alpha, reported
by Umaerus (1960) and Turkensteen (1993), was confirmed in our experiments.
IE and LGR on this cultivar were significantly highest at 12 h, while SC was not
significantly different. The influence of photoperiod on the resistance of the
cultivar Pimpernel, also reported by Turkensteen (1993), could be demonstrated
for SC in our experiments, but not for IE, nor for LGR. It seems unlikely that SC
alone may explain the loss of resistance to late blight of the cultivar Pimpernel
and possible explanations will be discussed later on. The resistance of the cultivar
Libertas, which is reported not to depend on photoperiod (Turkensteen, 1993),
appeared little sensitive to photoperiod. These results confirm that photoperiod is
a significant factor in the expression of partial resistance to Phytophthora

infestans of some S. tuberosum genotypes, but not of all.
Loss of resistance at short photoperiod appeared to occur even if
tuberization was artificially prevented by stolon pruning. The presence of tubers,
which act as a sink for carbohydrates, appeared not to be required for the effect
of photoperiod, as pruning did not restore resistance to the cultivar Pimpernel
grown at tuberinducing photoperiod. For the cultivar Alpha, no conclusion can
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be drawn, as it hardly tuberized in the 1992 experiment. Tuberization of control
plants was not recorded in 1991, but as this experiment was done a month
earlier, with longer photoperiod, tuberization on the cultivar Alpha is not
expected to have been better in 1991. For the cultivar Pimpernel, the induction
of tuber formation, and the physiological changes that accompany it, rather than
the sink effect of the growing tubers, are probably responsible for the loss of
resistance.
Many of the morphological changes brought about by induction to tuberize
are also unaffected by stolon pruning (Ewing & Struik, 1992). Therefore, the loss
of resistance appears to be an integrated element of the complex of processes
following tuber induction.
In S. microdontum, resistance was also significantly influenced by
photoperiod. The immunity of the most resistant genotypes was not affected,
but in those that had partial resistance, IE, LGR and SC were in some cases
significantly higher at 12 h than at 16 h. However, the level of resistance of
most of these genotypes was considerably higher than that of the best cultivar,
Libertas, at either photoperiod.
The clone mcd 179 reacted susceptible, whereas in field experiments it was
found to be highly resistant. In other greenhouse experiments, mcd 179 also
reacted in a susceptible manner (Chapter 4). The resistance of this genotype
appears to be especially sensitive either to environmental conditions, or to the
method of inoculation. Inoculation methods differed, as field inoculations were
done by spraying the inoculum across the plants, while droplet inoculation was
applied in the greenhouse experiments.
As noted before, it seems unlikely that SC alone may explain the loss of
resistance to potato late blight of the cultivar Pimpernel at short photoperiod,
and therefore we would expect other components also to be affected by
photoperiod. However, neither IE nor LGR were significantly influenced, and the
question should be raised as to why these other effects were not detected.
Reduced photoperiod in nature is associated with reduced total irradiation,
which was not the case in our experiments. It is possible that this reduced total
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irradiation mainly is responsible for the reported loss of resistance in the cultivar
Pimpernel at natural short photoperiod. In our photoperiod experiments, all
plants were grown at reduced total irradiation, as the lamps supplying
photosynthetically active light were lit for no more than 12 h a day, in both the
short and the long day treatments. If the cultivar Pimpernel loses its resistance at
reduced amounts of irradiation, it should have been more susceptible in both
treatments of our experiments, compared to other experiments done under
natural long day circumstances. However, the relative difference between the
cultivars Pimpernel and Bildtstar in our experiments was in the same range as in
other experiments with these cultivars, under natural long days (Chapter 4).
Therefore, it seems unlikely that the loss of resistance of the cultivar Pimpernel at
short photoperiod would be due to a reduced total irradiation, and our failure to
induce all of its loss of resistance has to be explained otherwise.
A likely explanation is the higher physiological age of plants grown in
experiments during the fall. The normal planting time for potato is in April.
According to Pohjakallio et al. (1957), plants grown from older seed tubers tend
to flower at the same time as plants grown from the same lot of seed tubers but
planted earlier, as if the potato plant develops during the seed tuber stage. The
smaller plant size, earlier tuberization and earlier senescence that are often
observed when physiologically old mother tubers are compared to young ones,
are consistent with the contrasts observed when shortday plants are compared
to longday plants (Ewing & Struik, 1992). In a cultivar that loses its resistance
under short days because early senescence is induced, such aged seed tubers
may yield plants that have already lost their resistance, irrespective of the
photoperiod they receive later on. This may have been the case with the cultivar
Pimpernel, as it behaved at both photoperiod as it did in several other
greenhouse experiments in the fall, being more susceptible compared to the
cultivar Bildtstar than was expected from field resistance scores, and from
measurements of LGR on field plants, planted in April (Chapter 1). In a cultivar
that ages much more slowly in storage, or does not lose its resistance at short
photoperiod, the age of the seed tuber may have a smaller effect, as with the
cultivars Alpha and Libertas respectively.
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Associations between resistance and physiological age of the host plant have
been reported for other hostpathogen relationships. An association of early
maturity type and/or senescence with a comparatively susceptible reaction has
not only been reported for late blight of potato, but also for such widely varying
pathosystems as wheat soilborne mosaic virus of wheat (Armitage et al., 1990),
the Mexican bean beetle (Epilachna varivestis; Kraemer et al., 1990) and the
fungal pathogen Macrophomina phaseolina (Canaday et al., 1985) of soybean,
the green rice leafhopper (Nephotettix cincticeps) of rice (Takita et al., 1988),
Stewart's bacterial wilt (Erwinia stewartii) of corn (Pataky et al., 1990) and
bacterial ring rot (Corynebacterium sepedonicum; Kurowski & Gudmestad, 1990)
and the fungal pathogens causing early blight (Alternaria solani; Johanson &
Thurston, 1990) and Verticillium wilt (Verticillium dahliae; Corsini & Pavek, 1983)
of potato. The reverse association, viz. between resistance and senescence, is also
frequently encountered in the literature. Examples are bacterial blight
(Xanthomonas campestris) of rice (Koch & Mew, 1991), downy mildew (Uncinula

necator) of grapevine (Doster & Schnathorst, 1985), the green peach aphid
(Myzus persicae) of potato (Jansson et al., 1987), leaf rust (Uromyces
appendiculatus) of bean (Shaik & Steadman, 1989) and black spot disease of
elm, caused by the fungus Stegaphora ulmea (McGranahan & Smalley, 1984). It
appears that the photoperiod sensitivity of resistance of potato to late blight is
just another example of the widely occurring association of the altered
expression of disease resistance with host plant senescence.
Several of the processes mentioned by Ewing & Struik (1992) are discussed in
the literature in relation to resistance of plants to pests and diseases. Ethylene
and abscisic acid appear to play a role both in enhancement and in loss of
resistance due to plant senescence (Elad, 1993), but are probably not involved in
the short photoperiodinduced susceptibility of potato to Corynebacterium

sepedonicum (Kurowski & Gudmestad, 1990). Treatment of leaf tissue of tomato
with the fungal toxin fusaric acid (from Fusarium oxysporum f. sp. lycopersici)
and of maize with Ttoxin (from Helminthosporium maydis) induced a greater
proportion of the total ion content to leak from mature than from young tissues,
while delaying senescence with kinetin reduced the effects of toxin on leaf tissue
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of tomato, suggesting that young tissues appear to have a greater resistance to
toxins than mature or senescing tissues (Barna et al., 1985). These differences
might be explained by possible changes in membrane composition of senescent
leaves, especially the increased sterol:phospholipid ratio which enhances
membrane rigidity (Barna et al., 1985). It is not sure whether toxins play a role in
the pathogenesis of potato late blight. In addition to a greater sensitivity to
toxins of senescent tomato and maize leaves, senescent tobacco leaves appear
more sensitive than younger leaves to cell walldegrading enzymes and to
autolysis of phospholipids in the membranes (Barna & Györgyi, 1992).

Phytophthora infestans is not supposed to penetrate membranes of invaded host
cells (Coffey & Wilson, 1983), but cell walls have to be degraded to allow fungal
invasion. Therefore, greater susceptibility to cell walldegrading enzymes might
play a role in the increased susceptibility of potato leaves.
Proteinase inhibitors (PIs) are expressed during the development of flowers
and tubers of healthy, intact plants and can be induced to accumulate in foliage
by wounding. There is evidence that abscisic acid mediates the systemic
induction of PI genes after wounding (Ewing & Struik, 1992). Therefore,
proteinase inhibitors may accumulate to higher levels in foliage of plants induced
to tuberize, compared to noninduced plants, due to the increased levels of
abscisic acid. Proteinase inhibitors are directed against insect proteases and are
considered to be part of the natural defense mechanism of plants against
attacking insects and microbes. Evidence has been reported that supports the
role of these proteins in the defence mechanism of tomato against Pseudomonas

syringae pv. tomato (Pautot et al., 1991), and of wheat against Fusarium
graminearum (Volchevskaya et al., 1991) and Tilletia tritici (Yamaleev et al.,
1989). However, this association would lead to resistance, rather than
susceptibility, induced by the onset of tuber formation, and is probably not
involved in the increased susceptibility of potato to late blight at short
photoperiod.
The S. microdontum genotypes tested were all extremely late maturing
compared to the cultivars (Chapter 2). If the loss of resistance at tuberinducing
photoperiod would indeed reflect the behaviour of resistance in early maturing
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plants, the expression of the resistance genes in genetic backgrounds of more S.

tuberosumlike maturity type might be lower than it is in the wild species. Some
S. microdontum genotypes carry resistance genes that render nearimmunity to
late blight, and some loss of resistance could be tolerated in this case. However,
most S. microdontum still were fairly resistant at the 12 h photoperiod.
Therefore, it is likely that this species may contribute significantly to a higher
level of resistance to late blight in both early and late maturing potato cultivars.
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CHAPTER 6
Resistance to Phytophthora infestans in Solanum nigrum, S. villosum and
their sexual hybrids with S. tuberosum and S. demissum.

Introduction

Phytophthora infestans (Mont.) de Bary is the causal agent of potato late
blight, an important fungal disease of potato worldwide (Ross, 1986). Durable
resistance of a sufficiently high level against this disease is not yet available in
agronomically acceptable cultivars of the cultivated potato, Solanum tuberosum
(Turkensteen, 1993). Some Central and South American wild relatives of the
potato are known to be highly resistant to P. infestans, and are used as sources
of resistance in potato breeding programmes (Wastie, 1991). Also in Europe
resistant indigenous Solanum species can be found, such as the black nightshade
(Solanum nigrum L.), which is a very common weed in late blight field trials and
on which we have never found any trace of infection, despite heavy infection of
the potato plants in these fields.

Solanum nigrum L. is a cosmopolitan Solanaceous species and a common
weed in Western Europe (Hegi, 1927). S. villosum Lam. is a closely related
species, occurring in Southern, Western and Central Europe, with the exception
of the United Kingdom. It also occurs in the Mediterranean region (Hegi, 1927),
and in India (Singh & Roy, 1985). Reports of infection by Phytophthora infestans
on these species are scarce and state that infection is very hard to obtain, if at all
(Vowinckel, 1926; Reddick, 1928; Hori, 1935; Peterson, 1947; Hirst & Stedman,
1960; Niks, 1987; chapter 2). Therefore, S. nigrum and S. villosum may be
regarded as valuable sources of resistance to potato late blight. The fact that the
late blight resistance of S. nigrum and S. villosum remained effective under
exposure to the virulences present in the Phytophthora infestans population
worldwide, suggests that the resistance may be durable.
Transfer of resistance from S. nigrum and S. villosum to S. tuberosum is
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difficult, since sexual hybridisation between these species does not naturally
occur and has long been considered impossible. However, sexual hybrids,
recently obtained through embryo rescue (Eijlander & Stiekema, in press), have
opened a possible way to successful transfer of resistance.
The experiments described in this paper were done to assess the level of
resistance to P. infestans of two sexual hybrids of S. nigrum and S. tuberosum,
and one hybrid of S. villosum and S. demissum, as compared to that of S.

nigrum, S. villosum and S. tuberosum.

Materials and methods
Plant material
The genotypes used in the experiments and their origin are summarized in
Table 6.1.
The potato cultivars Bintje and Bildtstar are highly susceptible to P. infestans,
whereas the cv. Désirée possesses some partial resistance to the pathogen.
CPRObreeding clone KW84272587 is a diploid genotype derived from complex
crosses, including haploidization, between S. goniocalyx CPC46867, S.

tuberosum cv. Sirtema, S. chacoense and S. phureja. It is susceptible to the P.
infestans race used in our experiments. S. demissum PI161366 is listed by
Hanneman and Bamberg (1986) as having hypersensitive resistance against P.
infestans, and some genotypes of this accession were not compatible with the
race we used in our experiments.
The original wild parental clones S. nigrum ssp. schultesii '14' (SN14) and S.

nigrum ssp. nigrum '18' (SN18) and the sexual hybrid clones SN14 x KW8427
2587 (SN14 x KW), SN18 x cv. Désirée (SN18 x Des), and SV1 x S. demissum
(SV1 x dms) were maintained in vitro, and for some experiments transferred to
pots in the greenhouse, except for SN14 x KW which was unable to grow under
greenhouse conditions. S. villosum 'SV1 x SV2', a population possibly consisting
of different genotypes, was grown from seed of a cross between the hybrid's
original parent SV1 and another accession, SV2. Tubers of the S. tuberosum cvs.
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Table 6.1. Plant material used for inoculations with Phytophthora infestans.
______________________________________________________________________________________
Designation
Species
Code and origin of seed stocks
or name
and invitro material
_______________ ________________________________________ ___________________________
SN1
Solanum nigrum ssp. nigrum var. atriplex
88BG01427, WAU1
SN14
Solanum nigrum ssp. schultesii
88BG27802, WAU
SN14 x KW
SN14 x KW84272587
CPRODLO
SN18
Solanum nigrum ssp. nigrum
Hall, the Netherlands
SN18 x Des
SN18 x cv. Désirée
CPRODLO
SV1 x SV2
Solanum villosum ssp. villosum
CPRODLO; original parents from
WAU (SV1) and from Dr. H.
Darmency, INRA, Dijon (SV2)
SV1 x dms
SV1 x S. demissum PI1613662
CPRODLO
Désirée
Solanum tuberosum
Dutch cultivar
Bildtstar
Solanum tuberosum
Dutch cultivar
Bintje
Solanum tuberosum
Dutch cultivar
B. campestris
Brassica campestris ssp. pekinensis
CPRODLO
______________________________________________________________________________________
1
Wageningen Agricultural University, Botanical Gardens
2
from USDAARS InterRegional Potato Introduction Station, Sturgeon Bay, Wisconsin, USA

Désirée, Bintje and Bildtstar were taken from field grown stock of seed potatoes.

Brassica campestris ssp. pekinensis plants were grown from seed.
Fungal material

Phytophthora infestans race 1.2.3.4.5.6.7.10.11 was provided by the DLO
Institute for Plant Protection Research (IPODLO), Wageningen, from a liquid
nitrogen preserved stock. The fungus was cultured at 15 °C and 100% RH
under continuous low intensity fluorescent tube (Sylvania 'cool white' 40W
tubes) illumination on detached leaves of the susceptible cultivars Bintje or
Bildtstar. Race identity was not checked, but the isolate was replaced by a new
one from the same stock after a few multiplication cycles.
Growing conditions of plants
Eye cuttings from tubers were planted in pots and grown in the greenhouse.
Seeds were sown in seed trays and transferred to pots soon after emergence.
Plants in the greenhouse were grown under additional PhilipsSonT or Philips
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HPIT illumination at a 16 h photoperiod and at 20/18 °C day/night temperature.

In vitro plants were grown on MS medium (Flow Laboratories, UK),
supplemented with 3% sucrose and 0.8% agar at pH 5.8, at 25 °C under
fluorescent tube (Philips TLD50W/84HF) illumination at a 14 h photoperiod.
Inoculations
Inoculum was prepared by rinsing leaflets with the sporulating fungus in
demineralized water. Sporangia were washed using a 15 Tm mesh nylon sieve
and resuspended in demineralized water. The sporangial suspension was placed
at 10 °C to induce the release of zoospores. If no zoospores could be obtained
in this way, inoculations were done with sporangial suspensions. Spore densities
were recorded by ten counts of 3.2 mm3 aliquots of inoculum using a
haemocytometer. Inoculations were made by placing one or two separate 10 Tl
droplets of inoculum on the lower epidermis of a leaf or leaflet. On SV1 x dms
the droplets often spread across a larger area, but on the other genotypes they
remained as a hemispherical droplet where they had been placed. If inoculated
leaves were to be examined microscopically, 0.025 g/ml ordinary household
maize starch was added to the inoculum; this allowed for the place where the
inoculum droplets had been deposited to be recognized by the white stain of
starch, after drying of the suspension.
All inoculations were made on fully developed leaves, positioned about one
third from the top of the plant. For some experiments leaves were detached and
fixed in blocks of moist 'Oasis' (Turkensteen, 1973), or laid upside down on
moist filter paper, and placed in transparent plastic containers. Containers with
inoculated leaves were closed to create 100% RH and incubated at 15 °C at
continuous low intensity fluorescent tube illumination (Sylvania 'cool white' 40W
tubes). Whole plants were incubated overnight at high humidity (90100% RH),
and subsequently at approximately 70% RH, in a greenhouse at 20/15 °C
day/night temperature and under additional illumination (PhilipsSonT or Philips
HPIT, 400W) at a 16 h photoperiod.
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Microscopical observations
Inoculations were made on detached leaves fixed in 'Oasis'. Leaf pieces
containing one inoculum droplet each were excised at 1618 and 45 h after
inoculation (p.i.) and examined for mycelial development after trypan blue
staining, or for the presence of callose wall appositions following aniline blue
fluorescent staining. In each specimen, noninoculated tissue outside the
inoculated area was used as a control. Leaf pieces were examined without
sectioning. For fluorescence microscopy, excitation filter 365 nm and barrier filter
420 nm were used. Measurements of hyphae were done in trypan blue stained
leaf pieces as described by Kitazawa & Tomiyama (1969) using a micrometer.
Haustoria were counted, and all data were submitted to variance analysis using
Genstat (Payne et al, 1987).
Trypan blue staining
A modified procedure after Wilson & Coffey (1980) was used. Leaf pieces
were fixed in Farmer's fluid (acetic acid (99%)/ethanol (96%)/chloroform, 1:6:3)
until they had been fully decolorized (approximately 45 min.), followed by 4.5 h
staining in 0.03% trypan blue in lactophenol/ethanol (96%) (1:2) at 60 °C. The
leaf pieces were left in the stain solution overnight at room temperature. After
washing once in demineralized water, the leaf pieces were vacuuminfiltrated for
2 min. with a clearing solution of chloral hydrate (2.5 g/ml in water). The pieces
were cleared for one to seven days, until background staining was sufficiently
reduced. Leaf pieces were mounted in glycerol.
Aniline blue fluorescent staining
Aniline blue fluorescent staining was done with a slightly modified procedure
after Wilson & Coffey (1980). Leaf pieces were immersed in boiling water for 6
min., decolorized in boiling ethanol (95%) and stained in 0.1% aniline blue in
0.07 M tripotassium orthophosphate (K3PO4) buffer at pH 12 for 2 to 24 h at
20 °C.
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Results
Inoculations of detached leaves
One in vitro plant of the hybrid SN14 x KW was transferred to soil and
placed in the greenhouse. The plant did not root well, and only a few leaves
could be collected just before it died. Three leaves were put on moist filter paper
and inoculated with a droplet of a spore suspension, containing 4.8 x 104
sporangia/ml. After seven days they were examined for lesion development and
sporulation. Slight chlorosis and minute necrotic spots were seen on the
inoculated areas. One leaflet also produced a few sporangiophores, which were
clearly visible under a binocular and carried sporangia. The production of spores
could be further demonstrated by washing this leaf in water and examining the
washing fluid under a microscope; a small number of sporangia was observed.
When the experiment was repeated on leaves taken from an in vitro plant,
inoculated with 10 Tl droplets containing 2.5 x 104 sporangia and 5.6 x 104
zoospores per ml, no symptoms were seen.
Whole plant inoculations
Two experiments were done.
In the first experiment, two well developed (50 cm high and wide) plants of
SN18 x Des and five plants of the cv. Bildtstar were inoculated, the inoculum
containing 7 x 104 sporangia/ml. Fifty leaves of the sexual hybrid were inoculated
with two separate droplets of inoculum each, and 115 leaflets of the cv. Bildtstar
each received one inoculum droplet. Leaves were equally derived from the
mentioned numbers of plants.
Inoculated leaves were examined after seven days. Lesions had developed on
59 inoculated Bildtstar leaflets, with an average lesion diameter of 2.9 cm. On
inoculated leaves of both hybrid plants no symptoms were observed, except for
minute dark specks that could hardly be seen with the naked eye, in most areas
where the inoculum had been deposited. In some cases the noninoculated,
upper side of the leaf showed a slightly chlorotic spot corresponding with the
area where the inoculum had been placed on the other side of the leaf. Some
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Table 6.2. Number of inoculation sites showing symptoms after inoculation on the plant with a
10 Tl droplet of inoculum, containing 8 x 104 zoospores of race 1.2.3.4.5.6.7.10.11 of
Phytophthora infestans per ml.
___________________________________________________________________________
Genotype
Number of leaf halves or leaflets
___________________________________________________________
Inoculated
Showing necrosis
Showing expanding lesions
_____________
__________
_______________
_______________________
SN14
104
72
0
SN18
14
0
0
SN18 x Des
10
0
0
SV1 x SV21
38
0
0
SV1 x dms
84
79
0
Bildtstar
108
108
108
___________________________________________________________________________
1
Two genotypes were tested and the results, being similar, were pooled.

leaves were examined under a binocular at six times magnification, and small
groups of dark brown, necrotic cells were observed. No growing lesions, as seen
on the cv. Bildtstar were observed on the hybrids after more than four weeks of
incubation. No attempts to induce sporulation were made.
In the second experiment on five plants of SN14, one plant of SN18, one
small plant of SN18 x Des, two plants of SV1 x SV2, and five plants of SV1 x
dms, 52, 7, 5, 19 and 42 leaves, respectively, were inoculated, as well as 108
leaflets on five plants of the cv. Bildtstar. Two separate droplets of inoculum
were deposited on each inoculated leaf except for the cv. Bildtstar, where one
droplet was placed on each inoculated leaflet. The inoculum contained 8 x 104
zoospores/ml.
Inoculated leaves were examined after seven days. Results are summarized in
Table 6.2. Lesions had developed on all inoculated leaflets of the cv. Bildtstar,
with an average lesion diameter of 3.2 cm. The hybrids and wild parents reacted
as the hybrid in the first experiment, although there was considerable variation
between genotypes in the severity of the observed reaction. The hybrid SV1 x
dms showed the strongest reaction to the pathogen; the entire inoculated area
(5 mm2) was necrotic in most inoculated leaves. On SN14, 72 of the 104
inoculations on this genotype resulted in small (23 mm2) necrotic spots (Fig.
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Figure 6.1. The upper side of a leaf of SN14 with two non
expanding, necrotic lesions, where inoculum droplets
containing 8 x 104 zoospores of race 1.2.3.4.5.6.7.10.11 of
Phytophthora infestans were deposited on the lower
epidermis, seven days after inoculation.

Figure 6.2a8e. Mycelium of P. infestans (a8c, trypan blue staining) and callose appositions in host cells (d8
e, aniline blue fluorescent staining) 1645 h after inoculation (p.i.) of the lower epidermis with sporangia
of P. infestans race 1.2.3.4.5.6.7.10.11. Bars represent 50 Tm. Fig. 6.2a. Désirée, 16 h p.i.; Intercellular
hypha originating from infection vesicle below penetration peg (bold arrow), growing under the
epidermis and forming small, digitlike haustoria (light arrows) in mesophyll cells. A germ tube (not
visible) is connecting the sporangium (S) to an appressorium attached to the penetration peg. Fig. 6.2b.
Désirée, 45 h p.i.; branching intercellular hyphae in pallisade mesophyll and haustoria inside host cells
(arrows). Fig. 6.2c. SN14, 16 h p.i.; darkly stained, necrotic mesophyll cells and intercellular hypha
(arrows), without haustoria. Fig. 6.2d. SN14, 45 h p.i.; callose is deposited around invaded epidermal
cells. In one cell, the invading hypha is visible (arrow). Fig. 6.2e. SN18 x Des, 18 h p.i.; a callose collar is
formed around the penetration peg in a necrotic epidermal cell, and callose is deposited in neighbouring
cells.

119

6.1), whereas the other inoculations gave only slight chlorosis of the inoculated
area. SN18, its hybrid SN18 x Des and SV1 x SV2 gave no visible symptoms.
Some leaves of all genotypes were put at 100% RH to induce sporulation;
although the Bildtstar leaves sporulated profusely, no sporangia could be seen on
any of the wild species or hybrids, when examined at six times magnification.
Microscopical observations
Seven genotypes were examined: the cvs. Bintje, Bildtstar and Désirée, SN1,
SN14, the hybrid SN18 x Des, and Brassica campestris. Plants were grown in the
greenhouse as described except for the hybrid SN18 x Des, of which leaves were
taken directly from an in vitro plant. Four leaves of each genotype were
inoculated. Inoculations were made with a sporangial suspension; inoculum
density was not recorded.
Germinated sporangia that had produced germ tubes and appressoria were
seen on all genotypes. In addition, encysted and germinated zoospores were
observed, indicating that sporangia had to some extent released zoospores.
In the cv. Désirée, 16 h p.i., we observed many penetrated epidermal cells
containing an infection vesicle, as reported by numerous authors, a.o. Coffey &
Wilson (1983). Penetration had taken place directly through the periclinal wall of
epidermal cells, and sometimes of stomatal guard cells. Intercellular hyphae and
haustoria were seen alongside and within mesophyll cells respectively (Fig. 6.2a).
Mesophyll cells in this area looked as they did in noninoculated leaf tissue.
Fortyfive h p.i., an extensive intercellular mycelium had developed (Fig. 6.2b).
Invaded epidermal cells had become necrotic and spongy mesophyll cells below
invaded epidermis cells often showed increased affinity for trypan blue, as
described by Wilson & Coffey (1980) for the compatible interaction between P.

infestans and the susceptible cv. Majestic. Young sporangiophores were seen to
emerge from stomatal openings at the noninoculated upper epidermis. Aniline
blue stained leaf pieces showed no sign of callose 16 h p.i., except in sieve
elements in the leaf veins and in the tips of leaf hairs, which was also observed
in noninoculated tissue. Sporangia were fluorescing at the distal end, where the
small, lensshaped cap is located, and clusters of fluorescing material were
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present inside the sporangia. Fortyfive h p.i., numerous fluorescing collars and
papillae, supposed to contain callose (Coffey & Wilson, 1983) were visible in the
epidermal and mesophyll cells. Fluorescent material was also deposited at the
walls of epidermal and mesophyll cells adjacent to infected epidermal cells, as
described by Coffey and Wilson (1983). The mycelial development and host
reactions in the cvs. Bintje and Bildtstar were studied less extensively, but
appeared to be comparable to those of the cv. Désirée.
In SN1 mycelial development 16 h p.i. resembled that of the cv. Désirée,
except that no haustoria were observed and the number of colonies was much
smaller. Penetration had taken place directly through the periclinal wall of
epidermal cells, and sometimes of stomatal guard cells. As in the cv. Désirée, but
as early as 16 h p.i, invaded epidermal cells had become necrotic and underlying
mesophyll cells showed increased affinity for trypan blue. Infection hyphae were
seen to grow from the epidermal cells into the spongy mesophyll, where they
grew intercellularly. Fortyfive h p.i., the mycelium had not grown much further
compared to 16 h p.i.. No haustoria were observed, and no hyphae could be
detected in the palisade mesophyll, nor in the stomata of epidermal cells beyond
it. Aniline blue stained leaf pieces 45 h p.i. revealed numerous callose depositions
in the form of collars and papillae, as well as callose on cell walls of epidermal
and mesophyll cells adjacent to invaded epidermal cells.
In SN14 16 h p.i., infection was similar to that of SN1, except that
penetration events were more numerous. Hyphae were seen to grow
intercellularly in the mesophyll, without the formation of haustoria (Fig. 6.2c). No
leaf pieces were stained with trypan blue 45 h p.i.. Aniline blue stained leaf
pieces 16 h p.i. showed no fluorescence indicative of callose, just as in the cv.
Désirée at this stage. Fortyfive h p.i. however, again as in the cv. Désirée and
also as in SN1, numerous collars, papillae and callose appositions in adjacent cells
were seen (Fig. 6.2d).
In trypan blue stained leaf pieces of the hybrid SN18 x Des, a few infection
vesicles were seen inside penetrated epidermal cells, and some hyphae were seen
to grow into the mesophyll. However, these specimens, taken from in vitro
material, were not very clear and cell size and organization differed from
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Table 6.3. Average total length of mycelium, and average number of haustoria observed on
these mycelia, 16 h after inoculation with sporangia of a complex race of Phytophthora infestans
in 4 Solanum genotypes.
________________________________________________________________________________
Genotype
Length of mycelium (Tm)
Number of haustoria
Number of mycelia
measured
________
______________________
__________________
_________________
Bildtstar
66a1
2.7ab1
20
Désirée
73a
4.0a
20
Bintje
102a
2.8ab
12
SN14
74a
0.0b
9
________________________________________________________________________________
1

Numbers indicated by corresponding characters are not significantly different at P<0.05.

specimens of SN1 and SN14, taken from greenhouse grown plants. In aniline
blue stained leaf pieces, some callose depositions were observed in the form of
collars around invading hyphae entering and leaving the epidermal cells (Fig.
6.2e) as early as 18 h p.i..
No penetration was observed in trypan blue stained leaves of B. campestris,
although some sporangia had germinated and formed appressoria. Of about 20
sporangia observed on aniline blue stained leaf pieces, one had germinated and
fluorescing material was visible in the epidermal cell where the appressorium was
pressed against the cuticle. The fluorescing material appeared present as an
intact layer, whereas in S. tuberosum and S. nigrum it appeared pierced where
penetration had taken place. Therefore, it was assumed that no penetration had
occurred on B. campestris.
All hyphae of a colony were measured and haustoria were counted for a
number of colonies in SN14 and in the cvs. Bintje, Bildtstar and Désirée 16 h p.i..
Hyphal lengths were cumulated to total mycelium length per colony (Table 6.3).
Statistical analysis revealed no significant (P<0.05) differences of average total
mycelium lengths at this stage between S. nigrum (SN14) and the cvs. Désirée,
Bildtstar or Bintje. SN14 was the only genotype in table 6.3 in which no
haustoria were produced, the other genotypes did not differ significantly in
number of haustoria at P<0.05.
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Discussion

S. nigrum and S. villosum are completely resistant to P. infestans, since no
spreading lesions, nor sporulation was observed on these species in a number of
experiments. Still, there appears to exist some genetic variation within S. nigrum
as to which extent penetration and a hypersensitive response occur.
Our results confirm that, although resistance is of a very high level,
penetration and mycelial development may occur on S. nigrum, and necrosis of
invaded and adjacent cells can be seen. This has also been reported by Hori
(1935).

S. nigrum is often mentioned as a nonhost to P. infestans, since reports of
infection on S. nigrum are very scarce. This is in accordance with Niks (1987),
who defines a nonhost as a plant species of which most genotypes cannot be
infected by most genotypes of the pathogen. In her review, Heath (1991)
describes nonhost resistance against fungi as based on a multicomponent,
genetically complex and parasite nonspecific type of resistance, called basic
resistance, that protects most plants against most potential pathogens; it involves
constitutive and induced defences that may or may not be the same as those
that protect resistant genotypes of an otherwise susceptible host species, which
are termed as having parasitespecific resistance. A pathogen will have to acquire
pathogenicity factors that avoid or suppress these defences to establish a
parasitic interaction, whereby a nonhost is turned into a host. It may be
extremely difficult to distinguish parasitespecific resistance from basic resistance,
since they probably differ in the mode of induction only (Heath, 1991). The
finding that parasitespecific resistance against rust fungi is commonly expressed
later than basic resistance, has lead to the suggestion that parasitespecific
resistance is superimposed on basic resistance (Heath, 1981).
Such a difference in timing between nonhost and host resistance has been
found by Miller & Maxwell (1984) for Phytophthora megasperma, in
ultrastructural studies of the interaction of alfalfa with P. megasperma f. sp.

medicaginis, pathogenic on alfalfa, and P. megasperma f. sp. glycinea, non
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pathogenic on alfalfa. Both pathogens were able to penetrate alfalfa root cells,
and limitation of fungal growth was often associated with host cell necrosis and
encasement of haustoria by host cell wall appositions. Necrosis appeared to be
more rapid in the nonhost than in the host interaction, and slowest in the
susceptible interaction.
If the speed of the reaction is an indication of nonhost resistance, it will be
interesting to compare the resistance of S. nigrum to P. infestans with race
specific host (S. tuberosum) resistance against the pathogen. In the experiments
described here, we observed a more rapid hypersensitive response in S. nigrum
than in the susceptible host, but the comparison with parasitespecific resistance,
and a quantitative study of the time difference, still remain to be carried out.
In some cases of nonhost resistance to pathogens with a narrow host range,
the mechanism of nonhost resistance is prehaustorial, i.e. the mycelium stops
growing before haustoria are produced (Niks, 1987). This also seems to be the
case in S. nigrum (Table 6.3). Mycelium of P. infestans is reported to grow
intercellularly rather than intracellularly in the mesophyll of S. tuberosum, and
haustoria are reported to be the only fungal structures entering mesophyll cells
(Coffey & Wilson, 1983). In S. nigrum, the presence of collars in mesophyll cells
suggest that hyphal structures, which should have been haustoria, entered these
cells. However, no haustoria could be seen in trypan blue stained leaf pieces, and
most callose depositions in mesophyll cells were in the form of papillae,
effectively blocking fungal entry. Therefore, it can be concluded that the
development of haustoria in S. nigrum is arrested at a very early stage and that
the resistance should be termed prehaustorial.
Zhang et al (1992) identified a prehaustorial resistance in Triticum

monococcum against Puccinia recondita which is inherited as a recessive
character. With S. nigrum, this is clearly not the case, since the sexual hybrid of
this species with the S. tuberosum cv. Désirée appeared as resistant as the
resistant parent.
Whether or not the resistance is of a nonhost type does not necessarily imply
anything about its durability. Durable resistance against P. infestans is looked for
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in many potato breeding programmes (Turkensteen, 1993). Resistance to P.

infestans in currently available cultivars of S. tuberosum is either nonrace
specific, in which case lesion growth and sporulation are allowed but the
epidemic buildup of the disease is slowed down (ratereducing resistance), or
racespecific, leading to hypersensitivity. Ratereducing resistance seems to be
durable (Chapter 1), but its level is too low to be of practical value (Turkensteen,
1993), although accumulation of the genes that confer this type of resistance
has not yet been fully explored (Ross, 1986). Racespecific resistance, mainly
derived from S. demissum, is considered nondurable, since virulent races have
rapidly appeared, and therefore of no value to the breeder (Turkensteen, 1993).
With each new source of resistance, the question arises whether or not the
resistance will be durable. Since major gene resistance from S. demissum is
considered nondurable, it can be argued that either the mechanism, or the
induction of durable resistance should be different from that which is derived
from S. demissum.
One of the ways to gain insight into the resistance mechanism is by
microscopical studies of the resistance reaction. Some authors state that in the
hypersensitive response due to Rgenes from S. demissum, there is a rapid
necrosis of invaded and adjacent host cells, haustoria are often encased, and P.

infestans is unable to grow beyond invaded epidermal cells (Pristou & Gallegly,
1954), whereas others have observed intercellular mycelium alongside
neighbouring cells (Ferris, 1955; Kitazawa and Tomiyama, 1969). These
differences in observations may be due to the fact that different Rgenes were
studied in different genetic backgrounds, suggesting that P. infestans has the
potential ability to grow beyond invaded epidermal cells in spite of the
hypersensitive response, and that this ability may be restricted by other effects of
the Rgene involved, or by other genes in the host. In P. infestansinfected S.

nigrum, we have also observed rapid host cell necrosis, intercellular hyphae and
encasement of haustorial primordia, indicating that the nature of resistance in S.
nigrum may be not essentially different from that in S. demissum.
At present, nothing is known about a possible difference in the mode of
induction of the resistance in S. nigrum, in comparison with that of the
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hypersensitive response in S. demissum.
The high resistance of S. nigrum to P. infestans was found to be transferred
to its sexual progeny with S. tuberosum. The hybrid SN18 x Des was as resistant
as the wild parent in a detached leaflet test, whereas the cv. Désirée was known
and shown to be susceptible. The hybrid SN14 x KW was also found to be highly
resistant while KW 84272587 is susceptible, but we did not compare this
hybrid directly to its wild parent. It is interesting to note that sporulation was
observed on SN14 x KW; however, this occurred only in one instance and on leaf
material from a plant that died soon after leaf sampling. The occurrence of
sporulation may have been due to the bad condition of the leaves, which
possibly weakened the defence reaction. This is in accordance with Hirst and
Stedman (1960), who observed natural infection only on shaded leaves of S.

nigrum.
The hybrid SV1 x dms was slightly more susceptible than SV1 x SV2, as it
gave a necrotic response where the wild species did not show symptoms, but the
genotype of S. villosum tested was not the original parent, which may have been
a little more susceptible. In the case of SV1 x dms, S. demissum may also have
added to the resistance, since the S. demissum genotype used as crossing parent
may have had major genes that were not matched by corresponding virulence
genes in the complex race that we used. Although of the original S. demissum
accession PI161366 about half of the genotypes were compatible with race
1.2.3.4.5.6.7.10.11, the exact genotype used in crossing is not known since a
pollen mixture of several genotypes of this accession was used.
Our work has confirmed that S. nigrum and S. villosum are highly resistant
to P. infestans, although penetration and limited intercellular growth of the
pathogen may occur on leaves of S. nigrum. The resistance of S. nigrum
appeared prehaustorial. These results support the designation of S. nigrum and

S. villosum as nonhosts of P. infestans according to the definition of Niks (1987),
but they give no conclusive evidence for the designation of S. nigrum as a
nonhost as defined by Heath (1991).
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The resistance of S. nigrum has been transferred to two sexual hybrids with
susceptible S. tuberosum parents, where it behaves as a dominant character.
Therefore, the resistance may be used in breeding resistant potato germplasm,
provided that recombination events between the two genomes occur.
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GENERAL DISCUSSION

The aim of the work described here was to find durable resistance to the
main potato disease worldwide, potato late blight (Phytophthora infestans).
Firstly, genetic variation within the cultivated potato S. tuberosum was explored.
Next, several wild Solanum species, described as resistant in gene bank
inventories, were chosen for this study. All these species, except S. verrucosum,
originate from South America where, on an evolutionary time scale, P. infestans
was an unknown disease until fairly recently (Fry et al., 1993). In the course of
the work, sexual hybrids of S. nigrum with S. tuberosum and S. demissum
became available; this allowed for a comparison of the nonhost resistance of S.

nigrum with the resistances from the South American species considered in this
thesis.

Durability

Phytophthora infestans has a great ability to break host resistances. For those
of the known 11 major genes from the Mexican species S. demissum and S.
stoloniferum that were exploited in commercial cultivars, virulent strains of the
pathogen were found shortly after introduction of the cultivars (Müller & Black,
1952). In some cases, virulences were even found for genes that had not yet
been introduced (Malcolmson & Black, 1966; Schöber & Turkensteen, 1992).
Apparently, these major genes do not offer durable resistance. In contrast to
this, the partial resistance present in old S. tuberosum cultivars appears to be
durable (Chapter 1), but the level is not high enough, while an unfavourable
association with late maturity may restrict its application. The durability of the
resistances of the wild species described in this thesis, which may be either
complete or partial and in some cases appears to be based on major genes, is
uncertain as they have not yet been exposed to P. infestans extensively. Some of
these species, especially S. berthaultii, S. circaeifolium, S. microdontum, S.
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nigrum, S. sucrense and S. verrucosum (Chapters 3 and 6), have a higher level of
partial resistance than the old S. tuberosum cultivars.
S. demissum, S. stoloniferum and P. infestans all originate from Mexico
(Hawkes, 1966; Niederhauser, 1991; Fry et al., 1993), where they have probably
coevolved (Toxopeus, 1964; Nelson, 1975). Resistance may have developed in
the Mexican Solanum species in answer to continuous challenges with the
pathogen, and virulence may have developed in the pathogen in the same way,
both becoming more complex in the course of evolution and eventually leading
to a stable equilibrium in which both host and pathogen are able to survive
(Nelson, 1975). The Phytophthora infestans population in Mexico has been found
to contain high numbers of virulence factors (Mills & Niederhauser, 1953; Rivera
Peña, 1990), which supports this hypothesis. As a consequence, the isolates of
the pathogen introduced into Europe and other parts of the world probably
already contained virulence alleles able to break the resistance of these species,
when S. demissum was first brought to Europe. Recessive virulence alleles
(Spielman et al., 1989) may have resided in the diploid or polyploid (Sansome,
1977; Tooley & Therrien, 1987) P. infestans genome unexpressed and may have
been activated through asexual recombination (Shaw, 1983). Virulent strains
were probably selected as soon as resistant cultivars were grown, a process
which was favoured by the high multiplication rate of the pathogen.

Solanum species that have evolved elsewhere, like the South American
species and the S. nigrum species complex from India, may lack resistances
specifically aimed against P. infestans. Their resistance could be a side effect of
other genes, possibly genes for resistance to other pathogens, or genes with a
totally different function. In this case, it is unlikely that P. infestans would already
have developed virulence towards this resistance; it would have to acquire the
new virulence through mutation and the resistance would be relatively durable.
The South American evolutionary origin of wild tuberbearing Solanum
species is questioned by Hawkes, who argues that the first species may have
evolved in Mexico and migrated to South America later on; a return migration,
followed by hybridisation with an endemic Mexican species may have given rise
to S. demissum (Hawkes, 1966). If this is correct, both South American and
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Mexican Solanum species may contain genes evolved in interaction with P.

infestans.
There is, however, a distinct possibility that neither the resistance genes of
the Mexican species nor those of other Solanum species have developed in
response to the pathogen, but that they were genes with other functions already
present in the earliest Solanum genepool. Such genes may have evolved in an
ancestral Solanum species, and may have been conserved in a number of
distantly related contemporary Solanum species. The S. nigrum species complex
might be involved in this, as the genus Solanum must have arisen from a
common ancestor. Hawkes (1988) supposed the genus to have arisen in the
Southern continent of Gondwanaland, which would explain the origin of some
species in India and of others in South America. An argument in favour of
common resistance genes in S. nigrum, the South American Solanum species and

S. demissum is the strikingly similar, rapid hypersensitive response to the
pathogen in S. nigrum and S. demissum. Exposition of such an ancestral gene to
P. infestans in S. demissum, may have given rise to virulence in the pathogen
population, which is not noticed until the demissum gene is identified. In this
situation, mutations for virulence are not necessary since the required alleles
would already be there, and selection alone would suffice for a rapid breakdown
of the newly introduced resistance gene. The rapid appearance of virulent
isolates on R gene cultivars make it seem as if resistances are broken down in a
very short period of time, and hence the chances of finding durable resistance
appear small. If, however, selection rather than mutation is responsible for the
rapid breakdown of resistance, this would throw a completely different light on
the matter of durability of resistance to P. infestans.
These considerations suggest that the absence of coevolution of a pathogen
and a resistant host species does not necessarily lead to durable resistance. The
resistance alleles in Mexican and in other Solanum species may actually be the
same genes, although this will remain uncertain until the genes have been
isolated and sequenced, including hitherto unknown resistance genes of the
Mexican species.
Not only the evolutionary history, but also the number of genes involved
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may be used as an indicator of durability. Polygenic resistance of plants to
pathogens is more often durable than monogenic resistance (Burdon, 1993).
Polygenic partial resistance to P. infestans in S. tuberosum, also present in S.

demissum (Niederhauser, 1991; Toxopeus, 1964), seems to be durable (Van der
Plank, 1971; Thurston, 1971; James & Fry, 1983; Chapter 1). This may be caused
by its polygenic nature, requiring several different mutations in the pathogen to
acquire virulence, but it may also be durable because it is based on a resistance
mechanism which is difficult to overcome. There is no information yet about the
mechanism of this resistance, but such a 'durable' mechanism could for example
be slight modification of cell wall composition, which is then no longer matched
by the pathogen's arsenal of degrading enzymes. If a resistance mechanism is
only conferring a very small reduction in the rate of development of the
pathogen, and if it is based on genes with additive effects, the polygenic state
would be required to allow for the resistance to reach a detectable level. The
resistance would be durable because the pathogen is unable to overcome this
single resistance mechanism without a significant loss of fitness. If a single host
gene could be found which, due to a large gene effect, is able to express the
same durable resistance mechanism at a high level, durable monogenic resistance
would be the result. It follows that the resistance mechanism probably is a more
reliable indicator of durability than the monogenic or polygenic nature.
Unfortunately, this criterion is hardly applicable, as neither the mechanisms, nor
the numbers of genes of most resistances have been elucidated. Detailed
information on plantmicrobe interactions at the molecular level, involving genes
of both host and pathogen, is now becoming available with the increasing
sophistication of molecular techniques (Cuypers et al., 1988; Pieterse et al.,
1992). The molecular elucidation of resistance mechanisms may be within reach
in the next decade.
One mechanism which may be regarded as nondurable is the hypersensitive
response, as is provoked by the major resistance genes of S. demissum. The
hypersensitive response (HR) is defined here as a reaction in which all cells
neighbouring the fungal hyphae rapidly collapse, limiting fungal invasion to the
necrotic area (Parker et al., 1991). In the potatoP. infestans interaction, this
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mechanism appears not to lead to durable resistance. Avoiding resistances of this
type might help to find durable resistance. However, potato late blight disease is
always associated with necrosis of the infected tissue. In partially resistant
genotypes with reduced mycelial growth such as Libertas and Pimpernel, the
necrosis sometimes dominates in symptom expression, resulting in strongly
necrotic lesions difficult to distinguish from R geneinduced HR (Chapter 4).
Necrotic lesions can also be observed with greenhousegrown potato plants on
young leaves of susceptible genotypes like the cvs. King Edward (Carnegie &
Colhoun, 1980) or Bildtstar (as in our own observations), or in a crop of the
partially resistant cv. Majestic grown after alfalfa (Lowings and Garcia Acha,
1959), which probably has delayed senescence due to the surplus of nitrogen
(Ewing & Struik, 1992) from the alfalfa crop. The same association of partial
resistance and necrosis is observed with Puccinia striiformis of wheat (J.E.
Parlevliet, pers. comm.). Therefore, necrosis per se is not indicative of
hypersensitivity and through this, of nondurability. Still, the speed of the HR
may be a useful discriminator, as it appears to be extremely rapid on R gene
genotypes challenged with incompatible isolates (Heath, 1981). In one of our
experiments, plants were examined as early as 24 hours after inoculation and at
that moment necrosis was already seen on S. microdontum (Chapter 4). Our
microscopic observations of infected S. nigrum revealed necrosis 16h after
inoculation (Chapter 6). Therefore, a true HR may be operating in these species.
Further examination of the development of necrosis and the time course in
which this takes place, is required. Microscopic studies may be helpful, as the
first stages of necrosis may involve just a few or even single cells. However, even
if a true HR can be distinguished from other types of resistance, this would not
be an indication of its durability, as long as it has not been shown why the
hypersensitivity of S. demissum was not durable.
Anderson (1991) gives four hypotheses concerning the specific triggering of
HR. One implies that the pathogen makes a suppressor that prevents elicitor
recognition only in the compatible host. Another suggests that host factors
possess suppressor activity. A third hypothesis is that plant factors may be
required to generate the fungal elicitor in planta. A fourth possibility is that there
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are racespecific elicitors. Any of these hypotheses might be true in the case of P.

infestans hypersensitive resistance, and need to be further explored.
In S. berthaultii the excretion by glandular trichomes of substances toxic to
zoospores appears to be involved in resistance to P. infestans. The durability of
such a mechanism, which has been reported to be genetically complex in S.
berthaultii (Mehlenbacher et al., 1983), depends on the mode of action of the
toxin(s). Again, essential information needed to judge durability is lacking.
A breeder wants to be sure the resistance is durable enough to be worth the
costs of incorporating it into cultivars, and therefore it is important to assess its
durability beforehand. The most rapid way to do this is to expose the gene, in a

S. tuberosum genetic background, to a wide range of pathogen genotypes, as
has been argued before by other authors, also for other pathosystems. Not only
natural isolates should be tried, but also isolates treated with mutagens, because
if no virulence is found, it may still arise easily from mutation, and one would
have to try and induce virulence by mutagenic treatment. The alternative would
be to elucidate the mechanism of resistance and to evaluate, also based on
the pathogen's biochemistry and molecular biology, whether or not the
pathogen is able to break this mechanism. This approach is not yet feasible. The
genetic background of the resistance is important, since a gene may be durable
in combination with other genes, but less so if isolated from the original gene
complex (Nelson, 1975). This is especially relevant with S. nigrum, which is the
most distantly related to S. tuberosum of all species described in this thesis and
differs most from it in plant habit. The resistance gene complex in S. nigrum may
have strong pleiotropic effects on important other traits and possibly only a small
part of these genes can be combined with an agronomically acceptable genetic
background.
For breeders who want to start using wild species now, the safest way
probably is to accumulate genes for partial resistance from several sources, both

S. tuberosum and wild species, including genes for glandular trichomes from S.
berthaultii, which may also contribute to resistance to pests and other diseases.
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Non8host resistance
The question may be raised as to whether any of the resistances described in
this thesis may be termed nonhost resistance to Phytophthora infestans. Non
host resistance has been defined as a resistance present in most genotypes of a
plant species, that cannot be broken by most genotypes of the pathogen (Niks,
1987), or as parasitenonspecific resistance or basic resistance, which protects
most plants against most potential pathogens (Heath, 1991).
Among the Solanaceae, P. infestans is able to infect species not only of the
genus Solanum but also of the genus Lycopersicon. If the pathogen shows such
a moderate degree of specialization, it is unlikely that non host resistance can be
found in the genus Solanum. However, recent evidence suggests that the genus

Lycopersicon is much closer related to S. tuberosum than several other Solanum
species, and that Lycopersicon should be dropped as a separate genus (Spooner
et al., 1993). In this light, P. infestans may be regarded as a specialized
pathogen, and non host resistance might be available within the genus Solanum.
Microscopical observations by Hori (1935) on plant species from a wide
variety of plant families have demonstrated that P. infestans is able to penetrate
the leaf tissues of almost any kind of species. Still, the vast majority of species,
including all nonSolanaceous species, are no known hosts of the pathogen. P.

infestans appears able to penetrate the cuticular and cell wall material of many
plant species, but able to establish a food relationship only on those belonging
to the Solanaceae. Either the fungus lacks essential tools to make use of most
plant species' food supplies, or it lacks essential defences against protective
actions taken by the infected tissues. In both cases, the number of genes
involved and their pleiotropic effects on other traits determine whether or not
they can be transferred to crop plants. An essentially different composition of
host tissue is probably more complex genetically and hence more difficult to
transfer than a defense mechanism.
One of the defense actions against P. infestans we have observed, is the
formation of callose, which occurred not only in S. tuberosum and S. nigrum but
also in Brassica campestris. The callose formation itself may be a specific defence
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reaction, but may also be effective in a nonhost because the growth of the
fungus is restricted by other defences, that are less easily visualized. In bean
(Phaseolus vulgaris), the nonhost resistance of which against the bean rust
(Uromyces vignae, syn. U. appendiculatus) was characterized by depositions of
callose, silica and phenols in the host cell wall, inhibition of callose synthesis did
not influence the formation of haustoria, while silica and phenols depositions
were unaffected (Perumalla & Heath, 1989).
In other pathosystems, both the hypersensitive response, often accompanied
by cell wall lignification, and the prevention of haustorium formation appear to
be common mechanisms of nonhost resistance. Most of these studies were
done with rust fungi; examples are the bean rust and its nonhost Phaseolus

vulgaris (Heath & Stumpf, 1986), the gladiolus rust (Uromyces transversalis) and
its nonhost maize (Ferreira & Rijkenberg, 1991), Puccinia rusts of cereals (a.o.
Lennox & Rijkenberg, 1989 and Niks & Dekens, 1991), the white pine blister rust
(Cronartium ribicola) on several nonhost species (Patton & Spear, 1989) and the
plantain powdery mildew (Erisyphe cichoracearum) and its nonhost cowpea
(Meyer & Heath, 1988). To my knowledge, no such studies have been made with

Phytophthora species.
Solanum nigrum appears to merit the designation of a nonhost, as
susceptible genotypes of this species have not unequivocally been observed as
yet. Phytophthora infestans appeared to be unable to establish a food
relationship with this species, as no haustoria were observed (Chapter 6).
However, the presence of haustoria in resistant genotypes of known host
species, which would distinctly separate the resistance of S. nigrum from that of
the host species, is not yet well documented.
Goodwin & Fry (in press) have made interspecific crosses between P.

infestans and another Mexican Phytophthora species which is in the same
taxonomic group as P. infestans, P. mirabilis, a pathogen of Mirabilis jalapa.
Phytophthora mirabilis cannot infect potato or tomato, while P. infestans is
unable to infect M. jalapa. The vast majority of hybrids were unable to infect
either potato or M. jalapa, while the few hybrids with pathogenicity towards
potato were probably due to meiotic nondisjunction. The response of potato to
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the nonpathogenic hybrids ranged from nothing, like the P. mirabilis parent, to
necrotic flecking similar to a hypersensitive response. Thus, both non host
resistance of S. nigrum to P. infestans and nonpathogenicity of P. mirabilis to
potato appear to be inherited as a dominant character in interspecific crosses
with susceptible or pathogenic species respectively, and in both cases the non
host reaction may be expressed as a hypersensitive response. The mechanism
behind these reactions may be recognition of the nonpathogen by the nonhost,
leading to a hypersensitive response. The interspecific Phytophthora hybrids,
unlike the S. nigrum x potato hybrids, proved fertile, and may be used for
studies of the genetics of pathogenicity. Interestingly, one of the hybrids, derived
from a P. infestans parent with virulences for R2 and R3, was also able to infect
potato genotypes carrying R2 or R3. This suggests, if avirulence is a dominant
character which has not yet been proven, that avirulence in P. infestans towards
R genes of S. demissum originated after the separation of the two Phytophthora
species, and that the avirulence genes are no conserved genes in these

Phytophthora species.
Of the other Solanum species discussed in this thesis only one, S.
circaeifolium ssp. quimense, seems to be a non host of P. infestans, as no
suceptible genotypes were found. However, other accessions of this species are
known to be susceptible (Hoekstra & Seidewitz, 1987), and therefore the
resistance of this species described in chapter 2 should be termed host
resistance.

Components of resistance
Components of resistance represent the different stages and events in the
life cycle of a pathogen with which the host can interfere (Van Oijen, 1992). In
his review, Van Oijen (1991) showed that in late blight epidemiology, infection
efficiency (IE), lesion growth rate (LGR), latent period (LP), infectious period (IP)
and sporulation capacity (SC) are generally regarded as relevant. In modelling
studies of the disease, IE and LGR were found to have the greatest impact on
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epidemic development (Van Oijen, 1992). Consequently, a positive selection for
low IE and LGR seems to be advisable when breeding for partial resistance to
late blight. We have found a wide genetic variation for IE, LGR and SC in the
South American wild Solanum species described in this thesis (Chapter 4). Highly
reduced IE and LGR appear to be available in this material. At the same time, the
high SC found in S. microdontum indicates that selection for low SC may
contribute to resistance. In S. tuberosum a low SC appeared associated with a
low IE and a low LGR and hence negative selection for SC may not be necessary
here, although more genotypes should be examined to confirm the association.
The difference in this respect between these Solanum species may be
explained by different mechanisms underlying IE, LGR and SC, or by a specific
genetic system resulting in high SC in S. microdontum, which is not present in S.

tuberosum. An optimal food relationship may be essential for sporulation, as the
process of spore formation is no investment in feeding structures but is lost to
the fungal colony altogether and needs to be made up for, if the colony is to
keep up its growth. Therefore, growth of P. infestans in partially resistant S.

microdontum may be affected in a way that does not hamper the formation and
functioning of haustoria, whereas in S. tuberosum disturbance of the food
relationship may affect all components. Quantitative data from microscopic
studies on partially resistant genotypes may explain this apparent difference
between S. tuberosum and S. microdontum.
Information about resistance components in breeding material can be
applied in two ways. Firstly, if components are inherited independently, the
highest resistance will result from crosses where the most important components
are purposely being combined. Secondly, if components can be measured on
relatively small amounts of leaf material compared to the whole plantevaluation
of resistance in field experiments, this could be done in early stages of a
breeding programme, when the number of available plants is still limited.
In most wild species we have studied, IE and LGR appeared positively
correlated. In progenies of S. microdontum the two components appeared
genetically linked: in some resistant genotypes of this species, the optimal
combination appears to have been achieved already (Chapter 4). S. berthaultii is
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a different case, as the resistance seems to depend mainly on reduced IE. This
resistance may be improved by combination with genes reducing LGR, as found
in old S. tuberosum cultivars and in S. microdontum.
The reliability of component analysis when carried out on small amounts of
leaf material, important for application in early stages of breeding, depends on
the physiological state of the plants, and the test conditions. We have had
difficulties in correlating the results of experiments done in different seasons of
the year, or in different environments. It appears essential to control the
experimental conditions by applying standardized methods. These should include
the growth of the plants prior to inoculation, and the condition, mainly the age,
of the seed. For this reason, testing in a fixed period of the year seems the most
appropriate. It is also important to avoid stresses during plant growth, which, in
some of our experiments not discussed here, appeared to sensitize the plants
towards resistance. The winter season is probably most favourable, as heat and
drought stress in the greenhouse are more easily avoided. However, a good
procedure for the storage of the seed tubers, to prevent precocious senescence
of the buds during the seed tuber stage, and thus the plants grown from the
tubers, is essential. Plants should be supplied with sufficient additional
illumination, as we have experienced that resistance is less pronounced in plants
grown under low light intensity. A useful alternative would be to test detached
leaves from fieldgrown plants of the first clonal generation(s), which gave good
results in our experiments.

Inheritance
Resistance to Phytophthora infestans in contemporary S. tuberosum cultivars
may be both monogenic, as is the case with genes for racespecific resistance
from S. demissum, and may also be polygenic, as appears to be the case with
partial resistance in old cultivars (LeonardsSchippers, 1992). Both types of
inheritance are probably present in the wild species described in this thesis.
Strong indications were found that major genes segregate in S. microdontum
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progenies. Second backcross generations need to be studied to find other
possible major genes for which these and the other wild parents may be
homozygous. The major genes from S. microdontum appear to be 'leaky', and in
this respect resemble some of the major genes from S. demissum, with which
they might be homologous, as argued before. The resistance of S. nigrum
appears to be complete and may be dominant, although anything between a
single dominant major gene and a high number of genes with additive effects is
possible. Repeated backcrossing of the nigrum x tuberosumhybrids with
susceptible genotypes may shed more light on the gene actions involved.
The obvious next step is to map the resistance genes in these Solanum
species through RFLP or RAPD linkage analysis, as has been done for major and
minor genes in S. tuberosum genotypes having S. demissum in their ancestry
(LeonardsSchippers, 1992). The relative positions of the genes on the genome
determine whether or not they can be easily combined through genetic
recombination. Closely linked markers to identify genotypes are required for
pyramiding genes conferring high levels of resistance (Burdon, 1993). Our work
has resulted in diploid populations tested and found segregating for resistance,
which could now be used for mapping. Preliminary results of a S. microdontum x

S. tuberosum progeny with tomato genomic and potato cDNA RFLP probes have
shown ample polymorphism between the two species, but also a high proportion
of homozygosity of the polymorphic markers. Therefore, the backcross progenies
are likely to be more informative than the populations derived from the
interspecific crosses.
The genes from different wild species may interact when brought together
in hybrid genotypes. Complementary genes for late blight resistance may also
occur in this material. The susceptible diploid SH 8244111 appears to have
donated a single gene for resistance to its progenies, suggesting that it may
contain such a gene, which is complemented by other genes from the wild
parents (Chapter 3).

Relation with late maturity
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The daylengthsensitivity of the partial resistance of S. microdontum, and the
association between average resistance and tuber set of hybrid populations of S.

berthaultii, S. arnezii x hondelmannii and S. microdontum suggest that the
resistances of these wild species may be associated with late maturity in the
same way as is the case with resistance of S. tuberosum, although this is at
present only speculation, as the association in S. tuberosum is not yet
understood. Highlevel resistances do not seem to suffer from this. If these latter
resistances appear to be durable, introducing them into early maturing cultivars
would avoid the problem. If, however, partial resistance is the only durable form,
an unfavourable association with lateness would restrict its use. Breeders have
attempted to combine the S. tuberosum resistance with earliness for more than
60 years, without success, although some midearly cultivars like the cv.
Bevelander have moderate levels of resistance. Research has failed to reveal the
principles underlying this association, perhaps because insufficient effort was
dedicated to the problem. One of the tasks that should yet be accomplished is a
genetic study of a possible linkage between resistance and maturity genes,
preferably at the diploid level and if possible supported by RFLP analysis. The
hypothesis of a pleiotropic effect of maturity genes on the expression of
resistance may be tested by manipulating the maturity type of a potato genotype
by heterologous grafting, which was shown to influence sourcesink relationships
in potato (Tai et al., 1988), or by changing environmental conditions.
Alternatively, breeders might attempt to exploit minor gene resistance of S.

demissum, which appears not to be strongly associated with late maturity
(Toxopeus, 1964), according to the breeding schemes proposed by Toxopeus
(1964) or Turkensteen (1993).

Conclusion
In this thesis, a number of Solanum species was described that have
promising resistance to P. infestans. Not only wild species, but also S. tuberosum
itself appeared to have useful resistance. In fact, this resistance is the only one of
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which we can be reasonably sure that it is durable. The adverse effect of
senescence on the expression of partial resistance of S. tuberosum and S.

microdontum has been noted and needs to be explained, in order to estimate
the chance that this resistance can be used in earlymaturing cultivars.
In many aspects, the resistances described in this thesis resemble the non
durable resistance based on R genes of S. demissum. A hypersensitive reaction is
often observed, and major genes were shown to operate in some species.
Therefore, the question should be raised whether the resistances of South
American, Indian and Mexican Solanum species may originate from a common
ancestor, possibly evolved together with P. infestans.
The best advice for breeders that emerges from this study is to try and
combine partial resistance both from S. tuberosum and from wild species, and to
combine this with resistance from S. berthaultii, which is probably trichome
mediated. In a separate programme, advanced material may be developed with
major genes from wild species, while these resistances are being tested for
durability. This may be done by exposing them to a wide variety of P. infestans
genotypes in the International Late Blight Field Trial of the PICTIPAPA programme
(Niederhauser, 1993).
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Summary

Phytophthora infestans (Mont.) de Bary is the causal agent of late blight, the
world's most devastating disease of potato. Extensive chemical protection of the crop
is required to keep the disease under control, which is environmentally undesirable,
expensive and often unavailable in third world countries. Breeding for resistance to
this pathogen has a long history. Still, this has not yet resulted in cultivars with
adequate resistance, since breeders did not know which sources would supply the
best resistance. The Mexican wild species Solanum demissum has been used
extensively as a donor of major genes for late blight resistance (R genes). However,
these resistances were rapidly overcome by virulent races of the pathogen. It is not
known which other sources may supply more durable resistance. In this thesis, a wide
range of potential sources of resistance to P. infestans is explored. Not only wild
tuberbearing species from the series tuberosa, closely related to the potato, were
investigated, but also the cultivated potato (S. tuberosum) itself, and the nonhost
common weed black nightshade (S. nigrum).
Twentytwo R genefree cultivars, introduced between 1900 and 1954, were
fieldtested for their level of partial resistance to a complex race of Phytophthora

infestans (Chapter 1). Disease assessments, expressed as areas under the disease
progress curve (ADPC), appeared closely correlated to resistance ratings given
between 1929 and 1954. This, and the stability over time since 1929 of the ratings in
the Dutch Descriptive List of Varieties of Field Crops, suggest that the resistance is
durable. The resistance component lesion growth rate (LGR) was found to be a very
important component of this resistance in these and also in more recently introduced
cultivars, whereas latent period (LP) varied little between the cultivars. The most
resistant cultivars were Robijn, Populair, Pimpernel, Libertas and Surprise, which were
also among the latest in the material. These five cultivars are closely related and may
have the same resistance genes.
Nineteen accessions of tuberbearing, mainly South American Solanum species
were fieldevaluated for two years, using another complex race of the pathogen
(Chapter 2). High levels of resistance were detected in gene bank accessions of S.
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berthaultii, S. microdontum, S. venturii and S. vernei, while accessions of S. sucrense
and S. verrucosum were virtually unaffected. Only moderate resistance was found in
S. arnezii x hondelmannii, S. sparsipilum and S. leptophyes, while S. sparsipilum x
leptophyes was highly susceptible. All these species are sensitive to daylength and
require a short photoperiod to tuberize. In all accessions except two, a wide,
continuous range of resistance levels was found. The two accessions were of S.

venturii and S. sucrense, in which two distinct susceptibility groups could be
distinguished. Although the gene bank populations have been derived from free
intercrossing among a number of parental genotypes, this clear distinction of groups
suggests the presence of major resistance genes in these two species.
To study the inheritance of resistance, resistant genotypes of S. arnezii x

hondelmannii, S. berthaultii, S. leptophyes and S. microdontum were crossed with
three susceptible diploid genotypes of S. tuberosum which varied in susceptibility and
maturity type (Chapter 3). The progenies were field tested for two years for resistance
to a complex race of P. infestans. At least two susceptibility groups could definitely be
distinguished in some progenies of S. microdontum, and could be explained by the
presence of one resistance gene in the wild parent and, unexpectedly, one major
gene in the early, susceptible parent SH 8244111. The wide variation within
susceptibility groups and within progenies composed of only one susceptibility group,
indicates that these species also carry minor resistance genes. General combining
ability effects were predominant; small, but significant specific combining ability
effects were detected in some crosses of S. microdontum. Though all progenies were
extremely late maturing, S. berthaultii, S. leptophyes and S. microdontum as parents
gave better tuberizing progenies than the other species.
Infection efficiency (IE), LP, LGR and sporulation capacity (SC) were measured in
the greenhouse and in the field in Solanum arnezii x hondelmannii, S. berthaultii, S.

circaeifolium, S. leptophyes, S. microdontum, S. sparsipilum, S. sucrense and S. vernei
(Chapter 4). These species were compared with the potato cultivars Bintje, Bildtstar,
Libertas and Pimpernel. Genetic variation for all components was found in most of
these species, and the relative importance of the components appeared to vary
between the species. In S. microdontum, LP, IE and LGR and in S. tuberosum IE, LGR
and SC were positively correlated, but in the other wild species no such correlation
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was found. A strong hypersensitive reaction, the expression of which appeared to
depend on environmental conditions, was found in S. microdontum. For S. berthaultii,
IE appeared to be the main resistance component, supporting the suggested role of
type B trichomes in its resistance to P. infestans. Of four progenies of S.

microdontum, IE and LGR were assessed in the greenhouse. These resistance
components varied widely, were highly intercorrelated, and were also significantly
correlated with field resistance.
To study the effect of photoperiod on resistance, the cultivars Alpha, Bildtstar,
Pimpernel and Libertas, and seven genotypes of S. microdontum were grown at 12 h
or 16 h daylength in the greenhouse, and inoculated with P. infestans (Chapter 5).
Infection efficiency and LGR were significantly higher at 12 h than at 16 h on the
partially resistant cv. Alpha, whereas no significant effects were found on these
components of resistance for the susceptible cv. Bildtstar, or the partially resistant
cvs.
Pimpernel and Libertas. Sporulation capacity was higher at 12h than at 16h on the cv.
Pimpernel, but not on the other cultivars. The cv. Pimpernel was more susceptible in
all treatments than expected from its field performance, probably because of the
advanced physiological age of the seed tubers used. In a second set of experiments,
weekly removals of new tubers from the onset of tuberization did not restore
resistance to the cv. Pimpernel grown at short daylength. Therefore, the sink effect of
growing tubers appears not to be the relevant factor in the loss of resistance of these
cultivars at short daylength. Genotypes of S. microdontum which were fully or highly
resistant at 16 h remained as such at 12 h, but some of the genotypes with
intermediate resistance had significantly higher IE and LGR at reduced daylength. In
spite of this, they were still more resistant than the partially resistant cv. Libertas.
Two species of nightshade, S. nigrum and S. villosum, and their sexual hybrids
with S. tuberosum and S. demissum respectively, were also tested for resistance to a
complex race (Chapter 6). No visible reaction was seen on S. villosum and one
genotype of S. nigrum. Another genotype of S. nigrum and the hybrids showed a
hypersensitive response on most inoculated leaves. In one experiment, some
sporulation was observed on detached leaves of a hybrid derived from S. nigrum.
Microscopical examination of infections in S. nigrum and in a hybrid derived from S.

nigrum, showed that penetration of epidermal cells and subsequent intercellular
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growth of the pathogen into the spongy mesophyll occurred, but without the
formation of haustoria, and that invaded and neighbouring cells became necrotic.
Callose appositions were found in epidermis and mesophyll cells of all inoculated
genotypes, and also in epidermal cells of the unrelated nonhost species Brassica

campestris.
In conclusion, it appears there is a wide range of potential sources of partial
resistance to P. infestans for the resistance breeder to choose from, and that most of
these resistances can be transferred to the cultivated potato by (interspecific) crosses.
However, some problems, of which the durability and the expression of the resistance
in early maturing cultivars are the most important, have not yet been solved.
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Samenvatting

De schimmel Phytophthora infestans (Mont.) de Bary is de veroorzaker van de meest
destructieve ziekte van de aardappel, de aardappelziekte. De ziekte wordt intensief
met fungiciden bestreden, hetgeen slecht is voor het milieu, kostbaar en in veel
derdewereldlanden niet haalbaar. De resistentieveredeling tegen het pathogeen kent
reeds een lange geschiedenis. Toch zijn er nog steeds geen goede resistente rassen,
omdat niet bekend is welke resistentiebronnen moeten worden gebruikt om de beste
resistentie te verkrijgen. De Mexicaanse wilde soort Solanum demissum is veel
gebruikt als donor van hoofdgenen voor resistentie tegen P. infestans (Rgenen). Deze
resistenties werden echter snel doorbroken door virulente fysio's van het pathogeen.
Het is niet bekend welke andere bronnen wel duurzame resistentie kunnen leveren. In
dit proefschrift komen diverse wilde aardappelsoorten, die mogelijk bruikbare
resistenties kunnen leveren, aan de orde. Niet alleen nauw met de aardappel
verwante knoldragende soorten uit de serie tuberosa, maar ook de cultuuraardappel
zelf, en het algemene akkeronkruid zwarte nachtschade, beschouwd als niet
waardplant, worden besproken.
Tweeëntwintig Rgenvrije rassen, die tussen 1900 en 1954 werden
geïntroduceerd, werden in het veld getoetst op partiële resistentie tegen een complex
fysio van P. infestans (Hoofdstuk 1). Aantastingscijfers, omgerekend in ADPCwaarden
(oppervlak onder de ziektecurve), bleken nauw gecorreleerd te zijn met de vroegste
resistentiecijfers die van deze rassen bekend zijn. Samen met de stabiliteit van de
rassenlijstcijfers door de jaren heen wijst dit erop, dat deze resistentie duurzaam is. De
lesiegroeisnelheid (LGR) bleek een belangrijke resistentiecomponent in deze, en ook in
een aantal andere, recenter geïntroduceerde rassen, terwijl de latentieperiode (LP)
nauwelijks leek te verschillen. De rassen Robijn, Populair, Pimpernel, Libertas en
Surprise waren het meest resistent, en deze rassen waren ook de meest laatrijpende;
ze zijn nauw aan elkaar verwant en het is niet uitgesloten dat zij dezelfde
resistentiegenen bezitten.
Negentien genenbankherkomsten van voornamelijk Zuidamerikaanse
knoldragende Solanumsoorten werden eveneens getoetst op resistentie tegen een
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ander complex fysio, gedurende twee jaar in het veld (Hoofdstuk 2). Hoge
resistentieniveaus werden gevonden in sommige genotypen van S. berthaultii, S.

microdontum, S. venturii en S. vernei, terwijl S. sucrense en S. verrucosum in hun
geheel nauwelijks werden aangetast. S. arnezii x hondelmannii, S. leptophyes en S.
sparsipilum waren slechts matig resistent, terwijl S. sparsipilum x leptophyes zeer
vatbaar bleek. Al deze soorten zijn daglengtegevoelig en gaan alleen onder korte dag
over tot knolzetting. De herkomsten vertoonden een brede, continue genetische
variatie voor resistentie, met uitzondering van S. venturii en S. sucrense, die uit leken
te splitsen in twee aparte vatbaarheidsklassen. Hoewel de splitsingsverhoudingen geen
uitsluitsel kunnen geven, omdat de zaadmonsters afkomstig waren uit open
onderlinge bestuivingen tussen meerdere ouderplanten, duidt de aanwezigheid van
aparte vatbaarheidsgroepen er toch op dat er in deze twee soorten waarschijnlijk
hoofdgenen voor resistentie voorkomen.
De overerving van de resistenties werd bestudeerd aan de hand van kruisingen
van S. arnezii x hondelmannii, S. berthaultii, S. leptophyes en S. microdontum met
drie vatbare diploide S. tuberosumgenotypen, die verschilden in vroegheid en in
vatbaarheid (Hoofdstuk 3). De kruisingspopulaties werden gedurende twee jaar in het
veld getoetst op resistentie tegen een complex fysio van P. infestans. Binnen enkele
nakomelingschappen van S. microdontum konden tenminste twee
vatbaarheidsgroepen worden onderscheiden, hetgeen verklaard kan worden uit de
aanwezigheid van één hoofdgen in de wilde ouder en, tegen de verwachting in, ook
een hoofdgen in de S. tuberosumouder SH 8244111. De brede variatie binnen de
te onderscheiden groepen, ook in populaties die niet in groepen uiteen vielen, wees
daarnaast op het bestaan van genen met kleinere effecten. Algemene
combinatiegeschiktheid overheerste, hoewel een kleine, maar significante specifieke
combinatiegeschiktheid werd gevonden in sommige nakomelingschappen van S.

microdontum. Alle kruisingspopulaties waren zeer laatrijpend, maar S. berthaultii, S.
leptophyes en S. microdontum gaven nakomelingen met betere knolzetting dan de
andere soorten.
In kas en veldproeven werden de resistentiecomponenten infectieefficiëntie
(IE), LGR, LP en sporulatiecapaciteit (SC) gemeten op S. arnezii x hondelmannii, S.

berthaultii, S. circaeifolium, S. leptophyes, S. microdontum, S, sparsipilum, S. sucrense
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en S. vernei (Hoofdstuk 4). De wilde soorten werden vergeleken met de rassen Bintje,
Bildtstar, Libertas en Pimpernel. Voor elk van de vier componenten werd in de meeste
wilde soorten genetische variatie gevonden, en het relatieve belang van de
componenten leek met de soort te variëren. In S. microdontum, maar niet in de
andere wilde soorten, werd een correlatie gevonden tussen LP, IE en LGR. In S.

tuberosum waren IE, LGR en SC onderling gecorreleerd. Solanum microdontum
vertoonde soms een sterke overgevoeligheidsreactie, waarvan de expressie leek af te
hangen van de milieuomstandigheden. In S. berthaultii leek IE de belangrijkste
resistentiecomponent, hetgeen de hypothese ondersteunt dat de Bklierharen van
deze soort een rol spelen in de resistentie tegen P. infestans. Aan vier
nakomelingschappen van S. microdontum werden in de kas IE en LGR bepaald. Deze
resistentiecomponenten vertoonden een brede genetische variatie en sterke correlatie
met elkaar, en met de aantasting in het veld.
Het effect van daglengte op de aantasting van het vatbare ras Bildtstar en de
partieel resistente rassen Alpha, Pimpernel en Libertas, en van zeven resistente
genotypen van S. microdontum werd bestudeerd in kasproeven, waarbij het effect
van 12 uur daglengte op IE en LGR werd vergeleken met dat van 16 uur daglengte
(Hoofdstuk 5). Bij het ras Alpha, maar niet bij de andere rassen, waren zowel IE als
LGR significant hoger bij een daglengte van 12 uur dan van 16 uur. De SC was alleen
bij het ras Pimpernel onder korte dag significant hoger dan onder lange dag. Het ras
Pimpernel was in beide behandelingen vatbaarder dan werd verwacht, vermoedelijk
doordat pootgoed van een relatief hoge fysiologische ouderdom werd gebruikt. In
een tweede serie experimenten, onder korte dag, werden alle nieuw gevormde
knollen steeds binnen een week van de plant verwijderd. Deze behandeling leidde er
niet toe dat het ras Pimpernel onder korte dag minder vatbaar werd. Mogelijk
veroorzaakt dus niet zozeer de assimilatenaanzuigende werking van groeiende
knollen, maar veeleer de veranderende fysiologie in de bovengrondse delen het
resistentieverlies dat ontstaat onder korte dag. De daglengte had geen effect op de
volledige, maar wel op de partiële resistentie van de S. microdontumgenotypen; ook
hier gaf de korte dag hogere IE en LGR dan de lange dag. Desondanks waren de
wilde genotypen bij korte dag resistenter dan het ras Libertas.
Twee zwartenachtschadesoorten, S. nigrum en S. villosum, alsmede vier
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geslachtelijke hybriden van deze soorten met S. tuberosum en S. demissum, werden
getoetst op resistentie tegen een complex fysio van P. infestans (Hoofdstuk 6).

Solanum villosum en één genotype van S. nigrum vertoonden geen reactie na
inoculatie, terwijl een ander genotype van S. nigrum en de hybriden een
overgevoeligheidsreactie te zien gaven. In één geval werd sporulatie waargenomen,
op afgesneden blad van één van de S. nigrumhybriden. De schimmel bleek in staat
op de nachtschadesoorten en hun hybriden epidermiscellen te penetreren en door te
groeien tot in het onderliggende mesofyl, maar was niet in staat om haustoriën te
vormen. Geïnfecteerde en omringende cellen werden snel necrotisch, en er werden
calloseafzettingen gevonden in epidermis en mesofylcellen van alle geïnoculeerde
genotypen, en in epidermiscellen van de geïnoculeerde nietwaard Brassica campestris.
Concluderend kan worden gezegd dat de verdelaars kunnen kiezen uit een
ruim aanbod is van potentiële bronnen van resistentie tegen P. infestans, en dat
vrijwel al deze resistenties door kruisen op de cultuuraardappel kunnen worden
overgedragen. Er zijn echter nog wel een paar onopgeloste problemen, waarvan de
duurzaamheid en de expressie van de resistenties in vroegrijpende aardappelrassen,
beide nog onbekend, de belangrijkste zijn.
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