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Preface

Tomato cultivation in Indonesia

Tomato Solanum lycopersicum L. [syn. Lycopersicon esculentum Mill.]) was taken to
South-East Asia in the T'7century from Europe (Gma and van der Vossen 1993). In
Indonesia it is the fourth most important vegetadiier hot pepper, onions and potato
(Asandhi and Sastrosiswojo 1988). Tomato is madgistined for the local market, used
fresh as salad or processed in the ketchup indu&tminor proportion is exported to
regional countries.

Tomato is cultivated in the open field in both lawtl (<400 m altitude) and
highland areas. The main production area is inlargls where optimum temperatures for
growth and development (21-2) can be achieved (@pa and van der Vossen 1993).
The average productivity is only 12.7 t/ha, whisHass than half the world average (27.2
t/ha, http://faostat.fao.org). The potential of yiog tomatoes in Indonesia is great
because it is labor intensive and thus generated amployment; further it expands
exports, improves nutrition of the people, and éases the income of growers (Villareal
1980). However, research aimed at the increasin@to production, including research
on resistance, is locally given low priority com@aito rice.

In West Java many farmers use local cultivars (laces) which are probably
derived from an ancient imported variety “San MaZa This variety is known for its
good taste and tolerance to late blight and otlegades (Ogma and van der Vossen
1993). The recently introduced Taiwanese hybridsab® popular because of their high
yield capacity. The currently most popular Indomascultivars ‘Ratna’, ‘Intan’ and
‘Berlian’, which are based on Asian Vegetable Redeaand Development Center
(AVRDC) lines, are adapted to growth at lower etewres and have bacterial wilt
resistance (CGma and van der Vossen 1993). In the past few yaarsnercial breeding
of hybrid varieties has been initiated in Indonetsalf.

Early blight in Indonesia

It is not known with certainty wheRAlternaria solani (Ellis and Martin) Sorauer, the
fungus causing early blight disease, was introduoethdonesia. Already in the early
1900s it was reported to seriously damage potatotalions in the highlands of Western
Java (Rant 1915). Later it spread to the highlamidblorth Sumatra (van Hall 1925).
Potato plantations using healthy seeds showed narean leaves at the early stage but
prior to blooming brown, dry spots with distinctnm@ntric circles appeared on the bottom
leaves and later extend over the surface of theete@Rant 1915). The upper and lower
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leaf sides of the lesions looked dark velvety amdeaclearly distinguished from those of
late blight. Warm and rainy weather promoted theesty of the disease. In damp
weather entire leaves were dying off and in onlp tmeeks after the lower leaves were
infected the plants usually died (Van Hall 1925heTDutch name for early blight (EB)
was “drogevilekken ziekte” (Rant 1915). The disessan spread to potato fields at lower
elevations causing considerable yield losses (van Goot 1924). Other solanaceous
species including tomat®atura spp. (Jimson weedgolanum wendlandii (giant potato
creeper) S melongena (eggplant), andCyphomandra betacea (tree tomato) served as
alternative hosts for the fungus (Rant 1915; Panavi923).

At present EB is one of the major diseases of potato and tomato in Indonesia
(Semangun 1989). The expansion of tomato growiegsato lower altitudes, where late
blight is less thriving, has increased the incigent EB in recent years (Asandhi and
Sastrosiswojo 1988; Semangun 1989; R. Rodenbumg, pemm.). Control measures
including rotation with non-host crops and sanatare not entirely satisfactory since the
fungus is primarily air-borne, has long survivalliép in plant debris, and has a wide
solanaceous host range (Semangun 1989). Fungdigdenents are the most effective
way to control EB to a non-damaging level (Manohd®&d7; Apandi 1979). Typically,
fungicides are applied starting from two weeksrattensplanting until two weeks before
harvest at two- to three- week intervals, but i@ Wet season a fungicide treatment once
or twice per week is necessary (Manohara 1977)h $isavy use of chemicals is not
economically feasible for the generally resourcedtéd Indonesian growers. It also
imposes health concerns for growers and consursenshk as environmental hazards. In
the long run the intensive use of fungicides caatichulate the emergence of resistant
variants of the fungus in Indonesia, in a similaywas has been reported recently in the
U.S. (Pasche et al. 2004).

Early blight resistance breeding in Indonesia
Genetic resistance offers an attractive alternativehemical control because it reduces
both production costs and the negative impact ofittides. Even partial resistance could
be useful to reduce the frequency of fungicide iappbns. Unfortunately, the public
tomato breeding program has very limited resousses is mainly devoted to selection
and adaptation of introduced lines for high yiedgbacity. Breeding and research aimed at
disease resistance have so far received littlestipp

The work reported in this thesis aims to stimulédenato breeding for EB
resistance in Indonesia. At the start of the redealescribed here 40 isolates were
collected in major tomato cultivation areas in Wast East Java, from potato and hot
pepper as well as from tomato (Suhardi, Kardin &uharto, unpubl. results). An
improved resistance test method was applied taifgesources of EB resistance effective
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towards Indonesiai\. solani isolates (Chapter 2). Some materials describedthegr
authors as resistant fa solani was susceptible to an Indonesian isolate, whighliegs
that working with local isolates is important whbreeding for resistance effective in
Indonesia.

The literature review in Chapter 1 of this thesimwed that EB resistance is
expressed quantitatively, is influenced by envirental factors, and is controlled by
several genes each with a limited effect. Therefdigssical breeding has so far achieved
only limited success, and is also unlikely to reguthe development of resistant varieties
for the Indonesian market. For that reason, thisysivas aimed at the identification of
genes effective in Indonesia, and to develop markarthese genes that can be used for
marker-aided selection. The progress achievedsmdirection is reported in Chapter 3.

Scope of thisthesis

The research described in this thesis is one optbgects carried out under the auspices
of the Biotechnology Research Indonesia—NetherldBd®RIN) cooperative program.
The project was aimed at supporting and improvirdphesian tomato breeding programs
with respect to resistance Aosolani, the causal agent of EB.

Chapter 1 is a review of the extensive literatureE® andA. solani accumulated
over the past 60 years. It was deemed useful tewethe present knowledge abdht
solani—tomato interaction to gain insight into the prab¢eof breeding for EB resistance.
The review covers all aspects pertaining toAheolani biology, the resistance screening
efforts, the characterization of resistance, arel dgbnetic studies of resistance, either
using the classical or QTL approaches.

Chapter 2 reports the work on an improved glasshdest method and its use in
identifying sources of EB resistance. Several Efistance screening methods have been
used in the past. For an objective assessment aculation technique originally
developed in late 1940s was evaluated, improvedusied to screen tomato material in
glasshouse tests. From these glasshouse screemihgd) were carried out with an
IndonesianA. solani isolate, several strong source of EB resistancee videntified,
including one inS arcanum (syn.L. peruvianum) accession LA2157.

Chapter 3 describes the results of a genetic sbfidlye resistance present in this
accession LA2157. A QTL mapping approach was usedni F2 population and the
population of derived F3 lines. The results wermpared with previous classical genetic
and QTL analyses of different resistance sources.

The thesis concludes with a general discussiomg@h 4). Here the results from
the previous chapters are reviewed, and their capbns for EB research and practical
breeding for resistance £ solani are discussed.
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Chapter 1

Tomato early blightAlternaria solani): the
pathogen, genetics and breeding for resistance

R. Chaerani and R.E. Voorrips

Abstract

Alternaria solani causes symptoms on foliage (early blight), basainsof seedlings
(collar rot) and stem of adult plants (stem lesjpasd on fruits (fruit rot) of tomato.
Early blight is the most destructive of these syonm and hence receives considerable
attention in breeding. For over 60 years earlyHiligsistance breeding has been practiced
but the development of cultivars with high levels@sistance has been hampered by the
lack of sources of strong resistance in the cukidaomato, the quantitative expression
and polygenic inheritance of the resistance. Tiesature review presents the current
knowledge of theA. solani-tomato complex with respect to its biology, gersetand
breeding.

Isolates of A. solani differ markedly with respect to morphological and
physiological characteristics. However no conclasevidence for physiological host
specialization has been presented.

Several test methods have been used to assestmesi toA. solani, including
tests of field of glasshouhouse-grown plants, tests detached leaves or leaflets, and
tests using toxins produced By solani rather than the fungus itself. Only tests using
intact plants inoculated with fungal mycelium omaba were shown to correlate well
with resistance under normal growth conditions.

In some accessions of wild species high levels esistance to one or more
symptoms ofA. solani have been found but breeding lines still show vmifable
horticultural traits from the donor parent. Recgnthe first linkage maps with loci
controlling early blight resistance have been dgwedl based on interspecific crosses.
These maps may facilitate marker-assisted selection

(Submitted)
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I ntroduction

Early blight (EB) is the major disease symptom eauby the fungug\ternaria solani
(Ellis & Martin) Sorauer. This disease, which inveee cases can lead to complete
defoliation, is most damaging on tomafél@num lycopersicum L. [Peralta et al. 2005,
syn. L. esculentum Mill.]) in regions with heavy rainfall, high humig and fairly high
temperatures (24-28). Epidemics can also occur in semiarid climatéene frequent
and prolonged nightly dews occur (Rotem and Retcth®64). Apart from the leaf
symptoms that are known as EB, solani causes other symptoms on tomato which are
less economically important, including collar rbagal stem lesions at the seedling stage),
stem lesions in the adult plant stage and fruitVéalker 1952). Yield losses up to 79%
due to EB damage were reported from Canada, I, and Nigeria (Basu 1974b;
Datar and Mayee 1981; Sherf and MacNab 1986; GamadyNahunnaro 1998). Collar rot
can cause seedling losses in the field of 20 to ¢®&8erf and MacNab 1986).

The control measures include a 3- to 5-year crégtion, routine applications of
fungicides, and the use of disease-free transp{dddden et al. 1978; Sherf and MacNab
1986). Fungicide treatments are generally the mfbsttive control measures, but are not
economically feasible in all areas of the world andy not be effective under weather
conditions favorable for epidemics (Herriot etZ86). Resistant cultivars are potentially
the most economical control measure as they casnéxthe fungicide spray intervals
while maintaining control of the disease (Madderakt1978; Shtienberg et al. 1995;
Keinath et al. 1996).

The progress in EB resistance breeding has beetedirby the lack of effective
resistance genes in cultivated tomato (Vakalouna®&3; Poysa and Tu 1996; Banerjee
et al. 1998; Vloutoglou 1999), quantitative expr@ssand polygenic inheritance of the
resistance (Barksdale and Stoner 1977; Maiero.e1389; Nash and Gardner 1988a;
Maiero et al. 1990a; Thirthamalappa and Lohitha®80). Sources for EB resistance
have been identified in wild relatives of tomaton& of these have been utilized through
traditional breeding approaches but an increaseel lef resistance is negatively
correlated to earliness (Nash and Gardner 1988aerMd 989; Foolad and Lin 2001;
Foolad et al. 2002a) and yield (Barrat and Richdréi44). The most resistant breeding
lines and hybrid cultivars with acceptable hortiotdl characteristics that are currently
available have moderate resistance to EB and igiglgllater in maturity (Gardner 1988;
Gardner and Shoemaker 1999; Gardner 2000). Therefesistant cultivars with better
horticultural traits are still needed.

Classical quantitative genetic analyses have peavielstimates of the number of
guantitative trait loci (QTLs) for EB resistancejesage gene action and heritabilities
which provided the prospects for progress in bregdgrograms based on phenotypic
selection (Nash and Gardner 1988a; Maiero et &l0d9Maiero et al. 1990b). However,
such studies are unable to determine the effeatsdofidual genes and their locations on
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the tomato genome. More recent genetic studiesBmeBistance have been directed to
the mapping and characterization of QTLs deterngirtime resistance with the aid of
molecular marker maps (Foolad et al. 2002b; Zhangl.e2003; Chapter 3). Markers
closely linked to QTLs can be used to select i@l plants with the most desirable
QTLs. By fine mapping it is also possible to resolwhether the unfavorable traits
associated with EB resistance are due to pleiatreffiects of resistance genes or to
closely linked genes. If they are linked markerdahselection might facilitate breaking
the linkage.

In this chapter the literature pertaining to asp@étresistance to EB and to a lesser
extent also collar rot and stem lesions, is reviewarst we describe the biology 6f
solani and the symptoms caused by the fungus, followedmigghods for selecting
resistance to EB and collar rot. The next segii@sents the known sources of resistance
followed by classical genetic studies of EB, colar and stem lesion resistance, as well
as their genetic interrelationship. Mapping of semice genes is presented in the
following section. Physiological aspects affectiBB resistance and characterization of
EB resistance are discussed in the next two sectidime paper concludes with
perspectives for EB resistance breeding.

The pathogen

Since the first description by Ellis and Martinli882 (cited in Sherf and MacNab 1986),
A. solani, previously known a#é. porri f. sp solani (Neergaard 1945), has been the object
of intensive studies (Strandberg 1992; Rotem 19%4)solani belongs to the Fungi
Imperfecti (Deuteromycotina) in the class Hyphomgseand order Hyphales (Agrios
2005). An Ascomycete funguBleospora solani, has been claimed by Esquivel (1984) as
the teleomorphic stage @&t solani, but this has not been confirmed by othétssolani
belongs to the large-spored group within the geMtsnaria, which is characterized by
separate conidia borne singly on simple conidiopbdNeergaard 1945). The conidia of
A. solani are muriform and beaked (Neergaard 1945; Ellis @ridon 1975). Like other
members of the genullternaria, A. solani has transverse and longitudinal septate
conidia, multinucleate cells, and dark-coloured lémized) cells (Rotem 1994). Melanin
gives protection against adverse environmental itond including resistance to
antagonistic microbes and their hydrolytic enzyifiéstem 1994).

Disease cycle

Under free moisture or near saturated humidity tmms$ at a wide range of temperature
(8 to 32C), conidia germinate to produce one or more gernes. These subsequently
penetrate the host epidermal cells directly by meah penetrating hyphae or enter
through stomata or wounds by hyphal growth (Shed &acNab 1986; Perez and
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Martinez 1999; Agrios 2005; Figure 1). Penetrattan occur at temperatures between 10
to 25C (Sherf and MacNab 1986). Host colonization islitated by enzymes (cellulases,
pectin methyl galacturonase) that degrade thedwedistvall, and by alternaric acid, a toxin
which kills host cells and enables the pathogeddnve nutrients from the dead cells
(Langsdorf et al. 1991). Lesions become visible tavthree days after infection and spore
production occurs three to five days later (Shad MacNab 1986). This relatively short
disease cycle allows a polycyclic infection (Sharfd MacNab 1986; van der Waals
2001). The fungus survives between crops as myoel@nidia in soil, plant debris and
seed (Sherf and MacNab 1986; Figure 1). Also chtioegores can serve as survival
structures (Basu 1974a; Patterson 1991). Therefoeelife cycle ofA. solani includes
soil-, seed- as well as air-borne stages which nth&epathogen difficult to control by
means of rotation and sanitation.

The main hosts ofA. solani are solanaceous crops including tomato, potato,
eggplant and pepper (Ellis and Gibson 1975; Needgh245).

Early lesions on
leaf, stem and fruit

Germinating
conidium
’ Penetratlon throughlnvasmn of ,
. wound " stem or fruit . New conidia
Conidium N .,.ﬂ

produced on

infected tissues
Conldl

k '._4‘

o })?,‘ { reinfects plants _
Conidia and i | 4
mycelia survive
in infected plant
debris and on
seeds;

chlamydospores
in soily P Fruit rot  Early blight Stem lesionsCollar rot

Figure 1 Infection process, development and symptoms efadiss caused Byternaria solani (adapted from
Agrios 2005)

Toxin production

Eleven toxins have been identified in culture dles ofA. solani  (Montemurro and
Visconti 1992). Among these, alternaric acid, safamone A, B, and C are able to induce
necrotic symptoms similar to EB symptoms (Monterowand Visconti 1992). Alternaric
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acid is one of the major toxins found in the filers (Brian 1952) and is probably the main
toxin for the development of necrotic and chlorasigmptoms (Pound and Stahmann
1951). Alternaric acid is already present in dortrepores and is produced and released
by germinating spores (Langsdorf et al. 1990). rhkeic acid does not cause
phytotoxicity when sprayed alone on tomato leabes,it enhances the infection process
and the development of necrotic symptoms when adoléd solani spore suspensions
(Langsdorf et al. 1990). Another factorAnsolani spores was required for infection. This
substance, referred to as S1, is non-toxic andesent in a water-soluble fraction from
chloroform extracts of spore-germination fluid. JHactor allowed the spores of a non-
pathogenic strain oAlternaria alternata to cause necrotic symptoms on tomato and
potato (Langsdorf et al. 1990).

Variability among isolates

Although A. solani appears to have only a non-sexual life cycle hilgks a relatively
large variation in morphologyn vivo and in vitro, physiology, genetic makeup and
pathogenicity among isolates (Bonde 1929; Wellm2431 Neergaard 1945; Henning and
Alexander 1959; Rotem 1966; Weir et al. 1998; Mwatzi et al. 2004, van der Waals et al.
2004). Bonde (1929) and Neergaard (1945) clagisAiesolani into conidial, mycelial
and intermediate types of isolates. Pathogeniemiffces were found among isolates
originating from different germ tube tips from tb@me conidium (Stall 1958).

A high genetic diversity was detected amongAhsolani isolates originating from
the U.S.A., South Africa, Cuba, Brazil, Turkey, €&e, Canada, China and Russia based
on vegetative compatibility groups (VCG, van der dlgaet al. 2004) and molecular
markers (isozymes, random amplified polymorphic DIN®APDs], random amplified
microsatellites [RAMs] and amplified fragment lengiolymorphism [AFLPs]; Petrunak
and Christ 1992; Weir et al. 1998; Martinez et2§l04; van der Waals et al. 2004). In
studies where isolates from several countries werapared using VCG assays, RAMs
(van der Waals et al. 2004) or RAPD markers (Weale1998) A. solani isolates cluster
according to country, indicating some degree ofegenisolation. In contrast, isolates
from the same country show no distinct separatesetl on geographical origin (Petrunak
and Christ 1992; Weir et al. 1998; Martinez et28l04; van der Waals et al. 2004). This
can be ascribed to short- or medium-distance dspenf the air-borne spores and
transport of plant material within the countriesdiWet al. 1998; van der Waals et al.
2004). In many cases isolates originating from tonsnd potato clustered according to
their hosts based on RAPD (Weir et al. 1998) antiARarkers (Martinez et al. 2004),
suggesting host specializatiorgan specificity was reported to occur among Buém
isolates by Stancheva (1990) but has not beenibdeddny other authors. Associations of
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molecular markers with variability in physiology,onphology, and virulence are not
known.

So far conclusive evidence for the existence ofsmiggical races is lacking.
Physiological races are defined based on diffemehtyst specificity (Mehrotra and Areja
1990; Schlegel 2003). Therefore, Bonde’'s (1929)prepf the presence oA. solani
physiological races is not correct according to ¢herent definition since he described
those races in terms of variability in physiolodgicanorphological, and ecological
characters inn vitro culture. Henning and Alexander (1959) characterisetates on
tomato and related species with quantitative vianah resistance. Some of these isolates,
which showed cultural differences, appeared to bst-bBpecific but the pattern of
infection was not consistent between experimerg Was attributed to heterogeneity of
the host lines and the unstable nature of the tesataltures (Henning and Alexander
1959). Similarly Castro et al. (2000) could not desirate consistent host-specific
reactions of isolates.

Heterokaryosis could be the driving force for gggmvariation inA. solani (Stall
1958). Heterokaryosis is the occurrence of genlgticiferent nuclei in the same cells.
This can be the result of hyphal anastomosis, aggobserved iA. solani (Stall and
Alexander 1957; Stall 1958). After establishmentheterokaryosis, this state may be
maintained or lost during further cell divisiondsé nuclear migration is possible through
septal pores between cells of conidia, conidiophomgy/celia, and cells connecting these
structures, allowing dissociation of unlike nucllEading to homokaryosis and
conversely, also the re-establishment of heterasasy (Stall 1958). Therefore, even
isolates obtained from single conidia and hyphas tre genetically unstable. In their
studies Stall and Alexander (1957) observed fregquecurrence of anastomoses but
failed to obtain heterokaryosis as indicated byathgence of segregation of cultural types.

The ability of A. solani to maintain a large genetic variability allowstat react
quickly to changing environments. For example,c@ene¢ study demonstrated that isolates
in the mid-western US have become less sensitiee ftangicide resulting in significant
yield losses in glasshouse cultures (Pasche &08K). The high genetic diversity and
high degree of gene flow within countries couldak@own genetic resistance in the host;
this has been advanced as one of the reasonsdaabtfence of potato cultivars with
complete resistance fa solani in South Africa (van der Waals et al. 2004).

Disease symptoms

All above ground parts of plants can be infected\bsolani and various names are given
for the different symptoms, which has often leg@oafusion (Sherf and MacNab 1986). In
this paper we refer to the symptoms on foliageaaly dlight (EB), to symptoms on stems
as collar rot when it affect seedlings and as stesions on adult plant stage, and to
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symptoms on fruits as fruit rot (Walker 1952).

The first symptoms of EB are small, dark, necrtgsions that usually appear on
the older leaves and spread upward as the plaotsrizeolder (Sherf and MacNab 1986).
As lesions enlarge, they commonly show conceningsr giving a target board-like
appearance and are often surrounded by a yellorong. In severe epidemiés solani
can cause premature defoliation, which weakenpldmgs and exposes the fruit to injury
from sunscald (Sherf and MacNab 1986).

Large, dark and sunken lesions may appear on ¢hessdf seedlings at the ground
line, causing partial girdling known as collar (8herf and MacNab 1986). Seedlings are
weakened and can die when the stem is completeljedi by the lesion. On the main
stem and side branches of adult plants, the furguses small, dark, slightly sunken
areas that enlarge to form dark brown elongatedisspehich occasionally show
concentric rings like those on the leaves. Thesdssare scattered along the stem and
branches (Walker 1952). Some authors make no digtmbetween collar rot and stem
lesions (cf. Gardner 1990In older literature collar rot and stem lesion amnetimes
referred to as stem canker (Barksdale and Stonéf)18 term which is currently reserved
for the disease caused Alternaria alternata (Sherf and MacNab 1986).

On green or ripe fruits dark, velvety, sunken spuotsy occur at the stem end.
These spots occasionally develop from mycelial restten from stem lesions, reach a
considerable size and may show distinct concemtrdckings like those on the leaves
(Sherf and MacNab 1986). Semi-ripe fruits are nsusceptible than ripe ones (Mehta et
al. 1975). Heavily infected fruits frequently drdggefore they mature. On susceptible
genotypes the calyx and blossom may also becoraeted (Pandey et al. 2003).

Screening methods

Reliable and repeatable techniques for large-smkening are necessary to identify host
plant resistance. Techniques have been developedEBo and collar rot resistance
screening under field, glasshouse, and laboratonditons. In laboratory, both fungal
inocula (spores and mycelia) and fungal toxins H@aen used in screening for resistance.

I noculum production

A. solani can be artificially grown in various culture medbat it does not readily
sporulaten vitro. Spore production requires special conditions sascmycelial wounding
or transferring pieces of the culture on minimaldmen or filter paper followed by
exposure to UV light, fluorescent light, direct Bght or a combination of fluorescent
light and partial desiccation (Charlton 1953; Luker®60; Barksdale 1969; Douglas and
Pavek 1971; Padhi and Rath 1973; Shanin and Shé&paf). Efficient sporulation can be
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induced by exposing cultures under diurnal lightiipartially opened culture dish, after
removal of aerial mycelia (Barksdale 1969). For mtenance of wild type culture
Barksdale (1969) suggested to mass transfer sectbrculture which show ‘normal
appearing areas’ since variants in culture arenofietained even though the culture is
started from single spores. Whamvitro culture-derived spores are difficult to obtain,
mixed inocula of spores and mycelia obtained fromedd (Thirthamalappa and
Lohithaswa 2000) or freshly (Chapter 3) infectedvis are sometime used in field
experiments.

Field screening

In field tests, large populations can be assessddrunormal growth conditions during the
whole life cycle of the plants. Artificial inoculanh by (repeated) spraying of inoculum
and/or the use of spreader rows is required to reseh@atural infection and to obtain
uniform disease pressure. Prior to inoculatios ibften necessary to prevent or eradicate
foliar diseases by scheduled fungicide sprays (MashGardner 1988a).

EB severity in the field is assessed in terms otga defoliation and the average
fraction of necrotic leaf area on the plant (Hoiséamd Barrat 1945). Symptoms on the
upper leaves can be disregarded because the weareéis on these leaves are less than
2% of the total damage during the growing seas@s\BL974b). Therefore, counting the
number of leaves having 75 to 100% necrotic arebower half of plants (Basu 1974b),
or estimating the percentage of necrotic areahé rhiddle third of the plant canopy
(Christ 1991) are reliable indicators for EB setyeri

EB epidemics initially progress slowly but acceteras plants mature, resulting in
a typical sigmoidal disease progress curve (NashGardner 1988b). Occasionally the
disease curve is bimodal which could be due teethergence of new healthy leaves after
the first cycle of infection (Pandey et al. 200Bherefore a once-only evaluation can
underestimate or overestimate the actual leveésistance of a particular host, and field
assessments must be based on several observatloos are subsequently used to
calculate the AUDPC. With the AUDPC the host, pgtig and environmental effects
occurring during the epidemic are integrated (Pgredal. 2003).

In spite of their advantages, field tests also hidmr problems: they are slow,
labor intensive, highly affected by the presenceotifer pathogens, not suitable for
evaluation of single plants in a large-scale expent, and they are sensitive to
environmental conditions that are difficult to carht
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Glasshouse screening

Glasshouse or controlled-environment chamber aswatys seedlings or small plants
provide uniform, favorable, repeatable environmeowaditions and permit several cycles
of screening per year, thus offering more reliablults. Glasshouse and field test results
correspond well (Banerjee et al. 1998; Foolad et2@D0). Glasshouse or controlled-
environment chamber evaluations of young plantsewmainly used for preliminary
selection of A. solani resistance sources from large collections (BatlksdEd69;
Vakalounakis 1983; Poysa and Tu 1996; Vloutoglo®99and to study collar rot
inheritance. Glasshouse evaluation of EB resistémcgenetic studies is for the first time
described in Chapter 3.

The current glasshouse screening methodé.feolani resistance are based on the
method established by Barksdale (1969). Genersélgdlings are spray inoculated with
spores at an age of 4 to 6 weeks (Barksdale 19@gcinkowska 1982; Nash and Gardner
1988b; Banerjee et al. 1998; Vloutoglou 1999; Fdaaal. 2000). Leaves can be injured
prior to spray by rubbing leaf surfaces betweemmibiand forefingers (Poysa and Tu
1996). Plants are incubated 24 hours under 100&#tve humidity (RH) followed by 12-
16 hours of 100% RH during the night period for 8ags in a mist chamber, mimicking
repeated nightly dew in nature. During the dagnfd are exposed to ambient RH to
allow the development of disease symptoms. A leatihess period of at least 4 h after
inoculation was required for infection (Moore 1942putoglou and Kalogerakis 2000).
Increasing this period up to 24 h induced progwetginigher EB severity, but more than
24 h humidity periods did not increase severityter (Vloutoglou 1999).

EB severity is usually determined at seven daysra$pray inoculation by
estimating the percent necrotic area on leaves hwhvere present at the time of
inoculation (leaves emerging after inoculation arvet affected, Barksdale 19609;
Vloutoglou 1999). In the case of a low incidence nefcrotic spots, EB severity is
expressed as the number of lesions (Barksdale 1969)

Disease severity can be determined more precisalyoljectively by measuring
lesion sizes when the inoculum is applied as sidgtgs on leaflets (Nash and Gardner
1988b; Chapter 2).

Glasshouse tests have also been used for assessiag rot and stem lesion
resistance (Gardner 1990; Maiero et al. 1990b). Gd®al stem of seedlings is sprayed
with spores and covered with soil (Maiero et al9ol®) or seedlings are placed in a
humidity chamber (Gardner 1990). Collar rot is disueated in three to five symptom
grades (Reynard and Andrus 1945; Gardner 1990; rblaial. 1990b). Screening for
collar rot and stem lesions in the glasshouse s dad can be used instead of field
screening for EB resistance, provided that thestasce to these disease symptoms is
closely associated in the materials used, suchh &1P43 and derived lines (Gardner
1990).
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Glasshouse tests have the advantage that condafensiore reproducible than in
the field, that the duration of the test is shoréerd that, especially after droplet
inoculation, more objective and precise data carol&ined. Still, conditions in the
glasshouse cannot be fully controlled, and someotygpes are not well adapted to
glasshouse conditions.

Laboratory assays

Locke (1948) used detached leaflets assays fouatrah of EB resistance, as a means to
circumvent the influence of growth habit, which mefject the reaction of plants in the
field or glasshouse. The method involved the appbo of inoculum droplets on either
punctured (Locke 1948) or non-punctured (Foolaclet2000) young, fully expanded
leaflets. Locke (1948) claimed the method be rédiabynch et al. (1991) and Foolad et
al. (2000) however, concluded that detached leafisays did not correlate well with field
and glasshouse screenings. These results mighy thmgal 2 whole plant is required for the
expression of EB resistance, which is known tonbleiénced by the physiological state of
plant such as maturity, determinism (Nash and Gard888a; Maiero 1989; Foolad and
Lin 2001; Foolad et al. 2002a), yielding abilitygiiBat and Richards 1944) and also plant
age and nutritional status (Rotem 1994).

To circumvent the problem of apparent resistanceibéed by late maturing
cultivars, Bussey and Stevenson (1991) induced eamescence in juvenile potato leaf
tissue by floating excised disks on a solution ammtg NAA or 2,4-D. A very late-
maturing cultivar which was highly resistant in theld reacted more susceptible when
tested using the leaf disk assay, suggesting tietassay may be less influenced by
cultivar maturity than field test (Bussey and Stesan 1991). The results of the other
tested cultivars agreed with those obtained irfitie (Bussey and Stevenson 1991).

Laboratory assays on detached leaflets therefooev shromise for studying
particular aspects of resistance and for elimigationfounding influences of whole-plant
physiology. However, these methods need to be Waratined for the research question
in hand, and cannot be relied on as a replaceroefiefd or glasshouse tests.

Toxin assays

Several authors reported that solani culture filtrate could be used to distinguish EB

resistant from susceptible genotypes, at leastraggnies of some sources of resistance
(Lodha 1977; Stancheva 1988; Maiero et al. 199&ndBy/pes with collar rot resistance

showed a higher tolerance to culture filtrate ttteose with only EB resistance (Maiero et

al. 1991). In contrast, Lynch et al. (1991) fouhdttthe result of culture filtrate assays

using detached leaflets did not correspond witlréiselt of glasshouse or field tests.
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Darakov (1995) proposed a new approach of sele@Bgesistance by means of
gametophytic selection in the presence of an uiftesh toxin obtained from culture
filtrate of A. solani. Pollen tube elongation correlated well with teedl of EB resistance
of the mother plant. Female gametophytic selecinas done by treating styles of
emasculated flowers with drops of toxin and aftatipation, collecting seeds from plants
which yielded most seeds. After two rounds of gedecwith toxin, selected plants with
enhanced seed-bearing capacity were assessed ifieltiefor EB resistance. Plant
selections from toxin-treated plants showed enharER resistance compared to those
derived from plants selected with a water treatment

Laboratory assays using alternaric acid can hegucidate specific aspects of the
pathogenesis process. However, alternaric acid enhances the infection process and
therefore cannot be the sole cause of differemigraction between isolates and host
genotypes (Langsdorf et al. 1990). This is in asttrto toxins produced by formae
speciales ofAlternaria alternata, which do elicit most symptoms of the disease on
susceptible plants and show the same differentat Bpecificity as the fungal isolates,
and which therefore can be used reliably for rasis® screening (Gilchrist and Grogan
1975).

Sour ces of resistance

In the cultivated tomato high levels of resistatwd=B are rare. Two old breeding lines,
71B2 and C1943, probably bred frdnlycopersicum sources, have been described as
highly and moderately resistant to EB, respecti&lgble 1). Some moderately resistant
hybrids and breeding lines have been developed filoese sources, such as ‘Plum
Dandy’, NC EBR-5 and -6 (71B2), ‘Mountain Suprena@d NC-EBR-2 (C1943). Poysa
and Tu (1996) identified only eleven moderatelyistasit lines from more than 500
tomato cultivars and breeding lines after testmgHB resistance.

Some accessions of the wild speckes habrochaites (syn. L. hirsutum), S
peruvianum (syn. L. peruvianum) and S. pimpinellifolium (syn. L. pimpinellifolium) are
resistant to EB (Table 1). Success to incorporageresistance trait is limited as most
breeding lines, e.g. NC EBR-1, NC EBR-2 (Gardne889 NC EBR-4 (Gardner and
Shoemaker 1999), HRC90.303 and HRC91.341 (PoysaTand 996) are still late
maturing, indeterminate, and relatively low-yielginThese lines are derived from
hirsutum accessions.

A high level of collar rot resistance has been tbunthe cultivated tomato such as
in the old cultivar ‘Devon Surprize’ and breedimgel C1943. Additionally, Stancheva et
al. (1991a) reported sources of resistance to rcatiaand stem lesions in several wild
species (Table 1).
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Table 1 Genetic sources of resistance to early blightacobt and stem lesion

Resistant line or
variety

Original source

Test(s) used to
confirm resistance

References

Early blight resistance

Solanum lycopersicum (syn. Lycopersicon escul entum)®

Unknown source C1943
68B134 71B2
Syn.L. esculentum f. sp. -
cerasiforme’ P1 406758

C1943 NC EBR-2

Unknown accessions HRC90.145, HRC

90.158, HRC 90.159

NC EBR-1 NC EBR-4
NC EBR-1 IHR1816
NC EBR-1 and -2 NC EBR-3
NC EBR-3 and -4 ‘Mountain Supreme’
NC EBR-5 and -6 ‘Plum Dandy’
71B2 NC EBR-5
71B2 NC EBR-6
S. habrochaites (syn. L. hirsutum)®
PI1 127827 -
PI 390514, Pl 390662 -
Pl 126445 NC EBR-1
P1 1390662 87B187
B 6013 H-7, H-22, H-25

Unknown accessions HRC90.303, HRC
91.279, HRC 91.341
LA2100, LA2124, LA2204 -
Pl 126445 NC39E
S. peruvianum (L. peruvianum)?®
PE33 -
S. pimpinellifolium (syn.L. pimpinellifolium)®
Pl 365912, Pl 390519 -
A 1921 P-1
L4394 (IHR1939) -

Field
Field
Field

Field, glasshouse

Glasshouse

Field
Field

Field
Field
Field
Field
Field

Laboratory
Field
Field
Field
Field
Glasshouse

Glasshouse
Field

Glasshouse
Field

Field
Field

Collar rot resistance

Unknown source

Unknown source

S pimpinellifolium (syn.L. -
racemigerum)® 87610005

S. lycopersicum (syn.L. -
humboldtii)® 87610003

S. chilense (syn.L. chilensg)? -
87610011

‘Devon Surprize’
C1943

Field

Glasshouse
5

?

?

Stem lesion resistance

S. lycopersicum 83602029 -
S cheesmaniae (syn.L. -
cheesmarnii f. typicum)® 15

S neorickii (syn.L. minutum)® -
87610006

?
?

?

Barksdale 1971
Barksdale 1969
Martin and Hepperly 1987

Gardner 1988
Poysa & Tu 1996

Gardner and Shoemaker 1999
Thirthamalappa and
Lohithaswa 2000
Gardner and Shoembs@9
Gardnedt Shoemaker 1999
Gardner 2000
Gardner 2000
Gardner 2000

Locke 1949

Martin and Heppefg1
Gardner 1988

Maiero et al. 1990a
Kallo and Banerjee 1993
Poysa and Tu 1996

Poysa and T2619
Foolad et al. 2002a

Poysa and Tu 1996
Martin and Heppefg1
Kallo and Banerjee 1993

Thirthamalappa and
Lohithaswa 2000

Reynard amdirus 1945
Maiero et al. 1990
Stancheva et al. 1991a
Stancheva et al. 1991a

Stancheva et al. 1991a

Stancheva et al. 1991a
Stancheva et al. 1991a

Stancheva et al. 1991a

®Peralta et al. (2005);
’|. Peralta, S. Knapp and D. Spooner (pers. comm.)
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Classical studies of genetics of resistance

Most genetic studies on the inheritance of EB tast using different sources of
resistance { lycopersicum, S habrochaites andS. pimpinellifolium) arrived at the same
conclusions that the resistance is a quantitataiethat is controlled polygenically (Table
2). The estimated minimum number of controllingtéas is two (Barksdale 1977) or three
(Nash and Gardner 1988a). Analysis using quant@ajenetic methods (generation mean
analysis and scaling tests) and several sourcessidtance (C1943, NC EBR-2, IHR
1939 and IHR 1816) revealed additive and dominanegc control with the presence of
epistatic effects (Maiero 1990a; Nash and Gardn@B84a; Thirthamalappa and
Lohithaswa 2000).

The EB resistance genes in C1943 and 71B2 aressigee and not allelic
(Barksdale and Stoner 1977; Maiero 1989). Howewecrosses of these two resistance
sources with another susceptible genotype, theyBiids were intermediate, indicating
additive genetic control or partial dominance (Mai@989). Recessive genes have been
reported inS. lycopersicum 83602029 (Stancheva 1991), in IHR1939 and IHR1816 b
Thirthamalappa and Lohithaswa (2000). Partially oh@mt inheritance has been found in
S pimpinellifolium andS. habrochaites (Martin and Hepperly 1987).

The line 87B187, derived frons habrochaites Pl 390662, shared common
resistance genes with NC EBR-2, although this Waes developed via C1943 fromSa
lycopersicum source (Maiero 1990a). Also, Thirthamalappa and itbalswa (2000)
reported independent genes in IHR 1989pfmpinellifolium L4394) and those in IHR
1816 (derived from NC EBR-1, which was develop&ufS habrochaites Pl 126445).

In contrast to all studies described above, onelystteported a monogenic,
dominant inheritance irf& habrochaites Pl 134417 (Datar and Lonkar 1985). Their
conclusion is arguable since a highly resistantdégs not necessarily indicate the
complete dominance of EB resistance as was obsdrydebolad and Lin (2001). The
resistance phenotypes in F2 population derived f@rhabrochaites Pl 134417 were
grouped into resistant, intermediate, and susdeptind a 3 : 1 segregation was observed,
leading to the conclusion of monogenic inheritafidatar and Lonkar 1985). However,
EB resistance is a quantitatively expressed charaahd the assignment of three
phenotypic classes is therefore arbitrary and mayehled accidentally to the 3 : 1
segregation (Foolad and Lin 2001).

There are only few genetic studies published orsta®ce to the other disease
symptoms caused b4. solani, a fact that may be caused by the less damagfegt eff
these two disease symptoms (Table 2). One studgodlar rot resistance reported a
monogenic inheritance (Reynard and Andrus 1945)redw a study by Maiero et al.
(1990b) showed a quantitative expression of thestasce. Analysis by Maiero et al.
(1990b) using a joint scaling test showed that batllitive and dominance effects
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controlled the collar rot resistance in C1943 ar@@l BBR-2 sources, although dominance
effect of susceptibility appeared to be more imgirt

Only one study on stem lesion resistance has bekisped which reported that
the resistance is a quantitative trait controllgd dominant genes s lycopersicum
source (Stancheva 1991; Table 2). Both additive dadhinant genetic components
conferred resistance which was complicated by afjiseffects.

Fruit rot has escaped attention in genetic stuaigg®ugh it may cause substantial
direct losses (Datar and Mayee 1981). Resistancdruid rot may be controlled
independently from EB resistance since fruit ratidence is not necessarily associated
with EB severity (Barksdale 1971).

Little is known about the genetic relationships agud&B, collar rot and stem
lesion resistance. Maiero et al. (1990b) postuldted the collar rot resistance gene in
C1943 and its derived line, NC EBR-2, is one ofdlkeees that confer EB resistance or is
closely linked with EB resistance genes since thHems have both EB and collar rot
resistance.

Also stem lesion resistance may be independentBofdsistance. Barksdale and
Stoner (1973, 1977), based on field observatiorisuhaupported by a genetic analysis,
assumed that stem lesion resistance segregategemdiently from EB resistance.
Recently, several QTLs which had effects on bothsEBerity and stem lesions have been
reported (Chapter 3).

Heritability of EB resistance has been estimated chosses involvingS.
habrochaites Pl 126445 (Foolad and Lin 2001) and derived lINESEBR-1 and NC39E
(Nash and Gardner 1988a; Foolad et al. 2002a). md#pg on the calculation method,
heritability estimates were low to moderate in tarosses involving NC EBR-1 (Nash
and Gardner 1988a). Based on parent—offspring (B@ession narrow sense heritability
(h?) for AUDPC was estimated as 0.26 and 0.38 (NashGardner 1988a). HigheF h
estimates were obtained from a cross V@tthabrochaites P1126445 (0.70, Foolad and
Lin 2001) and from a cross with lycopersicum NC39E (0.65, Foolad et al. 2002a), also
based on PO regression.

Those studies showed that additive genetic comgsray a small to moderate
role in the quantitative expression of resistafi¢e low to moderate heritability estimates
indicate that progress based on phenotypic evahmnly is likely to be slow. Further,
these classical genetic studies give general itiditaon the likely progress in selection
of resistant material but do not provide informatan the effects of individual resistance
genes and their location on the tomato genome.
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Table 2 Classical genetic studies of early blight, coltatrand stem lesion resistance in tomato
Resistant parehit Population TesP Analysis method Genetic contfol Reference
type
Early blight resistance
S lycopersicum F1 F Diallel, midparent— Recessive polygenic Maiero et al.
71B2 hybrid comparison (1989)
S lycopersicum F1 F Diallel, midparent—  Recessive polygenic Maiero et al.
C1943 hybrid comparison (1989)
S lycopersicum F1, F2, F Diallel, midparent—  Recessive polygenic with Maiero et al.
C1943 BC1, BC2 hybrid comparison, additive and epistatic (dom (1990a)
generation means,  x dom) effects
joint scaling tests
S lycopersicum F1, F2, F Generation means, At least 3 genes with Nash and
NCEBR-1 BC1, BC2 joint scaling tests additive, dominance, and Gardner
epistatic (add x add, add x (1988a)
dom, dom x dom) effects
S lycopersicum  F1 F Diallel, midparent—  Polygenic, partial dominant Maiero et al.
NCEBR-2 hybrid comparison (1990a)
S. lycopersicum F1 F Diallel, midparent—  Polygenic, partial dominant Maiero et al.
87B187 hybrid comparison (1990)
S. lycopersicum F1, F2, ? Diallel, generation Quantitative, dominant Stancheva
83602029 BC1, BC2 means genes with additive, (1991)
dominance, and epistatic
effects
IHR 1816 (=S F1, F2, F Joint scaling tests Recessive polygenic with Thirthama-
lycopersicum BC1, BC2 additive and epistatic (add lappa and
NCEBR-1) x dom) effects at seedling Lohithaswa
stage; with additive, (2000)
dominance and epistatic
(add x add) effects at adult
stage
IHR 1939 (=S F1, F2, F Joint scaling tests Recessive polygenic with Thirthama-
pimpinelifolium  BC1, BC2 additive and epistatic (add lappa and
L4394) x dom) effects at seedling Lohithaswa
stage; with additive, (2000)
dominance and epistatic
(add x add) effects at adult
stage
S lycopersicum F2, F3 F Midparent- Polygenic, partial dominant Foolad et al.
NC39E segregating (2002a)
population means
comparison
Collar rot resistance
S. lycopersicum F1, F2, GH Diallel, midparent—  Recessive polygenic with Maiero et al.
C1943, NCEBR- BC1, BC2 hybrid comparison, additive and dominant (1990b)
2 generation means,  effects
joint scaling tests
Stem lesion resistance
S. lycopersicum F1, F2, ? Generation means Recessive polygenic withStancheva
83602029 BC1, BC2 additive, dominance, and (1991)

epistatic effects

®new nomenclature based on Peralta et al. (200&3splrefer to Table 1 for synonyms
°F = field, GH = glasshouse.
‘add = additive, dom = dominance



26 Early blight review

M apping resistance genes

Given the low to moderate heritability estimatesnarker-aided selection approach is
potentially useful to accelerate the transfer of ERistance genes into new tomato
cultivars. Foolad et a(2002b) were the first to map QTLs for EB resis@anThey used
backcross progenies of a cross betw&emabrochaites Pl 126445 and a susceptible
tomato line. Mapping was done in the BC1 and éd in the BC1S generation.
Fourteen QTLs were identified which together expdai 57% of the total phenotypic
variation. For all QTLs the positive allele origied from the resistant parent. In a
subsequent study Zhang et al. (2003) used a sadegdinotyping approach on a different
part of the same BC1 population. Seven QTLs wetectled, including one previously
mapped major and three minor QTLs. One of the QifLghis study inherited the
resistance allele from the susceptible parent.

Chaerani et al. (Chapter 3) identified six QTLs EB resistance in F2 and F3
populations from a cross between the resisrdrcanum LA2157 and a susceptible
tomato. Different environments and phenotypic sapmethods were used in this study,
in contrast to the previous mapping studies whiskduone type of environment and
disease measure. In addition, resistance to stemnk was also assessed in the F3
population. Interestingly, EB QTLs detected in th2 population were not always
detected in the F3 population, and vice versa. ifugates the presence of environment-
specific or plant age-specific QTLs. Three QTL oew for stem lesion resistance
coincided with EB resistance QTLs, which allows @itaneous selection for resistance to
both types of disease symptoms. The explained pineicovariation per EB resistance
QTL, 7 to 16%, was in the same range as that ofadoet al. (2002b). One QTL for stem
lesion resistance, however, had a large effectiagpg 31% of the total variation. For
two of the six QTLs, the susceptible parent conteld the resistance alleles. Several of
the QTLs found in the cross &f habrochaites Pl 126445 (Foolad et al. 2002b; Zhang et
al. 2003) overlapped with those found in ga@rcanum LA1257.

Although many EB resistance QTLs have been idewdtifimany of them have
relatively small effects. Not all QTLs need to bearporated in order to achieve a
significant increase in resistance. Foolad et d@D02b) and Zhang et al. (2003)
recommended combination of four to six QTLs, whestplained more than 40% of total
phenotypic variation for use in marker-assistecetirey, and Chaerani et al. (Chapter 3)
suggested two QTL, which had prominent effects umiféerent environments and gave
both EB and stem lesion resistance. It still nededse determined, however, whether the
level of resistance contributed by these QTLs Wl of sufficient practical importance.
The EB mapping studies have not yet reached tige sthere QTLs are mapped precisely
enough to be included in a breeding program.
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Association of early blight resistance with plant maturity, yielding

ability and determinism

The strong correlation between EB resistance aednheaturity, low yielding ability, and
indeterminate plant type (Nash and Gardner 1988]jd€02001, Foolad et al. 2002a, b)
has limited the development of lines or cultivaighva high level of resistance. The QTL
study of Foolad et al. (2002b) described above dineeidentify QTLs for resistance
without an effect on these agronomic traits. Thaeefthey removed plants with poor
characteristics from their population before attengpto map the QTLs (Foolad and Lin
2001; Foolad et al. 2002b). However, no one plaiti wesistance level equal to that of
the donor parent or F1 hybrid was identified insduent generations (Foolad and Lin
2001; Foolad et al. 2002b).

Substantial work on potato EB also documented #s®@ation of late maturity
with EB resistance (e.g. Johanson and Thurston)19g0in tomato, it is not yet clear
whether this correlation is caused by closely lthigenes or by pleiotropic effects of
genes. A mapping study for EB and maturity in potdentified five EB resistance QTLs
which explained 62% of the total phenotypic vaaatfor resistance (Zhang 2004). Three
of these five QTLs explained 98% of the total plgp variation for maturity. The other
two EB resistance QTLs, which did not have an ¢ftect (foliage) maturity, explained
33% of the total phenotypic variation for resis@r(@hang 2004). In potato therefore
about half the genotypic variation for EB resiseamg also linked to maturity; still this
may be due to either close linkage or to pleiotragifects. A very similar situation occurs
in the potato—late blighPhytophthora infestans) interaction (Visker et al. 2003).

Even on susceptible plants, the younger, topmastee are usually free of EB
symptoms, while the older, lower leaves may be atexgd by the fungus (Johanson and
Thurston 1990). Several studies attempted to glén# physiological mechanisms for this
apparent resistance in young tissues and plantg.dugiar content has been suggested as
the cause of higher EB susceptibility in older ceakened leaves and plants (Rotem
1994): late in the season leaves of maturing planight be susceptible due to
translocation of sugars to the ripening fruit. ilrnvitro study by Sands and Lukens (1974)
provided indirect evidence that abundant glucosthénmedium inhibited the production
of cell wall degrading enzymes By solani. The ‘low sugar content theory’ might explain
the increase susceptibility of physiologically glénts or those which have a high fruit to
foliage ratio (Barrat and Richards 1944). Anothgplanation of the relative resistance of
young tissues is that the concentrations of thigeoglkaloids (solanine, chaconine and
solanidine), which are capable of inhibiting growdhA. solani in vitro, are higher in
young tomato leaves and steadily decline as leaveéglant matures (Sinden 1972).

The higher resistance of late maturing cultivanrs sianilarly be explained in terms
of sugar and alkaloid contents. Late maturing cats generally have an indeterminate,
vine-type growth habit and continue producing nesiafje (Johanson and Thurston
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1990). In contrast, early maturing types have erd@hate growth habit and do not
continue producing new foliage throughout the sea3berefore, late maturing cultivars
might appear resistant compared to the early nmguyipes just because fruit initiation is
delayed and more young leaves are present throtugimseason.

If the physiological mechanisms are the only caafSEB resistance then it might
be impossible to find recombinants with a high s&sice level and highly desirable
horticultural characteristics in a segregating paton. In that case, tomato breeders can
only expect to obtain acceptable EB resistancd levearieties with mid- or late season
maturity. However, in potato variation in resistaraxcurs between cultivars of the same
maturity class, indicating that differences in sémnce are not always and only an artifact
of maturity effect (Holley et al. 1983; Christ 19950 far EB resistance screening in
tomato was studied without reference to maturigssés and yield while the latter traits
are taken into consideration in EB potato reseféldduglas and Pavek 1972).

Characterization of resistance

Several epidemiological parameters have been fo=hin A. solani-tomato and potato
interactions, including infection efficiency (IElesion expansion rate (LER), latency
period (LP), incubation period (IP), sporulationerdSR) and sporulation capacity (SC).
Tomato lines with a higher level of resistance ¢gly showed a lower IE, slower LER,
slower SR and lower SC but showed no significaritedince in LP compared to
susceptible lines (O’Leary and Shoemaker 1983)wdB most important in determining
cultivar ranking in potato; resistant cultivars heatbnger IP (Pelletier and Fry 1989). SC
was found to correspond linearly with lesion siPelletier and Fry 1989; Johnson and
Teng 1990).

Secondary plant metabolites correlated to EB st include the presence of a
higher total phenolic content (tannins, flavona@isd phenols) in leaves and stems of EB
resistant varieties (Bhatia et al. 1972). The tarmmuntent in all varieties fluctuated as the
plant matured but reached a maximum content byl#fleveek in leaves and by the™.0
week in stems. In addition, the fruit of resistaatieties contained a higher amount of
phenol compound than that in susceptible one (Bhatial. 1972). The constitutive
expression of phenols, which is thought to functas preformed inhibitors, has been
associated with non-host resistance (NicholsonHardmerschmidt 1992).

At the cellular level events during ti#e solani infection involve general defense
responses which are also found in other plant—g&iinanteractions involving quantitative
resistance. These responses are basically sinolathdase following hypersensitive
responses in monogenic resistance, but they amressgd in more slowly and at a lower
level (Agrios 2005). In EB resistant lines a higleerd more rapid induction of the
pathogenesis related (PR) proteins chitinasefahd3-glucanase (Lawrence et al. 1996,
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2000), peroxidase (PO, Fernandez et al. 1996), prehyalalanine ammonium lyase
(PAL; Solorzano et al. 1996) are observed duriregdérly infection process compared to
those in susceptible lines (Lawrence et al. 1998)02 Chitinases and glucanases
probably slow the fungal ingress in the plant adated by their inhibitory effect oA.
solani growthin vitro (Lawrence et al. 1996). Enzyme preparations fresistant lines
also induced the release of hypersensitive resp@tRREelicitors fromA. solani cell walls
invitro, whereas enzymes from susceptible lines did natv(ence et al. 2000).

PO is involved in the production of reactive oxyggwecies, which are directly
toxic to the pathogen or indirectly reduce the agref the pathogen by increasing the
crosslinking and lignification of the plant cell iga(Hammond-Kosack and Jones 1996).
PAL is the key enzyme in the synthesis of the sdapn endogenous signaling molecule
salicylic acid (SA) which in turn activates the exgsion of a variety of PR genes
(Mauch-Mani and Slusarenko 1996).

Polyphenol oxidase (PPO) F is systemically up-regga in response tA. solani
infection and is detected in leaves of upper nduegsiot in lower nodes (Thipyapong and
Steffens 1997). This induction pattern matches witlk observation of temporary
resistance of young leaves £o0 solani infection (Johanson and Thurston 1990). PPOs
catalyze the oxidation of phenols to quinones,treaenolecules which induce cell death
and barriers to secondary infection (Thipyapong 8Steffens 1997). PPO F is induced
within lesions but not around the lesions duringlyeanfection and necrotic lesion
development. Other defense-related responsesdotioh withA. solani involve elevated
expression of the PR-1B gene following exogenouydiegtion of SA on tomato roots
(Spletzer and Enyedi 1999), PR-1 like protein afieaf treatment of tomato with
arachidonic acid (Coquoz et al. 1995) and sequeetipression of two ACC synthase
genes $T-ACH andST-ACSD) in potato (Schlagnhaufer et al. 1997).

The biological effects of the genes underlying ithentified EB resistance QTLsS
remain unclear at this moment. A candidate geneoagp, either using genes involved in
the pathogen recognition process (resistance déhgenes] oiR gene analogs [RGAs],
Foolad et al. 2002b) or those involved in the deéeresponse process (defense response
genes [DR genes], Faris et al. 1999) as molecudaikens for QTL analysis, is potentially
useful for the analysis of EB resistance. Sinststance tdA. solani does not seem to be
race-specific and is not mediated by genes withapmeffect,R-genes are unlikely to be
involved in this resistance. Therefore DR genesnaoee likely candidate genes for the
QTLs involved in EB resistance. Faris et al. (199@vided a convincing example. They
mapped DR genes on a wheat linkage map where Qdtssdveral diseases had
previously been identified. These DR genes werenshto have a more significant
association with disease resistance and explaire@ wf the phenotypic variation than
the original markers used for QTL detection. Mapgpet a higher resolution is also
needed, however, before establishing any functiationship.
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Concluding remarks
A wealth of information on the tomatd—solani interaction is available. However, some
important aspects need further attention.

No conclusive evidence is available so far concgynithe existence of
physiological races. This should be studied usmmdzygous tester lines and isolates that
are as homogenous as possible.

The strong association of negative horticulturalt$r with the expression of EB
resistance seems to be a general rule, for whiatonolusive genetic explanation has yet
been offered. Meanwhile, breeders should be avwateselection for resistance will only
produce useful results if the plant material is pamable in terms of earliness and yield.

QTLs for EB resistance have been identified in rspecific cross population.
Before these can be used in marker-assisted bgeedogram, fine mapping is needed to
avoid introgressing large parts of donor genomex@lwith the resistance gene. Also,
before QTLs are used in a breeding program, thieilofpopic effects on other traits
should be investigated.
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Chapter 2

Assessment of early blighAlternaria solani)
resistance in tomato using a droplet
iInoculation method

R. Chaerani, R. Groenwold, P. Stam and R. E. Vpsrri

Abstract

A droplet inoculation method was used for evaluaté tomato resistance to early blight,
a destructive foliar disease of tomato causedAlgrnaria solani (Ellis & Martin)
Sorauer. In this test method, leaflets are inoedlawith small droplets of a conidial
suspension in water or 0.1% agar solution. Eaiyhblresistance was evaluated based on
lesion size. The droplet method gave a better idisgation of resistance levelP€0.001)

at a range of conidial densities compared to theencommonly used spray inoculation
method. Lesions generated by the droplet inoculati@thod at 7 days post inoculation
ranged from small flecks to almost complete bligith an exponential-like distribution
of lesion sizes. Significant correlations< 0.52, 0.58 and 0.68<0.001) were observed
across three glasshouse tests of 54 accessiondimgiwild species using the droplet test
method. The most resistant accessions included spiéties: one accession Sflanum
arcanum, three accessions & peruvianum, one accession @& neorickii and one ofS.
chilense. S penndllii and S pimpinellifolium accessions were susceptible, wher8as
habrochaites and S. lycopersicum accessions ranged from susceptible to moderately
resistant The droplet test method is simple to apply, offefine discrimination of early
blight resistance levels and allows an objectivaation.

(Submitted)
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| ntroduction

Early blight (EB) of tomato leaves, causedAlternaria solani (Ellis & Martin) Sorauer,
is a serious disease in warm and humid regions{8hd MacNab 1986) and in semi arid
areas where frequent and prolonged night dew odq&o&m and Reichert 1964). Early
blight reduces the photosynthetic area and, inrsesa@ses, can defoliate plants.

Cultivars highly resistant to EB are not known ialtivated tomato $olanum
lycopersicum [Peralta et al. 2005, syhycopersicon esculentum]). All breeding lines and
released cultivars are susceptible to moderatedistemt (Vakalounakis 1983; Gardner
1988; Poysa and Tu 1996; Banerjee et al. 1998; tggpou 1999; Gardner and
Shoemaker 1999). Several wild speci€s Kabrochaites [syn. L. hirsutum], S
pimpinelifolium [syn. L. pimpinellifolium], S. peruvianum [syn. L. peruvianum|, and S,
chilense [syn. L. chilense]) have been identified as potential sources of est&t (Nash
and Gardner 1988b; Kalloo and Banerjee 1993; PaysaTu 1996; Foolad et al. 2000;
Thirthamalappa and Lohithaswa 2000). Some of thgsanarily S habrochaites
accession Pl 126445, have been used to developratelyeresistant breeding lines
(Gardner 1988; Gardner and Shoemaker 1999). ldmaitdn of additional sources of
resistance could facilitate the development ofstasit cultivars.

Field evaluations can identify sources of resistabat the major drawbacks are
the lengthy duration of the tests, uncontrollablei®nmental conditions necessary for
infection and the presence of other foliar pathegédrocke 1948; Foolad et al. 2000;
Pandey et al. 2003). Glasshouse tests using spoaylation of a conidial suspension on
seedlings are widely used following the establishino# efficient screening and conidial
inoculum production techniques by Barksdale (19%8g EB lesions resulting from spray
inoculation are scattered on the leaves; this reguan observer to estimate the combined
area of all lesions on all leaflets as a percentdgbe total leaf area. Disease reading in
this way, although rapid, is rather subjective. theo disadvantage of the spray
inoculation method is that the inoculum may notubpgormly distributed on the leaves.
Furthermore, the method is not sensitive enoughsitriminate moderately resistant from
susceptible plants (Gardner 1990).

An alternative method to obtain more precise arbike disease readings is
offered by a method in which individual droplets foihgal inoculum suspension are
inoculated on leaflets. This method was first idtroed by Locke (1948) to find sources
of resistance to EB (Locke 1949). Detached leaflg&se inoculated with mycelial
suspension in a laboratory assay and the diseastar® was evaluated using a graded
series of lesion diagrams with known diameters Keod948; 1949). Henning and
Alexander (1959) used the droplet method to inges# the existence @f solani races
by inoculating leaflets still attached to plantsasN and Gardner (1988b) applied the
method, which they called point inoculation, on faole plant assay and measured the EB
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lesion diameter. EB resistance of three parentstlamd-1's were tested in a glasshouse.
Their results correlated well with field tests, ngre based only on a few genotypes.

Screening of large numbers of accessions in theshtaise has never been
conducted using the droplet inoculation method.d&®cribe here some improvements on
the method, and its application to identify potehEB resistance sources in a collection
of tomato accessions.

M aterials and methods

Plant material and culture conditions

Tomato seeds were germinated on moistened filteerp@m 90 mm diameter Petri dishes
for 5-7 days in darkness at’f@ Germinating seeds were planted to peat soibke$ or
plastic pots (see details in the following expemtsg Plants were grown in a glasshouse
in Wageningen, the Netherlands at day/night tentpeza of 22/28C. Tomato accessions
used in the screening experiments are listed inleT@8b They were propagated one
generation before use; where possible inbred Mg obtained by selfing, but in the
case ofS peruvianum half-sib families were harvested after intercrogdiive plants per
accession. In cases where clear morphologicalrdiffees between the five plants of the
original accession were observed, two lines or ihalf-sib families were included in the
screening experiments.

Fungal culture and inoculum preparation

An Alternaria solani isolate obtained from infected tomato leaves ikabumi, West
Java, Indonesia, was propagated on V8 juice ag@0imm diameter Petri dishes. The
dishes were incubated at 21°22in a 12-hr diurnal period of fluorescent light ft0-17
days. The cultures were induced to sporulate asribesl by Barksdale (1969). The
number of conidia in the suspension was countefiven 10-ul samples. The yield per
plate was about 0.7-13.0 x’1€nidia.

Conditions during infection

For the first 40 hr immediately after inoculatigslants were incubated on a glasshouse
bench lined with a wet mat and covered with a fpansnt plastic tunnel. Periodic misting
to maintain high humidity was supplied from a huiined (Defensor®). After the initial
incubation, each side of the tunnel was openedlaathumidifier was turned off for 8 hr
during the day to allow the plant surface to dryinishum light intensity in the plastic
tunnel was approximately 14 pmol?st; when necessary, daylight was supplemented
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with light from high-pressure sodium vapor lampg (imol n¥ s?) for 16 hr daj. The
temperature and relative humidity were recordeth withermohygrograph.

Effect of conidial density on early blight (EB) severity with two inoculation

methods

One moderately resistant (FT94-978; 99-213) and susceptible (HRC90.145%.
lycopersicum line were grown for three weeks on peat soil indsogf 34 cm x 29.5 cm x
4 cm. Two inoculation methods, the droplet and stedard spray inoculation method,
were compared. Conidial density was varied (0,,14,210, and 20 x £oml* water) to
find the most discriminating level.

Plants inoculated using the droplet method wergethin boxes of 12 plants, with
two rows of three plants of each genotype. Inocutalvas done by applying a single drop
of 10 ul of a conidial suspension on interveinawgs of the upper surface of three apical
leaflets. The two first expanded leaves were uddte six conidial densities were
randomized over the six plants of each genotypeeanh box. The experiment was
replicated over three boxes.

In the spray inoculation treatment boxes contaifoenl rows of four plants, with
the two genotypes in alternating rows. Each pairogis was sprayed with one conidial
density until run-off. The experiment was replichteur times (24 boxes).

The boxes were covered with a transparent lid dadeg in the tunnel with
intermittent misting for 15 min at 45-min interval&fter the first 24 hr the lids were
removed. The temperatures during the day were 20/% and during the night 16 to
24°C. The relative humidity ranged from 40 to 72% dgrthe day and 85 to 100% during
the night. Symptom evaluations were done at sewsys @gost inoculation (DPI). Length
and width of lesions resulting from the dropletdntation were measured. EB severity on
each leaf of the sprayed plants was recorded arale ®f 0 to 5, where 0 = no visible
lesions on leaf; 1 = up to 10% leaf area affected; 11-25%; 3 = 26-50%; 4 = 51-75%;
and 5 = more than 75% leaf area affected or leatiabd (Vakalounakis 1983). Leaves
that were not completely unfurled during the inatwn were not assessed. The disease
scales were converted into percentage of EB ind&B() for each plant using the
following formula (Pandey et al. 2003):

PEBI = sum of altings x 100
number of leaves sampled x maximuseake scale
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Resistance reaction of selected accessions with two inoculation methods in the

glasshouse

The reproducibility of the droplet inoculation meth in determining early blight
resistance in a wider range of accessions was aeahpaith the spray inoculation
method. Nine accessions, including wild specieSeming in mean EB lesion size were
planted in pots and inoculated at six weeks agemgnation.

For spray inoculation, plants were sprayed withidianin water until run-off.
Droplet inoculation was performed by applying aggndrop of 10 pl of 1Dconidia mt*
0.1% agar solution on interveinal spaces of thrpieah leaflets of the four topmost
expanded leaves. With agar the droplets were nikeely to adhere to the leaves. A single
concentration of 1Dconidia mI* selected based on the most optimal inoculum lezvet
the spray inoculation (see Results) was used ftr inoculation methods. Two plants of
each accession were tested in three replicatiomsdfoplet inoculation and four
replications for the spray inoculation method. Nivoeulated plants were used as controls
for both inoculation methods. The plants were platethe humidified tunnel directly
after inoculation and received periodic misting # s at 8-min intervals. Daytime
temperatures ranged from 25 to°@7and nighttime temperatures from 20 td@2The
relative humidity ranged from 59 to 69% during theey and was 98% during the night.
Disease reactions were recorded at 7 DPI using piteeedure for the respective
inoculation methods as previously described.

Glasshouse screening of tomato accessions

1. Glasshouse screening 2001 (autumn)
Forty-one accessions including wild species westete(Table 3; GH | and GH I1). For
eleven accessions two or three lines or half-sihilfas were tested because the original
accession was not morphologically uniform. The {damere raised in boxes of 34 cm x
29.5 cm x 4 cm. Each box contained 12 plots of phamts, of 12 different accessions,
which were randomized in the boxes. The plants wereulated using the droplet method
at 3 weeks after sowing, when most of them hadftilg expanded leaves. Boxes were
closed with transparent lids for 24 hr and plagethe tunnel. The misting period was 15
min per hour. The length and the perpendicular hwaftlesions were recorded at 7 DPI.
The experiment was replicated five times at weakligrvals; each replicate was treated as
a block in the statistical analysis.

In the first two replicates the three apical leflef two basal leaves of two plants
of each accession were inoculated with 10 pl dteféa suspension of 2x16onidia mi
! water. However, the basal leaves of some wild isgedoth with lesion and without
lesions were lost earlier (3 DPI) than those of ¢hé#tivated tomato possibly due to a
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faster development and senescence. Early senesaedaefoliation were accelerated by
inoculation with the pathogen. On some susceptiblessions, lesions expanded rapidly
and caused early development of blight. Becausieeste problems the droplet inoculation
procedures were modified in the subsequent repbcathese first two replicates were
treated as separate experiment, designated asHglase test I’ (GH 1).

In the subsequent three replicates (GH I1l) theethapical leaflets of the four
topmost leaves were inoculated to achieve a moiferom physiological age of leaves,
and a lower inoculum density (4x1@onidia mi* water) was used to prevent too fast
development of blight symptoms. Three replicatesime were performed. In the first
replicate of GH Il some accessions were represdmjddss than two plants due to poor
germination.

Temperatures ranged from 20 to°’@3during the day and from 17 to°C@during
the night. Relative humidity ranged from 43 to 6d%ing the day and from 97 to 100%
during the night.

2. Glasshouse screening 2002 (summer)

The same 41 accessions were re-tested togetherl®ithdditional accessions in five
replicated tests, performed at weekly intervald(@&a; GH l1ll). Plants were grown in 12-
cm diameter pots (one seedling per pot) to fatditamoculation and evaluation. Four
weeks after sowing plants were inoculated at theettapical leaflets of the four topmost
expanded leaves with a single drop of 10 pl df dénhidia mI* in 0.1% agar solution.
Each replicate included one plant of each accesg\so included in the tests were
control plants, one plant of each species, whicliewaoculated with agar solution
without conidia. Plants were placed in the tunma& axposed to a fine mist for 45 sto 1
min at 6 to 8-min intervals. Five replicate testsrevperformed in the season at 1-week
interval. The length and the perpendicular widthhe lesions were measured at 7 DPI.
Day temperatures ranged from 22 td@7night temperatures from 20 t0°22 Relative
humidity ranged from 40 to 66% during the day amaf 91 to 93% during the night.

Leaf staining

Leaflets that did not show appreciable EB lesioesensectioned around the inoculation
site into 1x 1 crhand immersed in fixative solution (glacial acetid : 96% ethanol [1 :
2, viv], Pierre and Millar 1965). When they had méally decolorized (approximately 48
h) leaf sections were rinsed three times with MQewand stained with 0.05% toluidine
blue in 0.025 M phosphate buffer (pH 7, w/v) usmgodified protocol from Aveling et
al. (1993). After 30 sec to 2 min of staining, séaspvere mounted in 50% glycerol and
viewed under a bright-field microscope.



Chapter 2 37

Experimental design and statistical analyses

The elementary data consisted of lesion size (fergvidth) for droplet inoculations, and
PEBI per plant for spray inoculations. Heteroggneftvariances was observed in the data
from both inoculation methods. Logarithmic and aressquare root transformation was
applied before statistical analysis to the lesitwe sand PEBI data, respectively, to
stabilize the variances.

Student’s t-test was performed for the data ofdbeidial density experiment to
compare means. All other experimental data weréyaea@ by ANOVA as a randomized
complete block design. Mean separations were dgmadans of LSD tests €0.05). GH
Il was analyzed using the unbalanced treatmenttsire procedure of ANOVA because
of the unequal number of plants per block and peession. All analyses were done using
the GenStat 6 statistical package (Payne et aR)200

Results

The effect of conidial density on EB severity under two inoculation methods

EB lesions resulting from both the droplet and gpreculation appeared within 3 DPI.
Some droplet inoculations failed to develop intdiostantial lesions, but formed small
spots €1 mm in diameter), or did not result in symptomsakt This was observed on
both accessions. The symptomless inoculations s@ned as missing values.

With both inoculation methods, FT94-978; 99-213 @eately resistant) showed
significantly smaller lesion size or PEBI than HRICBI5 (susceptible) at all conidial
densities at 7 DPI (Table 1). At all concentratidghe droplet method gave a better
discrimination of resistance level than the spragthod as indicated by higher and more
significant t-values #<0.001). The most significant difference of PEBhvibeen FT94-
978; 99-213 and HRC90.145 was observed at a dewisityx 1d conidia m* while the
differences were highly significant at all densitiabove 1 x I0conidia mt* for the
droplet inoculation method.

Resistance reaction of selected accessions with two inoculation methods in

glasshouse tests

The comparison of the droplet and spray inoculatn@thod was expanded to a set of nine
accessions representing four tomato species, wihach preliminary experiments were
known to represent large differences in EB reststaifhe wild accessions occasionally
showed spontaneous blisters or necroses underhglass conditions. When EB
developed or®. habrochaites leaves with necroses, the lesions would expanidIisagand
result in severe blight symptom, complicating theasurement of lesion size. Leaflets
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with severe blight symptoms where lesion size messants were not possible were
scored as missing values.

Table 1 Means of disease parameters obtained from drioletilation (lesion size) and from spray inoculatio
method (percentage of early blight index, PEBI)ifiecent conidial densities

Conidial density Lesion size mean (F)fn t-valu@ PEBI mean (%) t-value
(x10* mI* water) HRC90.145  FT94-978; 99-213 FT94-978; 99-2HRC90.145
1 29.92 10.50 2.16* 14.68 18.12 1.63
2 86.50 16.60 4.38%*** 19.23 28.93 2.61*
4 108.64 37.93 5.24%*** 27.64 44.88 2.53*
10 135.83 53.09 4.16%*** 53.31 74.91 4.16%+**
20 213.80 80.91 6.18%*** 75.21 61.62 2.98***

% ength x width measured at 7 DPI. Each value is amame of 3 replicates of 18 leaflets each (6 leafte3
plants); data are back transformations of log (x).

PAsterisks indicate significance of t-valud<0.05, **P<0.01, ***P<0.005, and ****P<0.001.

°Based on individual leaf scores: 0 = no visiblédes on leaves; 1 =up to 10% leaf area affected;11-25%;
3 =26-50%; 4 =51-75%; and 5 = more than 75%desa were affected or leaf shed. Each value mvanage
of 4 replicates of 4 plants each; data are bacistoamations of arcsinéx/100).

The droplet method allowed a better separation aafessions than the spray
inoculation method (Table 2) in accordance with tlesult of the conidial density
experiment. Accession reactions under the two ilaicun methods were not significantly
correlated i = 0.44,P>0.2). S. habrochaites PE36 showed inconsistent results between
the two inoculation methods: it was ranked as suiile under the droplet method but
resistant under the spray method. Occasional speots necroses on this accession
inoculated with the droplet method exacerbated édbohs. Excluding this accession from
the analysis increased the correlation consideralsy0.66).

EB lesions on petioles were observed on sprayedild.arge, sunken petiole
lesions often caused loss of the leaf and thugdatise PEBI of accessions that showed
small leaf lesions when inoculated by the droplegthad. The petiole lesions were
generated randomly as the spray inoculation wapugtosely directed to petioles.

Lesion size distribution

Inoculations using the droplet method did not alsvalgvelop into a noticeable lesion,
irrespective of the level of resistance of a plaie first assumed that the conidia dried
out before successfully penetrating the host tiskuang the initial hours of incubation in

the tunnel. However, incorporation of 0.1% agawmusoh into the conidial suspension,

which apart from immobilizing the droplets also dsed evaporation, did not influence
the probability of lesion formation.
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Table 2 Means of disease parameters obtained from drioygetilation (lesion size) and from spray inoculatio
method (percentage of early blight index, PEBI) ioerselected accessions

Genotype Lesion size (nfif PEBP

S. peruvianum PE44 1.19a 67.43 a-c

S peruvianum PE33 6.67 b 59.03 a

S. lycopersicum HRC90.158 7.73 bc 66.28 a-c
S pimpinellifolium G1.1554 12.59 cd 86.69 cd

S. lycopersicum NC EBR-4 15.07d 62.43 ab

S habrochaites G1.1561 15.21d 84.98 b-d
S. habrochaites 864086-2; P1272745 29.72 e 97.71d

S. habrochaites PE36 40.18 e 60.40 ab

S. lycopersicum FT97-515; 99-214 45.92 e 90.86 d

% ength x width measured at 7 DPI. Each value is @name of 3 replicates of 24 leaflets (3 leafletslgzaves x
2 plants); data are back transformations of log¢glues within a column followed by the same lettare not
significantly different aP = 0.05.

PBased on individual leaf scores: 0 = no visiblédes on leaves; 1 = up to 10% leaf area affected;11-25%:;
3 =26-50%; 4 =51-75%; and 5 = more than 75%desa were affected or leaf shed. Each value mvanage
of 4 replicates of 2 plants; data are back tramsébion of arcsine/(x/100).

When the lesion sizes of the nine accessions, gftarping them into resistant,
moderately resistant and susceptible genotypesrdiogoto their average lesion sizes,
were plotted, an exponential-like distribution wasserved (Figure 1). When fitting an
exponential distribution, the paramelein the probability density function (f(x) & ™)
was estimated as 0.0406, 0.0173 and 0.0109 faetistant, intermediate and susceptible
classes, respectively. The more resistant accessioowed a higher frequency of small
lesions, a lower frequency of larger lesions aridveer mean lesion size. Symptomless
leaflets were observed with an average of 0.9%, &8d 18.2% for susceptible,
intermediate and resistant accessions respectif@lyflecks €1 mnf) these frequencies
were 2%, 9% and 17%. Microscopic evaluation of l&taf with flecks after staining
procedure showed that infection had occurred asatet by the presence of germ tube
penetration, but mycelial proliferation was abseht. exponential-like distribution of
lesion size was also observed on sprayed inoculatents (data not shown).

Glasshouse screenings

Lesions near leaf veins of the susceptilde lycopersicum accessions were often

accompanied by smaller lesions of angular shapeowitconcentric rings along the vein

and at the distal ends of the vein. These smadkgoihs rapidly expanded and eventually
merged with the primary lesion, resulting in almosmpletely blighted leaves before

lesion measurement at 7 DPI. Flecks, which did fodher expand, and symptomless
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inoculations were again observed on all testedssimes. Leaflets showing severe blight
symptoms and those without appreciable lesions s®&yeed as missing values.

65

Resistant accessions
55 (Solanum peruvianum PE44,S. peruvianum PE33,
S lycopersicum HRC90.158)

Frequency (%)

65
Moderately resistant accessions
(S pimpinellifolium G1.1554 S. lycopersicum NC EBR-4,
S. habrochaites G1.1561)

Frequency (%)

Susceptible accessions
55T S. lycopersicum 864086-2; P| 272745 habrochaites PE36,
S lycopersicum FT97-515; 99-214

Frequency (%)
w
a
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Figure 1 Distribution of lesion sizes on droplet inoculatgédnts of nine accession, grouped based on resesta
level
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Table 3 Early blight lesion siz€of Lycopersicon accessions in glasshouse tests after droplet lmtmu

Species Accessions Sourtes GH |°¢ GH II°® GH IlI"  Weighted averade
S arcanum LA2157 1 NT NT 140 a 1.40

S. peruvianum PE44 4 NT NT 1.46 ab 1.46

S. peruvianum P1 390665 4 NT NT 4.07 c-h 4.07
S peruvianum PE33 4 11.38 a 154 a 3.30 c-f 6.23
S. neorickii G1.1601 2 NT NT 6.68 g-m 6.68

S. chilense G1.1556 2 NT NT 6.68 g-m 6.68
S. lycopersicum NC EBR-6 3 16.90 ab 2.59 a-d 5.02 d-k 9.56
S. lycopersicum NC EBR-6 3 17.10 ab 4.56 a-i 2.61 bc 10.49
S. lycopersicum HRC86.320 4 24.27 a-d 157a 4.32 c-l 10.61
S. lycopersicum cv. Santacruz 6 NT NT 11.67 m-p 11.67
S. habrochaites LA2650 4 18.58 ab 3.60 a-g 16.79 p-u 12.24
S. lycopersicum HRC90.159 4 25.82 a-d 2.92 a-e 3.16 c-f 12.56
S. lycopersicum HRC86.320 4 32.36 a-e 2.06 ab 2.93cd 13.29
S. habrochaites PE36 4 31.48 a-e 2.34 a-c 10.45 m-p 15.00
S. peruvianum P1390665 4 16.94 ab 11.00 f-k 16.52 p-u 15.19
S lycopersicum HRC90.159 4 30.55 a-e 3.90 a-i 4.84 d-j 15.65
S lycopersicum HRC91.341 4 30.97 a-e 4.62 a-j 4.56 c-I 16.40
S lycopersicum NC EBR-1 3 28.91 a-e 4.73 a-j 10.69 m-p 16.94
S. lycopersicum NC EBR-3 3 22.49 a-d 9.59 e-k 7.59 i-n 16.97
S. lycopersicum HRC90.190 4 32.58 a-e 4.98 a-j 4.82 d-j 17.36
S. peruvianum PI1270435 4 NT NT 17.50 p-u 17.50
S. lycopersicum cv. Sufan n.1 6 NT NT 17.54 p-u 17.54
S. habrochaites LA1777 2 NT NT 17.54 p-u 17.54

S. lycopersicum NC EBR-2 3 21.43 a-c 15.10 jk 10.40 I-p 18.46
S. lycopersicum NC EBR-5 3 42.46 b-e 3.10 a-f 5.73 f-I 18.67
S. lycopersicum HRC86.329 4 36.39 a-e 3.71 a-h 12.94 n-r 18.88
S lycopersicum HRC86.329 4 32.66 a-e 5.16 a-j 14.16 o-s 19.23
S lycopersicum HRC90.157 4 30.76 a-e 8.24 c-k 3.83cg 19.28
S lycopersicum HRC86.321 4 41.88 b-e 4.00 a-i 5.33 e-k 19.60
S. lycopersicum HRC90.159 4 39.08 a-e 5.93 b-k 3.12c-e 19.72
S. lycopersicum NC EBR-3 3 33.50 a-e 6.04 b-k NT 20.34
S. lycopersicum HRC90.157 4 41.40 b-e 4.33 a-i 8.36 j-0 20.60
S. lycopersicum FT94-978; 99-213 5 39.72 a-e 4.60 a-j 9.73 I-p 20.62
S. lycopersicum NC EBR-4 3 36.90 a-e 6.50 b-k 15.63 p-t 22.50
S. lycopersicum FT94-968; 99-212 5 33.11 a-e 10.80 f-k 11.35 m-p 8@2.
S. habrochaites G1.1561 2 42.95 b-e 6.67 b-k 7.62i-n 23.33
S. lycopersicum HRC91.341 4 34.28 a-e 12.80 g-k 7.76i-n 23.63
S. lycopersicum FT97-515; 99-214 5 40.18 b-e 6.38 b-k 17.50 p-u 23.6
S lycopersicum FT94-978; 99-213 5 42.07 b-e 7.80 c-k 9.04 k-p 24.27
S lycopersicum cv. Allround 1 NT NT 24.32 s-u 24.32
S pimpinellifolium G1.1554 1 47.53 b-e 8.59 d-k 6.75 g-m 24.70
S. lycopersicum HRC90.158 4 49.66 b-e 7.24 b-k 4.60 c-j 25.13
S. lycopersicum NC EBR-2 3 39.36 a-e 13.20h-k  10.21 I-p 26.73
S. lycopersicum P179532 6 NT NT 26.98 t-v 26.98
S. lycopersicum FT94-968; 99-212 4 48.19 b-e 9.57 e-k 9.77 I-p 28.1
S. lycopersicum cv. Vogliotti 6 NT NT 29.17 uv 29.17

S. lycopersicum HRC89.302 4 44.26 b-e 12.20 g-k 21.04 g-u 30.15
S. lycopersicum 864084-2; P1 273048 5 68.39 c-e 12.10 g-k 7.05 h-m 36.63

S. lycopersicum HRC89.302 4 53.33 b-e 16.40 jk 21.09 r-u 36.74
S lycopersicum cv. Moneymaker 1 75.34 de 12.40 g-k 17.62 p-u 42.52
S lycopersicum HRC86.327 4 72.11 c-e 13.70 I-k 45.08 v 45.88
S lycopersicum HRC90.145 4 71.45 c-e 20.50 k 28.84 uv 48.49
S. lycopersicum 864086-2; Pl 272745 5 94.84 e 18.80 k 45.08 v 59.49
S. pennellii LA716 1 NT NT 107.65w 107.65

3 ength x width (mrf) measured at 7 DPI. Data are back transformatibteg(x).
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(continued)

1 = Plant Research International, Wageningen, Ththétlands; 2 = Dr. P. Lindhout, Laboratory of Plant
Breeding, Wageningen University, The Netherlandss ®r. R. G. Gardner, North Carolina Agricultural
Research Institute, North Carolina State UniversRaleigh, North Carolina, USA; 4 = Dr. V. Poysa,
Agriculture and Agri-Food Canada, Harrow Researeht€&r, Harrow, Ontario, Canada; 5 = Prof. M. Mulsch
Department of Plant Breeding, Cornell Universithaca, New York, USA; 6 = Nunhems Zaden BV, Haelen,
the Netherlands.

“Values followed by the same letters within a coluana not significantly different & = 0.05.

Ynoculated with 20,000 conidia thivater. Each value is the average of two replicatd® leaflets (3 leaflets x

2 leaves x 2 plants).

®Inoculated with 4,000 conidia thiwater. Each value is the average of three repticatel2 or 24 leaflets (3
leaflets x 4 leaves x 1 plants or 3 leaflets xavés x 2 plants).

fInoculated with 10,000 conidia ti0.1% agar. Each value is an average of five repkcaf 12 leaflets (3
leaflets x 4 leaves x 1 plant).

IS (Y IS)IZ(LIS)

"NT = not tested.

The means of the lesion sizes from each glasshessavere weighted with the
reciprocals of the variances to obtain overall asme mean values. This adjustment was
necessary since variances of the means among tee thsts were unequal. After
calculating the weighted average, we observed éimmus range of resistance levels,
from highly susceptibleS pennellii LA716, average lesion size 107.65 frto highly
resistant § arcanum LA2157, 1.40 mr) (Table 3). However, no complete resistance
was found. Among the glasshouse tests significarrelation were observedP<€0.001),
with correlation coefficients of 0.58 (between Gldnd I1), 0.52 (GH | and Ill), and 0.63
(GH Il and I11). Most of the resistant accessior$oinged to wild speciess(arcanum, S,
peruvianum, S neorickii and S chilense). However, both susceptible and moderately
resistantS. habrochaites accessions were found, and other wild accessielanging toS.
pimpinellifolium and especiallys pennellii were susceptible. Among different lines of
previously reported moderately resistant HRC91.88dysa and Tu 1996) there were
significant differences in EB lesion sizes. Thixession was susceptible in GH Il but
resistant or moderately resistant in GH | and GiHwhile the other was resistant in all
three tests. Lines derived from NC EBR-2 and NC EB&so showed a different reaction
in GH 1l compared with GH | and GH lll. Single lesis resulting from the droplet
inoculation method permitted detailed observatioriesion phenotypes. Necrotic lesions
on S neorickii (syn. L. parviflorum), some accessions db habrochaites and S
peruvianum, andS. lycopersicum NC EBR-6 were surrounded by narrow chlorotic halos
whereas those o8 pennellii, S chilense, and other accessions 8fhabrochaites and S
peruvianum were not accompanied by chlorotic haldS. pimpinellifolium and otherS,
lycopersicum genotypes showed a range of intermediate to wadesh The extent of the
halos did not seem to correlate with the necreston sizes (data not shown).
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Discussion

The droplet inoculation method offers better disdmation between accessions than the
spray method. This was observed in the conidialsidgrexperiment and in the 9-
accession experiment. Variance of lesion sizeemwed with increasing means in both
experiments. Distribution of lesion sizes seemedé exponential, with many small
lesions and few large ones. This trend was obseai/all levels of resistance.

The discrepancy between the results of the drepldtspray methods can partly be
explained by the following two factors. Firstly,rse wild species develop severe necroses
in the glasshouse experiment even without inocutatAfter spraying inoculation these
necroses are often indistinguishable from EB lesiamhereas after droplet inoculation
they are simply recognized and treated as missaiges. Secondly, spray inoculation
may lead to randomly occurring leaf shedding dupsdtiole lesions and therefore erratic
high symptom scores. The droplet method offergtissibility to test the effect of petiole
lesion in a controlled way.

Across the three glasshouse screenings signifaanélations were observed. GH
Il and 1l yielded a better separation than GH lls&\the correlation between GH Il and 1lI
was higher than that between GH | and the othertegts. This may be due to 1) the
lower number of observations in GH I, 2) the higimaculum density in GH |, and 3) the
difference in the selection of leaves between G&hd the other two tests. We used a
lower inoculum concentration (40 to 200 conidia geaplet) in the glasshouse screenings
but observed overall larger lesion sizes than NeshGardner (1988b) who applied more
inoculum (500 to 750 conidia per droplet) on bdeales. This indicates that our tests
were performed in near optimal conditions for itil@ec and disease development.
Another difference between our work and the studyash and Gardner (1988b) was that
they selected one lesion per plant to be measuheteas we measured all inoculations
without selection. As a result we observed a laagge of lesion type from small lesions
(<1 mnt in diameter) to almost blighted leaflets and agmptomless leaflets within the
same accession. Small lesiond (nnt in diameter) occurred on all genotypes but their
frequency corresponded with the resistance levat Was indicated by a high correlation
between lesion size and the percentage of smalhkeslata, most notably in GH 1l and Il
where a lower conidial density was applied:= -0.73 (GH 11,P<0.001) andr = -0.77
(GH 111, P<0.001).

Variability in pathogenicity ofA. solani isolates has been widely described (e.g.
Bonde 1929; Henning and Alexander 1959; Rotem 196f)no evidence has been
presented for the existence of pathological ra¢es. results of our study, in which we
used a single highly pathogenic Indonesian isolas# therefore be expected to be
representative for other Indonesian isolates ak wel

The droplet inoculation method is simple to applyd aallows an objective
evaluation of EB severity. The method has been usedvaluate EB resistance
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components (O’Leary and Shoemaker 1983). Singleriesreated by the droplet method
allow detailed observation on lesion phenotype saagdifferential extent of halos among
genotypes. The importance of the chlorotic halaragdicator of resistance has not been
studied so far. Improvements of the method haven bmade by incorporating agar
solution in the conidial suspension and the useppler leaves as opposed to the bottom
leaves.

The considerable amount of the time required tosmeathe lesion sizes may
make this method less attractive for large-scaleestngs, but it can be circumvented by
determining the percentage of small lesions. Thecrileed advantages of the droplet
inoculation method make this the method of choideene a fine discrimination of
resistance level and accurate quantitative dateegpgred, for example in QTL studies of
resistance or in assessing breeding material dadwgnced backcross programs.
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Chapter 3

QTL identification for early blight resistance
(Alternaria solani) in a
Solanum lycopersicum x S, arcanum Cross

R. Chaerani, M.J.M. Smulders, P. Stam, R. E. Vperri

Abstract

Alternaria solani (Ellis & Martin) Sorauer, the causal agent of gdilight (EB) disease,
infects aerial parts of tomato at both seedling addlt plant stages. Resistant cultivars
would facilitate a sustainable early blight (EB) magement. EB resistance is a
guantitatively expressed character, a fact thahlbaspered effective breeding. In order to
identify and estimate the effect of genes conditigrresistance to EB, a QTL mapping
study was performed in F2 and F3 populations ddrifrem the cross between the
susceptibleSolanum lycopersicum (syn. Lycopersicon esculentum) cv. ‘Solentos’ and the
resistant S, arcanum LA2157. Two evaluation criteria of resistance weused:
measurements of EB lesion growth on the F2 plantdasshouse tests and visual ratings
of EB severity on foliage in a field test on the l¥es. A total of six QTL regions were
mapped on chromosomes 1, 2, 5, 6, 7, and 9 with ks€@@es ranging from 3.4 to 16.4.
Three EB QTLs also confer resistance to stem Issiorthe field, which has not been
reported beforeAll QTLs displayed significant additive gene actian some cases a
dominance effect was found. Additive x additive ségiic interactions were detected
between one pair of QTLs. For two QTLS, the susbepparent contributed resistance
alleles to both EB and stem lesion resistance. elbfehe QTLs showed an effect in all
tests despite methodological and environmentagfices.

(Submitted)
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I ntroduction

Early blight (EB), incited byAlternaria solani (Ellis & Martin) Sorauer, is one of the most
damaging diseases in many tomato production areatdwide (Sherf and MacNab
1986). Other disease symptoms caused\.bgolani include collar rot on seedlings, stem
lesions and fruit rot. The disease is charactertaedormation of dark, necrotic lesions
with concentric rings giving a target-like appea@nEB is the most devastating of these
symptoms. EB lesions first appear on the oldestdeand spread upwards as the plants
grow. Lesions enlarge and merge, resulting inyesghescence and gradual defoliation.
Complete defoliation may occur and leave fruitsesqal to sun-scalding.

EB is prevalent in Indonesia and can cause yieddds as high as 23% (Bos and
Kartapradja 1977; Manohara 1977). Frequent appbiestof fungicides are necessary to
control the disease; however, the incidence andraggwf EB remain high due to heavy
and frequent rainfall in the region. Even partiekistance would be an important
improvement, because in combination with fungicidtesould extend the intervals of
fungicidal spray and therefore increase the netmetf the growers.

A strong source of resistance to an IndonesiamatisafA. solani was identified in
Solanum arcanum LA2157 (syn.Lycopersicon peruvianum LA2157) (Chapter 2). In
glasshouse tests, the average lesion size wad ehiynt compared to 23.0 to 108.0 rAim
on susceptible tomato accessiofisarcanum LA2157 is known as resistance source to
other pathogens, including bacterial canker (Sankbet al. 1995; van Heusden et al.
1999) and root knot nematode (Veremis et al. 19B8¢. cross witls. lycopersicum (syn.

L. esculentum) is difficult but possible throughn vitro embryo rescue (Briiggemann et al.
1996).

Resistance may be difficult to transfer from wifgksies to cultivated tomato since
it is accompanied by unacceptable horticulturatgrancluding inferior fruit quality, late
maturity, low yield and indeterminate growth haMreover, the quantitative expression
and polygenic inheritance of EB resistance hastdichthe development of EB resistant
cultivars using traditional breeding approaches(&® et al. 2002a, b; Zhang et al. 2003).

Classical genetic studies revealed at least twegenth additive and dominance
effects and epistatic interactions that conferstasice to EB symptoms (Barksdale and
Stoner 1977; Nash and Gardner 1988a; Maiero etl@®0a; Thirthamalappa and
Lohithaswa 2000). According to Stancheva (1991)stasce to stem lesions was a
quantitative trait conferred by additive and domingenes with epistatic effects but the
correlation with EB resistance was not investigated

The identification of markers closely linked toistance genes is of great benefit
for breeding for two reasons. First, these marlalsw selection based on marker
genotype rather than resistant phenotype and sbcotmdy enable minimizing
unfavorable linkage drag. With the aid of a genétikage map, Foolad and co-workers
(Foolad et al. 2002b; Zhang et al. 2003) have itledtand estimated the magnitude of



Chapter 3 47

quantitative trait loci (QTLsS) effects in & habrochaites (syn. L. hirsutum) resistance
source using backcross populations. Using intemapping and selective genotyping
approaches, they identified fourteen QTLs dispersezt 11 tomato chromosomes. Four
QTLs were potentially useful in marker assistedeldreg programs since they were stable
across environments. It should be realized thalh gignes may not be effective in other
regions of the world, where differeAt solani populations may occur and other growth
conditions prevail.

The current study is aimed at identification of @Tior EB resistance effective in
Indonesia. Using F2 and F3 populations derived feoonoss witls. arcanum LA2157 as
the donor parent we have located EB resistance Q%asie of which also confer
resistance to stem lesions. To our knowledge thithe first report of QTLs for stem
lesion resistance.

M aterials and methods

Plant material

The mapping population was composed of 176 F2 iddals obtained from one embryo-
rescued F1 plant of a cross between EB susce@ibieopersicum cv. ‘Solentos’ (De
Ruiter Seeds) and an EB resist&tarcanum LA2157 (Briggemann et al. 1996). To
allow replicated tests the F2 individuals were albnpropagatedn vitro. Seeds were
germinated on MS medium containing 1.0% sucrose @B& agar (Murashige and
Skoog 1962) at Z&. After two to three weeks shoots were cut andsfeared to MS
medium supplemented with 2.0% sucrose and 0.4%. &Janes were multiplied by
transferring nodes to a fresh medium and cultuoedhiree to four weeks. Prior to transfer
to the glasshouse, shoots with two leaves weramditroot formation was induced on MS
medium containing 1.5% sucrose, 0.8% agar, and g@bfilter-sterilized IBA for 10 to
14 days. Rooted shoots were transferred to rock wiocks in a glasshouse (18°8)
and allowed to acclimatize for two weeks. Plantgentrther grown for four to five
weeks before inoculation withA. solani and received standard fertilization. Both
‘Solentos’ and LA2157, an EB resistant (HRC86.338) a susceptible (HRC90.145)
genotype (Poysa and Tu 1996), which served as alenitn resistance tests, were also
clonally propagateth vitro. One set of F2 clones was allowed to self-polértatproduce
F3 seeds for use in a field test.
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Early blight resistance evaluation

1. F2 glasshouse test
The complete F2 evaluation consisted of two sarideur tests; each test was considered
a block in the statistical analyses. In each tas, plant of 44 F2 clones, and two plants of
each parent and control genotype were tested. dtsaffere inoculated witi. solani
isolate 60, which was cultured and applied using dhoplet test method (Chapter 2).
Abaxial surfaces of 12 terminal leaflets of fouaves were inoculated with droplets. Two
droplets of 10 pl of 4 x Foconidia mf* agar 0.1% were applied on each leaflet, making
up a total of 24 inoculation sites on each plar. IEsion size (length x width) was
measured with a ruler at 4, 7, 10, and 14 daysipostlation (DPI).

The area under the lesion expansion curve (AULB@3 calculated using the
following formula:

n-1

AULEC =Y {([Rs1+R12) x (tis1 —t;)}

i=1

whereR, is the lesion size at th&h observationt; is the time (days after planting) at the
ith observation, and is the total number of observations. The AULEQuesl were then
converted to the relative AULEC (RAULEC) by dividireach value by the period from
the date of the first appearance of appreciabldeSBns, which was 2 DPI to the date of
disease evaluation, and by the maximum lesion rgizerded up to the final evaluation
date. The theoretical maximum RAULEC value thereisrl00%.

Lesions that did not grow beyond 1 fmwere counted at 7 DPI. The percentage of
these small lesions (PSmL) was strongly correlatighl lesion size (LSt? = 0.82).

2. F3 field test

Seeds were obtained from 156 F2 plants. Eight-vadelseedlings were transplanted in a
field in Wanayasa (600 m altitude), West Java, hedma at a within-row distance of 35
cm and a between-row distance of 90 cm on raisdd [0 cm high, 30 cm wide). The
field test consisted of two blocks. Each block eamtd an 8-plant plot of each F3 family
and the P1 (‘Solentos’), and six 8-plant plots atleP2 (LA2157), HRC 90.145 and HRC
86.329. The field was bordered with cv. Ratna (iésst Seed Indonesia), a susceptible
S lycopersicum cultivar. Beds were covered with black polyethgenulch to prevent the
growth of weeds and watered with sub-surface itioga Standard recommendations of
fertilizer and growth regulator were applied. Insgdal spray was done as necessary and
a fungicide was applied once to prevent dampingdstaseRythium spp.).



Chapter 3 49

Each plant was atrtificially inoculated six times 88 and 20 December 2004, 3,
17, and 24 January, and 7 February 2005. Inocule wbtained from infected leaves
which were fragmented in a blender, sieved throclgtesecloth and diluted 10 times. At
each inoculation about 30 to 60 litres of inoculwas sprayed to the field.

Plants were individually rated for EB severity seuimes at weekly interval from
December 30, 2004 until February 9, 2005, on aesbatween 0 and 7, where 0 = no
symptoms, 1 =trace to 1%, 2 =2 to 5%, 3 =6 @10 = 11 to 25%, 5 = 26 to 50%, 6 =
51 to 75%, and 7 = 76 to 100% of total foliage addte third of canopy infected (Christ
1992). Stem infection was rated once on 7 Februsiryg a scale between 0 and 4, where
0 = no infection, 1 = minute (up to 1 mm in diamgtand few lesions, 2 = minute,
scattered lesions, 3 = slightly larger (>1 to 3 mndiameter) and scattered lesions, and 4
= many sunken, well-developed lesions, covering%5§tem surface (modified from
Barksdale 1971). Percentage of EB index (PEBI) pedtentage of stem lesion index
(PStLI) for each plot were calculated using théofwing formula:

Percentage of disease index = sum of all ratings x 100
number of plants x maximum rating grade

The percentage of EB indices were used to calctifeearea under the disease progress
curve (AUDPC) analogous to the AULEC calculationd atonverted to the relative
AUDPC (RAUDPC) using a similar method as for AULEC.

DNA isolation and marker analysis

For the SSR and SNP analysis, DNA was isolated freeze-dried leaves using cell lysis
and protein/polysaccharide precipitation methodsomting to Fultonet al. (1995)
followed by DNA binding and elution using the DNAg® Plant Mini Kit column
(Qiagen, Venlo, The Netherlands). DNA for AFLP aséd was prepared by Keygene
N.V. from fresh, young leaves (Vos et al, 1995).

Thirty six SSR markers obtained from Sol Genomiddetwork
(http://www.sgn.cornell.edy Smulderset al. (1997), Areshchenkova and Ganal (1999;
2002), Bredemeijer et al. (2002) and P. Arens (bhpresults) were used in this
population. PCR were done in 20-ul volumes comarii0 ng of genomic DNA, 0.2M
each of forward and reverse primers, 2 pl of 10Xd&ar reaction buffer, 2.5 mM
MgCl,, 0.1 mM each of dNTP, and 0.4 units of GoldstarTajA polymerase
(Eurogentec, Maastricht, the Netherlands). DNA afeption was performed in a PTC-
100 or PTC-200 thermocycler (MJ Research Inc., Méait, Mass.) using a profile of 3-
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min pre-denaturation at 82 followed by 35 to 40 cycles of 30 s at°’@4 30 s at 50 or
55°C, 45 s at 7L, and finalized by a 10-min extension at@2The PCR products were
separated on 2.5 to 3.5% agarose gel (w/v) andhzgd by ethidium bromide staining or
separated on a 6% polyacrylamide gel and stainedeasribed in the Promega Silver
Staining Kit (Promega).

Twenty-six SNP markers, developed from tomato RBkébes or gene sequences
present in the public nucleotide databases, weadade at Plant Research International
from previous research (C. G. van der Linden andV8sman, unpubl. results). SNP
polymorphisms were detected using SNaPshot follgwime protocol of ABI Prism
SNaPshot Multiplex Kit Protocol (Applied Biosystem®CR was performed in a 25-pul
volume consisting of 10 ng DNA, 0.4 uM each of fard and reverse primer, 2.5 ul of
10X PCR buffer, 0.2 mM each of dNTP, and 0.3 unit${otStarTaq DNA polymerase
(Qiagen). Amplification was carried out in a PT@10r PTC-200 thermal cycler,
programmed for 15 min at %8 for initial denaturation and 40 cycles consistiri@0 s at
96°C, 45 s at 5&C, and 90 s at 7, followed by a final 10-min extension at°@2 After
amplification, PCR products were purified with shp alkaline phosphatase (SAP) and
Exol for removal of dNTPs and primers. Up to 10 diffier PCR products were pooled
and single base-extended with SNaPshot primersvéhdluorescent-labeled ddNTPs on
a thermal cycler. Prior to analysis on an ABI 3&¥huencer (Applied Biosystems),
samples were purified with SAP aigtol to remove unincorporated ddNTPs. Data were
analysed using Genotyper 3.6 (PE Biosystems).

AFLP analysis was performed by Keygene B.V. asiptesly described in Vost
al. (1995). The primer combinations used were P11MABIM50, P11M51, P11M60,
P11M62, P13M47, P13M49, P13M61, P14M50, P14M51 M8} and P15M62. AFLP
markers were scored codominantly.

Linkage analysis

The genetic map was constructed using JoinMap®\&f Ooijen and Voorrips 2001).

Grouping of the markers was initially done with anmmum LOD-score of 3.0. The

recombination threshold was set at 0.49 and thealbs mapping function was used to
convert recombination frequencies into map distance

QTL mapping

The MapQTL® 4.0 software package (van Ooijen e2@02) was used to identify QTL
for all traits. First the interval mapping proceelwas performed to identify the major
QTL. For each trait a 1,000x permutation test wasfqggmed to identify the LOD
threshold corresponding to a genome-wide falseoslexy rate of 5%R<0.05). Markers
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with LOD scores exceeding the threshold were usecbéactors in multiple-QTL-model
(MQM) mapping procedures. If new QTLs were idestifi the linked markers were added
to the cofactor list and the analysis was repedtatie LOD value of a marker dropped
below the threshold in the new model, it was renddvem the cofactor list and the MQM
was rerun. This procedure was repeated until thiactar list became stable. The final
LOD scores and 2-LOD support intervals were deteechiusing Restricted MQM.

Statistical analysis

All data were analysed using GenStat® 6.0 (Payra. 002). The phenotypic data were
transformed if necessary to achieve a normal atrstribution Unbalanced treatment

structure of ANOVA and general ANOVA was used talgre the F2 and F3 phenotypic
data, respectively.

Main effects and epistatic interactions betweerpalis of markers that were used
as cofactors in QTL mapping were analyzed usingeg@rinear regressiorrRegression
was performed by first fitting the main additivdfesft of each locus in the model. Loci
with small and non-significant effects were dropesin the model and regressions were
repeated, leaving only loci with significant effecit P=0.05. Next, dominance effects
were fitted and new regressions were performed fypping non-significant loci.
Interactions between loci, starting from the loweethe higher order of interactions, were
examined in a similar manner.

Results

Linkage map

For the construction of a genetic linkage map 1Z®lants were genotyped with SSR and
AFLP markers, whereas up to 171 plants were geedtypth SNP markers. Out of 393
polymorphic markers, 370 (33 SSR, 21 SNP and 316P)fould be mapped on the 12
tomato chromosomes, resulting in a linkage map repgn1179 cM (average density 1
marker per 3 cM), which is similar to ti&lycopersicum x S. pennellii (syn.L. pennellii)
high density map (1276 cM; Tanksleyal. 1992). Twenty-one markers which showed
linkage to chromosome 1, 3, 6 and 7 could not beqd in best positions with a “jump
threshold” of 5. Two markers were completely unéidkto all others. The number of
markers mapped per chromosome ranged from 17 (dsame 5) to 53 (chromosome 1).
Linkage group length ranged from 70 cM (chromos@&n® 143 cM (chromosome 1). A
high marker density was observed in regions whemtromeres have been mapped
(Tanksley et al. 1992). The maps of chromosome8, 3,0, 11 and 12 contained gaps
longer than 20 cM. The order and placement of SBRSNP markers were generally in a
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good agreement with th®& lycopersicum x S pennellii reference map (Tanksley al.
1992, Sol Genomics Network http://www.sgn.cornéll)e The exceptions are CT259,
ID285-3, SSR86, and ASR1, which according to thmaim reference map are on
chromosomes 4, 3, 4, and 1, respectively, but wepped on chromosome 1, 2, 3, 4 in
our population. The orientation of linkage groups4inknown, since two SSR reference
markers (TMS22 and EST259379) were originally cqpsa onS. lycopersicum x S.
pennellii map (Areshchenkova et al. 2002). These two mankers separated at 6.6 cM
distance in our population. The complete map camMtiained from the corresponding
author.

Distorted segregation

A high proportion of the mapped markers (51%) dedasignificantly from the expected
1:2:1 segregation ratio for F2 generatiorP&D.05. Distorted segregation was observed
on all chromosomes. On chromosomes 1, 2, 4, Md@9%amore than 45% of the markers
were skewed; this usually occurred only in partled chromosome. The distortion on
chromosome 1 was caused by a surplus of hetercay@oidS. arcanum homozygotes on
the short arm of the chromosome. Markers on chromes 9 displayed a higher
frequency of heterozygotes, while distortions ormoainsome 2, 4, 7 and 8 were caused
by an excess @&. arcanum homozygotes.

Phenotypic evaluation

In order to achieve approximately normal errorrdisitions of the traits scored in the F2
glasshouse tests, a log transformation was requogedS and RAULEC, whereas an

arcsine transformation was applied to the PSmL.dEte ANOVA analyses revealed

significant block effects For the F3 field data, EB assessment at 48 days aft
transplanting (DAT) for PEBI and at 75 DAT for RABIQ were used, since the parents
and control genotypes were most clearly distingedsht these dates. No transformation
was required for PEBI and RAUDPC data, whereasesiree transformation was applied

to the PStLI data.

All the resistance traits measured showed a cootisiudistribution with the
population mean skewed towards resistance (Figur@He phenotypic distributions of
LS, RAULEC, PSmL and PStLI showed a bimodal frequedlistribution. In the F2 data
transgressive segregation occurred in both dinestiwhereas in the F3 data transgression
was observed towards resistance only.
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Figure 1 Frequency distribution for lesion size (LS), petege of small lesions (PSmL), and relative areaeund
the lesion expansion curve (RAULEC) in an F2 popoifatpercentage of early blight index (PEBI), ralatarea
under the disease progress curve (RAUDPC), anceprge of stem lesion index (PstLl) in a populatibifr3
lines. The F2 population was tested in a glasshouslee Netherlands with a singke solani isolate; the F3
population in a field in Indonesia with mixed figkblates.

QTL analysis

1. F2 glasshouse test

Four QTLs were identified from the glasshouse datahromosomes 2, 5, 7, and 9 (Table
1, Figure 2). The QTLs for the three traits oveplkg in all cases except that no
significant QTL was found for PSmL on chromosomeTbis co-location is consistent
with a higher correlation coefficient between LSI&RAULEC (2 = 0.95) than between
PSmL and LSr€ = 0.82) or between PSmL and RAULEC £ 0.86).

For LS, the four QTLs explained in total 39% of thkenotypic variance and
individual QTLs accounted for 7.7 to 13.2% of theepotypic variance. For RAULEC
each QTL explained 8.1 to 15.8% of the phenoty@dance, whereas each QTL for
PSmL accounted for 7.1 to 16.4% of the phenotypitance. The QTL on chromosome
7 was the most important in explaining the pheniotyariation, regardless the type of
traits measured. Beneficial alleles were contriduig the susceptible parent at the QTLs
on chromosomes 2 and 7.
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QTL mapping

All QTLs exhibited significant additive gene acti@id<0.05 orP<0.001), but dominant
effects were also displayed by the QTL on chromas@nfior PSmL and PStLPKO0.05),

the QTL on chromosome 7 for L$<0.001) and PSmLR<0.05) and the QTL on
chromosome 9 for LS and RAULE@<0.001). No between-locus interactions were
found for the QTLs detected in the glasshouse.

Table 1 QTLs for early blight and stem lesion resistancantified by multiple-QTL-models mapping (MQM)

method
Chr Trait Test Cofactor Position Coverage LOD %expl dAd Dom
(cM) (cMf  scoré

1 RAUDPC F3, field P14M60-276P  137.7 31 4.13 7.02.28** -0.59
2 LS F2, glasshouse P11M48-082E 37.0 59 5.55 9.4 190, 0.10
2 RAULEC F2,glasshouse P15M62-073P 45.1 59 5.03 8:8.21** 0.08
2 PSmL F2, glasshouse P13M49-435E 38.8 59 5.82 11997+ -7.8%
2 PEBI F3, field P11M60-276E 89.0 25 3.35 76 -363 -0.68
2 RAUDPC Fg3, field P14M51-146E 81.0 25 8.54 15.5 .15%* 0.99
2 PstLl F3, field P13M49-352P 64.1 39 4.94 8.05.57** 2.9%
5 LS F2, glasshouse P14M51-055P 57.4 38 4.53 7.7 59.1 -0.02
5 RAULEC F2,glasshouse P14M51-055P 57.4 41 4.75 8.0.18** -0.03
5 RAUDPC Fg3, field P14M51-055P 57.4 44 5.68 9.8 528 0.17
5 PStLl F3, field P14M50-537P 59.1 64 4.84 7.8 w94  -0.03

6 PEBI F3, field P13M49-231E 51.2 30 3.61 8.10 372 -2.00
6 RAUDPC FS3, field P11M48-266E 31.2 35 6.12 10.8 408* 0.12
7 LS F2, glasshouse P15M62-349P 36.1 19 7.51 13.222¢%0 0.08**
7 RAULEC F2,glasshouse P15M62-349P 36.1 19 8.92 8 150.29** 0.11
7 PSmL F2, glasshouse P15M62-349P 36.1 22 8.23 161440** -5.5F%
9 LS F2, glasshouse P14M50-081E 17.4 25 5.25 8.9 7¥0.1 -0.14*
9 RAULEC F2,glasshouse P14M50-081E 17.4 23 5.41 9.D.21** -0.15**
9 PSmL F2, glasshouse P11M48-065E 29.0 31 3.86 7-1.81** 1.84
9 PEBI F3, field P11M60-109P 44.9 23 6.52 153 581 -0.41
9 RAUDPC FS3, field P11M60-109P 44.9 23 8.76 15.8 553* 1.3t
9 PStLl F3, field P14M50-072P 37.1 10 16.39 31.1 482 -4.37*

Abbreviation: Chr = chromosome number; % expl. plaixed part of the phenotypic variance; Add = tdadli
effect; Dom = dominance effect; LS = lesion size @nnPSmL = percentage of small lesions; PEBI =
percentage of early blight index; RAUDPC = relatarea under the disease progress curve; RAULEC tivieela

area under the lesion expansion curve; PstL| =gu¢age of stem lesion index.

%ased on 2-LOD support interval obtained from retstd MQM mapping.
®LOD thresholds obtained from 1000x permutation téstsa genome wide significanc€<0.05) were 3.90,
3.60, 3.80, 3.70, 3.80, and 3.90 for LS, PSmL, RAULEERI, RAUDPC, and PStLI, respectively.

*significant atP<0.05, **atP<0.01, and ***atP<0.001, according to t-test.
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Figure 2 Map positions of QTLs for resistance to leaf andnskesion of EB disease depicted on a skeletal map
based on an F2 population of the cr&dycopersicum cv. ‘Solentos’ xS arcanum LA2157. QTLs are
represented by bars covering 2-LOD support intsreddtained by restricted multiple-QTL-method (RMQM)
mapping. Triangles indicate the position of the LO&aks; solid and open triangles indicate that thestance
alleles were contributed by the susceptible andteed parent, respectively. Markers in bold facgewsed as
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2. F3 field test

One main QTL on chromosome 9 was identified for PERble 1, Figure 2). Two QTLs
with smaller effects on chromosomes 2 and 6, ofcWwHiOD values were below the
threshold value (3.80), were included in the aredysince these QTLs also associated
with RAUDPC (see below). The markers at these QWhen used as cofactors increased
the LOD value of the main QTL from 4.91 to 6.52 dhe explained phenotypic variation
from 13.5 to 15.3%. They also increased each ah&OD value although not
significantly, from 3.00 to 3.35 (chromosome 2) d&man 3.06 to 3.61 (chromosome 6).

Five QTLs for RAUDPC were identified on chromosontks?2, 5, 6 and 9.
Collectively these QTLs explained 59% of the phgpiat variance and they all showed
additive gene actionP&0.001). A proportion of more than 10% of the phgpx
variances was explained by the QTLs on chromosgnée @nd 9. Except for the QTL on
chromosome 2, all QTLs inherited resistance all&les the resistant parent. The QTLs
on chromosomes 2, 6, and 9 were also associateadPEBI. This is in agreement with a
high correlation between the phenotypic valueseftivo disease traits*(= 0.80).

Resistance to stem lesions was associated witk fd.s on chromosomes 2, 5,
and 9. The QTL on chromosome 9 was the most impbfta resistance to stem lesions
since by itself it explained over 30% of the phepat variance. The 2-LOD support
intervals of the stem lesion QTLs partly or comgleverlapped those of three QTLs for
RAUDPC or PEBI.

Irrespective of the type of disease syndrome apdtrtit measured, the QTL on
chromosome 9 was the most important in the field. #éach trait measured, it explained
the largest proportion of the phenotypic variance.

Additive genetic effects were prevalent for the @Tdetected in the field, while
the QTL on chromosome 9 also displayed a dominanetc effect P<0.001) on stem
lesion resistance. Digenic epistatic interactiohshe type additive x additiveP&0.05)
were found for RAUDPC between the QTLs on chromasoéhand 9.

Discussion

Linkage analysis

Deviation from the expected segregation ratiog@mmon feature of tomato interspecific
crosses, often with the extent of skewness beigbenion wider crossess. A skewness
rate of 50% was reported inSalycopersicum x S cheesmaniae (syn.L. cheesmanii) F2
population (Patterson et al. 1991), and up to 80% $. lycopersicum x S pennellii F2
population (de Vicente and Tanksley 1993). Lessnvekkesegregation (8 to 10%) was
exhibited in crosses witB. pimpinelifolium (syn. L. pimpinellifolium), a species closely
related with the cultivated tomato (Chen et al. 3,9Grandillo et al. 1996). A distortion
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rate (55%) similar to our result was previouslyaeed by van Heusden et al. (1999)
using a different subset of F2 progeny from theesanoss wittsS arcanum LA2157. The
aberrant segregation on chromosomes 2, 4, 7, dod&@dsS. arcanum alleles was also
previously reported by van Heusden et #1999). Additionally, an excess in
heterozygotes was observed on chromosome 9, asals@asobserved by Fulton et al.
(1997) in a cross witls arcanum LA1708 (syn.L. peruvianum LA1708). In our
population, QTLs for EB resistance were observedh bim regions with skewed
segregations (chromosomes 2, 6, 7, and 9) andgione without skewed segregation
(chromosomes 1 and 5).

QTL analysis

We assessed EB resistance at the single plantifetied F2 population in glasshouse tests
using inoculation with a single isolate and comgafteese data to the F3 data from a field
test under artificial inoculations with mixed figkblates. Six QTLs were detected, two of
which (the QTLs on chromosomes 2 and 7) inheriteel tesistant allele from the
susceptible parent. This is not uncommon and has beported in many plant species
(e.g. Young et al. 1993; Lefebvre and Palloix 199et et al. 1998). For EB resistance in
tomato, Zhang et al. (2003) also detected a QTLcbromosome 3 for which the
resistance allele was inherited from the susceptialrent. The presence of QTLs with
opposite effects to those predicted by the panmsaig be responsible for the occurrence of
individuals with transgressive phenotypes (de Vieaand Tanksley 1993; Dirlewanger et
al. 1994).

Notwithstanding the differences in experimentalhteques (pathogen isolates,
inoculation method and resistance assessmenti&yitand environmental conditions
between the disease tests, we detected three EB @Tthe glasshouse (chromosomes 2,
5, and 9) which coincided with QTLs for resistaricgts in the field. Two QTLs were
detected with a significant effect only on the di¢ést trait RAUDPC on chromosomes 1
and 6, with the second also having an elevatechbuisignificant LOD score for PEBI.
One QTL on chromosome 7 was the major QTL affectilhglasshouse test traits, while
it showed no effect on the field test traits. Espic the QTL on chromosome 9 is
interesting: it is the major QTL detected for adlits in the F3 field test, and it is also an
important QTL in the F2 glasshouse tests.

Plant conditions, including developmental stage pimgsiological state may affect
the expression of QTL for resistancéoung et al. (1993) observed two QTLs for
resistance to powdery mildew in mungbean which w&gmificant at 65 days after
planting and detected a different QTL at 85 daysrgflanting. In our study, the QTL on
chromosome 7 showed an effect in glasshouse tétyowung plants (56 to 63 days after
planting), whereas the QTLs on chromosomes 1 aweré only effective in the field at
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later plant stage (90 to 110 days after sowing)e TTL on chromosome 7, which
inherited the favorable alleles from the susceetgarent, might not have a true effect on
EB resistance. As the susceptible parent is &avatdd, semi-determinate lycopersicum
variety and much better adapted to the glasshaseenvironment than the resistant,
indeterminateS. arcanum parent, this suggests that the QTL on chromosomay affect
the condition of the plants in the glasshouse ratien the resistance itself. Thus, plants
carrying theS. lycopersicum allele would in general be more vigorous and ttoeesbetter
able to withstand infection, which overshadows éffect of their genotype at the “true”
resistance QTLs. The fact that well-fertilized gaare more resistant than plants starved
for nutrients and that young plant generally shoarenapparent resistance to EB than
older plant (Rotem 1994) support the notion thanhpktondition can affect EB resistance.
Whether this speculation is true or not, the QTLcbnomosome 7 is not an interesting
target for breeders, as it doesn’'t show an effedEB severity in the field.

The detection of common QTLs at different experitakriocations may be
hampered by genotype x environment or genotypelatss interactions as was observed
in some studies, e.g. by Lubberstedt et al. (198@) do not preclude the presence of such
interactions in EB resistance that might furtheplai the discrepancy between the F2
glasshouse and F3 field tests; however, such tters could not be determined in this
study. In the two environments different isolatesrevused, so that the effects of the
isolates and experimental conditions were confodnde

Comparison with classical genetic and molecular mapping studies of EB
resistance

The current research is the first genetic stud{Bfresistance using arcanum as a
donor parent. Our results concur with previoussitad genetic and molecular mapping
studies usingS habrochaites (syn. L. hirsutum) or derived materials andSs
pimpinellifolium, which indicate that EB resistance is under patygeontrol. Additive
genetic effects were predominant (Nash and Gartlé@8a; Maiero et al. 1990a; Foolad
et al. 2002b; Thirthamalappa and Lohithaswa 200@&ng et al. 2003); in some cases also
dominant effects (Nash and Gardner 1988a; Thirtheyppa and Lohithaswa 2000) as
well as epistatic interactions (Maiero et al. 199(0dash and Gardner 1988a;
Thirthamalappa and Lohithaswa 2000) were observed.

Although we used a different resistance source,2i.OD support intervals of
five of our QTLs overlapped with the QTL regiondetted by Foolad et.al2002b) and
Zhang et al (2003). The QTL on chromosome 7, which we deteaety in the
glasshouse test using a single isolate, was netudet in the field studies by Foolad et al.
(2002b) and Zhang et al. (2003) using a mixturevaf isolates from Pennsylvannia, U.S..
The smaller number of QTLs detected in our study bedue to a higher LOD threshold
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employed (3.6 to 3.9 depending on the trait) comgao the previous mapping study
using anS. habrochaites source which used a LOD threshold of 2.4 (Foolaal.e2002b).
Both studies revealed no major QTLs for EB resistamut rather showed that resistance
is controlled by several QTLs with small effectstor 16% explained variance in our
study, and 4 to 22% in Foolad et al. (2002b). mhmber of QTLs (7) detected by Zhang
et al (2003) using selective genotyping on a backcrogsilation withS. habrochaites as
donor was similar to the number of QTLs (6) we tifexd. A larger mapping population
and more replications could possibly uncover mofe.€£for EB resistance, but probably
no major QTLs will be found.

Previous studies showed that stem lesion resistaas found in the same sources
as EB resistance but the genetic relationship weasnvestigated (Barksdale and Stoner
1973, 1977; Stancheva et al. 1991a, b). In theeptestudy three EB resistance QTLs
coincided with stem lesion resistance QTLs; one @ilchromosome 9 even had a major
effect on the stem lesion resistance (31%).

Breeding implications

For breeding purposes QTLs with large additive affe which are stable across
environments and which do not depend on epistatgractions, are most desirable. QTLs
which meet these criteria perfectly were not foimdhe current study. Nevertheless, it
would be useful for breeders to make use of the £dh chromosomes 2 and 9 as they
are effective in both environments and are the rmopbrtant according to the field test
results. Genotypes homozygous for the ‘Solentdsleaht the QTL on chromosome 2 or
for the LA2157 allele at the QTL on chromosome @vebd enhanced resistance as
measured by different parameters (Table 2). A @rrthcrease in resistance was generally
observed in the double homozygotes. It is possibée the favorable QTL allele on
chromosome 2 is already present in most tomatorrahten that case only the QTL on
chromosome 9 would have to be introgressed. Fosgression purposes a more precise
determination of the QTL positions will be needé&tlis could be achieved through the
development of a population of plants or lines,heagntaining parts of th& arcanum
QTL regions in a cultivated tomato background.
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Table 2 Mean values for resistance parameters of F2 plants the derived F3 lines based on the QTL
genotypes on chromosome 2 and 9. The QTL on chromosbrmherited the resistant alleles from the
susceptible parent ‘Solentos’.

QTL on chromosome 9

LS (mm2) Mean RAULEC Mean PSmL Mean
ad ab bb aa ab bb aa ab bb
QTL aa 098 043 045 044 099 0.65 075 0.72 41.20 48.10 48.84 47091
on chr 1 @y (5) (23) (2) (13) (a0) (26) (1) (12) (5) a7
2 ab 1.05 063 070 071 132 090 1.01 0.99 24.97 38.07 40.39 35.59
11) @3) (21) (B89 (120 @5 @7 (r6) (14 (38 (21 (80
bb 110 081 071 085 125 110 097 1.09 29.47 30.70 38.05 31.91
(12) (32) (10) (62) (4 (1) (12) 48 (100 (@B7) (14) (63)
Mean 1.04 0.68 0.66 1.35 0.95 0.90 27.65 35.82 41.50
(26) (99) (44) (26) (99) (44) (26) (98) (45)
QTL on chromosome 9
PEBI Mean RAUDPC Mean PStLI Mean
aa ab bb aa ab bb aa ab bb
QTL aa 45.94 40.60 37.75 40.48 39.34 35.11 32.71 35.27 19.32 7.68 7.57 9.76
on chr G (24 @11y @09 @ @19 B @ @ O (5) (15)
2 ab 51.64 4449 38.52 44.76 45.04 39.70 36.43 39.98 32.16 17.43 11.25 18.26
18 (39 (17) (76) (190 46) (18 (B89 (15 49 (220 (89
bb 51.98 48.61 44.81 47.60 41.69 4230 39.00 41.38 33.23 18.71 15.53 21.01
(4 (13) (11) (28 (3 (19 @11) @8 (n (A1) (@11) (29
Mean 50.01 44.17 40.08 43.31 39.63 36.11 30.38 17.05 12.35
(30) (81 (40) (30) (81 (40) (30) (76) (44)

Abbreviation: chr = chromosome

®aa = homozygous ‘Solentos’; ab = heterozygous t8ok/LA2157; bb = homozygous LA2157.

PValues are log (x+1) transformation for LS (les&ire) and RAULEC (relative area under the lesion esijoa
curve) and arcsing(x/100) transformation for PSmL (percentage of srfeslons) and PStLI (percentage of
stem lesion index).

‘Figures in parentheses are the number of F2 ptaurf8 lines.
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Chapter 4

General discussion

Tomato early blight

Early blight (EB) is widely distributed in the wdrbnd can cause substantial yield loss of
tomato in endemic areas (Chapter 1). The disegseaap first on the lower leaves and
intensifies as the plant matures. The frequentiegun of fungicides needed to control
the disease might be reduced if cultivars with #igent level of resistance and
satisfactory horticultural characteristics becomailable.

Many studies on the biology, epidemiology, and geneariation of the fungal
pathogen Alternaria solani, have been published. Nevertheless, the impogaastion
concerning the existence of physiological racesaramunanswered. Conversely, also no
evidence is available of race- or isolate-speaiéisistance in the host. The study of
physiological races is complicated by the multieaté nature of the pathogen, which
prevents the establishment of genetically unifosolates. However, even if race-specific
interactions do occur, these are unlikely be medidly R-genes with major effects, as so
far no evidence for major resistance genes have foead.

Various screening test methods have been develaygedh differ with respect to
test environment (field, glasshouse, or laboratdmglogical materials (detached leaflets,
intact young or old plants) and inoculum (conidmycelium or toxin). In few cases
different methods have been compared. Reasonabriatoons have been found between
various types of glasshouse and field tests. Inp@na a genetic study is described which
uncovered partly the same and partly different Qlitieg a glasshouse and a field test.

Several wild related species of tomato harbor t@sce® to EB but onlyS
habrochaites has been utilized for developing EB resistant eats through classical
breeding. The major constraints in EB resistaneeding are the quantitative nature and
polygenic inheritance of the resistance, which alsoses serious linkage drag if no
closely linked selection markers are available.

The complex genetic control of EB resistance inesalvsources of resistance has
been studied using quantitative genetic methods. |[®ti underlying the resistance have
been further dissected using a QTL mapping appraadh habrochaites (Foolad et al.
2002; Zhang et al. 2003) and more recentl$ iarcanum (described in Chapter 3).
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Resistance test methods and screening of tomato accessions

The most widely used method of screening involy@sysng plants with suspensions of
conidia and visually estimating disease severitgedaon the amount of damaged leaf
area. This type of disease assessment is subjemtisienot easily transferable across
experiments. Locke (1948) was the first to devisdr@plet inoculation method, which
allows precise measurements of lesion growth. Hewdwe used detached leaflets in his
experiments, which resulted in poor correlationghvield test results. Consequently this
method was hardly used. We adopted this inoculatr@thod, but used young intact
plants in a glasshouse environment rather tharcketaleaflets following the protocol by
Nash and Gardner (1988) with some improvements. Wd&d this method to screen
collections of tomato accessions including relagpdcies and a segregating population.
This test method has several advantages: 1) diyiebjective results, independent of the
observer; 2) the scores represent a concrete gudlgsion area) rather than an ill-
specified disease index; 3) it allows to recovezresusceptible plants for further use, as
the disease remains confined only to the inoculégastes during the test period; 4) it
allows a detailed assessment of other epidemicdbgiarameters such as lesion growth
rate and the percentage inoculations that resljtiorvery small spots, which were used
to map resistance genes in Chaptear®l 5) it can be extended to inoculations on fetio
(resulting in defoliation by petiole lesions), sterand fruits so resistance in all these
organs can be assessed separately.

From a series of experiments three conclusions geuder

* The first two true leaves above the cotyledonsnatesuitable for inoculation due
to early senescence, especially in non-glasshadesgted wild species;

» always a wide range of EB lesion sizes was fourabfrective of resistance level,
from minute flecks £ 1 mnf), to almost complete leaf blight; the lesion size
followed an exponential-like distribution. The meah this distribution was an
indicator for the resistance level. Minute lesiamscurred at a lower rate on
susceptible than on resistant genotypes; this ooffelquicker way of assessing
resistance by calculating the percentage of srasibhs, rather than measuring all
lesions. In Chapter 3 the percentage of small tssiwas used to map QTLs for
resistance, with essentially the same results @pimg lesion size.

» Lesion size of droplet-inoculated plants did natrelate well with disease index of
spray-inoculated plants. This was to a large extemused by significant
defoliation of spray-inoculated plants due to aentdl lesions developing on
petioles.

The droplet inoculation method can be applied todyt epidemiological
parameters for EB resistance, for which very lichiteformation is available in tomato
(e.g. O'Leary and Shoemaker 1983), and to chaiaetedifferential aggressiveness
amongA. solani isolates. The method also has potential for phggical studies. For
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example, it could be applied to study the hypothélsat young leaves show a transient
resistance to EB.

Several tomato lines previously reported as rasigRoysa and Tu 1996) turned
out to be susceptible to an Indonesfasolani isolate used in our study. This warrants the
verification of resistance to local isolates befareroducing breeding lines or cultivars
developed elsewhere into local breeding programs.

Mapping QTLsfor EB resistance

The QTL mapping study described in Chapter 3 is fitet such study involving a
resistance source fro@ arcanum. QTL mapping was performed in an F2 population
phenotyped in a glasshouse test and in the depwedlation of F3 lines phenotyped in
the field; in the two test environments differerB Eesistance parameters were scored.
Some QTLs identified in the two environments ovapked while others were specific for
either environment. While two QTLs specific for tha field test had relatively low LOD
scores and might be spurious, one QTL specifictlier F2 glasshouse test was highly
significant. Although the causes of the discrepasaiemain unknown, both plant age
related expression of resistance or differentiapaation to the glasshouse environment
might be involved.

At two QTLs, including the glasshouse-specific QThhentioned above, the
susceptible parent contributed the alleles forstasce; this is not uncommon and the
same phenomenon was also observed in another Earese mapping study wheg
habrochaites Pl 126445 was used as sources of resistance (&taaig2003). One QTL
perfectly overlapped in both F2 and F3, whereasdthers partially overlapped. Among
these three QTLs, the QTLs on chromosomes 2 anck €ansidered good targets for
resistance breeding since they showed large effiedtse glasshouse and in the field for
EB resistance and also for stem lesion resistdnt®gression into a tomato background
would be needed only for the QTL on chromosomeng@esihe QTL on chromosome 2,
which inherited the resistant alleles from the spsible parent, might already be present
in tomato.

Per spective for early blight resistance breeding in Indonesia

Given the low number of QTLs detectedSnarcanum LA2157 it should be feasible to
introgress these into elite tomato breeding liffidé® QTL mapping in transient F2 and F3
populations serves as an initial analysis of thieces of QTLs at particular positions. To
show that a QTL will be effective in an adapted dnésian tomato background,
permanent near-isogenic lines (NILs) should be lbpesl. The detailed procedure is
described in the following and the working plan depicted in Figure 1. F3 lines
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containing the target QTL alleles have been selefde this purpose. Next, each plant
must be genotyped using the AFLP markers flankimg target QTLs. For an easier
monitoring of introgression these flanking markees be converted into simple PCR
markers. Individuals retaining the target chromogbsegments but carrying a minimal
number of non-target segments are selected andctossled to a recurrent parent,
preferably a tomato line adapted to Indonesian itomd. The backcross procedure is
repeated with marker-assisted selection (MAS) irergvcycle. When the desired
recombinants are obtained, e.g. in the BC3, onadoaf selfing follows to produce
BC3S1 progenies in which segregants homozygoushfordonor allele of the QTL are
selected. Each line is genotyped with more markemsstimate size of the introgression
segment. The use of additional published tomato-Ba&$ed markers can aid in saturating
the interval of interest to precisely delineate ititeogressed segment. This procedure will
yield a series of NILs consisting of plants eaclihwa different single homozygous
introgression containing one target QTL. The Nlks &#@sted to confirm the putative QTL
NIL effect. NILs can further be used to study gepet x environment and genotype x
isolate interactions and components and mecharfisesistance.

Fine mapping is needed to reduce the linkage dsagceated with introgressing
the QTL. It may also reveal whether the QTL effeants caused by closely linked loci or
by a single locus. This can be done by crossing$Iwith an elite tomato and selfing the
resulting F1(s) or backcrossing to obtain F2 or B@bgenies. Marker assays are
performed to identify plants containing recombirgaint the QTL region. Recombinants
are phenotyped to check if the remaining part ef @TL regions still has an effect on
resistance.

The MAS approach has not yet been incorporated uiplip tomato breeding
programs in Indonesia, even though the technolaypy been acquired for rice breeding
since the last decade. The major obstacle, a clHsproblem for many developing
countries, is the higher cost which would not rbadittract governmental funding.
However, since the phenotypic expression of EBstastce is highly influenced by
environmental factors and resistance is conferregddveral genes each with relatively
small effects the application of MAS is justifiedfficient and cost effective. The
application of MAS in each cycle of introgressiatifitates the precise selection of the
desired QTL and therefore enhances the developwofergsistant cultivars. The QTL
mapping study described in this thesis and the ymed population of F3 lines are
proposed as a starting point for an EB resistanaeken-assisted breeding program in
Indonesia.
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Solanum lycopersicum ‘Solentos’ xSolanum arcanum LA2157
P1 | P2

Phase achieved in this thesis i

Next steps in proposed program

elite tomato breeding line/cultivar x selectedliR@s
<+«— MAS

BC1
v + MAS

v
BCn
® l
tomato x BCnS1 (NIL)

tomato x F1 Disease test to confirm QTL effect
/ l®
BC1 F2

Finé mapping populaﬁons

Figure 1 Schematic diagram for generation of NILs and firepping of early blight resistance QTLs.
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Summary

Tomato early blight (EB) caused by the fundiiternaria solani is a field disease with a
worldwide distribution, including Indonesia. Theseéase is currently controlled using
frequent applications of fungicides. The use ofstast cultivar would be an attractive
way to reduce fungicide application. The aims @& tasearch are to support breeding of
EB resistance cultivars for the Indonesian markgt,identifying EB resistance genes
effective in Indonesia and developing markers f&x3J

In Chapter 1 the literature of. solani, EB and resistance is reviewed. On the
fungal side pathogenicity and genetic variationehbeen widely investigated. However,
the existence of different physiological races hasbeen convincingly demonstrated or
disproved. Reliable methods of screening are availfor use in resistance breeding.
Intensive screening of tomato accessions worldviae shown that strong resistance is
not available in the cultivated tomato but onlywid species. Resistance £0 solani is
expressed quantitatively and is polygenically imtleelr For that reason classical breeding
has not been able to achieve high levels of rewistaand undesirable traits from the
donors have been introgressed as well. RecentlysQfidve been mapped in a few
resistance sources, which could facilitate tramsfgrsuch quantitative resistance genes
and circumvent the problem of unfavourable linkdgag once markers tightly linked to
the QTLs have been obtained.

In Chapter 2 a resistance test method involvingletoinoculation is described,
which is an adaptation of an existing but hardlgedugechnique. This method has
advantages in comparison with the more widely sgdy inoculation method, including
a clear distinction between lesions causedAbgolani and necroses of leaf loss due to
other causes, and an objective measurement of gamagpntrast to subjective scoring.
In the droplet inoculation method leaflets of intatants are inoculated with droplets of
an A. solani conidial suspension in water or an agar solutiogsions are assessed
guantitatively by measuring the length and the gedpcular width. In this way objective
and accurate assessments, which are prerequit€SIt. analysis, can be achieved. This
inoculation method was used to screen a colleafds¥ tomato accessions for resistance
to an IndonesiaA. solani isolate.

S arcanum LA2157 is highly resistant té. solani in the glasshouse screening
tests. The genetics of the resistance in this waldtive of tomato was further studied
using a QTL mapping approa¢@hapter 3). The mapping population consisted @f BZ
plants. A linkage map consisting of 12 linkage gre®wovering 1179 cM was based on
379 markers (33 SSR, 21 SNP and 316 AFLP markaik)inkage groups could be
assigned to the 12 tomato chromosomes. About Halhe markers showed deviation
from the expected 1:2:1 segregation ratio. The Bpufation was phenotyped in a
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glasshouse in Netherlands with an Indonesian sad&tA. solani. EB resistance was
evaluated with respect to lesion size (LS) andtedigparameters (relative area under the
lesion expansion curve [RAULEC] and percentagenmdlslesions [PSmL]). The derived
F3 lines (156) were tested in a field in Indoneslarcentage of EB index (PEBI) was
assessed at six times and relative area underishasg progress curve (RAUDPC) was
calculated. A total of six QTLs with a range of LGbores 3.6 to 16.4 were mapped on
chromosomes 1, 2, 5, 6, 7 and 9. Three of the Bhlosved effects in both tests despite
differences in experimental method and observetstraor the first time, three QTLs for
resistance affecting the development of stem Issianother disease symptom caused by
the fungus on the main and secondary stems of thet,pwere identified, which
completely overlapped with QTL regions for earlyight resistance. Two QTLs on
chromosomes 2 and 9, which explained 7 to 16% efphenotypic variation for EB
resistance and 31% for stem lesion resistancerem@mmended to be used in tomato
breeding programs for resistanceAtasolani.



Samenvatting

De ziekte Early Blight (EB) in tomaat wordt veroaakt door de schimm@dlternaria
solani. De ziekte komt wereldwijd voor, ook in Indones\or de bestrijding worden
frequent fungiciden toegepast. Het gebruik vansteste rassen zou een aantrekkelijke
manier zijn om het fungicidengebruik te reducetdat doel van dit onderzoek is om de
veredeling van EB-resistente rassen voor de Indsctes markt te ondersteunen, door
genen voor resistentie tegen EB te identificerem effectief zijn in Indonesié en door
selectiemerkers voor MAS te ontwikkelen.

In hoofdstuk 1 wordt een overzicht van de litevatwver A. solani, EB en
resistentie gegeven. De pathogeniteit en genetis@ratie van de schimmel zijn
uitgebreid onderzocht. Er zijn echter geen oveendg bewijzen beschreven voor het al
of niet bestaan van verschillende fysio’s. Er bigirouwbare methoden beschikbaar voor
het toetsen van resistentie. Uitgebreide toetsenteaaten-accessies uit de hele wereld
hebben aangetoond dat er geen sterke resistemtikorot binnen de cultuurtomaat, maar
wel in wilde verwanten. Resistentie tegAnsolani komt kwantitatief tot expressie en
berust op meerdere genen. Daardoor is het viaiklesseredeling nog niet gelukt om een
hoog niveau van resistentie te realiseren, en @ijmaast resistentie ook ongewenste
eigenschappen uit de donors ingekruist. Recenezi@TLs uit enkele resistentiebronnen
in kaart gebracht. Wanneer er nauw gekoppeldetesmteerkers verkregen worden zal dit
het inkruisen van dergelike kwantitatieve resisggenen, zonder gekoppelde
ongewenste eigenschappen, vergemakkelijken.

In hoofdstuk 2 wordt een toetsmethode beschrewergebaseerd is op druppel-
inoculatie, een aanpassing van een bestaande, totaau toe nauwelijks toegepaste
methode. Deze methode heeft voordelen in vergegjknet de veelgebruikte spray
inoculatie, waaronder een duidelijk onderscheigenslesies veroorzaakt doAr solani
en necroses of bladverlies ten gevolge van andemaken, en een objectieve meting van
de aantasting in plaats van subjectieve schattiBig.de druppel-inoculatiemethode
worden blaadjes van intacte planten geinoculeetdere suspensie vaha solani conidia
in water of in een agar-oplossing. De lengte eerditeevan de lesies wordt gemeten, zodat
nauwkeurige en objectieve gegevens verkregen wpsdaheen voorwaarde is voor een
QTL analyse. Deze inoculatiemethode is gebruikirveet toetsen van een collectie van
54 tomaten-accessies op resistentie tegen eendsideh isolaat vaA. solani.

S arcanum LA2157 is sterk resistent tege solani in kastoetsen. De genetica
van de resistentie in deze wilde verwant van deauactiomaat is verder onderzocht door
QTLs te karteren (hoofdstuk 3). De karteringspofpellaestond uit 176 F2 planten. De
moleculaire-merker kaart omvatte 12 koppelingsgenemet een totale lengte van 1179
cM en was gebaseerd op 379 merkers (33 SSR, 21eBN#L6 AFLP merkers). Alle
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koppelingsgroepen konden worden toegewezen aamolsamen van tomaat. Ongeveer
de helft van de merkers vertoonde een significaftgjking van de verwachte 1:2:1
splitsingsverhouding. De F2 populatie werd gefepegrd in een kas in Nederland met
een Indonesisch isolaat vak solani. EB resistentie werd bepaald aan de hand van
lesiegrootte (LS) en daaraan gerelateerde parasnételatief opperviakte onder de
lesiegroeicurve [RAULEC] en percentage kleine ledieSmL]). De uit de F2 planten
verkregen F3 lijnen (156) werden in een Indonesmoefveld getoetst. Hier werd op zes
momenten de percentuele EB index (PEBI) bepaaldiet¢rrelatief opperviak onder de
ziekte-ontwikkelingscurve (RAUDPC) werd berekend.tbtaal werden zes QTLs met
LOD-scores van 3.6 tot 16.4 gevonden op chromoscimeh 5, 6, 7 en 9. Drie van de
QTLs werden in beide toetsen gevonden, ondanks etschillen in experimentele
methoden en waargenomen kenmerken. Voor de earstenlerden ook QTLs gevonden
voor een ander symptoom van de schimmel: de oneiidg van stengellesies op hoofd-
en zijstengels. Deze QTLs overlapten geheel meTe-gebieden voor EB resistentie.
Twee QTLs op chromosomen 2 en 9, die 7 tot 16%deafenotypische variatie voor EB
resistentie en 31% van de variatie voor stengeltegerklaarden, worden aanbevolen voor
gebruik in veredelingsprogramma’s gericht op dewvikkkeling van rassen met resistentie
tegenA. solani.



Ringkasan

Becak kering (BK) disebabkan oleh jamlternaria solani adalah penyakit pada tomat di
lapangan yang sebarannya luas di dunia, termasidnésia. Saat ini BK dikendalikan
dengan aplikasi fungisida berfrekuensi sering. Bangan kultivar tahan merupakan cara
yang ampuh untuk penjarangan aplikasi fungisidguarudari percobaan ini adalah untuk
mendukung pemuliaan kultivar tahan BK untuk pasdohesia, dengan mengidentifikasi
gen-gen ketahanan BK yang efektif di Indonesia demgembangkan penanda untuk
program MAS.

Pada Bab 1 kepustakaan tentafigsolani, BK dan ketahanan diulas secara
menyeluruh. Patogenisitas dan keragaman genetikar jielah diteliti secara luas. Akan
tetapi, keberadaan ras-ras fisiologik yang berlimlam secara meyakinkan ditunjukkan
ataupun dibantah. Metode terpercaya untuk penyamirkggtahanan telah tersedia untuk
pemuliaan. Penyaringan asesi tomat secara intgins#fluruh dunia telah memperlihatkan
bahwa ketahanan yang tinggi tidak ditemukan pacdeatdoudidaya tetapi hanya ada pada
spesies liar. Ketahanan terhadasolani diekspresikan secara kuantitatif dan diwariskan
secara poligenik. Karena itu kultivar dengan lekethhanan yang tinggi belum diperoleh
melalui pemuliaan secara klasik, disamping jugatsifat yang tidak diinginkan dari
donor turut terbawa. Baru-baru ini QTL telah tegben pada beberapa sumber
ketahanan, yang bisa membantu pemindahan gen-gamaken kuantitatif itu dan
mengatasi masalah “linkage drag” yang tidak diikgm jika penanda yang terpaut erat
dengan QTLs telah diperoleh.

Pada Bab 2 sebuah metode uji ketahanan berupal@sokiropletdiuraikan, yang
diadaptasi dari sebuah metode yang telah ada tetappir tidak pernah digunakan.
Metode ini mempunyai beberapa keuntungan dibandimgitengan metode inokulasi
semprot yang lebih sering dipakai, antara lain mamgmbedakan dengan jelas antara
becak yang disebabkan oléh solani dan nekrosis pada daun gugur yang diakibatkan
oleh penyebab lain, dan mampu mengukur kerusakagadelebih jelas dibandingkan
dengan cara skoring yang subyektif. Pada metodeuiasi droplet ini anak-anak daun
pada tanaman diinokulasi dengan suspensi koidsalani dalam air atau larutan agar.
Becak dinilai secara kuantitatif dengan mengukumjgray dan lebarnya. Dengan cara ini
penilaian yang obyektif dan teliti, yang merupalemsyaratan untuk analisis QTL, bisa
diperoleh. Metode inokulasi ini telah digunakanuknmenyaring ketahanan 54 asesi
tomat terhadap sebuah isofatsolani dari Indonesia.

Solanum arcanum LA2157 sangat tahan terhada@ solani di rumah kaca.
Genetika ketahanan pada kerabat liar tomat inilajge lebih jauh menggunakan
pendekatan pemetaan QTL (Bab 3). Populasi pemdtadiri dari 176 tanaman F2.
Sebuah peta keterpautan terdiri dari 12 kelompakgmayang mencakup 1179 cM telah
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dibuat berdasarkan pada 379 penanda molekuler §3, 21 SNP dan 316 AFLP).
Seluruh kelompok pautan itu dapat ditentukan nork@mosomnya ke dalam 12
kromosom tomat Setengah dari penanda-penanda itu menyimpangpeapandingan
segregasi 1:2:1. Populasi F2 diuji ketahanannyzatiap sebuah isolat tunggal solani

di sebuah rumah kaca di Belan#&@tahanan terhadap BK dievaluasi berdasarkan ukuran
becak dan parameter yang berkaitan dengannya (desedif dibawah kurva perluasan
becak [RAULEC] dan persentase becak berukuran kB&mL]). Galur-galur F3 yang
diperoleh (156) diuji di sebuah lapangan percoldiamdonesia. Persentase indeks BK
dinilai pada enam titik waktu yang selanjutnya digkan untuk menghitung daerah relatif
dibawah kurva perkembangan penyakit [RAUDPC]). &ghk enam QTL dengan
kisaran nilai LOD dari 3.6 hingga 16.4 terpetakadgkromosom 1, 2, 5, 6, 7 dan 9. Tiga
dari QTL tersebut memperlihatkan pengaruh pada &dishgkungan uji walaupun ada
perbedaan metode percobaan dan parameter peryaigt diamati. Untuk pertama
kalinya tiga QTL untuk ketahanan yang mempengapgrkembangan becak batang,
sebuah gejala penyakit disebabkan jamur tersebdé featang utama dan sekunder
tanaman, telah diidentifikasi, yang daerah QTL-ty&pang tindih secara menyeluruh
dengan daerah QTL untuk ketahanan terhadap BK.@lIia pada kromosom 2 dan 9,
yang menerangkan 7 sampai 16% dari keragaman panantuk ketahanan BK dan 31%
untuk ketahanan becak batang, disarankan untuknakgun dalam program pemuliaan
tomat untuk ketahanan terhadapsolani.
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