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General introduction

Chapter 1

General introduction

Roses and their uses

Rose has been admired for its beauty and fragrsince its first cultivation 5000 years ago by
ancient civilizations of China, Western Asia andtRern Africa (Gudin 2000). After selection and
breeding for thousand years, especially afteritiseHlybrid tea roses were bred, rose has become
one of the most economically important ornamentaps. It is cultivated today in gardens and
alongside roads for decoration, in open fieldsése oil and hip production, and in greenhouses for
production of cut and pot flowers.

The genuRosacomprises more than hundred botanical (wild) sgseaf which only about ten
(Crespel and Mouchotte 2003) contributed to thestigament of cultivated roseR. chinensisR.
foetida R. gallica R. giganteanR. moschataR. multifiora R. phoenicea, R. rugosa, R. wichurana
andR. rubra Most of the roses grown today are not true sgdmig are derivatives of interspecific
hybridization (Zhang 2003)eading to a wide diversity among cultivated roses.

A diploid plant of the genl®osacontains seven pairs of chromosomes. In this genus
polyploidy occurs frequently in wild as well asdultivated roses. The majority of the wild species
are diploid, whereas most cultivated roses arapdid or triploid (Crane and Byrne 2003). The
rose genome consists of fairly small chromosomeshais an average DNA content of 1.1pg/2C in
diploid roses (Yokoya et al. 2000). The genomebisua four times larger in size than that of
Arabidopsis thaliangdDebener and Mattiesch 1999; Rajapakse et al. 2001)

Cultivation and economic aspects

Roses are cultivated outdoors and indoors on aliments except Antarctica. The current world
production under protected cultivation is annualiyput 8500 ha with 15-18 billion stems for cut
rose (Blom and Tsujita 2003) and 60-80 million piotspot rose (Pemberton et al. 2003). The main
production of cut roses and pot roses is concetriatareas with a suitable climate and the
availability of sufficient skilled labour. In recepears cut rose and pot rose production has dhifte
from developed countries, for example The Netheldaand USA, to developing countries, for
example Kenya, Zimbabwe and Ecuador, where codtciities and labour are lower. The light
availability in those countries is greater espégidiliring the winter and spring seasons in Europe
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when the demand for roses is relatively high (Petobe2003). However, in Northern European
countries such as The Netherlands and Denmarkuth®ses and pot roses produced in
greenhouses still are the main source of rose pteguiesent on the market. The production area of
roses in greenhouses in The Netherlands was 8%&rbsdn 2003, which is 15 % of the greenhouse
area in use for cultivation of floricultural cropSnonymous 2004).

Breeding of roses

Rose breeding is mainly performed through conveaticross breeding supported by technologies
such as mutation induction, embryo rescue, plasygll manipulation, gene transformation and
molecular markers. About 25-30 highly competitimgernational companies and many amateur
breeders are involved in the development of new oodtivars (Gudin 2003). More than 20,000
modern cultivars have been registered today (CtespeMouchotte 2003; Leus et al. 2004).

In breeding programmes, different breedioglsg, breeding strategies and gene pools are used
to develop cultivars for specific uses (Guidin 20@8r example for cut roses (Chaanin 2003), pot
roses (De Vries 2003), scent roses (Verhoeven 208B8), garden roses and rootstocks (Guidin
2003). The emphasis in breeding in the past usbd ttmm ornamental characters like flower colour,
scent and morphology, recurrent blooming and ghaiit. In recent years criteria like disease
resistance against the major pathogens and pessidlerance in garden roses, productivity and
vase life for cut roses, and shelf life and plaatbihfor pot roses have become increasingly
important.

Some studies have been conducted to rawveahheritance of traits like flower morphology,
moss character, dwarf phenotype, prickles and itapbdisease resistances (Table 1). These results
have been helpful for rose breeding. However, saselts need verification since some studies are
based on low numbers of offspring and a lack oéaded experiments and statistical analysis
(Debener 2003).

Molecular markers and their use
The advent of molecular markers made it possibtietect specific genes or chromosome regions
controlling important traits. This helps to undarst the structural organization and function of the
genes, and provides information for marker-assistalection in rose breeding. A variety of
molecular markers are available in roses: RFLPgr{ction fragment length polymorphisms),
RAPDs (randomly amplified polymorphic DNAs), AFLRamplified fragment length
polymorphisms), SSRs (simple sequence repeat agpsatellites) and SCARs (sequence
characterized amplified regions), etc. (reviewedRayapakse 2003a).

Genetic studies of roses are limited dudéir open-pollinating mating system and difference
in ploidy level. Inbred lines that could serve asgmts of a classical mapping population are not
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easily obtained. This complication is solved thiotgseudo-testcross” strategy (Grattapaglia and
Sederoff 1994), in which unrelated parents withgh ldegree of heterozygosity are crossed. The
resulting mapping population is suitable for magpif genes for the traits of interest. Theoreticall

segregation of up to four alleles for diploid rosesl up to eight alleles for tetraploid roses per

locus is possible in the respective populations.

Molecular markers have been used in rosegdoetic studies (Debener and Mattiesch 1999;
Rajapakse et al. 2001; Crespel et al. 2002; Lindé. 004), cultivar identification (Esselink ét a
2003; Leus et al. 2004) and genetic diversity ofigdrenetic studies (reviewed by Debener 2002).
However, molecular marker —assisted breeding ia stifl is in its infancy. Molecular genetic study
of a trait of interest comprises phenotypic evatuabf the trait in a mapping population,
construction of a genetic map for this populatiasdd on polymorphic molecular markers,
mapping of quantitative trait loci (QTLS) for thaiit, and possibly identification and cloning the

genes underlying the QTLs.

Genetic mapping

The construction of a marker linkage map providesoato analyse the genetic variation for the

Table 1 Inheritance of traits in roses

Trait Inheritance

Reference

Prickles on petioles Single recessive
Recurrent flowering Single recessive

Corolla Single dominant

Double flowers
Dwarf phenotype
Moss phenotype
Prickles on stems

Single dominant

Single dominant
Single dominant
Single dominant

Resistance to black spot Single dominant
Resistance to powdery mildew  Single dominant
Quantitative

Single dominant
Single codominant

Yellow flower color
Pink flower color
Prickle density

Flower color Quantitative
Leaf size Quantitative
Petal number Quantitative
Prickle size Quantitative
Winter hardiness Quantitative

A major and a minor QTL

Rajapakse 208l
De Vries anddsii984;
Debener 1999; Crespel et al. 2002
Debener and Mattiesch 1999;
Crespel et al. 2002
Debener and Mattiek290
Dubois and De Vrig871
De Vries and Dubot19
Debener and Matti&999;
Rajapakse et al. 2001
Malek arigeDer 1998
Linde @aldener 2003
Zhang 2003
De Vries and Dikh®@984
Debener and Mstth 1999
Crespel e28i02
Zhang 2003
Zhang 2003
Debener 2003; Zhang 2003
Zhang 2003
Svejda 1979
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traits of interest present in the underlying magpopulation. Markers on the same chromosomes
may be linked while markers on different chromossmsigow independent segregation. The relative
distance between two markers is expressed by tloent@ination rate. A good map for a diploid

rose contains seven linkage groups, each corresgptalone of the seven chromosomes, and
ideally has good genome coverage with evenly disted markers. Some genetic maps of rose
have been constructed using different kinds of nmappopulations and molecular markers: diploid
rose with RAPD and AFLP markers (Debener and Msttiel 999; Crespel et al. 2002), tetraploid
roses with AFLP and SSR markers (Rajapakse e0@ll;Zhang 2003).

Mapping of QTLs

Mapping QTLs for a trait is looking for associatiopetween quantitative variation of the trait in a
mapping population and segregating markers. Thgrfgnof associations implies that the genomic
regions in the vicinity of those markers harboungginvolved in the trait. QTL mapping provides
the most likely position for each QTL, togetheriwéstimation for the effect of an allele
substitution and confidence intervals for each Qhlrose, QTL mapping has been performed for
thorn quantity (Crespel et al. 2002), flower colaunmber of flower petals, leaf size, prickle size
and resistance to powdery mildew (Zhang 2003).

Critical problemsin greenhouse production

From an economical and environmental point of viawjgh energy input and control of powdery
mildew are the most critical problems to deal viiitlthe production of cut and pot roses in
greenhouses in Northern Europe.

High energy use

Rose production in greenhouses requires a largeminod fossil fuel to heat and ventilate
greenhouses and to provide light for plant groviithis is costly and results in a large contribution
to the emission of CQa greenhouse gas causing global warming. Theretioe Dutch
government agreed in 1997 to stimulate researahpoove the energy efficiency of crop
production in greenhouses. The goal set was a tieduzy 65 % in 2010 compared to the energy
used in 1980 (Korner 2003) by technical improvenwmreenhouse production systems and
genetic improvement of crops.

More efficient energy use in greenhouse pectidn can be achieved through increase of plant
production with the same energy input and/or desgréa energy consumption with the same
production (Korner 2003). Greenhouse temperatuoaésof the important factors determining
plant growth and development (Rijsdijk and Vogelteg@000). Generally the development rate
increases linearly with temperature from 10 td@%nd the optimal temperature is abouf@2
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(Blom and Tsuijita 2003). The objective for plantdxling is the development of rose cultivars with
a vigorous growth at lower temperatures to achibeeabove-mentioned goal and to save energy.
However, vigour is a complex plant characteridiat tstill is poorly understood. Increase of
knowledge on the genetic variation and the heridityigour and its components will be of
paramount importance for breeding energy-efficiese cultivars.

Diseases

Several fungal pathogens adversely affect roseystah in greenhouses. The most serious and
widespread fungal disease is powdery mildBadosphaera pannoseaarrosae syn.Sphaerotheca
pannosa (Linde and Shishkoff 2003). Other diseases sgd@o#rytis (Botrytis cinered, black spot
(Diplocarpon rosagand downy mildewReronospora spar9also influence rose production
negatively (Horst et al. 2003). Powdery mildew a#ect the whole young, above-ground, parts of
a plant giving white to grey white patches of powydeingus. Powdery mildew affects the normal
growth of rose plants, reduces the quality of flosm&nd even destroys plants.

Powdery mildew is an obligate parasite,if.ean only survive on a living host. It lives
epiphytically on the outer surface of host planithwhitish hyphae (mycelium) that form pegs to
penetrate epidermal cell walls and produce hawstorabsorb nutrients from leaf tissue. Vegetative
hyphae produce chains (conidia) of spores at thpay giving a powdery appearance to the infected
leaves. Sexual spores are occasionally producealamies (Linde and Shishkoff 2003).

Wind and air condition are mainly resporssitar the spreading of spores to other plants.
Environmental conditions influence the germinatidrispores. The optimal conditions are a
temperature of 22C and a relative humidity of 90 % (Xu 1999). Undwaist condition conidia can
withstand a long period of low temperature. Bothrsg and mycelia are sensitive to extreme heat
and direct sunlight. Some reports mentioned tha¢mmight damage the viability of conidia and
thus reduces infection by the pathogen (WheeleB;1Binde and Shishkoff 2003). However, leaf
wetness in the first six hours after infection doesinhibit the germination of conidia (Linde and
Shishkoff 2003).

The pathogenicity of isolates collected fromtdoor-grown roses in different geographic
regions (Leus et al. 2002, 2003) as well as isslpteduced from single spore of the pathogen
(Linde and Debener 2003) has been studied. Th@gatic races of powdery mildew are highly
diverse worldwide (Mence and Hildebrandt 1966; Barahd Coyier 1984; Leus et al. 2002; Linde
and Debener 2003).

In practice, rose is frequently treated vithgicide to control powdery mildew. About 40 % of
all fungicides sprayed on roses are for this puggasde and Shishkoff 2003), which is
environmentally unfriendly and increases productiost. As there is an increasing public
awareness of the negative impact of such chemiaalsreduction of use is welcome. The use of
resistant cultivars is the best way. Several stuftiethis pathogen have shown that both horizontal
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and vertical resistance exist in rose. Linde angdioff (2003) reported that one or two major
genetic factors as well as a few minor ones likelgtrol resistance. One major genetic factor was
found and denoted #&ppl(Linde and Debener 2003; Linde et al. 2004). Qmalgsis, however,
showed that the resistance picture is far fromrdql&aang 2003). Molecular study of powdery
mildew resistance will improve our understandingha& inheritance of the resistance of roses.

Scope of thethesis

The objectives of the research described in tia@sishwere to get insight into the inheritance of
vigour and powdery mildew resistance in roses andéntify genes or QTLs for the traits of
interest in order to enable marker-assisted seleati rose breeding.

To address the objectives, a diploid poputa94/1) derived from the wild speciBs
multiflora, one of the ancestors of cultivated tetraploicgspsvas used to study vigour. This
population was in part molecularly genotyped (Delveand Mattiesch 1999). It was shown in a
pilot study that the population harbour a largeatan for growth vigour.

Genetic variation for powdery mildew wastséal in cut rose at the tetraploid level, using a
segregating population specifically made for thispose. The two parents of the population were
both partially resistant to powdery mildew. The o$¢he tetraploid population has potential
difficulties in genetic mapping and QTL analysieda the nature of tetrasomic inheritance.

The diploid population was molecularly claesized to produce dense genetic maps as a tool
for dissecting the genetic variation for vigour épker 2). In parallel, a screening method for
assessment of various vigour-related traits wagded and tested in a pilot experiment. The
method was subsequently used in greenhouse stfdies mapping population in Denmark and
The Netherlands under suboptimal growth conditionsstablish the genotypic variation present in
the diploid population for each of the vigour compots (Chapter 3). The integrated map and
genotypic data were used for the analysis of tlantjiative variation and the identification of
guantitative trait loci (QTLS) for vigour and itemponents (Chapter 4).

The investigation into the genetic variatfor powdery mildew resistance was performed on
the tetraploid mapping population using two monesgpsolates of the fungus. An inoculation
method using spore suspensions was worked outrapbbged for monitoring the variation for
resistance (Chapter 5). At the same time, the mappopulation was molecularly genotyped.
Multiple regression analyses of the resistance arker genotypes were conducted to find markers
linked to genes for resistance (Chapter 6). Impathe overall results on rose breeding as well as
some other aspects of the present study are addras€hapter 7.
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Chapter 2

Construction of an integrated map of rose with AFLP
SSR, PK, RGA, RFLP, SCAR and morphological
markers

Theoretical and Applied Genetics (2005) 110:766-777
Authors: Z. Yan, C. Denneboom, A. Hattendorf, Oldia, T. Debener, P. Stam, P. B. Visser

Abstract

A high-density genetic map with a number of anaharkers has been created to be used as a tool
to dissect genetic variation in rose. Linkage nfapshe diploid 94/1 population consisting of 88
individuals were constructed using a total of 52flenular markers including AFLP, SSR, PK,
RGA, RFLP, SCAR and morphological markers. Sevekalje groups, putatively corresponding to
the seven haploid rose chromosomes, were idenfifiegach parent spanning 487 cM and 490 cM,
respectively. The average length of 70 cM may covere than 90 % of the rose genome. An
integrated map was constructed by incorporatindhtimologous parental linkage groups, resulting
in seven linkage groups with a total length of 8 The present linkage map is currently the
most advanced map in rose with regard to markesityergenome coverage and with robust
markers, giving good perspectives for QTL mappind marker-assisted breeding in rose. The SSR
markers, together with RFLP markers, provide gauzhar points for future map alignment studies
in rose and related species. Codominantly scorddPARarkers were helpful in the integration of
the parental maps.
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I ntroduction

Rose Rosg is the most important ornamental crop in theidlaiture industry. The genlRosa
belonging to the Rosaceae family, includes more &0 species and thousands of cultivars

(Gudin 2000). Most modern roses do not belonggirgle rose species but are complex hybrids
derived from about ten species (Gudin 2000; Zhd&@8P Wild species are often diploids(2 2x

= 14) while almost all cultivated roses are tewags (2 = 4x = 28). Rose chromosomes are fairly
small with an average DNA content of 1.1 pg/2Cdimoid roses (Yokoya et al. 2000). The

genome size is estimated to be about four timgetahan that oArabidopsis thaliangdDebener

and Mattiesch 1999; Rajapakse et al. 2001). Detimtéow chromosome number and small
genome size, little is known on the genetics oér@e Vries and Dubois 1996; Gudin 2000). This
is largely due to characteristics like a high degrEheterozygosity, varying ploidy levels between
species, difficulty in sexual reproduction, low deset and poor seed germination. However, current
advances in molecular genetic mapping have enhaheashderstanding of rose genetics and the
genes controlling important traits, including résmnee to fungal diseases (Debener 2003; Rajapakse
et al. 2001; Crespel et al. 2002; Von Malek e2@D0; Kaufmann et al. 2003). Furthermore, the
future availability of dense genetic maps will faate the identification of quantitative trait ioc
(QTLs), and provide markers for marker-assiste@direy, map-based cloning of genes and the
introgression of beneficial genes from wild speans modern cultivars (Liebhard et al. 2003;
Rajapakse 2003b).

The first molecular genetic linkage mapriase covering over 300 markers was published by
Debener and Mattiesch (1999) using a diploid pamraderived fromRosa multiflorahybrids.
Seven pairs of homologous linkage groups were ifiethtwith RAPD (randomly amplified
polymorphic DNA) and AFLP (amplified fragment lehgtolymorphism) markers. Genes
controlling pink flower colourBlfa) and double flowerglfo) were localised. Debener and co-
workers (2001a) extended their map with additigkiellP, SSR (simple sequence repeat or
microsatellite), RFLP (restriction fragment lengiblymorphism) and SCAR (sequence specific
amplified region) markers, and were able to magsistance gendr(rl) to blackspot
(Diplocarpon rosag Rajapakse et al. (2001) developed two genetjsrbased on a tetraploid
population and identified genes for prickles aneléhzyme malate dehydrogenase. Crespel et al.
(2002) published an AFLP map based on a diploidufatjipn and localised genes controlling the
number of prickles, double corolla and recurrenbbiing. These maps so far have a medium
marker density and provided initial tools for geneésearch and marker-assisted breeding of roses
(Rajapakse 2003b). For better comparison of diffeneaps an advanced map for roses is needed
with full genome coverage and also including a wadeof polymorphic PCR-based anchor
markers. Codominant markers, such as SSRs and Rixolkl allow alignment of homologous
linkage groups between maps, and facilitate markasfer across populations as well as across
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related species.

AFLP markers have widely been used for mapstruction and map saturation in rose-related
species such as peach (Sosinski et al. 1998) gqoid @aliepaard et al. 1998; Liebhard et al. 2003)
as well as other crops (Haanstra et al. 1999; Ghagal. 2002). The utility of AFLP markers was
improved by the possibility to score them codomthafCastiglioni et al. 1999; Piepho and Kogh
2000). Sequence-based markers, such as resistameeagalogues (RGA) markers that are based
on the conserved sequences of leucine-rich reflelaRRs) and nucleotide-binding sites (NBS),
most likely lead to target genes for disease @sit&t. Sequences based on protein kinase (PK)
motifs lead specifically to this class of genesahhare involved in signal transduction processes in
plants (Bent 1996; Van der Linden et al. 2004). mtagping of RGA and PK markers on linkage
maps has been used as a candidate gene appradehtify genes and pseudo-genes with a
possible role in the resistance mechanisms to wapathogens (Foolad et al. 2002; Quint et al.
2002; Mohler et al. 2002; Donald et al. 2002; Dsf@ero and Cipriani 2003).

The linkage maps for diploid rose preseimetiis chapter are composed of AFLP, SSR, PK,
RGA, RFLP, SCAR and morphological markers. A nundfenarkers, especially the developed
SSRs, provide good anchor points on the maps &alignment of diploid and tetraploid rose
maps. The maps serve as an essential step towegtisence map of rose. This chapter gives a
detailed description and discussion on the appraactook for construction of the map and the
alignment of the parental and integrated maps.

M aterial and methods

Mapping population

A diploid rose population, 94/1, derived from assdetween 93/1-119 (P119) and 93/1-117
(P117) (Debener and Mattiesch 1999) and consistit®$ individual genotypes, was used to
generate the present genetic map. The parentabiglis resulting from open pollination of a
diploid genotype 81/42-15, originating from a crbstweerRosa multifloraand unidentified
garden roses. Genomic DNA of each genotype of tipellation was extracted from young leaves
according to Esselink et al. (2003).

Marker analysis

AFLP marker analysis was performed as describeddsyet al. (1995) with some minor
modifications using two restriction enzyme combimas, EcoRI/Msd (E-M) andPst/Msd (P-M).

A total of 500 ng genomic DNA was used for each@arrPre-amplification was performed with
the E01/M02 and PO1/MO02 primers each containingamttitional base (E01:-A, P01:-A and M02:-
C). Selective amplification was carried out witlnpers that contained two (only in tRest
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primers) or three (in thest, E@RI andMsd primers) additional selective nucleotides. Fomivar
Pst andEcoR primers were labelled with fluorophores (6FAM, KENED) at the 5’ ends. All
PCRs were performed on a Perkin EImer 9600 therolecyPerkin Elmer/Applied Biosystems)
under standard conditions. Electrophoresis wa®padd on an ABI Prism 377 DNA Sequencer
(Perkin Elmer) with 5 % denaturing polyacrylamidssy

Semi-automated scoring of the amplified fnegts was performed with the programs
GeneScah3.1.2 and Genotyp8r2.5 (Perkin Elmer/Applied Biosystems). PolymorphAfeLP
fragments with a clear segregation pattern, igrdninative at + 0.5 bp within a size range of 50-
500 bp and a peak height (intensity of fragmentnofe than 100, were selected, labelled and
either dominantly scored as 0 (fragment absent) (ragment present), or codominantly scored as
0 (fragment absent) or 1 (homozygous fragment ptgse 2 (heterozygous fragment present). In
the case of codominant scoring, the peak heightiseo§egregating markers were scored, taking
into account the peak heights of the flanking negregating markers.

Rose genomic DNA libraries enriched for dileotide and trinucleotide SSRs were constructed
(Esselink et al. 2003). The clones were sequenadgamers were generated according to Esselink
et al. (2003). The “Rh* SSR primers used in thiglgtare available upon request from Plant
Research International, The Netherlands. The “MieBd “RMS* SSRs are available from the
Federal Centre for Breeding Research on CultivBtadts, Institute for Ornamental Plant Breeding,
Germany.

Protein kinase profiling was performed adaug to the protocol described in Van der Linden
et al. (2004) with some modifications. In brief04fg genomic DNA of each sample was digested
with Msd then adapter ligated, followed by amplificatiohRK-specific fragments using a two-step
PCR procedure. PCR products were radioactivelyidbey primer extension using te-
3P| ATP-labelled protein kinase primer and an adaptiengr and separated on a 6 %
polyacrylamide sequencing gel. Marker patterns wesgalized by autoradiography.

A rose RGA library was established contairexpressed and genomic rose RGAs according to
Pan et al. (2000) with different degenerate prinbased on conserved motives of NBS-LRR
resistance genes. The clones were sequenced asificgpeémers for the RGAs were designed and
used for genotyping of the population. PCR ampdiiiens were performed with 25 ng genomic
DNA in 25 ul assays containing 0.1 mM dNTPs, 0.5 pfach primer (MWG Biotech AG,
Ebersberg, Germany) and 0.5 U Taq DNA polymeramsa,buffer consisting of 10 mM Tris pH 8.3,
50 mM KCI, 2 mM MgC} and 0.01 % gelatine. The following PCR program wsed: 5 min at 95
°C, then 35 cycles of 1 min at 94 °C, 1 min at 6&hd 1 min at 72 °C, and 30 min at 72 °C for the
final extension. Polymorphism of the PCR products wisualised by SSCP analysis on 0.5 x MDE
gels (Slabaugh et al. 1997).

A total of 51 previously generated mark&sl{ener and Mattiesch 1999; Debener et al. 2001a)
were chosen as bridge markers: 26 AFLP markerse(tad “AFLP”, 2 markers on each parental

10
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linkage group except on A6), 4 SSR markers (coded/icD”), 11 RFLP markers (coded as
“RGF” or “BMA”), 6 SCAR markers (coded as “PAS”) @d morphological markers including
pink flower colour Blfa), double flower BIfo), resistance to black sp&drl) and powdery mildew
(Mehltay).

Marker segregation type

Markers were divided into uni-parental markersngenarkers heterozygous in either the female or
the male parent, and bi-parental markers that sthidweeerozygosity in both parents. The coding of
the marker segregation types is indicated in Tablegregation types 1, 2 and 3 were scored
dominantly while marker types 4, 5 and 6 were st@alominantly.

Map construction

JoinMagy version 3.0 (Stam 1993; Van Ooijen and Voorrip@0wvas used for linkage analysis
and map calculations. After all the marker data leeh imported, different sets of marker data
were set up with a selection of marker loci by gdime “excluding” function.

Parental maps were separately constructesing different sets of marker data. Each parental
linkage map was constructed using its uni-pareartdlcommon bi-parental markers. As for the bi-
parental markers, separate data sets with and wtitippe 3 markers were employed in order to
enable the comparison of the marker orders befardetss informative type 3 markers were added.
JoinMap’ used the defined marker data to perform a stepwiding of the map by adding one
marker at a time, and to estimate the recombinditerquencies between a given pair of markers
that were then used to determine the linear arrargeof markers by minimising the number of
recombination events in the data set (Stam 1998).mMarker order in a linkage group was
determined by calculation of the goodness-of-fiiecion to find the best fitting order and
simultaneously calculating the map positions cqoesling to that order (Stam 1993; Van Ooijen
and Voorrips 2001). Linkage groups were determimgdg a LOD threshold of 5.0 and map
construction was performed using the Kosambi mapfinction with JoinMap parameter settings
as follows: Rec=0.45, LOD=1.0, Jump=5, “first ruarid “second run”. The “first run” option
resulted in a stepwise build-up of a map by addiwagkers one by one with best “goodness-of-fit”
for all markers. Subsequently, the “second runiarptvas applied in an attempt to add previously
omitted markers to the map (Van Ooijen and Voorgp81). A “third round” option that enforces
the mapping of problematic markers was not emplolapped markers were then inspected and
some of the markers were removed when they showgerficient linkage and conflict with other
markers, e.g. those having low “pair count”, a hipirsquare contributiony{> 3.0) and markers
evenly distributed per linkage group was employedrpgo adding type 3 markers.

Integrated linkage groups were built up yetging” the pair-wise marker data from
homologous parental linkage groups having commah@nmarkers. The same parameters as

11
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mentioned above were employed to test the robustrfabe linkages. The resulting marker order
was compared to that of the homologous parentighdja groups. In cases where the resulting order
in the integrated map was clearly conflicting wiitlt in either of the parental maps, the order in
one parental linkage group was taken as a fixddr@rce) order. The resulting linkage maps were
drawn, the comparison of the integrated and thergialr maps was performed by using MapChart
software (Voorrips 2001).

Nomenclature of markers and linkage groups

Newly developed AFLP markers were coded accordirgeygene’s nomination system

comprising a letter code for restriction enzymdpfeed by a figure for the combination of
selective nucleotides (Haanstra et al. 1999) aaditte of the fragment in base pairs. SSR markers
start with “Rh”, or “RMS”; PK markers with “PK” anBGA markers with “RGA”. The last digit of
the marker represents the code of the segregatpen(Table 1). The coding and orientation of
linkage groups follows those of Debener and Mathg4.999).

Estimation of genome coverage

The proportion of the diploid rose genome coverngedch of the parental maps was calculated
(Stam, unpublished program) by repeated samplimgaskers from the maps without replacement.
The average map length covered by a single magkepke of a given size was first calculated. The
average coverage of the maps was based on 20,0(0esa The asymptotic upper limit was
estimated by increasing the sample size up todh@bnumber of markers in the maps and by
fitting an exponential curve to the relation betwsample size and average map length covered.
The validity of this procedure has been verifieteagively using simulated mapping data (Stam,
unpublished results).

Results

Segregating markers

The mapping study comprised a total of 469 newlyegated AFLP, SSR, PK and RGA markers,
which are grouped in Table 1. AFLP analysis, base86 AFLP primer pairs, including 33 E-M
and 23 P-M, resulted in 320 polymorphic markersd{@d). Out of these markers 220 were uni-
parental and 100 bi-parental. From the bi-parentakers 11 were codominantly scored.

From the enriched SSR libraries, 149 newme&towere sequenced and primers were designed
based on their flanking sequences. Of these priB&showed correct amplification and were
added to the “Rh” SSR primer database at PlantdRelsénternational, The Netherlands. A set of
42 primer pairs from the database and 16 “RMS” $8Rer pairs showed polymorphisms in the

12
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present population and resulted in 74 polymorphackars (Table 1), 26 of which could be scored
codominantly. The size of the alleles found foubset of the mapped SSR markers in the present
population as well as the primers needed to geménatmarkers are shown in Table 2. The
numbers of alleles detected in the present populatinged from two to four.

Protein kinase profiling resulted in 24 Pldnkers, using a gene-specific primer based on a
protein kinase specific variant. A total of 51 R@rarkers were generated with 32 RGA primer
pairs. Both PK and RGA markers were dominantly edor

Different segregation types were assigoedhfe markers (Table 1). Among the 469 markers,
328 markers were uni-parental, of which 160 (348é)e derived from parent P117 (type 1) and
168 (36 %) from parent P119 (type 2). The remaidiftty markers showed a bi-parental
inheritance, of which 104 (22 %) were dominantlgred (type 3) and 37 (8 %) were codominantly
scored (types 4, 5 and 6).

Before the map was constructed all the mrankere subjected to a chi-square test using
expected segregation ratios given by the Joirfapgram. Of all markers, 101 (22 %) showed
distorted segregatiof® 0.05, chi-square test). Of these markers, 64 derneed from P117, 14
from P119 and 23 from both parents, of which 15engpe 3 markers, indicating that the distorted
markers mainly originated from parent P117. Thaestrded markers were included in the linkage
analysis since the segregation distribution hageffigcts the estimation of recombination frequency.
The remaining markers with distorted segregatienabvelled with asterisks on the map (Figure 1).

Table 1 Markers grouped by marker type and segregation tgpgragation typeahxaa (type 1)for

markers segregating only in paternal P117 with &lleles;aaxab (type 2)for markers segregating only in
maternal P119 with two alleleabxab (type 3) for markers segregating in both pareritis two alleles;
abxcd (type 4) for markers segregating in both pareritls four alleles;abxac (type 5) for markers
segregating in both parents with three allelesaitdd (type 6) for markers segregating in both parerits w
two alleles. Segregation types 1, 2 and 3 are damtlyy scored markers, the rest are codominantlyesco
markers. PRI: Plant Research International B.V.g@éngen University and Research Centre, The
Netherlands. BAFZ: Institute for Ornamental Plané&ling, Ahrensburg, Germany.

Marker type Uni-parental Bi-parental markers Total Source

abxaa aaxab abxab abxcd abxac cdxcd

1 2 3 4 5 6

AFLP 107 113 89 0 0 11 320 PRI
PK 8 7 9 0 0 0 24 PRI
SSR 18 24 6 4 18 4 74  PRI/BAFZ
RGA 27 24 0 0 0 0 51 BAFZ
Total 160 168 104 4 18 15 469
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Parental maps

A total of 520 markers including 469 newly geneda#d-LP, SSR, PK, RGA and 51 previously
developed AFLP, SSR, RFLP, SCAR and morphologidkerarwere employed for the construction
of the genetic linkage maps. Parental maps wesedenerated with uni- and (codominantly
scored) bi-parental markers. Each map consistedw#n linkage groups, putatively corresponding
to the seven rose chromosomes. Subsequently,gbeStynarkers were added to the parental maps a
second mapping effort. Fixed marker orders basest bmarkers per linkage group from the first
mapping attempt were used to give extra weightiéomhost informative markers. For the P119
map, 27 markers were eliminated and 44 were nagraess to linkage groups. Out of the
segregating markers from P117, a total of 17 markere excluded from mapping and 39
remained unmapped. The resulting parental mapsedwetotal length of 490 and 487 cM in the
paternal P117 (A) and maternal P119 (B), respdgtivdth an average chromosome length of ~ 70
cM (Table 3 and Figure 1).

Table 2 A selection of the SSR markers used for mapping. Sikes of DNA fragments (in base pairs) as
well as chromosome location (LG) of the SSR markegesindicated. The annealing temperature w50
for all the primers. Additional SSR informationasailable upon request from the authors.

SSR Forward (5'--3") Reverse (5'--3") Size (bp) LG
Rh79 ttcttcttgctcgcecattttgatt gaacgtccaccaccacccactctg 135, 147, 149 1
RhAB9-2 gtcaatttgtgcataagctc gtgagaacagatgagaaatg 101, 108, 124 1
Rh48 gatagtttctctgtaccccaccta ttgaccagctgcaacaaaattaga 99, 107 2
Rh80 catgccaaacgaaatgagtta ttatctaaagggctgctgtaagtt 134, 148 2
Rh96 gccgatggatgccctgctc agattccctgcgacattcacattc 267, 276, 294 2
RhB510 aaacgataggtgaatctgtgggt cactcaaccttgtccactcctaat 159, 161 2
Rh50 tgatgaaatcatccgagtgtcag tcactttcattggaatgccagaat 343 3
Rh58 acaatttagtgcggatagaacaac ggaaagcccgaaagcgtaagc 269 3
Rh59 cgcggatgaagctagtgaatcagt ctagcccatctcagtatccctcacc 197, 200, 216 3
RhABT12 caagtttgtctccttggacc catagatgattatcctagagcc 166, 172, 180 4
Rh65 agtacgccgacgcagatccagtga acggcgttgtaggtcgtcattctc 128, 130, 132 4
Rh78 aaagaaacgcgaaatctatgatgc tctggatgggatttaaaagacagg 216, 250 4
Rh77 caactgaaaggaacaaatggatgt ggaatggcttgtaaatttgtgatt 262 5
Rh93 gctttgctgcatggttaggttg ttctttttgtcgttctgggatgtg 251,275 5
RhAB38 gaggtggtcgattccatgtc ttaccgttctacctaagtgactaac 149,173,190 5
Rh60 tctettttcacggccaccact tgaatccaaggccgtatagttaga 234, 240, 252 6
Rh85 acttttgggcgttcatcgcattacac ggctatatgggctcaagtictagacaa 221 6
Rh98 ggcctctagagtttgggatagcag acgacgtcaataactccatcagtc 121 6
Rh72 ccaaaagacgcaaccctaccataa tcaaaacgcatgatgcttccactg 285 7
Rh73 ggttagacgggtggaagaag actgccgatagaagtatttcatca 160, 162, 172 7
RhAB28 gcagatgttattcatgttaa ccaagtattttagtttcttc 171,175 7
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Integrated map

Homologous linkage groups were identified with kfedp of common markers and integrated using
the JoinMaf3 program. Markers on the linkage map were checkeldeacluded when they did not
meet the same criteria as those used for congiruofithe parental maps. The markers mapped in
the integrated map tend to have the same marker asdin corresponding parental maps. Only a
few cases of conflicting marker order were foutice those in linkage group 2. This was solved by
using a “fixed (marker) order”. The final outcomasva map with seven integrated linkage groups
(Figure 2) having a total length of 545 cM and aarage chromosome length of 78 cM.

Distribution of markers

All parental linkage groups contained uni- and &igmtal markers, except for A6 which had only
bi-parental markers. For the P117 map, 323 mamkere employed in the linkage analysis and 271
(84 %) of them could well be assigned to severalgekgroups, which had 14 to 56 markers, a
chromosome length ranging from 51 to 91 cM and ekeradensity of 0.3 to 0.9 markers per cM
(Table 3). For the P119 map, 338 markers were asddinally 273 (81 %) of these could be
assigned to seven linkage groups, each contairdirig 32 markers, with a map length of 58 to 90
cM and a marker density of 0.4 to 0.7 markers pe&(Table 3).

Markers were randomly distributed with hayid moderate density on the 14 parental linkage
groups, but with a number of gaps ranging fromt6.X4.9 cM (Table 3). The clustering of
markers was most prominent in the centre of tHealije groups, especially on linkage groups Al,
A2, A4, A7, B1l, B2, B4, B6 and B7. These locatigmesumably coincide with the centromeric
regions. Bi-parental (common) markers co-localiaedl on the homologous parental linkage maps
except small variations in the order of markerpeesglly in the marker-dense regions.

Table 3 Distribution of markers on parental maps (A and B) amkhlje group statistics

Marker type Linkage group Total
Al Bl A2 B2 A3 B3 A4 B4 A5 B5 A6 B6 A7 BY

AFLP 26 3 36 26 13 17 38 33 23 13 12 23 33 32 360
PK 0 0 2 4 2 4 3 1 6 4 0 0 0 0 26
SSR 5 3 9 17 5 3 10 5 7 5 2 7 4 6 88
RGA 3 6 2 1 0 0 2 1 4 0 0 1 5 4 29
Others 6 6 3 4 3 3 3 2 2 2 0 2 2 3 41
Total 40 50 52 52 23 27 56 42 42 24 14 31 44 45 542
Length (cM) 64 67 84 9 54 58 65 65 91 62 51 77 81 68 977
Marker density

(markers/cM) 06 07 06 06 04 05 09 06 05 04 03 0@5 0.7
Average distance between

markers (cM) 16 13 16 17 23 21 12 15 22 26 36 2B8 15
Largest gap between

markers (cM) 73 149 116 84 79 59 123 79 8 69 791 9104 57
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Al A3 A4 A5 A6
RMS047-4 E35M47-101-3 0 PK-4-F12-3%+ MicD4-1 0 MicD12-1 0—f— E38M50-101-3
BMA4-4 P11M61-146-3 2 E33M62-257-1++* RGA21-1-1* ’ P11M61-175-1 31l Fasmso-304-3
BMA2-1 P11MS55-085-3 3 E31M59-220-1*+* RhJ404-1 E35M48-165-1
P17M47-151-1% E35M47-170-3 P37M47-206-3* E38M61-091-1++ 5 P37M51-317-1
Rh79-4* E35M50-069-1 4 E45M60-215-1+% RhD221-1% 6 RhP518-5
BMAL-3 E35M61-251-1 5 P17M55-147-3* PK-4-F15-1 7 RhAB39-1-1 9 — T E35M50-229-3
RGA11-1-1 E35M61-247-3 6 PK-4-FO1-3*** E35M50-240-1++ 8 P11M59-118-1
E43M55-078-1%+ E31M59-173-1 8 P11M62-214-1++* P11M53-098- 1+ 1 RhO3-1-1
E40MS51-059-1 Rh80-1-3 9 P11M62-217-3* P11M53-264-1++ 16~ P17M52-070-3
RGA12-4-1 RMS062-5 13 Rh50-5** E32M50-171-1** 19 P17MS6-057-3 17—~ P37M48-337-3
E35M48-130-1 RMS065-5 14 E38M61-132-1++* E38M50-220-1** 21 P37M48-311-6
lr E40M51-194-1 RGA22-1-1 16 P17M56-172-1%+x* P14M56-131-1%* 24 Rh99-1-3 21 —+— P37M48-347-3
PSA4-4-1 E31M59-152-3 Rh59-1-1%+% E31M59-336-1** 26 P17M56-123-1*
E35M61-213-3 Rh48-2-3 P37M51-136-3*** E31M59-159-1** 28 RGA31-1-1
E33M62-125-1 RhAB15-5 E41M48-054-6+++* AFLP1_9-1 29 P37M50-244-1
MicD25-1 P37M51-220-6 Rh58-5** P37M48-081-3 E33M47-210-3 1 rmsoss6
RhO517-1 P37M51-229-1 RMS059-5+++ PK-4-F14-3 gg gémg-éggé 29 |- pazmso '271 3
RhAB9-2-5 P37M51-109-3 P31M57-091-3 -388-3* -271-
AFLP3_7-1 E33M47-247-3 [ AFLP15-7-1 E35M47-313-1%* 35 PK-4-F13-3 [ P37M50-264-3
E38MS50-148-3* E35M48-252-3 E38M61-136-6 AFLP12_13-1 P17M62-204-3
E34M51-293-1 E38M48-410-3 P37M47-195-3 26
P14M56-186-3 P17M62-177-6 39 ~—— P17M55-172-3 E36M59-128-3 4 pazmaz-188-3
E41M48-095-3 P14M56-205-1 41~ 4~ E35M50-116-3+* I E40M51-461-3 39 E31MS59-328-1 40
E40M52-093-1 E38M47-082-1 42—~ Mehltau-1 E32M62-051-1++** 42 AFLP3_10-3 43 ——— E35M62-061-3
E35M47-242-1 E31M59-163-1 P31M57-264-6 43 RhAB38-5
E40M51-432-1 Blfa-3 RhABT12-1#+* m P31M53-233-1
P31M53-242-3** PAS4_2-1 49 —fmbm RRI402-1-5%++ P37M51-082-1** E38M48-217-1 49 ——— E34M51-371-3
AFLP1_10-1 E33M62-105-3 E38M47-310-1** 50 P31M57-339-1 51—l RNE2b-5+++
P11M53-050-1 AFLP6_13-1 E34M51-212-1% E34M51-063-1
P37M51-146-3 E35M50-053-1 54 —o— AFLP11_9-1 E35M61-286-1*** 51 P37M47-200-1
P17M53-068-3 E34M51-131-1 P17M62-188-1*+* 54 E45M60-171-1
P17M62-123-3 E40M51-305-1 E41M62-232-1%+ 55 RGA05-1-1**
E40M51-199-1 E32M48-320-1 E34M51-410-1*
E35M49-351-1 P11M62-441-1 P11M55-068-1** 62 E34M62-366-1
E36M59-332-1 E43M47-076-1 RhCP521-3-1%+ E43M55-146-1
P14MS54-300-1 E38M47-414-1 E38M61-176-1% 65 P17M47-084-1
E38M48-087-3 RhL401-5 E35M48-112-1%* E31M59-085-1
P31M57-166-3 Rh91-5 RhAB13-1++ 69 RMS095-1
E38M48-258-3 PK-4-F21-1 E38M61-245-1++*
RGA14-1-1%* PK-4-F20-3 E35M47-400-3
E35M62-262-3 AFLP1_11-1 74 RGA16-1-1*
Rh96-5 RhPC507B-1 77 RGA13-1-1
P17M52-175-1 RhPC507-4%*
E38M50-331-1 Rh65-1-1*
E38MS50-168-6 E33M61-152-1+++* a pgiags
RGA30-1-1 RGA01-2-1**
E33M61-329-3+ E34M51-107-1#+*
AFLP10_3-1 P11M57-252-1#+*
E37M61-115-1 E35M48-156-1+++*
E41M48-136-1** PK-4-F18-1 91 PK-4-F07-1
| P11M61-257-3 Rh78-2-1%+
E38M50-061-1 P37M50-226-1+++*
RMS052-5 UDP98-405-1**
P37M48-209-1+++*
P37M48-215-1#++*
P14MS56-115-1#++*
B1 B3 B4 B5 B6
RGA15-3-2 RhR514-1-2* 0 AFLP7_13-2 AFLP11_4-2 0—f— RhP518-5 0 Rh85-1-2
0 RGA15-1-2 RMS062-5 2 PK-4-F16-2 P11M61-090-2 3 RGA17-1-2
BMA4-4 P11M53-181-2 4 PK-4-F25-2 E38M61-304-2 4——— Rh99-1-3 4 E35M61-229-2
3 BMA3-2 RMSA89-2 5 PK-4-F12-3 P17M56-168-2 6 Rh98-2-2%
6 AFLP17-1-2 RMS065-5 7 P31M53-253-2 P17M56-083-3 8~(_|~ P37M48-311-6 7 E36M59-150-2
8 P11M54-230-2 RGA37-2-2 9 PK-4-F01-3 P31M57-099-2 9~ AFLP3_25-2 P17M61-059-2
BMAL-3 E31M50-152-3 10 P37M47-206-3* P37M48-081-3 11~ PL7MS6-057-3 | 8 E35M48-116-2
N Rdr1-1-1-2 Rh48-2-3 11 P17M55-147-3+ P17M55-078-2* 12 3 PSIMSS-136-2 E38M48-158-2
10 E35M50-106-2 PK-4-F23-2 12 E35M47-116-2 E40M51-461-3 13 P11MS53-136-2 P14M56-138-2
E33M61-289-2 P37M51-109-3 E35M48-331-2 E36M59-128-3 17~ |~ E34M51-075-2 9 RhAB23-2
11 P37M47-102-2 E33M47-247-3 14 P11M62-217-3% PK-4-F14-3 19~ |~ E33M47-210-3 10 E34M62-299-2
E31M59-316-2 E35M48-252-3 17 E43M47-199-2 P31M57-271-2 20— PK-4-F13-3 13 Rh60-1-2
12 P17M47-134-2 RhAB15-5 19 EA1MA48-054-6++++ P31M57-264-6 21 2L PK-4-F24-3 15 RhAB22-2
13 Rh79-4 E33M62-105-3 20 Blfo-2 E38M48-198-2 22 E35M50-270-2 17 E38M61-302-2
15 P11M62-196-2 E38M48-410-3 22 P37M51-136-3%++ P37M47-195-3 26 —{—— E35M47-388-3* 18 E38M61-124-2
16 E35M49-134-2 P37M51-220-6 24 Rh50-5*++ E38M61-136-6 29~J_| |AFLP3_10-3 19 E41M61-050-2
18 RGA03-1-2 AFLP1_3-2 25 E38M48-131-2 P31M57-091-3 T RhAB38-5 20 P17M52-185-2
23 E43M47-112-2 Blfa-3 30 Rh58-5*++x RGA01-3-2 31 ——— E38M48-220-2 n E34M62-203-2
24 P37M51-252-2 PK-4-F20-3 33 E38M48-097-2 P37M47-214-3 E32M48-262-2
39 E34M62-220-2 P17M62-177-6 35 E33M61-221-2 E38M50-141-3* 22 AFLP3_21-2
a1 P11M61-131-2 E35M50-183-2 E33M61-149-3 37 ——— Rh77-1-2 26 E35M62-076-2
45 E40M52-081-2 P37M51-287-2 AFLP1_4-2 28 AFLP6_1-2
47 P37M51-146-3 E35M48-158-2 40 AFLP8_1-2 E38M47-264-2 32 / \ P11M61-262-2
E34M51-329-2 RNL401-5 - 116-gr E36M47-143-2 39~ /\\ E38M50-101-3
49 E35M61-213-3 PAS4_1-2 44 et P37M50-221-3* 44 ——— E34M62-335-2 227/ |\ Essmeo-z0a2
51 RMS070-2 Rh96-5 45 PL7MB5.172. 3 E35M49-069-2 46 ——— E35M50-095-2
52 RGAL15-2-2** Rh91-5 E34M51-402-2 48 ——— RMS029-5 48 —— E35M50-229-3
53 E38M61-069-2 Rh48-1-2 49 E38M50-076-2 E34M47-266-2
E38M48-258-3 E38M50-168-6 E34M51-353-2 52 —|—— E33M62-089-2
P11M61-213-2 E34M47-325-2* RhAB40-4* 54 ~|_|— PK-4-F05-3
55 E41M48-095-3 PK-4-F08-2 55 RRI402-1-5++++ RhCP521-2-2 55—~ P37M47-191-2 5y PeTMas 333
P14M56-186-3 Rh80-1-3 S8 P17M55-081-2 E32M48-128-2 56 -070-
E34M62-311-2 RhEO506-2+* E35M50-161-2 59 ——— P37M50-271-3
56 E35M49-295-2 E35M61-247-3 E41M61-103-2
AFLP9_5-2 RhD215b-2 E35M47-400-3 62 —o— PK-4-F06-2
57 RhAB9-2-5 RhD215a-2 E35M47-361-2
58 P17M51-069-2 RhB33-1-2 E35M50-281-2
59 E35M49-123-2 AFLP9_1-2 |- RhPCs07A-2 68 —~1— P37M50-264-3
60 P17M53-068-3 E35M61-065-2 RhPC507-4** 69 E35M62-061-3
P37M47-068-2 E38M47-079-2 E33M62-135-2
62 E34M51-202-2 RhB510-1-2 E43M47-099-3*+
P37M48-327-2 E38M50-154-2 Rh78-1-2+* 76 ~||— RhE2ba-2*

| E32M48-302-2
E35M50-087-2
RGA12-3-2
RGA12-1-2
P17M62-123-3
P31M57-166-3
P31M53-242-3**
E38M48-087-3

63
64
65
66
67

P31M57-116-2
E32M48-379-2
E35M50-460-2
E38M62-310-2
E35M48-261-2
PK-4-F11-2
E34M62-217-2
E35M62-314-2
E43M47-139-2
RMS037-2

77 —~ RhE2b-5**

Figure 1 Genetic linkage map of diploid rose progeny of parents PAl&nd P119 (B). Linkage groups are
numbered from Al to A7 and from B1 to B7 according to Deband Mattiesch (1999). Marker names are
indicated at the right of each linkage group. Distances are in ¢t &ft of each linkage group. SSR markers
are printed in italic. Segregation distortion is indicatetthwignificance of chi-square test<*0.05, **< 0.01,

*** <0.005, **** < 0.001.
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Construction of rose diploid map

Nearly 85 % of the AFLP markers were mapped orptrental maps. The distribution of the AFLP
markers generated with the different enzyme contising on the linkage maps was well spread and
quite similar (Figure 1). The codominantly scordel/Rs were assigned to all linkage groups
except on groups 1 and 6. More than 80 % of the ®8/Rers could be mapped and were
distributed over all parental chromosomes. Abou®w/6f the PK markers were assigned to linkage
groups 2, 3, 4 and 5. Half of the RGA markers mdppelinkage groups 1, 2, 4, 5 and 7. Some
clustering of the PK and RGA markers was observesame regions of linkage groups A2, A5,
A7, B1, B3 and B5. Most RFLP and SCAR markers mdppelinkage groups 1, 2, 3and 7. The
morphological markeRdrl was localised on BBIfa on A2 and B2Mehltauon A3 andBIfo on

B3, which was in line with the chromosomal locati@m the maps published by Debener and co-
workers (1999, 2001a). Markers with distorted sggtien P < 0.05) were assigned to most of the
linkage groups with the majority on A3, A4 and B3adgure 1)

Alignment of the maps

The integrated maps were aligned with the parenggs and presented with markers at about 2 cM
intervals (Figure 2). A majority of the common menk, especially the SSRs showed colinearity
between the maps, indicating a high reliabilitytre constructed maps. The set of 21 SSR markers
(Table 2) are well spread across the seven chrames@Figures 1 and 2) and can be used as
anchor points to enable alignment of the presemt with other rose maps. Using the AFLP bridge
markers, the present parental maps aligned weill thiid core maps of Debener and Mattiesch
(1999) (data not shown).

Genome coverage

Statistical estimation of the genome coverage vea®pmed with repeated sampling of the markers
mapped on both parental maps. The asymptotic Uppiemwvas approximately 500 cM for both
parental maps (Figure 3), indicating that the tleagth of the rose genome was estimated to be
about 500 cM. Both of the present parental mapddwoaver more than 95 % of the diploid rose
genome.

Discussion

Marker analysis

AFLP technology is considered to be an efficientkaaplatform due to its high multiplex ratio of
markers, reliability, reproducibility and locus sigeity (Pejic et al. 1998; Haanstra et al. 1999).
However, in most cases AFLP markers can only beescdominantly, often making them less
informative and limiting their use as anchor poiaismap alignment. Codominant scoring of
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Figure 3 Estimation of genome coverage with the parental maps. Genomegewvith parental maps (P119
and P117) was estimated by repeated sampling of markerstfeomaps without replacement.

AFLP markers, nevertheless, can be achieved basgdantitative assessment of the optical
density of bands on a gel or from the fluorescdecel in a gel-free marker assay (Piepho and
Koch 2000; Jansen et al. 2001; Geerlings et al3R@ut literature references on their use for
genetic mapping are still scarce (Castiglioni efl8B9; Bradeen et al. 2001). In the present study
320 reliable AFLP markers were generated by usédiierent primer combinations. A large
proportion of the markers (31 %) was found to bedmental; only 11 markers could be scored
codominantly. Scoring of these markers should beimmaed by taking special precautions, e.g. the
normalized peak heights of the heterozygous indadgl should be similar and about half the peak
heights of the flanking monomorphic markers. Thepiiag of codominant AFLP markers in this
study yielded additional anchor markers for thgratient of the parental maps. Therefore,
codominant scoring may be considered as a gooeguoe to obtain more of this kind of markers
for mapping studies, taking into account map positind suitability to score the markers, even
though the analysis is time-consuming and perhaps prone. The latter can, however, be
minimized by dominant scoring of certain plantgase of doubt.

The SSR analysis performed in this studgaéed a high fraction (57 %) of SSRs with only
two marker alleles. In contrast, SSR markers inlamstudies in rose-related species usually
yielded at least three alleles. For example, nwaia 75 % of the SSRs in apple (Maliepaard et al.
1998; Liebhard et al. 2002) and 73 %Prunus(Aranzana et al. 2003) were multi-allelic. The
reason for the lower number of multi-allelic SSRrkeas is most likely due to the fact that the
parents are half sibs. This implies that both parédreoretically have one quarter of all alleles in
common (Debener and Mattiesch 1999). The commoesanicof the population also explains the
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Construction of rose diploid map

presence of a large proportion (22 %) of type ke (Table 1).

Nearly 22 % of the present markers showstbded segregatiof® 0.05), of which the
larger part was contributed by the loci from thder@arent P117. The linkage analysis showed that
a high proportion of markers with distorted segtegawere found on linkage groups 3 and 4,
especially on A3, B3 and A4. A high frequency ofrkeais showing distorted segregation is
common in outcrossing species like pine (Kubisib&l€1995), willow (Hanley et al. 2002), peach
(Dettori et al. 2001) and apple (Liebhard et aD20 The common origin as well as the distortion
pattern of the markers indicates the presencerotgaphytic selection for “sub-lethal genes”, i.e.
coding factors controlling the viability of pollemygote or seedlings, putatively located on one or
more of these chromosomes. This is in line withahgservation that reciprocal crosses with the
parents of this population and backcrosses of iddal plants to both parents indicated the
presence of a self-incompatibility system (datastawn).

Parental maps

In comparison with the rose maps published to (&bener and Mattiesch 1999; Rajapakse et al.
2001; Crespel et al. 2002), the presented pararpk are quite dense and are well covered with
different types of markers. The rose genome isIstdahean chiasma frequency of 1.4 per bivalent
(Lata 1982) and an average nuclear DNA contentlopf/2C (Yokoya et al. 2000) observed in
diploid rose species would suggest that the averhgemosome length is only about 70-80 cM

with a total of about 500 cM. This estimationnsaigreement with the result of statistical

simulation by using the markers mapped on the ptgsaental maps, i.e. the asymptotic upper
limit is about 500 cM for both parental maps. Tiniplies that the present maps, having an average
length of 70.4 cM, may cover more than 90 % ofrthe® genome.

Reliability of the integrated map
The integrated map presented here was generated wito-step strategy. Parental linkage groups
were first constructed using different types ofreggtion markers and then homologous linkage
groups were “merged “using the JoinMagrogram. These maps, resulting from pre-grouping o
uni-parental markers, are more reliable than mapeiated with mixed markers since the estimates
of the recombination rate and the determinatiomafker linkage phase for dominantly scored bi-
parental markers were less accurate (data not ghown

The accessibility of common markers and egiig codominant ones allows not only the
identification of homologous linkage groups bubatse integration of both parental maps (Qi et al.
1996). For most of the linkage groups, the ordeghefmarkers on the integrated map was
consistent with the marker orders observed inndevidual parental linkage groups, apart from
some minor differences on some linkage groupsgeXample on two regions of linkage group 2.
Inconsistencies like these are, however, not atagreince usually a number of almost equivalent
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marker orders exists, i.e. orders that fit the e@ataally well. As the algorithm for marker ordeyin
of the JoinMaf§ program does not guarantee the best solution ke iméegrated maps (Stam
1993), the “fixed order” option was used to solve tlifferences. As all the markers were mapped
with high LOD scores (LOR 5.0), the chi-square value was loyf< 3.0) and the orders of the
majority of common markers were similar in all mape conclude that the integrated map has a
high reliability.

Prospects for the maps

Genotyping of the mapping population with new maskand the integration of these with existing
markers (Debener and Mattiesch 1999; Debener 20alla) in both parental and integrated maps
in this study have led to a dense and reliable ofiapse, which aligns well with the maps
published by Debener and Mattiesch (1999). Botlemat and integrated maps are useful for
genetic analysis in rose. The parental maps wdllifate separate QTL analysis of the variation
present in individual parents, while the integrateap allows a simultaneous analysis of QTLs
from both parents (Maliepaard and Van Ooijen 13%hley et al. 2002).

In the well-documented specismbidopsis thalianaprotein kinases and RGAs are large gene
families involved in many biological processes iants @rabidopsisgenome Initiative 2000). For
example, protein kinases play a crucial role inghk-incompatibility systems of plants (Nasrallah
et al. 1994), plant hormone activation (Machidalefi997) and incompatible plant-pathogen
interactions (Vallad et al. 2001). Therefore, thepped PK and RGA markers in the vicinity of
genes or QTLs for plant growth and defence esggdt resistance to pathogens (Van der Linden
2004) are interesting candidate markers for usearker-assisted selection

Currently, a co-operative effort is beingdeavith several research groups acting in rose
genetics to establish a consensus map for rosetbefintegration of the ongoing mapping studies
using common SSR markers as anchor points. Firtallyaddition of gene-based markers to the
present map may provide a good starting point donmarative mapping with other rose related
species likePrunus Malus Fragaria and well-documented species likeabidopsis This
facilitates the research of genes associated veiifs of interest for rose breeding and allows the
identification of useful universal genes.
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Vigour evaluation in rose

Chapter 3

Vigour evaluation for genetics and breeding in rose

Euphytica (2005), accepted with minor modification
Authors: Z. Yan, O. Dolstra, T. Hendriks, T. W.ri&j P. Stam, P. B. Visser

Abstract

Breeding of cut and pot rose cultivars for efficiproduction under low energy conditions in
greenhouses will be facilitated by understandimggitimeritance of vigour. To get insight into the
genetic variation of vigour-related traits, a digloose population was employed for an evaluation
study in greenhouses in The Netherlands and Denrarlall the traits investigated the population
showed a continuous quantitative variation as a®k considerable transgression. For most of the
traits, the genetic variation found among the téstaries was highly significant and tended to be
large in comparison to the effects of genotyperyirenment interaction. The heritability based on
means of the traits was high and ranged from &2t%. Strong simple correlations= 0.65 to

0.95) were found among the traits shoot lengtt,desa, leaf dry weight, stem dry weight, total dry
weight and growth rate. The total dry weight araf lErea are suggested to be good parameters for
early selection of rose genotypes with vigorousmihounder suboptimal growth conditions.
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I ntroduction

Energy is a significant factor in the productiorstsofor cut and pot rose producers in Northern
Europe, where the crops are cultivated in greerdsal the year around and require, especially in
the winter season, supplementary heat and ligtgaoh optimal growth and flower production. In
addition, growers are confronted with an increagialitical pressure to reduce the £@mission
resulting from greenhouse production. For exampl&é997 an agreement was reached between
Dutch growers and the Dutch government to impraeeefficiency of energy use in greenhouse
production by 65 % in 2010 compared to 1980 (Ko2@93). To reach this goal, both technical
improvements of greenhouse production systems anetig crop improvements are pursued. The
development of new cultivars with a higher prodoictper unit energy input requires criteria for
selection to facilitate breeding. This implies thath criteria should be simple to assess and ghoul
comprise all or at least most of relevant compotraitis of vigour.

The choice of a selection strategy in bnegdor crop improvement requires at least some
knowledge of the inheritance of the major targaitsr(Debener 2003). In rose, however, the genetic
knowledge is still limited and research certainbed not match its economical importance. This is
partly due to the complex genetic nature of rodtiveus, including polyploidy, self-
incompatibility, low seed set, poor seed germimatiad a high degree of heterozygosity.
Nevertheless, rose geneticists have started tovelnifze inheritance of some morphological and
physiological traits. As reviewed by Gudin (200@paebener (2003), monogenic inheritance was
found for traits such as recurrent flowering, pléskon stems and petioles, flower colours yellow
and pink, double flowers, double corolla, dwarfingpss phenotype, resistance to black spot and
powdery mildew. In addition, polygenic inheritangas found for winter hardiness, number of
petals, and thorn density on shoots (Crespel @08R). Little, however, is known to date on
characteristics that determine the productivityasie under suboptimal conditions, like vigour and
adaptation to a low energy environment (De Vrieal€1982; De Vries and Dubois 1996).

Vigour is a poorly defined and complex ttht is likely to be controlled by numerous
elementary genetic factors, and therefore a dgenttic analysis is difficult and usually not very
rewarding. A common strategy to circumvent thimiglissect a complex quantitative trait into its
underlying components and study their genetics comapt by component (Rami et al. 1998; Xu
2001). The basic assumption is that the compomaits are easier to be determined and have a
relatively simple inheritance (Xu 2001).

The objective of the current study was #@belate a simple procedure for testing vigour of
roses and to use this screening method for theiatiah of a variable diploid rose population for
traits related to vigour under suboptimal growthditions. The testing method developed was
based on re-growth of single secondary shoots atedocuttings, and its efficiency as well as the
importance of genotype by environment interactioas evaluated in the experiments under
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controlled conditions at different geographic lé@as. The implications of the results for early
selection in breeding genotypes with a higher petida per unit energy input will be discussed.

M aterials and methods

Plant materials

The genotypes used in this study consisted of B®idirose plants of population 94/1, and its two
parents, 93/1-119 (P119) and 93/1-117 (P117), wiviete derived fronR. multiflora(Debener &
Mattiesch, 1999)The same population has been used previously elajea fairly dense genetic
map of rose (Chapter 2). Rooted cuttings of eaclotype were produced under commercial
conditions from mother plants of the same age.umber of cuttings per entry was in excess to
allow some selection for uniform starting materi&@ach cutting was allowed to produce a single
shoot from one axillary bud and the others wereosed. When the shoots were about 5 cm in
length, the cuttings were transplanted from trays 1.0 cri pots with commercial potting soil, and
transferred to the testing rooms with conditionsigieed for the experiment. When the first shoot
had reached the stage of a visible flower budshtwo®t was cut back to the first internodes, leaving
again only one basal axillary bud to form a seceimabt. A final selection of uniform plants was
performed before evaluation at the stage thatehersl shoots had reached a length of about 5 cm.

Pilot experiment

Eleven genotypes differing in vigour were seledtedh the diploid rose population and were used,
together with both parents of the population, todiact a pilot experiment for vigour. The
experiment was carried out in two phytotron rooB¢ets 1978) set at 16 and 20°C,
respectively. The photoperiod was set at 20 h/Mghtdark and light intensity at canopy level in
both rooms was about 12@nol m?s™. Relative humidity was kept between 60 and 70t dfter
removal of the first shoots, the plants were plamszbrding to a randomized block design with 3
replications and 5 pots as an experimental unit)pl

Population evaluation

The entire population was evaluated in greenhoxgeranents in Fredensburg, Denmark, in
October 2002 (DK) and in Wageningen, The NethedamdMarch 2003 (NL). Only one
temperature condition was used. Growth conditioasevget as temperature ZDand lowered by
2 °C during the dark period, and light intensity 1200l nmi*s™ with a period of 16 h per day. The
experimental design was also similar to that ofpih@ experiment.

Vigour-related traits
In the pilot and population studies, ten vigouated traits were measured on the shoot of
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individual plants when the flower buds of the shatched a length of 0.6 cm. The traits were:
number of internodes, shoot length, stem thickngdsrophyll content, shoot leaf area, leaf dry
weight, stem dry weight, total dry weight, specléaf area and absolute growth rate. The codes
used for the traits are indicated in Table 1. Gipawll content (in SPAD values) was measured on
the 3 lowest leaves with a Minolta SPAD-520 chldrgpmeter (Minolta, Ramsey, NJ, USA). Leaf
area was measured on collected leaves of the shitbhoa leaf area meter (Li-Cor 3100, NEB,
Lincoln, USA). Leaf and stem dry weights were deti@ed after drying for 24 h in an oven at 80
°C. Specific leaf area was the ratio of leaf aredileaf dry weight. Growth rate was calculated by
dividing the total dry weight of the second shaoharvest by the growth period of the shoot
(number of days from the moment the first shoot asuntil the second shoot was harvested).

Data analysis

For each trait and each experiment the distributiomean trait values were inspected. GenStat
version 6.1 (Payne et al. 2002) was used to peréoratyses of variance for the pilot study, the two
evaluation studies of the population, as well asrabined analysis of the latter studies. Mean
comparison, the computation of broad-sense hélitiabnd correlation coefficients between the
traits were conducted. Heritability of the traitsx@alculated based on plot meansby
o47/(c4°+a¢/r) for an individual experiment, and b= 6,%/(c4°+ o4/l +c¢/rl) for joint data from
both experiments, Whereg2 represents the genetic variancgz,the variance due to genotype by
experiment interaction (G x B¢’ the error variance, the number of replications ahthe number
of experiments.

Results

Pilot experiment

In the pilot experiment, vigour was studied undes growth conditions, i.e. at & and 20C.

The results are summarized in Table 2. Highly sigant genotypic difference$€0.01) were

found for all the traits except for SLAR€0.05). Interactions between genotype and growth
environment were also found to be significant, ¢gating that relative performance of entries was
temperature dependent. However, the magnitudeeahtlraction component was small compared
to the genetic variance.

The parents of the mapping population hatt@nger growth at 2¥C than at 16C, whereas
they also differed considerably from each othervel as from the selected offspring for most of
the traits. In general, P119 performed better owgin than P117 under both conditions. For all the
traits, the range of means of the tested progemsynaech broader at P€ than at 26C (Table 2).
However, the performance of each genotype at lsotipératures was highly correlated (data not

26



Vigour evaluation in rose

shown). At 16°C, plants had longer growth periods, and thus engedith lower growth rates
(Table 2).

Greenhouse evaluation of the population

The frequency distribution of the mean performaauee the population entries are shown trait by
trait for each location (Figure 1). All traits shesva more or less normal and continuous

Table 1 Description of vigour-related traits.

Vigour-related trait Code Unit Description of measuesrn

Number of internodes NI Number of extended internadsarvest.

Stem thickness ST mm Diameter of the stem at middle of th¥ mternodes from shoot.
Shoot length SL cm Length from the top to the shosida

Chlorophyll content CC mg/l Measured on the lowesté¢hleaves of a plant with a meter
Leaf area LA cn? Area of all shoot leaves including petiolule anafstalks.
Specific leaf area SLA sz/g Ratio between leaf area and leaf dry weight.

Leaf dry weight LDW ¢ Dry weight of leaves includingtplule and leafstalks.

Stem dry weight SDW ¢ Dry weight of stem, excludingJes, petiolule and leafstalks.
Total dry weight TDW g Sum of leaf dry weight and stdm weight.

Growth rate GR g/day Ratio between total dry weigltt growth period.

Table 2 Variance analysis and means of entries in piloeexrpent. Codes of traits are given in Table 1.
Significance of variances among genotypes (G) ambitype by environment interaction (G x E) are
indicated with *, ** at the 0.05 and 0.01 levelsprbbability, respectively.

Trait Mean at 16C Mean at 26C F value

P119 P117 Range progeny P119 P117 Range progen§enotype GxE
NI 7.47 7.33 4.93-9.07 7.92 7.85 6.05-9.02 3711* 6.11*
ST 2.10 1.96 1.57-2.53 2.30 2.10 1.64-2.46 33.46* 4.29**
SL 22.21 22.57 11.59-30.37 23.34 23.57 15.77-25.39 61.94** 6.94**
CcC 40.24 38.51 36.77-46.69 42.17 42.55 35.87-44.15 14.05* 2.34*
LA 155.40 118.00 67.90-189.50 162.40 140.60 786940 24 .59** 3.06**
SLA 366.10 251.40 254.00-386.80 306.50 314.90 2033.70 2.73* 3.15*
LDW 0.66 0.52 0.17-0.91 0.83 0.61 0.34-0.78 24537 4.42%
SDW 0.27 0.28 0.07-0.44 0.35 0.25 0.17-0.46 20.82 5.03*
TDW 0.94 0.81 0.21-1.33 1.19 0.79 0.52-1.16 20832* 4.02**
GR 0.04 0.03 0.02-0.04 0.05 0.03 0.01-0.05 13.53** 3.14*
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distribution. The variation range among entries mash wider than the difference found between
the parents, indicating the presence of transgressigregation. The distributions of the population
for different traits in NL and DK were quite similand had an approximately equal range.
However, the population means varied from tratrait, for example, a higher population mean for
ST, SL, SLA, SDW, TDW and GR was recorded in the &geriment, indicating the growing
conditions were somewhat better in the Danish enjaant.

Means and variance components were alsaneotfrom the analyses of variance using the
combined data from the two greenhouse experimdiatsl¢ 3). The parents differed much for all
traits, except for NI and SLA (Figure 1; Table Bhe means of P119 were generally higher than
those of P117, similarly as observed in the pilotlg. In most cases, the overall means of the
population was between the parental values (Figjufleable 3). The analyses of the separate
experiments as well as the overall analyses shwgddy significant differences among entries
(P<0.01) for all the traits. The G x E interactionsaadso significant for all the traits except for/ASL
(Table 3). In all cases, however, its magnitude mash smaller than that of the factor genotype.
The variation for most traits assessed in the éxyats was highly heritable. The broad-sense
heritability estimates based on plot means ranged 68 to 92 % in individual experiments
(Figure 1). The estimates based on the entry maarsexperiments ranged from 48 to 72 %

Table 3 Estimates of means, variance components and hiétigsoof vigour-related traits with combined
data of the experiments carried out in DenmarkBma Netherlands. Codes of traits are given in @4bl
SED indicates standard error of difference of meang indicate significance at the 0.05 and 0letels of
probability, respectivelyozg, ozg. ando? are variance components for genotype, genotypxpgriment
interaction and error, respectively. Broad-sensiaiglity (h?, %) was estimated on plot meanstBy
0%4/(0%5 + 0°4l2 +a°d6).

Trait Means Variance components
P119 P117 Populaion Range  SED 0% 0%, o% W (%)

NI 7.67 7.50 7.44 6.21-9.10 0.25 0.223* 0.121*  0.186 71
ST 209 1.85 1.91 1.61-2.33 0.06 0.011* 0.005*  0.011 71
SL 18.69 20.45 17.87 12.86-25.04 0.89 4.377* 2.663** 239 72
CC 33.97 34.69 34.92 29.88-38.84 0.88 1.900** 1.651** 232 61
LA 1579 1222 1289 88.8-175.4 8.30 209.00**  180.80**  207.3 63
SLA  298.4 300.9 307.9 267.9-364.6 13.20 290.00** 68.79ns  628.8 67
LDW 054 042 0.43 0.29-0.65 0.03 0.0034*  0.0025*  0.004 65
sbw  0.17 0.17 0.16 0.11-0.23 0.02 0.00052*  0.00043** 0.0007 62
TDW  0.71  0.59 0.59 0.40-0.87  0.05 0.0060*  0.0047**  0.007 63
GR 0.03 0.02 0.03 0.018-0.036 0.003 0.000007** 0.000015** 0.00002 48

28



Vigour evaluation in rose

NI'in DK STin DK SL in DK
25 } PO 25 25 P17 '
P17 PM=7.47 PM =195 PM=19.81
20 P19 1 .
20 i SED=0.36 SED=0.08 20 SED=117
15 =83 h’=79 15 h2=92
10 10
5 5 51
o+ rfr 1 3 1 ! ol N N N T — ) 0 R e |
6.0 6.6 72 78 8.4 9.0 167 181 195 2.09 2.23 2.37 134 16.2 9.0 218 246 274
NIin NL STin NL SLin NL
25 ¢ 25 25 p117
P17 P19 PM=7.42 20 P17 PM=186 20 | PM=15.91
20 + } } SED=0.34 SED=0.09 SED=134
2 2. 2
51 h’=86 pug =84 h’=86
0L 10 0
54 |—|— 5
6.0 6.6 7.2 78 8.4 9.0 153 167 181 195 209 223 06 134 162 190 218 246
CCin DK LA in DK SLA in DK
25 25 25
pr )T PM=s4l Pz PLe PM=3312
20 SED=134 20 20 } ).
l § SED=20.4
5 h?=87 5 W68
10
5 5 5
ob—— I 111 M 04 | o — L1 11 1 M
26 27 28 29 30 31 32 33 34 35 36 37 280 304 328 352 376 400
CCin NL LA in NL SLA in NL
25+ 25 25
P19 PM=38.7 PM=136.2 P17 P19 PM=284.6
I P17
20 ' SED=113 20 20 Vo SED=16.9
51 P117 n=87 B 5 =68
0 + l 10 10
5+ 5 5
0 — 1 e = o+—1r 1t 1 f 1 1 1l bk 0 +—t—»r 1
33 34 35 36 37 38 39 40 41 42 43 44 84 06 128 150 172 194 232 256 280 304 328 352
25 LDW in DK TDW in DK
25 ¢
P17 | PM=0.37 PU7 }  puo PM=0.54
20 P11 S:ED=0.04 20 | l SED=0.06
h=81 =
5 } 51 h?=79
10 10 +
5 51
0 4 + u u u u u u u u u + 0 T u u u u u u 1 + + i
06 024 032 04 048 056 03 042 054 066 078 0.9
LDW in NL SDW in NL TDW in NL
25 25 25
PM=0.49 P17 PM=0.15 PM=0.64
P17 |
20 P17 SED=0.06 20 | P19 SED=0.02 20 SED=0.08
2 2, 2
h’=84 5 ' h?=81 h?=83
5
o+—t"t 1+t —
0.09 0.13 0.17 021 025  0.29

29



Chapter 3

GRin DK Figure 1 Distribution of vigour-related traits measuredtie
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Table 4 Correlation coefficients of vigour-related traitsaiated in the experiments carried out in Denmark
(DK; upper left) and The Netherlands (NL; lowerlig

Trait GR TDW SDW LDW SLA LA CcC SL ST NI

NI 0.35 0.49 0.53 0.41 -0.06 0.46 0.18 0.59 0.54 -

ST 0.56 0.6 0.61 0.52 -0.13 0.55 0.12 0.52 - 0.61
SL 0.5 0.67 0.81 0.53 -0.13 0.57 0.22 - 0.66 0.63
CcC 0.2 0.32 0.29 0.32 -0.38 0.18 - 0.32 0.15 0.16
LA 0.76 0.84 0.66 0.85 -0.1 - 0.25 0.77 0.72 0.63
SLA -0.38 -0.43 -0.24 -0.5 - -0.13 -0.26 -0.28 -0.25 -0.22
LDW 0.86 0.94 0.67 - -0.48 0.9 0.33 0.78 0.72 0.62
SDwW 0.65 0.83 - 0.85 -0.34 0.79 0.3 0.84 0.69 0.6
TDW 0.85 - 0.92 0.95 -0.46 0.9 0.33 0.82 0.74 0.63
GR - 0.95 0.91 0.93 -0.35 0.87 0.27 0.83 0.71 0.57

(Table 3). The estimates from the combined analigseded to be somewhat lower than those from
the corresponding separate analyses. Howevemibe éstimates with different sets of data for a
trait showed the same tendency.

Simple correlation coefficients were caltethfor all pair-wise combinations of trait meaaos f
both experiments (Table 4). The estimates for spwading combinations in the two experiments
were fairly similar (Table 4). The morphologicaits NI, ST and SL were moderately correlated (
= 0.52 to 0.66). Strong positive correlations=(0.67 to 0.95) were observed for the traits
describing the dry matter allocation, i.e. LDW, S@WH TDW. The photosynthesis-related traits
CC, LA and SLA, on the other hand, showed a wekdtion ( = -0.10 to 0.25). The morphological
traits were moderately related with other traitsegt SLA and CC. The relationship of SLA with
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other traits was practically absent to medium ¢0.06 to -0.50). Trait CC had positive low and
intermediate relations with other traits except SEA 0.12 to 0.33). High correlations£ 0.65 to
0.95) were found among LA, LDW, SDW, TDW and GR.

Discussion

Vigour is an important agronomic trait in crop immpement. Genetic studies on vigour and related
traits have been performed in a wide range of @paties, like sorghum (Cisse and Ejeta 2003),
wheat (Regan et al. 1992), rice (Redona and Mat&B6; Cui et al. 2002), maize (Revilla et al.
1999), chickpea (Sabaghpour et al. 2003) and wi(lésarouhas et al. 2002). Vigour is a complex
plant characteristic that usually is reflectedha variation of plant traits, such as leaf numheat
size, leaf area, leaf weight, plant height, plaatght, root weight, etc. The present study was
focussed on the development of a simple procedutiest plant vigour using one single growing
shoot per cutting. According to breeders, the eatedn on second shoots would yield the most
useful results since in cut rose production thesersdary shoots form part of the backbone of the
plants and produce the first saleable floweringritshoots. Cuttings for pot rose production are
also cut back twice before allowing them to flowlerthe testing method developed, ten vigour-
related components were evaluated on the secomd shmoted rose cuttings. Random variation
was minimized by the procedures followed during-peatment of plant materials, standardization
of the starting plant materials at the onset ofxgperiment and the design of the experiments. The
studies in this way showed that data for vigouatedd components can be collected in a fairly short
period of time, for example, about one month inghesent study.

For the evaluation of the testing methodipdoid population derived from the wild speciRs
multiflora, one of the ancestors of cultivated tetraploid spseas used. This offered the opportunity
to study the genetic variation of the vigour-redateits investigated, as well as the importance of
genotype by environment interactions. The reasamtploy a diploid population instead of a
tetraploid population for the present study wagrvent the complexity of tetrasomic inheritance
in the molecular marker studies envisaged. Thisaguh to obtain the required knowledge on
evaluation and inheritance of growth vigour willvpathe road towards marker-assisted selection
for vigour at the tetraploid level in rose breedi@gnetic studies in polyploid species like potato
and alfalfa are often performed at the diploid leared turned out to be quite rewarding (Bonierbale
et al. 1988; Gebhardt and Valkonen 2001; Bryan.&0®2; Echt et al. 1993). The present
population derived fronrRosa multifloramay harbour some valuable genes or alleles fawithat
can improve modern roses. A direct transfer of alle genes from diploid to tetraploid genotypes
can be achieved by doubling the chromosome nunflsame selected genotypes from the
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mapping population, followed by crossing with potat rose genotypes. Subsequently, the
progeny of such crosses can be used as startirggiaiafor marker-assisted selection.

A small scale pilot experiment under twdetiént growth conditions and two large scale
experiments in greenhouses at one temperatureleevagnificant genetic differences among
tested entries of the population for vigour-reldiaits as well as the presence of G x E interastio
However, the magnitude of the latter was much sné#tlan the genetic variation. The large genetic
variation for vigour-related traits was indicateddifferences in performance of the parents for
most of the traits and by the observed transgressithe population. A continuous frequency
distribution of the entry means for all vigour-iteld traits together with a transgressive segregatio
was observed, suggesting a polygenetic inheritahtee traits (Hartl 1980).

The current study demonstrated that totabstry weight, an important part of biomass
production, is largely dependent on leaf dry weight 0.94 to 0.95), stem dry weighit%£ 0.83 to
0.92), leaf arear(= 0.84 to 0.90) and partly dependent on numbértefnodesr = 0.49 to 0.63),
shoot thickness (= 0.60 to 0.74) and shoot length=0.67 to 0.82). A similar magnitude of
relationship existed for growth rate with the aboventioned vigour components. It is obvious that
leaf area, rather than specific leaf area (le@ktiess) and chlorophyll content, contributed most t
biomass accumulation, suggesting that leaf ar¢a, doy weight and growth rate are key traits to
examine vigour in rose breeding programs. Howeayenwth rate has a relatively low heritability in
the present study. Therefore, total dry weight leadlarea are suggested to be good parameters for
early selection of genotypes with vigorous growtider suboptimal growth conditions. Further
studies are needed to find out whether the obsemadinent correlations are due to ploitropy or
linkage. A validation of the findings in the presstudy also needs to be performed in a tetraploid
population.

Due to practical limitations, neither roobg@uction nor branching capacity of the genotypes
was evaluated in this study, although both charisties were shown to influence rose flower
production (Fuchs 1994; De Vries 1993), and arsipbscorrelated to vigour. A sound root system
usually is a prerequisite for a strong shoot foramaand a large flower production (De Vries 1993;
Kool 1996). Physiological studies on rose haveaded close relationships between root dry
weight, shoot dry weight and flower production (Bu01; Costa 2002).

A large amount of genetic variation togetivéh a high heritability was found for most of the
examined vigour-related traits. Based on thesdtsesubreeding program for vigour, based on
selection via molecular markers for vigour QTLspieposed as an appropriate strategy. As a next
step in this process, QTLs for the ten vigour-eddraits described in this chapter will be idaeetf
on the molecular linkage map of the used populdi@itapter 2). The localization of these QTLs
will offer the possibility to select separately fodividual components of vigour in rose. In
addition, it will facilitate the introgression adfourable alleles from wild species into cultivated
rose cultivars (Tanksley and McCouch 1997; Stan8200
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Chapter 4

QTL analysis of variation for vigour in rose

Theoretical and Applied Genetics (2005), submitted
Authors: Z. Yan, P. B. Visser, T. Hendriks, T. WinB, P. Stam, O. Dolstra

Abstract

The improvement of energy efficiency in the greardeproduction of cut rose and pot rose can be
achieved through the use of rose cultivars haviggreus growth. A better understanding of the
inheritance of vigour and its related traits wakest the breeding activities. QTL analyses were
performed with the help of an integrated linkaggorafa diploid rose population for ten vigour-
related traits evaluated in two greenhouse expeatisnender suboptimal growing conditions. We
identified ten chromosomal regions, scattered twerseven linkage groups, containing QTLs for
these traits. Considering each trait separatelydetected a total of 42 QTLs. Among these QTLs,
24 were found in both of the experiments, 8 anev&fe specific to either of the two experiments.
The number of QTLs for individual traits varied inadhree to five with a respective contribution to
the phenotypic variation from 12 % to 35 %. QTLstiayhly correlated traits frequently co-
localized, indicating a common genetic basis. @hiisgy of QTLs for different traits was noted in
some chromosome regions, for instance, one on asome 2 included major QTLs for eight out
of the ten traits under study, suggesting co-lae#ibn of several separate genes or/and the
occurrence of various genes having pleiotropicotsteThe markers associated to QTL regions
provide an initial step towards marker-assistedct&n for vigour improvement in rose.

33



Chapter 4

I ntroduction

The production of cut rose and pot roB®$3 in greenhouses in Northern Europe requires much
energy input, which leads to high production ca$tsarketable flowers. The use of fossil energy
also contributes to environmental problems likebglavarming. The improvement of the energy
efficiency of rose cultivation in greenhouses carabhieved through the use of rose cultivars
having vigorous growth. A better understandinghef inheritance of vigour will help to set up an
adequate strategy for selection and speed up &wselimg of new cultivars. Vigour is, in general, a
complex plant trait that is difficult to evaluatéowever, vigour can be decomposed into component
traits, making it easier to be measured and har{®le®001). We developed a simple standardised
procedure for evaluation of vigour in rose (Cha@elin which only one single shoot per cutting
was allowed to form. At suboptimal growing conditsothe shoots were evaluated for the following
ten vigour-related traits: number of internodespsthickness, shoot length, chlorophyll content,
leaf area, leaf dry weight, stem dry weight, tatigl weight, specific leaf area and growth rate.
Statistical analysis indicated that all vigour-tethtraits inherited in a quantitative way. The
differences between parental phenotypic values Veege for most of the traits. The heritabilities
for most of the traits were high. A majority of tlraits also showed close relationships, suchafs le
area, leaf dry weight, stem dry weight, total dsight and growth rate (Chapter 3). Therefore,
there are good prospects for improvement of vigwaeding using a subset of the traits evaluated.
Nevertheless, breeding for vigour is time-consunang also costly.

The advent of molecular markers has proviu®eel opportunities for the analysis of
gualitative and quantitative variation. Through arker-trait association study, quantitative trait
locus (QTL) analysis facilitates the detection ehgtic factors influencing a quantitative trait and
localizes them to specific regions of the genomuehSa study further results in estimates of the
magnitude of the effects of QTLs and their contiiilru to the variation (Melchinger et al. 2004),
insight in the stability of QTL effects across emviments (Piepho 2000) as well as the
relationships between QTLs underlying different gibjogical processes (Tsarouhas et al. 2002).
The use of molecular markers will provide inforroation the relevance of the application of
marker-assisted selection in rose breeding asasatharker-guided introgression (Stam 2003) of
valuable genes from wild species into elite culsv@Bouchez et al. 2002).

An essential tool for a QTL analysis is desalar linkage map. Several maps of roses have
been published (Debener and Mattiesch 1999; Deletradr 2001a; Rajapakse et al. 2001; Crespel
et al. 2002; Chapter 2) and some maps were usddntfy either genes controlling qualitative
traits, for example, flower colour and type (Delresied Mattiesch 1999), petal number and
resistance to black spot (Debener et al. 2001kklps on petioles (Rajapakse et al. 2001; Debener
et al. 2001a), recurrent blooming and double car(respel et al. 2002) or genes for quantitative
traits, for example, the density of thorns (prisklen shoots (Crespel et al. 2002). Markers
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associated with these traits can be used to aateleelection in rose breeding.

In a previous study we evaluated the vammator vigour-related traits in a diploid populatio
(Chapter 3). In this chapter we report the outcoifrthe molecular analysis of the variation for the
corresponding traits, i.e. the chromosomal posstiand the contributions of putative QTLs
affecting vigour and related traits in the popuwlatilts implication for rose breeding is discussed.

M aterials and methods

Mapping population and genetic map

The mapping population used to map QTLs for vigalated traits was the diploid rose 94/1
population developed by Debener and Mattiesch (L989this end, two parental maps and one
integrated map were constructed by using differgmés of molecular markers including AFLP,
SSR, PK, RGA, RFLP, SCAR and morphological mark€tsapter 2). The integrated map,
incorporating the seven homologous parental linigrgeps (LGs) of the two parental maps, was
used for QTL analyses.

Evaluation of the population for vigour

The population under study was evaluated for tgowi-related traits in replicated experiments
carried out in greenhouses at two locations, redénsburg, Denmark in October 2002 (DK) and
Wageningen, The Netherlands in March 2003 (NLgescribed in detail in Chapter 3. The traits
are: number of internodes (NI), stem thickngE), shoot lengtiiSL), chlorophyll conten{CC),

leaf area (LA), leaf dry weight (LDW), stem dry \ghki (SDW), total dry weight (TDW), specific
leaf area (SLA) and growth rate (GR). The entry msefaom the two experiments were subjected to
a QTL analysis, trait by trait.

Mapping QTLs

MapQTL® 4.0 (Van Ooijen et al. 2002) was employed to penf@TL analyses of the genetic
variation for each of the vigour-related traits e®iatistical tools, each implemented in MapQTL,
used to detect candidate QTLs were, in their oofl@pplication, Kruskal-Wallis test (KW)
(Lehmann 1975), interval mapping (IM) (Stam 1928)skn and Stam 1994) and the restricted
multiple QTL method (MQM) (Van Ooijen et al. 2002he analysis started with the non-
parametric KW test to get a rough idea of the prese&nd locations of QTLs. The next step was an
IM analysis to get a better positioning of QTLstba map. Markers located in the vicinity of
QTLs, preferably the codominantly scored ones, weiten an initial set of cofactors. Restricted
MQM analysis was then performed to precisely lo€ié.s after selection of an adequate set of
cofactors choosing from the initial set of cofastdvlap intervals of 5 cM were used for IM and
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restricted MQM analyses. Log of odds (LOD) 2.5 waed as a significance threshold for the
presence of a candidate QTL. The chromosomal lmeatith the maximum LOD score was
considered to be the most likely position of a QFar each QTL, a 2-LOD support interval as well
as its contribution to the variation was calculat@dLs for a trait with a similar map position in
both experiments got the same code only when th@R2-support intervals did overlap by more
than 10 cM. A QTL code is a combination of an akilaton of the trait name and a serial number.
Graphics were produced by MapChart software (Vpsrgi001).

Results

Number of QTLs

Using the means of each genotype in the populaf)dit, analysis was separately performed on ten
vigour-related traits in each of the two experinset total of 42 QTLs with LOD scores above 2.5
were identified and their detailed QTL informatisrpresented in Table 1. Among the detected
QTLs, 24 were found in both experiments (in comm@&mnly in the DK experiment (DK-specific)
and 10 only in the NL experiment (NL-specific). Tinember of QTLs for the traits differed from
three to five: three QTLs for SL, four QTLs for N8BT, CC, LA, LFW, SDW and SLA,

respectively, and five QTLs for LDW, TDW and GRspectively. Individual QTLs explained from
12 to 35 % of the phenotypic variation (Table 1).

Genomic location of QTLs
The chromosomal locations of the detected 42 QTéshown in Figurel. The QTLs were not
randomly distributed over the genome, but clustamesbme rather small regions of the seven rose
chromosomes. The QTLs could be grouped into tdardifit small regions if they were less than 10
cM apart on a chromosome. One region was found@ 1, 3, 4, and 7, respectively; and two
regions on LGs 2, 5 and 6, respectively. Amongdimeregions, a total of eight QTL clusters were
found.

The clustering involved QTLs for two or mdraits. For instance, a high concentration of
QTLs for eight of the ten traits studied was fowmdone region (15-45cM) on LG 2 and similar hot

Table 1 (on next page) QTLs for vigour-related traits detd in the population evaluations in Denmark
(DK) and The Netherlands (NL). A QTL name consadtthe code of a trait and a serial number. Foheac
QTL the linkage group (LG), peak location (cM), tb®D value and the percentage of phenotypic vanati
accounted for (var %) are presented. QTLs not tedeén an experiment are indicated as “-“.
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Trait QTL LG Performance in DK Performance in NL

cM LOD Var% cM LOD Var%
No of internodes (NI) NI1 2 62.6 4.8 22 62.6 5.2 23
NI2 3 28.3 3.9 20 31.2 3.0 13
NI3 6 18.3 3.6 19 8.8 3.0 13
NI4 7 18.6 2.9 13 32.2 3.5 15

74 64

Stem thickness (ST) ST1 1 - - - 49.2 3.8 20
ST2 2 55.1 3.6 20 55.1 3.2 16

ST3 5 20.4 3.1 16 - - -
ST4 6 42.6 6.9 31 75.9 3.4 19

67 55

Shoot length (SL) SL1 1 56.1 3.4 16 - - -
SL2 2 25.8 9.5 35 34.9 5.5 28
SL3 5 46.9 3.0 13 42.2 25 13

64 41
Chlorophyll content (CC) CC1 2 21.3 4.4 21 21.3 7.0 31
cc2 3 14.4 2.6 15 14.4 3.8 20

CC3 6 - - - 70.9 3.4 18

Cc4 7 214 5.7 29 - - -

65 69

Leaf area (LA) LA1 1 - - - 45.7 3.5 17
LA2 2 30.7 4.2 18 30.7 3.6 18
LA3 4 20.9 5.4 26 20.9 3.0 15
LA4 7 53.0 3.6 17 40.6 2.6 14

61 64

Specific leaf area (SLA)  SLAl 1 45.7 3.2 15 - - -
SLA2 2 21.3 4.1 18 21.3 6.1 28
SLA3 6 61.3 4.0 20 61.1 4.1 22

SLA4 7 5.3 2.7 12 - - -

65 50

Leaf dry weight (LDW) LDW1 1 - - - 49.2 3.5 17
LDW2 2 19.8 5.3 23 21.3 4.2 20
LDW3 4 20.9 3.3 15 334 2.6 13

LDWA4 6 61.1 2.8 12 - - -

LDW5 7 18.6 5.7 26 - - -

76 50
Stem dry weight (SDW)  SDW1 2 19.8 5.1 24 21.3 3.2 18
SDw2 5 20.5 2.9 15 17.2 2.8 15

SDW3 6 - - - 70.9 25 13

SDw4 7 5.3 3.0 16 - - -

55 46

Total dry weight (TDW) TDW1 1 - - - 49.2 2.9 14
TDW2 2 19.8 4.4 21 21.3 4.2 21
TDW3 4 20.9 3.2 15 26.5 2.6 12
TDW4 6 61.1 4.0 17 66.3 3.0 15
TDWS5 7 10.3 4.1 19 27.2 25 12

72 73
Growth rate (GR) GR1 2 20.9 25 13 34.9 3.0 17
GR2 4 20.9 25 13 - - -

GR3 5 - - - 17.2 2.6 15

GR4 6 61.1 3.8 18 - - -

GR5 7 10.3 3.0 15 - - -

59 32
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spots for QTLs were also found on LGs 1, 4, 6 afigure 1). It is striking that QTLs for highly
correlated traits frequently co-localized, for exden the QTLs for LA, LDW, STW, TDW and GR
found on LGs 2, 4, 6 and 7 (Figure 1).

Characterization of QTLs for different traits

Number of internodes

Four QTLs for number of internodes were detectdabith experiments. The QTNI1, on LG 2
was found to have the largest effect. In total @ie.s for this trait explained 74 % of phenotypic
variation in DK and 64 % in NL (Table 1). The QTlsre located on LGs 2, 3, 6 and 7, which
coincided with the QTLs for physiological and moofidyical traits, such as stem thickness,
chlorophyll content and leaf area.

Stem thickness

A total of four QTLs for stem thickness were idéetl, of whichST2andST4were detected in the
two experimentsST1only in DK andST3only in NL (Table 1)ST4was found to have the largest
contribution to the phenotypic variation. The f@FLs were situated on LGs 1, 2, 5 and 6, which
coincided with the QTLs for traits describing drgtter production and allocation, for example,
shoot dry weight, leaf dry weight, total dry weigtrd growth rate.

Shoot length

The analysis of shoot length showed three QTLsjlo€h two were present in both experiments
and one was DK-specific. The QT&L2 with the largest contribution to the variationstioot
length, i.e. 35 %, was located on LG 2 and cointidéh QTLs for most of other traits.

Chlorophyll content

Four QTLs for chlorophyll content were identified bGs 2, 3, 6 and 7, of which two were found
in both experiments and two were experiment-spedifiost of the QTLs coincided with QTLs for
the dry-matter production and allocation traitgj anpart with the QTLs for photosynthesis-related
traits like leaf area.

Leaf area

A total of four QTLs for leaf area were detectedL@¥s 1, 2, 4, and 7, respectively, three of which
were present in both experiments and du#elj was NL-specific (Table 1). These QTLs were
associated with QTLs affecting dry-matter allocatiexplaining the high positive correlations
between these traits and LA (Chapter 3).
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Leaf dry weight

Five QTLs for leaf dry weight were identified, ohieh two (A2 andLA3) were present in both
experiments, ond,Al, was DK-specific and twd,A4 andLA5, were NL-specific. The QTLs for
this trait located on LGs 1, 2, 4, 6 and 7 largadincided with QTLs for leaf area, stem dry weight,
total dry weight and growth rate, indicating tHadde traits have a common genetic basis.

Stem dry weight

Four QTLs were found to determine the variatiostein dry weight, of which two were observed
in both experiments; one was DK-specific and onedgecific. The QTLs located on LGs 2, 5, 6
and 7 coincided with some QTLs affecting dry-mastocation, indicating a common genetic
basis.

Total dry weight

For total dry weight a total of five QTLs were idigied, all of which were present in both
experiments except for one, which was only founthenDK experiment. The QTLs accounted for
70 % of the variation. The QTO,DW2,with the largest contribution to the variation viasnd on
LG 2. Most of the QTLs were found in QTL clustars;luding QTLs for other closely correlated
traits, for example, leaf area, leaf dry weighenstdry weight and growth rate.

Specific leaf area

Four QTLs for specific leaf area were identifietheTtwo experiments had two QTLs in common
and two QTLs were DK-specific (Table 1). The QBLAZ2 with largest effect was found on LG 2,
the others on LGs 1, 6 and 7, which were co-loedlin clusters with QTLs for leaf area and dry-
matter allocation traits.

Growth rate

Five QTLs for growth rate were found, of which oolye was found in the two experiments, three
were DK-specific and one was NL-specific. The QTere located on LGs 2, 4, 5, 6 and 7, which
were mapped in the region where QTLs affectingrdatter allocation were present. Each of the
QTLs for growth rate contributed relatively littie the phenotypic variance, indicating that growth
rate is genetically a very complex trait.

Consistency of QTLs across experiments

Separate QTL analyses for the different traits destrated the presence of 35 QTLs in experiment
DK and 31 in NL (Table 1). About 57 % (24 out of) 42 the QTLs were detected in both
experiments, among which one locus for GR; two fociSL, ST, CC, LDW, SDW and SLA,
respectively; three loci for LA and four loci fol lAnd TDW. In most cases, the support intervals
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for QTLs occurring in both experiments showed énkdggree of correspondence (Figure 1),
indicating that the variation for the traits haseatst in part a solid and fairly simple genetisiba

Discussion

In the present study we did identify many robust stable QTLs scattered all over the rose genome
that affect plant growth, confirming the complexatythe inheritance of the vigour-related traits
(Hund et al. 2004). The results also show thav#r&ation for the traits is controlled by a limited
number of genes having a major effect. The truebmrmof QTLs controlling vigour-related traits,
however, is likely to be different from what we leadetected since both over- and under-estimation
of QTLs may have occurred. ltis likely that oy Ls having moderate to large effects, e.g. from
12 % to 35 % of phenotypic variance, could be detecThe size of the present population with 88
individuals also limits the discovery of QTLS, esjadly the ones with small genetic effects
(Kearsey and Farquhar 1998; Melchinger et al. 208d4)ong the reported ten vigour-related traits,
SLA, TDW and GR were not directly measured butwtifrom their components; therefore,
identical QTLs for the component and derived traitsy be found. Some of the vigour-related traits
are highly correlated and the 2-LOD support intesed some QTLs for those traits overlap,
indicating that the relationships are in part basethe action of the same genes or sets of ckdter
genes.

A striking finding was the co-localizatioh@TLs for different traits in a limited number of
chromosomal regions. Taking total shoot dry weagtn example, the trait-specific QTL regions
coincided with those of its closely related traith as leaf area, leaf dry weight, stem dry weight
and growth rate on all linkage groups except LG8 1a@5. The coincidence of QTLs for closely
related traits provides evidence that the tragsgametically interrelated. Several authors (el-g. E
Lithy et al. 2004) have suggested that the locatinaof the QTLs for related traits at a similar
chromosomal position may indicate that a singleegeantrols the variation for these traits. In our
case this implies that some common genes affelcatea and traits related to the allocation of dry
matter, like leaf dry weight and stem dry weighbwéver, the resolution of our QTL analyses does
not allow the distinction between pleiotropic etieof genes or the effect of different linked genes
controlling these traits. Another striking findimgas that three out of four QTLs for chlorophyll
content were located in the same clusters of QdLsther traits, which is not in line with the very
weak correlations of CC with the other traits=(0.15-0.32). This might due to the combination of
the related positive and /or negative effect ofaleles. Nevertheless, the hot spot QTL regions
found in this study, especially the one on LG2 ypte attractive targets for the development of
simple selection markers to be used in marker+@skgelection for vigour.

A dedicated mapping population is needegstonate the effects of QTL alleles. Good
examples are diploid populations derived from ceedsetween inbred lines contrasting for the trait
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of interest, such as;land BG, etc. The linkage disequilibrium between QTL aratker alleles is
high and the number of alleles for each locusstriated to two. If sufficient genotypic mapping
data of parents are available, the deduction &htje phase of the markers will be easy. Such a
strategy is not possible in an outbreeding spditiesose, which does not allow selfing and the
production of inbred lines. Therefore, the psewrkieross strategy of Grattapaglia and Sederoff
(1994) was used to generate the mapping populated in this study. The parents are two highly
heterozygous individuals and thus the maximum nuraballeles per locus is four. The complex
nature of the population highly restricts the posisies for estimating the effects of QTL alleles.
The linkage phase between marker and QTL allelésaiparent study is unknown and can only be
deduced from the segregation data (Kearsey 1998k&§a2001). Only parents that are
heterozygous for both marker and linked QTL providkage information; however, parents may
differ in QTL-marker linkage phase (Mackay 2001)eTvariation due to a QTL may either be a
consequence of the heterozygosity in one of therpaior in both parents. All the complications
hampering the assignment of the linkage phase leetwearker and QTL alleles stopped us from
estimating the effects of QTL alleles.

The detection of QTL by environment intei@ctrequires evaluation of traits in multiple
environments (Piepho 2000; Mackay 2001), whichvedlmot only the identification of common
QTLs but also environment-specific QTLs. The twpenments of the present study were similar
in design. However, the actual growing conditiorsgavsomewhat different, largely due to the fact
that the experiments were performed in greenhansdifferent geographic locations and seasons.
Therefore, the two experiments can be seen asiffevatht environments. In general, the
evaluation showed a significant G x E interactiondome traits (Chapter 3). However, the
interaction effects were small, which is in agreetwaith the finding that most QTLs were detected
in both experiments. Nevertheless, for some tthésanalyses of the individual experiments
showed environment-specific QTLs. The slight défeces in locations of QTLs for some traits
found in the two experiments may due to some gerestyaving higher G x E interactions. The
level of QTL consistency across the experimentsgearally related to the heritability of the
traits. For example, growth rate that showed dyféorv heritability had only one QTL showing up
in both experiments. In contrast, number of intee® a trait that showed a high heritability had
four QTLs in common.

In this study, we detected a total of tenagee regions distributed over all seven chromosomes
with putative genes for vigour. The primary QTL may studies on vigour in the present research
represent only the initial step towards a full uistinding the genetics that underlies the variation
in vigour and the genetic relations among its congpo traits. Nevertheless, markers associated
with QTLs, especially those from hot-spot QTL rewipare valuable as tools for marker-assisted
selection and marker-guided introgression to geéaewse cultivars with vigorous growth.
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Chapter 5

Assessment of partial resistance to powdery mildew
(Podosphaera pannosan a tetraploid rose population
using a spore-suspension inoculation method

European Journal Plant Pathology (2005), accepitdminor modification
Authors: Z. Yan, O. Dolstra, T. W. Prins, P. StdémB. Visser

Abstract

Powdery mildewRPodosphaera pannosé the most important fungal disease in greenbooses

and is in practice controlled by fungicides. Theation of novel cultivars with durable resistanze t
powdery mildew is highly desirable. To understame inheritance of mildew resistance, a
tetraploid rose population with a size of 181 ggpes was obtained by crossing two tetraploid
cultivars each having partial resistance to powaeifgew. The population and its parents were
tested under greenhouse conditions with two weilkdd monospore isolates (2 and F1) using
artificial inoculation of spore suspensions. Digessore at 11 days post inoculation, latency period
and rate of symptom development were used to destre resistance of the population. The tests
for both isolates exhibited a wide and significaatiation among genotypes for resistance. The
distribution of the genotypic means of the disesxses was continuous and showed a considerable
transgression. Statistical analysis, scatter gldisease scores for the isolates, and correlation
analyses indicated that the two isolates differegathogenicity. The outcome of the tests showed
that the inoculation assay with spore suspensi@ssavreliable and effective way to screen large
numbers of genotypes under greenhouse conditiorgefetic and breeding studies. This is the first
report on spore-suspension inoculation to be sgbtdgsused in rose.
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I ntroduction

Powdery mildew caused by the obligate biotrophihpgenPodosphaera pannogavallr.: Fr.) de
Bary (syn.Sphaerotheca pannose the most important disease in greenhouse (hssde and
Shishkoff 2003). It causes severe yield and quadithuctions due to the formation of white
powdery pustules that appear on the leaves, stechBavers. A recurrent use of chemical
fungicides is needed to prevent and control thereaks of the disease. As there is an increasing
attention for the reduction of the use of chemigalsorticulture worldwide, it becomes
increasingly desirable to create novel cultivarhwesistance to powdery mildew. The
development of cultivars with improved resistanas heen a major breeding challenge for a long
time, but successes are scarce. This is due tadkef highly resistant genetic sources in
cultivated roses, a limited knowledge of resistamezhanisms and a large diversity in the
pathogen species. There is also a need for moablehssessment methods for screening.

Evaluations of powdery mildew resistanceenbgen conducted in many rose species, cultivars
and hybrids. Genotypes with different degrees siktance were found and several defence
mechanisms of plants against the pathogen haveda=senibed. Morphological structures like the
vacuolization of epidermal cells (Temmen et al.@9@hysical barriers such as leaf cuticle
thickness (Ferrero et al. 2001) and the formatiopapillae in plant cells (Mence and Hildebrandt
1966) were found to influence fungal penetratioppétsensitive response (HR) (Conti et al. 1985),
simple monogenic control (De Vries and Dubois 20@19ingle dominant gene (Linde and Debener
2003) and horizontal resistance (Schlosser 1990/ri#s and Dubois 2001) were identified to
confer powdery mildew resistance. It seems thatoadresistance (race-specific, HR or monogenic
resistance) is very common in roses. For duralsistence, however, horizontal resistance (race
non-specific, partial or polygenic resistance)asicable. This type of resistance delays the
infection, growth and reproduction of powdery midand tends to be much longer effective
(Temmen et al. 1980; Schlosser 1990).

The pathogen species shows a lot of vanatigpathogenicity. The races of the pathogen are
traditionally defined by differences in virulenceindividual isolates on a so-called differentiat s
of host genotypes. Mence and Hildebrandt (196&)nted two races differing in host range and
growth of conidia. Bender and Coyier (1984) ideetlffive races in nine samples from Oregon
(USA). Leus et al. (2002; 2003) studied eight iszdacollected in Belgium and showed a
differential host response, indicating difference&virulence among isolates. Linde and Debener
(2003) recently classified eight different race®Nwmrthern Germany and concluded that the
pathogen harbours a high diversity of virulenceegen

Homogeneous inoculation of the pathogessem,tial for an accurate screening of genotypes
for resistance and race identificatiorAnpannosalnoculation methods such as leaf-to-leaf contact,
dusting with dry conidia and dispersal of the spareer the test plants with a blower are widely
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used in breeding and research programs. These dsethawever, often result in deposition of

groups of conidia at the inoculation site. This liepthat these methods give fairly variable result
and are not very accurate (Francisco et al. 1988)mprovement of the blowing method using a
vacuum-setting tower (Francisco et al. 1988; Liadd Debener 2003) has made it possible to

tackle the above-mentioned problem but the inomranethod is not adequate for screening large
numbers of plants, especially in field and greesleaests. The use of spore suspension in water has
been extensively employed for the inoculation of/gery mildew in cucumber (Zijlstra et al. 1995),
tomato (Bai et al. 2003) and pepper (Lefebvre €2@03), but has never been used in rose since it
has long been thought that water may damage thditsiaand infectivity of the conidia (Yarwood
1939; Wheeler 1973).

The objective of this study was to get ihsigto the genetic variation in powdery mildew
resistance in cultivated rose. To this end, we maade a tetraploid population by crossing two
cultivars each having partial resistance againatdeoy mildew. Two well-defined monospore
isolates have been used to screen the populatioedistance. An assay with spore-suspension
inoculation was tested and proved to be a rapidralmble quantitative technique suitable for
large-scale screening of rose genotypes for mildmistance in genetic and breeding studies. In
this chapter the results of the greenhouse tesdtstatistical analyses are presented.

M aterials and methods

Plant materials and experimental design

A tetraploid (K5) population of 181 individuals wabtained from a cross between two tetraploid
rose cultivars, P540 and P867, each being partiedlistant to powdery mildew. Cuttings from each
of the individuals and the parents were made frasther plants of the same age and rooted in
plastic trays with commercial potting soil. A ramaised block design with three replications was
employed for the experiments. Two-week-old cuttinfaniform growth were selected from each
genotype and placed in plastic trays accordingpeadesign. More cuttings of the parents were
distributed among the plants to be tested as wedt #he borders of the plots to check the
uniformity of spore deposition. As a control, abbfty cuttings were randomly selected and kept in
a separate greenhouse compartment without inoonlagitest whether the source materials were
free of mildew.

Inoculation and evaluation

Two well-defined monospore isolates, isolate 2 fidinmensburg, Germany (Linde and Debener,
2003) and isolate F1 from Lesdain, Belgium (Leuale2002), were kindly provided by the authors.
The monospore isolates were maintaimeditro as described by Linde and Debener (2003). To
obtain sufficient inoculum of the isolates, freslittgres of the pathogen were made three weeks
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before inoculation on clean susceptible plantssmall growth cabinet with conditions set at’g2
(day) / 18°C (night), ~ 75 % humidity and ~ 200 pmoFst' light intensity for 16 h.

To test the powdery mildew resistance oftbpulation, separate experiments with isolates 2
and F1 were conducted in March and October 20@8pexively, in temperature-controlled
greenhouse compartments at Wageningen, The NetlsrlArtificial inoculations were performed
when the plants on average had four unfolded ledasinoculation, a spore suspension with a
concentration of 1910 conidia mi* was quickly made by rinsing infected leaves wéth water
and immediately sprayed on the plants in a do$®ahl m?% The temperature in the compartment
was increased from 22 to ~28°C prior to spraying and maintained for about 15 miorder to
stimulate the evaporation of water from the inoouldroplets on the leaves. The temperature was
then lowered to 22C again. Growth conditions in the greenhouses werat 22C (day) / 18C
(night), ~ 75 % humidity and ~ 200 pmols® light intensity for 16 h.

A 0-6 disease score was used to describeéebelopment of the symptoms on the four
unfolded leaves of a plant present at inoculafidre basis for the score is the percentage of total
area of the four leaves covered with mycelium. $t@res given were 0: no symptoms; 1: very
small necrotic lesions with <1 % leaf area covexéth mycelium; 2: 1-5 % leaf area with
mycelium; 3: 6-20 % leaf area with mycelium; 4: 20% leaf area with mycelium; 5: 41-60 % leaf
area with mycelium and 6: >61 % leaf area with niiyoe. Evaluation was conducted daily from
the first day when symptoms became visible unélnioment that almost all susceptible plants
were heavily infected.

For further data analysis and interpretatiba two component traits, i.e. latency period)(LP
and rate of symptom development (RSD), were cadledlbased on the time course of disease
scores of individual plants during the first 11 sigpst inoculation (dpi). The LP is defined as the
number of days from inoculation to the day of tinstfvisual appearance of the disease. The RSD
indicates the ratio of the disease score at 1hwughithe time interval (in days) from the appearance
of the first visible symptom to 11 dpi (i.e. 11-LP)

Statistical analysis

For the traits of disease score at 11 dpi, latgreciod and rate of symptom development, separate
variance analyses were performed with GeffSfayne et al. 2002) using (1) the two separat dat
sets of the tests with individual isolates ando@nbined data of the tests. Broad-sense heritabilit
for each trait was calculated Hy= 092/(092+092/r) for the separate tests with individual isolates,
Where,csg2 represents the genetic varianeg,the residual variance amdhe number of replications.

To describe genetic differences in respdogke isolates, two contrasting subsets of gersstyp
were composed based on the disease scores seledtedpi. One subset included the 30 most
resistant genotypes and the other set the 30 mssepgtible ones. The disease scores of the selected
genotypes at each evaluation time point were tisex to calculate the average scores of the classes.
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Disease progress curves of the contrasting cldgseach isolate were plotted against evaluation
time points.

Results

Inoculation and assessment methods

To tackle the common problems of artificial inodida of plants, such as even spore distribution
among the plants to be tested and the laboriousri@éssculating hundreds of plants
simultaneously, we adapted an inoculation assagthas spore suspension of powdery mildew that
has not been described before in rose. The assagweaessfully used in the two resistance tests,
giving sufficient and evenly distributed infectioms contrast, the non-inoculated cuttings kept in
an adjacent compartment did not show infectiona(d@t shown), indicating that the cuttings used
in the tests were free from mildew at the stathefexperiments.

The first symptoms of powdery mildew on ghusceptible cuttings became visible at 5 dpi.
From this moment the plants were scored daily bau ten days. At the end almost all the
susceptible plants were heavily infected (scoratgg 6). The frequency distributions of the mean
disease scores of genotypes at the various margttimes were continuous and changed from
negatively skewed to more or less normal, to paditiskewed for both tests (data not shown). At
10-11 dpi, the distribution of the disease scoras approximately normal (Figure 1, A). Variance
analysis of the scores at this time point showeddlgest genetic variation among genotypes and a
normal distribution of residuals (data not shown).

Variation among rose genotypes

Disease score

Significant genetic differences for disease scateksl dpi were found among the genotypes in both
isolate tests (data not shown). The analysis ottmebined data from both tests collected at 11 dpi
showed highly significant genotypic variatidr<0.001) for resistance (Table 1).

The population showed a continuous normgthibution for the mean disease scores of the
genotypes at 11 dpi in both resistance tests (EigjuA). A transgressive segregation of the
resistance was observed. The two parents showadl pasistance to both isolates 2 and F1.
However, a significant difference between the pareras only found with isolate F1. Nevertheless,
parent P867 appeared to be more resistant thantg2540 (Figure 1, A).

Comparing the tests with two isolates, défeces in the ranges of variation and distributioins
the disease scores existed although the populategans were similar. The population mean with
isolate 2 was smaller than the parental means,asbkéhat with isolate F1 was in between the
parental ones (Table 1). The estimates of broadeskeritabilities of the disease score were high to
different isolates, being 57 % for isolate 2 and6or isolate F1 (Figure 1, A).
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Latency period

Significant £<0.001) genetic differences for the duration ofldtency periods were observed in
the tests with individual isolates (data not shoamell as from the combined data (Table 1). The
frequency distributions for the duration of lateq@yriods for the two different isolates are
illustrated in Figure 1 (B). To both isolates, ajondy of genotypes had a latency period of about 6
days. A wide range in latency period, i.e. 5-11gdfay isolate 2 as well as for isolate F1, was tbun
among genotypes (Figure 1, B). The two parentsimdame latency period to a specific isolate
but differed with different isolates, i.e. both gats having a latency period of 5.0 days in the tes
with isolate 2 and 5.7 days with isolate F1 (Figly®). The estimates of the heritabilities for
latency period were 54 % for isolate 2 and 56 %dolate F1 (Figure 1, B).

Rate of symptom development

The rate of symptom development is a measure dpbed at which an epidemic develops. The
genetic differences for rate of symptom developmeste also found to be significaf®<0.001) in

the tests with isolates 2 and F1 (data not showmjedl as within combined data of the tests (Table
1). The frequency distributions of the rate of syonp development of the genotypes are presented
in Figure 1 (C) with both isolates. The heritaliktstimates for rate of symptom development were
48 % for isolate 2 and 55 % for isolate F1 (Figly€).

Table 1 Combined ANOVA for resistance tests with isold2eand F1. The traits analysed are disease score
at 11 days post inoculation (dpi), latency periad eate of visual symptom development. The numbgrs
missing data are in brackets in the “DF” columrt: irfdicatesP<0.001.

Source of variation DF SS MS F

Disease ratin
Genotypes (C 182 677.4¢ 3.7z 3.36%**
Isolates (| 1 15.4¢ 15.4¢ 13.98***
Gxl 179(3 370.3( 2.07 1.87***
Residue 702(28 777.6¢ 1.11

Latency perioi
Genotype: 182 859.6: 4.9z 2.51%**
Isolate 1 42.7¢ 42.7¢ 21.77%*
Gxl 179(3 583.6¢ 3.2¢ 1.66***
Residue 704(26 1382.8¢ 1.9¢

Rate of symptom developrr
Genotype: 182 23.0¢ 0.1 1.45%*
Isolate 1 0.1¢ 0.1¢ 2.13***
Gxl 179(3 26.07 0.1t 1.67**
Residue 704(26 61.4¢ 0.0¢
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Figure 1 Frequency distributions of disease scores at 1{Adplatency period (B) and rate of symptom
development (C) of the population after inoculatwath isolates 2 and F1. The means of parents R&d0
P867, population mean (PM) and broad-sense héitigalii’) are presented.

Relationship of the isolates

A scatter distribution of the mean disease scar&4 api with isolates 2 and F1 is plotted in Figgur
2. No strong relationship was found between theisotates. The coefficient of correlation
between the disease scores for the two isolatesoma@ = 0.19, Figure 2). A weak relationship
was also found for latency period= 0.21) and rate of symptom development 0.16). The
variance analyses of combined data sets for tlee tinaits showed that the two isolates differed in
somewhat in pathogenicity (Table 1).

51



Chapter 5

6
o~ PM=3.7 ,
o r=0.19 e e
8 5 4 . . ) . .
3 . ¢ o i * o i
= e o | o . o .
§ 4 - . LR BRI AR
° ° o o ° o o _
Ot t T
2 34 ® ¢ ¢ 0 ¢ 0 0 0 -
o . o o . ¢| o o . s
o . o , o o .
@ 21 o o o R .
= 'S 'S . e
o . ‘,
1 ° ° !
' e
1
* |
O T T T ! T T
0 1 2 3 4 5 6
Disease score with isolate F1

Figure 2 Scatter plot describing the mean disease scorkEk dpi with isolates 2 and F1. The coefficient of
correlation () between the disease scores for the two isolaigpapulation mean (PM) are presented.
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Figure 3 Time courses of the disease in two classes ofgesetypes contrasting for resistance. At each
evaluation time point, mean disease scores of @hadst resistant (R) and the 30 most susceptib)le (S
individuals chosen from the population at 11 dpievesed.

Interaction between rose genotype and isolate
The interaction of rose genotype and pathogentisalas highly significant for all traits (Table 1).
This interaction for disease scores at 11 dplustilated in Figure 2. Some genotypes responded
more to isolate 2, some responded more to isoth#nd others had a similar response to both
isolates.

In Figure 3, the disease progress for twaresting classes of resistance to each isolate is
presented. A clear difference in disease developmas found between the classes of resistance
for both isolates. As expected, the resistant dhssved a relatively slow increase of the mean

52



Powdery mildew evaluation

disease scores with time and the susceptible anfastase. The largest difference between classes
was found at 10-11 dpi for both resistance tesft®rAhat time point the disease score of the
resistant class also increased quickly (Figur€€8mpared to isolate F1, isolate 2 showed a quicker
progress after 11 dpi.

Discussion

A tetraploid population of rose was evaluated émistance to two different mono-spore isolates of
powdery mildew that were obtained from Belgium &&tmany. The novel inoculation method
with a spore suspension gave consistent resultsheith isolates. The satisfactory results were
largely due to the even distribution of the sp@ed the easy applicability of the method. The
homogeneous distribution of the spores is essdntighe evaluation of plant diseases having a
guantitative inheritance. It is a key factor fongéc studies to measure the contribution of minor
genes for resistance (Lindhout 2002; Linde and Deb2003). This is the first report on the use of
spore-suspension inoculation of powdery mildewoiser. Prior to the current experiments, a pilot
study was carried out with the vitro bioassay according to Linde and Debener (2003% d$say
makes use of detached leaves placed on watertegaare inoculated with dry spores using a
vacuum-setting tower. Using this assay we encoedtarany problems like uneven distribution of
the spores and infections with unwanted fungi Bkgrytis during the incubation period. All of
those negatively affected the repeatability aniddlty of the assay. In addition, this type of
laboratory assay would be very laborious and tioresaming taking into account the size of the
population to be evaluated in this study (183 g@med x 3 replications x 2 mildew isolates).

The inoculation method with spore susperssistbased on the methods for powdery mildew
inoculation used in cucumber (Zijlstra et al. 1996jnato (Bai et al. 2003) and pepper (Lefebvre et
al. 2003). In our hands the use of spore suspessiti’. pannosao test for resistance in rose
proved to be a reliable and easy-to-perform metfadoculation. It is essential that the spore
suspension is prepared quickly. Furthermore, a ¢eatpre-controlled greenhouse compartment or
climate room in which the temperature can be stiftigickly from 22°C to about 28C is a
necessity to evaporate the water from the fineldtsf inoculum after dispersion on plant leaves
as quickly as possible. This inoculation assayitable for resistance screening of large sets of
genotypes under growth conditions similar to thfesed in commercial greenhouses.

The present population showed a considegdatitative variation for resistance to both
isolates. The transgressive segregation observeaddistance indicates that each parent is
heterozygous for one or more resistance genesk(Bakd. 1999). In earlier resistance studies in
rose a major dominant gerirgpJ for race-specific resistance to powdery mildews haen
identified (Linde and Debener 2003; Linde et abD£20 However, it is quite likely that, in addition,
rose as well as other species may have severas gen&ibuting to the overall resistance against
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this pathogen. For example, both qualitative arahtjtative resistances to powdery mildew have
been found in species such as barley (Jorgenseh ¥@fiams 2003), wheat (Mingeot et al. 2002),
tomato (Bai 2004) andrabidopsis thaliangSchiff et al. 2001). Therefore, studies includotber
resistant rose genotypes are needed to get a denppdéure of the inheritance of powdery mildew
resistance in cultivated roses.

The largest differences in resistance angergtypes were found at about 11 dpi, which was
indicated by genetic analysis as well as by theadis progress for different classes of resistance.
This time point is preceded by a 5-6 day latenayope which is in line with 5 days for other
genotypes at optimal conditions (Frinking and Veji889; Xu 1999) and a 6-day period with
mild symptom development. The symptoms increasarthdtically after 11 dpi when a second
infection cycle became evident. Therefore, thestaace differences among plant genotypes
became less pronounced as infection pressure sextea

Variance analyses, disease progress cuneesarelation analyses indicated that the two
isolates are most likely to be different in pathaigiy. It is obvious, as shown in Figure 2, that
different host ranges existed between isolates @mother words, race-specific responses among
plant genotypes. The large diversity of respon$éiseogenotypes, the significant genetic variation
and the relatively high heritability of resistarfoend in the present population may facilitate the
selection of highly resistant genotypes. HopefldfQ TL analysis in which isolate-specific and non
isolate-specific QTLs for resistance can be idedifvill shed more light on the genetics of
resistance as well as on the differential resporsexddition, such a QTL analysis will facilitate
pyramiding of resistance genes from both pareme&fembly effective against both isolates as well
as others.

In conclusion, using a new method of spargpension inoculation, partial resistance was
found in the present tetraploid rose populatiotwto different isolates of powdery mildew. The
continuous distribution with transgressive segriegdiound for its resistance to the isolates tested
indicates a polygenic nature of the resistance. é¥@wn the occurrence of dosage effects for single
resistance genes segregating in the tetraploidiatio cannot be ruled out completely and needs
to be clarified. A molecular marker analysis of tfsa obtained for this population will be used to
elucidate the inheritance of powdery mildew resistafurther. This is expected to result in
molecular tools for the breeding of new cultivaigtvenhanced durable resistance to this important
disease.
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Abstract

Powdery mildewRodosphaera pannoy& an important disease in the greenhouse produotio

cut and pot roses. To get insight into the genetiggowdery mildew resistance in cultivated roses,
a tetraploid population derived from two partiaigsistant tetraploid cultivars was tested with two
monospore isolates. The component traits of rewista.e. disease score at 11 days post
inoculation, latency period and rate of symptomediegment, were used to describe the variation in
resistance within the population. In addition, plopulation was characterized with AFLP and SSR
markers. Uni-parental as well as bi-parental simpbarkers were used to construct parental maps
with 23 and 17 linkage groups, respectively. Timgtk of the respective maps was 695 and 697
cM. Multi-allelic SSR markers were successfullydise assign most of the linkage groups to one
of the seven rose chromosomes of a diploid referemap. Marker-trait association analyses were
performed to identify marker loci associated widngs for the three component traits. A number of
marker loci were identified that accounted for aderate to minor part of the variation observed for
the different components. Multiple regression asedyrevealed some isolate-specific markers
differed in resistance. Markers associated witistasce were found on different chromosomes,
indicating a polygenic nature of the resistancthis population. The markers found in this study
can be used for pyramiding resistance genes is® genotypes through marker-assisted selection
in the future.
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I ntroduction

The majority of cut and pot rosBR@s3 cultivars are highly heterozygous tetraploids £24x = 28),
which originate from a wide variety of tetraploiddadiploid species. Their genome constitution is,
therefore, obscure but likely consists of seveugsoof four homologous chromosomes. Molecular
studies in rose were mainly done at the diploicoiosome level to avoid complications due to the
uncertainties and the complexity of tetrasomic rithece. Genetic analyses took advantage of
diploid linkage maps with RFLP, RAPD, AFLP and S®RBrkers to elucidate the variation for a
number of agronomic traits, for example, flowerozoland type (Debener and Mattiesch 1999),
petal number, prickles on petioles and resistamddaick spot (Debener et al. 2001b), recurrent
blooming, double corolla and the density of thdpréckles) on shoots (Crespel et al. 2002) and
vigour-related traits (Chapters 3 and 4). Rajapakse. (2001), however, used a tetraploid
population to study the genetics of the formatibprackles on petioles.

Molecular studies on tetraploid roses cambee challenging than that of diploids. The
genome constitution of the rose is complex but camg@hromosome pairing is more common than
preferential pairing (Lata 1982; Ma et al. 200@)plying that tetraploid roses most likely have a
tetrasomic inheritance as in autotetraploid spe@eserating a map having in total 56 linkage
groups, i.e. four homologous groups of seven chemmes for each parent of a tetraploid rose,
with sufficient coverage of markers is tedious.ahsequence of tetrasomic inheritance is that in
the offspring of a cross for each locus a large memof combinations of alleles are possible.
Theoretically, segregation of up to eight differali¢les is possible, resulting in at most 36
genotypic classes (Meyer et al. 1998; Debener 20083 high number makes a genetic analysis of
a quantitative trait very complicated. A second pbeation is the occurrence of double reduction,
which causes the production of partly homozygouseagas and may influence marker segregation
(Julier et al. 2003).

Knowledge of the inheritance of importasits in tetraploid rose is relevant to breedingsin
most of breeding activities are performed at theadoid level. Various strategies have been used
to construct linkage maps and to perform genetidyses of target traits in polyploids. Uni-parental
simplex markers were used in rose (Rajapakse 20al) and in octoploid sugarcane (Sobral and
Honeycutt 1993). Bi-parental simplex markers, dyuplearkers as well as triplex markers were
employed in tetraploid sugarcane (Da Silva et @93}, alfalfa (Yu and Pauls 1993) and potato
(Meyer et al. 1998) to identify and merge homolagbokage groups. However, the most reliable
strategy is to use simplex (single dose) markeng €i\al. 1992). Segregation ratios and
recombination rates for simplex markers in coupfh@se are equivalent to those observed in
diploid mapping studies. Therefore, mapping sofendeveloped for diploid mapping population
can also be used to construct linkage maps inetuapioids.

Powdery mildew is a severe disease thatooayr in cut and pot rose greenhouse production
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and for which no complete resistance is known itivars that are currently on the market. To get
insight into the inheritance of powdery mildew stance in cultivated roses, a tetraploid offspring
population derived from two partially resistantragtioid cultivars was tested with two monospore
isolates under greenhouse conditions. The methgga@nd evaluation results are presented in
Chapter 5. The traits: disease score at 11 daysmmzulation (dpi), latency period and the rate of
symptom development were employed to describedhiation in resistance within the population.
The variation found for those resistance traits e@ginuous and heritable.

The current study aims to identify genetici kcontrolling variation of resistance observed in
the tetraploid population (Chapter 5) by using molar markers. However, a genome scan for
guantitative trait loci (QTLS) using interval mapgi(Stam and Van Ooijen 1995; Van Ooijen et al.
2002) is not possible for autotetraploid populadidie to a lack of suitable software. Instead, a
marker-trait association analysis comprising matkemarker ANOVAs (Groover et al. 1994),
followed by a stepwise multiple-marker regressinalgsis with only relevant markers (Kumar et
al. 2000), can be done to find those markers bestrtbing the phenotypic variation for resistance.

The objectives of the present study werexggore the feasibility of performing linkage
analysis, to find molecular markers linked to gefoegpowdery mildew resistance in tetraploid rose
and to get to know the inheritance of powdery mildesistance in cultivated rose. Here we
describe the results of the genetic studies.

M aterials and methods

Plant materials and resistance tests

The tetraploid population K5 with a size of 181 gimpes derived from a cross between two
tetraploid cultivars, P540 and P867, was usediempresent study (Chapter 5). In a previous study,
the same population and its parents were evalldatagdsistance to powdery mildew under
greenhouse conditions, using replicated tests twithdifferent monospore isolates, designated as
isolates 2 and F1. The disease was monitored dsiihg a 0-6 disease score for a period of 14 days.
The phenotypic means for the traits, i.e. diseaseesat 11 dpi, latency period and rate of symptom
development, were used in the present analyses.

Molecular markers
Genomic DNA was extracted from young leaves ofgieotypes in the mapping population and its
parents as described by Esselink et al. (2003).gUlaatity and quality of DNA were measured with
a Biophotometer (Eppendorf AG, Hamburg, Germaniig genotypes were characterized with
AFLP and SSR markers.

AFLP markers were generated as describadolyet al. (1995) with some minor modifications
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(Chapter 2) using two restriction enzyme combinmatjo.e.EcoRI/Msd (E-M) andPst/Msd (P-

M). The pre-amplification and selective amplificatiwere performed using the same protocol as in
the previous study (Chapter 2). A prescreeningp@dymorphisms with different primer
combinations, having either two (somst primers) or three (sontest and allEcoRI andMsd
primers) selective nucleotides, was done using DNe parents and a few K5 genotypes. Only
the primer combinations giving a relatively highnmher of polymorphic markers were used for
genotyping the K5 population. PCR amplificatiorDflA fragments was performed on a Perkin
Elmer 9600 thermocycler (Perkin ElImer/Applied Bis®ms) and electrophoresis on an ABI Prism
377 DNA Sequencer (Perkin Elmer) using fluoresabm-technology for marker detection and 5 %
denaturing polyacrylamide gels. Polymorphic markeese dominantly scored as described in
Chapter 2.

A set of selected rose SSR primer pairs fooimprevious study (Chapter 2) was used to
generate SSR markers. The PCR conditions and ptheedures were similar to the ones used in
that study. The presence of SSR alleles was satledd by allele. No attempt was made to score
the allele dosage.

Coding of markers was the same as in Ch@pt&FLP markers were coded according to
Keygene’s nomination system comprising a lettereciod the restriction enzyme combination,
followed by figures for the combination of seleetimucleotides and the size of the corresponding
DNA fragment in base pairs. The nhame of an SSR enatiarts with “Rh”. For all markers, the last
digit of the marker name refers to the segregdtipa: types 1, 2 and 3 for markers from P540,
P867 and both parents, respectively.

Analysis of marker segregation ratios

In autotetraploids, different dosages of markezledd may be present. Since no allele dosage data
were collected for a marker in present study, iteésessary to deduce the genotype from the
segregation ratios. Markers originating from jusé gparent (uni-parental) were accepted as present
in single- (simplex) or double- (duplex) dose ithobserved segregation ratio did not differ
significantly from 1:1 or 5:1, respectively, astegsby ay* goodness of fit at 5 % significant level.
The markers with a 5:1 ratio were also tested ¢ovdeether the ratios fit 3:1 as expected with
disomic inheritance at two loci. Markers originagtimom both parents (bi-parental) were accepted
as present in single-dose if their segregation raéis not significantly different from 3:1 ratiot

% level. Similar tests were performed to identifplex (segregation ratio 11:1) and quadruplex
(ratio 35:1) markers.

Map construction

JoinMap’ 3.0 (Van Ooijen and Voorrips, 2001) was used topm the construction of genetic
maps. Criteria for grouping were similar to thaseur previous study (Chapter 2). A two-step
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approach was followed. Uni-parental simplex markegse first used to generate the parental maps.
Bi-parental markers were subsequently mapped. iScetid, fixed marker orders comprising the
same markers from the initial maps were employéiglié SSR and common markers were used to
align and name homologous groups. The basis fon@iént of linkage groups was a diploid
reference map (Chapter 2), using the map positi@@mmon multi-allelic SSR markers. The
resulting linkage maps were drawn using MapChdtivswe (Voorrips 2001).

Marker-trait association analysis
Various marker-trait association analyses wereogperéd using the phenotypic means from
resistance tests with the isolates 2 and F1 (Chaptdraits analyzed were the disease scores at 11
dpi (DS), latency period (LP) and rate of symptaanalopment (RSD) observed for each of the
two isolates. Simplex markers were subjected tdkeratrait association analysis. The analyses
consisted of two steps. The first step comprissithgle-marker ANOVA using GenStat 6.0 (Payne
et al. 2002) to pre-select markers significaniy@.05) associated with resistance. The second step
was a subset selection of the pre-selected malansing stepwise multiple regression analysis to
fit the following equation with a maximum contrilian to resistance:

Y =H+Z Bcmi
where,Y; is the phenotypic value of genotypet population meary; regression coefficient for
markerk; my the presence of marklkitin genotypg. The best subsets of predictor variable
(markers) in regression were selected by usindrReedect procedure from the GenStat Precedure
Libraries (Payne et al. 2002). This procedure eateksiall possible subsets of predictor variables
and selects a small number of best subsets of msbigeusing t-statistic criteriodP€0.005) for
measuring goodness of fit (Payne et al. 2002).

Results

Segregation patterns for molecular markers
A total of 26 AFLP primer pairs, i.e.16 E-M and BEM, were used for genotyping the tetraploid
K5 population, resulting in 237 easily scorableypwbrphic markers. The number of polymorphic
markers per primer pair varied from two to 24, wathaverage of 9.1 markers per pair (data not
shown). The classification of the uni- and bi-paé&markers depending on segregation ratio is
presented in Table 1. Less than half (99 out of) 28The markers showed a uni-parental simplex
and about one quarter (66 out of 237) of the markesi-parental simplex segregation (Table 1).

A selection of 20 SSR primer pairs from slbset of the primers that gave markers mapped on
the diploid reference map (Chapter 2) was use@tmtype the present population. This yielded 56
polymorphic allelic markers (Table 1). Among therkeas, more than half (29 out of 56) of the
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markers showed uni-parental simplex segregatiaenmaand about one fifth (11 out of 56) fitted
the ratio expected for bi-parental simplex markew.both types of AFLP and SSR markers,
differences in allele dosage were found (Tablénladdition to simplex markers, 29 duplex, 24
triplex and 6 quadruplex markers were detected.

Genetic map

Parental linkage maps were separately construdtediainMap’ 3.0 (Van Ooijen and Voorrips
2001) using only the uni- and bi-parental simplearkers. For parent P540, a set of 134 markers,
comprising 57 uni-parental and 77 bi-parental mewkeas used to construct the maternal map; 102
of these markers could satisfactorily be mappeadll|r24 linkage groups each including three or
more markers were obtained (Figure 1). The totaitle of those linkage groups was 695 cM.
Among the 24 linkage groups, the mapping of thetirallelic SSR markers enabled assignment of
15 groups to one of the seven chromosomes usingjpla@d map (Chapter 2) as reference for
alignment.

For parent P867, a set of 148 markers, c@mngr71 uni-parental and 77 bi-parental markers
(Table 1), was available for map construction. @halysis resulted in a map of 17 linkage groups
with 110 markers. The total length of this map w8% cM. Among the 17 linkage groups, 14
groups were assigned to one of the seven chromasohtie reference map. The linkage groups
are depicted in Figure 1. Due to the lack of ancharkers a few linkage groups containing markers
from P540 or P867 could not be assigned to onkeo€hromosomes of the reference map.

Table 1 Classification of segregation of uni-parental a@igarental markers based on the segregation ratios
observed. The markers with origin coderéfer to markers originating from P540 andrem P867.

Marker  Marker Marker ~ Number of markers fitting expecsegregation ratio Total

type segregation origin Uni-parental Bi-parental Others
type 1:1 5:1 31 1.1 351
AFLP
1 = 48 14 4 66
2 P, 51 9 12 72
3 PL&P, 66 22 6 5 99
SSR
1 = 9 2 1 12
2 P> 20 4 4 28
3 PL&P, 11 2 3 16
Total 128 29 77 24 6 29 293
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Figure 1 Parental P540 (A) and P867 (B) maps with markdrpatatively associated with resistance.
Chromosome codesAl to A7 and B1 to B7 are simildhtse of the diploid maps (Chapter 2). Linkagzugr
codes were extended with a serial number for ehtiedhomologous linkage groups found for a
chromosome. Linkage groups without alignment to @intlie chromosomes of the diploid reference map ar
marked with “X”. Map distances are given in cM la¢ eft of each linkage group. Marker loci assaaziatith
powdery mildew resistance are underlined.

Table 2 Selection of marker loci putatively associatechwitree components of powdery mildew resistance,
being the disease scores at 11 days post inoauld@i®), latency period (LP) and the rate of symptom
development (RSD). The effect of a marker to tieéstance (regression coefficightis indicated.

Isolate Marker DS LP RSD
code Marker locus b Site  Marker locus I Site Marker locus b Site
Isolate 2 m; E33M62-186-1 0.40 Al1-2 E33M62-186-1 0.40 Al1-2 E33M47-273- 0.08 A6-2
m, E33M47-273-1 0.39 A6-2 Rh65-233-2 0.35 B4-1 RhCP5214129-0.07 A4-2
ms Rh514-214-2 -0.58 B2-1 E38M48-220-3 -0.58 Rh99-202-1 0-0.A5-3
my E43M55-161-3 -0.40 E35M47-265-2 -0.39 B1-1 E31M57-298-20.07 B5-2

Isolate F1 m, E33M61-201-1 252 A7-2 E33M61-201-1 3.60 A7-2 E33M61-201- 0.19 A7-2
m, P11M61-138-1 0.39 A2-1 P17M52-167-1 250 A7-2 E38M61-250- 0.11

ms E38M50-104-2  0.37 Rh72-285-2 0.68 B7-1 Rh59-237-2 0.10 1B3-
my P17M52-167-1 -1.48 A7-2 E33M61-228-3 0.64 A6-2 E43M55-099 0.10 A6-3
Mms E33M62-343-2 -0.59 P11M57-222-3 -0.09 B1-1
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Marker-trait association

To find candidate marker loci associated with ggoepowdery mildew resistance to the two
isolates used in the resistance tests, separakeragit association analyses were performed for
each individual component of resistance. The aislyas preceded by ANOVA for each marker to
select only those markers showing a significarfediince between the two marker classes, i.e.
presence vs. absence of the markers, or with atibwtispecific marker alleles, for further
analysis. The numbers of “promising” markers facteaf the three resistance traits varied from 16
to 28. Multiple regression analysis was subsequemiformed using the sets of markers having a
significant effect on the corresponding resistanag as predictor variables. This resulted in sibs
of markers accounting for a moderate proportiopt@notypic variation for the resistance traits
under study. For each combination of resistandeanal isolate test, four or five most significant
(P<0.005) markers associated with resistance weeeteel. Adding more markers to the subsets
did not result in significant improvement &f. Four markers were identified for components of
resistance to isolate 2, four or five markers &mistance to isolate F1 (Table 2). The whole set of
specific regression equations are presented ireTatPhenotypic variation of resistance explained
by the marker loci ranged from 10.4 to 22.3 % Far traits (Table 3). Some marker loci, for
example, E33M62-186-1, E33M47-273-1, E33M61-20hd B17M52-167-1 associated with
different resistance traits. None of the markerseveketected to be associated with resistance to
both isolates.

Map position of markers associated with resistance

The map position of the markers putatively assediatith genes for resistance is indicated in
Table 2 and Figure 1. Obviously, these markers @esteibuted over several chromosomes. P540
has apparently genes accounting for resistancéeldcm at least six different chromosomes, i.e.

Table 3 Multiple regression equations describing the \emefor three components of powdery mildew
resistance, i.e. the disease scores at 11 dayspestation (DS), latency period (LP) and the raite
symptom development (RSD), contributed by a seetdcted marker locirg to me, Table 2), which were
used as explanatory variables. The regressioniequatindicated in Materials and Metho8.is a measure
for the proportion of the total variation of thaitrcontributed by the marker loci.

Isolate Regression equation R?

Isolate 2 DS =4.53 + 0.4, + 0.39M,- 0.58M5- 0.40m, 12.9
LP = 6.23 + 0.4M, + 0.35m,- 0.58M5- 0.39n, 10.4
RSD =0.74 + 0.08, + 0.07m,- 0.10m3- 0.07m, 12.8

Isolate F1 DS =2.58 + 2.5&1, + 0.390n,+ 0.3 ;- 1.48n,- 0.59n; 21.7
LP =7.01 + 3.6, + 2.5(m,+ 0.68n3+ 0.64n,+ 1.08 22.3
RSD = 0.54 + 0.19, + 0.1Im,+ 0.10n3+ 0.10n,- 0.09M; 17.0
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chromosomes 1, 2, 4, 5, 6 and 7; while P867 htaipe genes on six chromosomes, i.e.
chromosomes 1, 2, 3, 4, 5 and 7; which contribtaedariation for powdery mildew resistance.

Discussion

The AFLP and SSR primer pairs used to generatearavkere chosen on the basis of our
experience with the construction of a diploid refere map (Chapter 2). The aim was to generate as
many informative markers as possible and to craléc bridges between linkage groups of the
tetraploid maps to facilitate QTL analysis. A tavdR37 AFLP markers and 56 allelic SSR markers
were generated. The most likely segregation rati@ich marker was determined baseg dests

for deviation from the expected segregation rdfinety percent of the markers showed simplex or
duplex segregation ratios.

By using a strategy of first mapping unigrgal simplex markers and then adding bi-parental
simplex markers, two parental maps were construstdda total length of 695 cM for the P540
map and 697 cM for the P867 map. The allelic SSRemna are informative anchor markers for
assignment of the linkage groups to one of therseesignated rose chromosomes of the reference
map (Chapter 2). They are also useful for assegsamelnalignment of homologous chromosomes
from the set of tetraploid parental maps. At preédeowever, the number of linkage groups is far
from complete and a considerable number of mard@ukl not be assigned to one of the linkage
groups of the parental maps. The occupancy of gjalgroups with markers is not dense and some
linkage groups could not be assigned to specifioralosomes due to a lack of anchor markers.
Obviously, more markers are required to get a cetefdoverage of the tetraploid map.

The present study has shown that the paoétite population K5, from a genetic point of view,
can be autotetraploids. The segregation ratiosrebddor multi-allelic markers indicated that
random chromosome pairing of homologous chromosasnesmmon. The parents of the
population were shown to have only a small propartf polymorphic markers with double dosage
of marker alleles. The segregation ratios indicéttedl 10 % of the markers correspond to a parental
combination of nulliplex and duplex, 8 % to a condiion of simplex and duplex, and 2 % to
duplex and duplex. This phenomenon agrees withftheid in autotetraploids like potatbl€yer et
al. 1998) and alfalfa (Skinner et al. 2000Dhe genetic mapping of the population with simple
markers also ended up with the identification ahediomologous chromosomes. Future
confirmation of the genome constitution of the pésecan be made by the observation of typical
meiotic chromosome association frequencies (Lag21®la et al. 2000) or with codominant
molecular markers (Byrne and Crane 2003) whenfecmirit number of such markers is available.

Marker-trait association analysis was emetbio detect marker loci for powdery mildew
resistance in the present study by using bothamid-bi-parental markers. Although uni- and bi-
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parenal simplex markers are efficient for mapping-Qin tetraploids (Xie and Xu 2000), we
applied regression of traits on markers, becausigeohsufficient genome coverage of the parental
maps. Marker loci associated with genes for difieresistance components have been found on
different chromosomes and different chromosomeoregiindicating a polygenetic nature of
powdery mildew resistance in the present tetragbojoulation. Both of the parents were a partially
resistant and the population showed transgreseioregistance to both isolates (Chapter 5),
indicating that each parent contributed allelethéoresistance. The proportion of the total vaorati
of the traits contributed by the best sub-set afkeraloci is in general not high. However, a
considerable part of the genetic variation of thég probably has been detected considering the
fact that the traits had intermediate heritab#iti€hapter 5). Nevertheless, no marker locus
associated with major genes for resistance wenedfothis could either mean that many genes with
small effects are involved in powdery mildew remigte or that, due to the limited number of
markers available in the present study, major geaakl not be detected. The later may also, to
some extent, explain why no common markers wereddar resistance to both isolates in the
present study. Different sets of QTLs may alsoteseéparately for quantitative resistance to
different isolates in roses as found by Qi (19@8)darley leaf rust resistance.

Both qualitative and quantitative resistantepowdery mildew have been found in other plant
species like in barley (Jorgensen 1994; William83)0wheat (Mingeot et al. 2002), tomato (Bai
2004) andArabidopsis thaliangSchiff et al. 2001). This study suggests thahlptalitative and
guantitative resistances to powdery mildew alsapatroses. A major dominant gerieppl for
race-specific resistance to powdery mildew has ligemtified on chromosome 3 of diploid rose
(Linde and Debener 2003; Linde et al. 2004). Theeru findings of multiple marker loci for
resistance to different isolates point towards ¢jtetive resistance to powdery mildew in rose.
Quantitative resistance controlled by multiple gereach having minor effect, is considered
durable. Since the minor genes each may haveexeiff function in plant defense, the loss of only
one or few resistance genes will not lead to a dteminfection of the plant (Qi 1998).

Additional genotyping of the present popiolatmay unmask major genes affecting powdery
mildew resistance. Rose breeders would greatlyflidram the identification and mapping of the
markers linking genes for polygenic resistanceawabery mildew. Such markers will allow them
to introgress this resistance, possibly from sdwararces, into their elite breeding materialsthie
future, the markers found in this study can be dseg@yramiding resistance genes into rose
genotypes through marker-assisted selection.
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Chapter 7

General Discussion

Screening methodol ogy

Energy in greenhouses is mainly needed to cordgroperature and air humidity and to give light
for plant growth. Energy efficiency of greenhousdigation is the ratio of energy fixed in biomass
and the amount of energy needed for plant produciibis can be improved through a better of
light interception, cultivation methods, crop véiee and CQenrichment (Van der Velden 1992).
Therefore, breeding for rose cultivars with viga@rowth and excellent adaptation to low energy
levels was started in the early 1980s, followingratiative of the Dutch Government to lower the
energy use in greenhouse industries (De Vries é080).

Proper evaluation methods for assessmepti@fotypic traits relevant to the energy efficiency
of crops are needed for genetic improvement. Theulsl be simple, fast and easily applicable.
Good methods also are one of the most importaméguésites for a successful analysis of genetic
variation. Strategies for the evaluation of growigpour and powdery mildew resistance have been
worked out in the current study. They proved tesbable and useful in genetic studies that can
improve breeding efficiency in roses.

Growth vigour

Measurements of growth vigour in rose are diffictithe-consuming and costly. This holds
certainly true if large numbers of genotypes havied tested. Therefore, work has been done to
design and test a fast and well-standardized sorg@nocedure for vigour, based on only one
single shoot per cutting. Various characteristicthese shoots measured before flowering were
used as indicators of growth vigour. The pilot stgdve clear clues for the experimental design
and the number of cuttings per clone needed tameffective test for growth vigour (Chapter 3). It
was also proven that collection of genotypic dass wossible in a rather short period of time for
each of the vigour-related traits.

A second aspect of testing for vigour adskesn the pilot study concerned the temperature
conditions for testing. Temperature is one of thmatic factors to be considered to optimize
selection of rose cultivars to be used in energingagreenhouses, together with factors as light
and relative air humidity (Berninger and Philou288). In the pilot study (Chapter 3) some
genotypes from the diploid mapping population al aits parents were tested at two suboptimal
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temperatures (16 and 20). Most genotypes responded in a similar way weeling the
temperature by 2C for most of the vigour-related traits. In othesrds, genotype x environment
interaction was of minor importance. The outcom#hefdiploid study was in agreement with the
studies of De Vries and co-workers in the 1980sVbDes et al. (1982) conducted an experiment
with 15 Hybrid tea rose F1 populations in nine gitoeonditions, i.e. combinations of three light
levels of 8, 16, 24 Wif(visible) irradiation and three temperatures of Aand 24C, and
concluded that the effects of temperature on shamtth were basically the same under high and
lower light intensity; temperature and light wemdépendent factors, which suggested that
genotypes adapted to both low light and low tempeeamight be selected under the test regimes.
In an earlier study, De Vries et al. (1980) evaddahe seedlings from 30 Hybrid tea rose F1
populations in greenhouse at six constant tempas(i0, 14, 17, 20, 23 and ZB) under natural
light conditions. The results of these studies sstgp that temperatures aboldC3dower than
normal temperature (~ 2&) used for rose cultivation in greenhouses ardést for selection of
energy-efficient genotypes. One single temperatfigd °C was finally chosen for the large-scale
testing needed for the vigour evaluation of théadibmapping population, using temperature-
controlled greenhouses. This temperature is sutbapfor rose cultivation and therefore suitable
for improvement of crop adaptation to energy-saviogditions.

Growth vigour is a complex trait. Dissectimirthis trait into components, each of which might
be under control of different sets of genes, candedul since selection on these components may
be more efficient to improve growth vigour. To tieisd we evaluated the diploid mapping
population in two large greenhouse experiment®d€CXor ten vigour-related traits, using the
screening procedure developed. The analyses shinakede were able to reduce satisfactorily the
experimental error in the assessment of growthurigbhe evaluation on second shoots of vigour-
related traits has proven to be a simple and fasteglure for large-scale screening of genotypes for
growth vigour. The results showed that the varratbserved in the mapping population for
vigour-related traits was quantitative and hightyitable; total shoot dry weight and leaf area are
good criteria for early selection of rose genotypéh vigorous growth under suboptimal growth
conditions (Chapter 3).

Resistance to powdery mildew

In the evaluation of genotypes for powdery mildesistance, both an effective inoculation assay
and a proper quantification method for the diseBselopment are essential. In comparison to
other inoculation methods like dusting of dry spgooé powdery mildew on plants, wet spore
inoculation was shown to be quite effective antaee some clear advantages as well (Chapter 5).
Firstly, wet inoculation allows relatively easy ¢am over the quantity of inoculum and gives
uniform distribution of spores, which are the cafifactors for a good resistance test (Linde and
Debener, 2003). Secondly, wet inoculation reduseshances of infection of the test plants by
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other fungi likeBotrytis,which is not easy to be controlledimvitro tests. Thirdly, with wet
inoculation it is easy to handle in a repeatablé r@hable way with large numbers of plants under
greenhouse conditions, which is particularly usefd rose breeding setting.

Three measures for disease resistance werkta describe genotypic differences within the
tetraploid population with respect to the diseamestbpment upon inoculation with two isolates, i.e.
disease score at 11 days post inoculation (D®ndatperiod (LP) and rate of symptom
development (RSD) (Chapter 5). The analysis oféhationship between components of resistance
indicated that a close relationship between DSLah@=-0.83 to isolate 2 and-=-0.88 to isolate
F1), an intermediate relationship between DS and RS0.56 to isolate 2 and=0.37 to isolate F1),
and a weak relationship between LP and RSD0(24 to isolate 2 and:=-0.14 to isolate F1) exist.
QTL analyses of the variation for each of the congras provided evidence for a partly common
genetic basis (Chapter 6), for example, marker E33W86-1 is associated with DS and LP,
E33M47-273-1 with DS and RSD for isolate 2; E33M&IE-1 with DS, LP and RSD, P17M56-
167-2 with DS and LP for isolate F1. Statisticahlgses showed that disease score at 11 dpi and/or
latency period are suitable criteria for selectumal identification of genetic materials with
guantitative resistance.

Molecular maps

Diploid population and its maps
The mapping population that we used to study timetes of growth vigour, derived froRosa
multiflora, one of the ancestral parents of modern rosesa lage genetic variation for growth
vigour. The two parents showed significant diffexesfor most of the measured vigour-related
traits and the population displayed transgressgeegation (Chapter 3). A diploid population was
chosen on purpose, although pot and cut rosegtaploid. The reason is that the inheritance of
traits is relatively simple at the diploid leveigdmic versus tetrasomic). This strategy has often
been employed in genetic studies in the polyplpecges like potato, alfalfa and sugarcane. The
intensive molecular studies conducted at the didievel have resulted in knowledge on the
inheritance of several traits of interest in thegecies and provided information useful for bregdin
of related polyploid crops (Bonierbale et al. 1988cobs et al. 1995; Meyer et al. 1998; Haynes
and Christ 1999; Bryan et al. 2002). The currenppivag study represents the first step of
investigation into the inheritance of vigour, whieill enable marker-assisted selection in
cultivated rose breeding.

Genotyping of the diploid population witHfdrent types of molecular markers has ended up
with the most advanced rose maps with respectriorge coverage and marker density. The maps
have helped QTL mapping for vigour (Chapter 4) ailtlpresumably be used to map genes for
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other traits of interest. The SSR markers, randaigiributed over the maps, offer good
opportunities for alignment with other maps.

Tetraploid population and its maps

The tetraploid K5 population was made specificidlythe present study through crossing of two
rose cultivars, each with partial resistance to gy mildew, aiming at unveiling the inheritance

of mildew resistance, in particular partial regista The population showed continuous variation of
resistance to the two tested monospore isolatesp€h5).

The genotyping of the population with AFL&sl SSRs has resulted in parental maps with
many linkage groups (Chapter 6). Homologous linkgugeips were identified with allelic SSR
markers. The construction of linkage maps in tétidpose has proven not to be easy. It is time
consuming and expensive to generate a sufficiemben of reliable markers for genetic mapping,
especially in a population with a large size like present population with 181 offspring. The
number of markers for efficient use in tetraploidpping is limited as compared to diploid
mapping. A large proportion of the markers witgher allele dose (duplex or higher) cannot be
effectively used in tetraploid mapping analysise&vor bi-parental simplex markers, without prior
linkage information as in the present study, thiaregion of recombination rate of linked markers
is troublesome because these markers may haveetiffinkage phases in both parents. For that
reason only uni-parental simplex markers can habigl used for genetic mapping regardless of
disomic or tetrasomic inheritance (Rajapakse €2@01). For an ideal linkage analysis in a
tetraploid population, an extremely large numbemafkers, preferably codominant ones, have to
be generated and mapped, with a sufficient numberaokers and anchor points on each linkage
group. The latter markers are essential for idgntf the homologous groups.

Anchor markers

The comparison of the diploid (Chapter 2) and p#tia populations (Chapter 6) with respect to the
generation of molecular markers was possible simeessame AFLP primer combinations were used.
Both types of population showed similar numberpalfmorphic markers, i.e. on average 10
markers per primer combination in the diploid p@piin and about 9 in the tetraploid population.
For SSR, twenty SSR primer combinations used invtloepopulations resulted in a wide variety of
SSR alleles (Table 1). Theoretically, the maximwmber of distinct alleles per primer
combination is four in two diploid parents and ¢ightwo tetraploid parents. In the diploid
population some primer combinations gave rise ¢ontlaximum number of alleles. The actual
numbers of alleles generated by a specific prirertination was, however, lower. Some primer
combinations, for example, Rh72, Rh77 and Rh98dgterelatively high numbers of alleles in

both populations (Table 1). Some primer combinatidetected possibly identical alleles in both
populations, i.e. those having the same or similaize. In general, the number of polymorphic
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markers generated by AFLP and SSR primer combmaiiodiploid and tetraploid populations did
not differ much. However, the number of markerduider mapping in the tetraploid roses is

lower.

The map positions of allelic SSR markerstandiploid and tetraploid maps are anchor points
for the alignment of the two maps. This enabledassignment of most of the linkage groups of the
tratraploid maps to one of the seven linkage gradpke diploid reference map (Chapter 6).

Genetic analysis

Vigour study

Various statistics describing the variation of wigoelated traits (Chapter 3) as well as the
corresponding QTL analyses (Chapter 4) indicatatittie variation for these traits is of a
guantitative genetic nature. QTLs clustered in sneglions on some chromosomes like the cluster
on linkage group 2 which included major QTLs fdrthe ten vigour-related traits. The QTLs for
highly correlated traits co-localized in severalawhosome regions, indicating that correlation is

due to pleiotropy or linkage.

Table 1 A comparison of the number and size of the allgkr®erated in the diploid 94/1 population and the

tetraploid K5 population.

SSR primer Allele size (bp)

combination Diploid 94/1 population Tetraploid K5 pogtion

Rh50 336, 339, 343 335, 339

Rh58 248, 254, 269 234, 260, 295

Rh59 197, 200, 216 193, 203, 211, 237, 242
Rh60 234, 240, 252 137, 230, 245

Rh65 128, 130, 132 130, 132, 138, 168, 233
Rh72 115, 276, 283, 285 260, 268, 276, 285, 292, 305
Rh73 160, 162, 172 195, 210, 217

Rh76 156, 196 156

Rh77 232, 249, 258, 264 248, 255, 260, 279, 298, 323
Rh80 134, 148 133, 142, 146, 182

Rh85 207,217, 221 205, 215, 241

Rh91 111, 119, 135 111, 135

Rh98 153, 170, 175, 221 153, 156, 165, 172, 175, 223
Rh99 179 179, 202, 260, 283, 350
RhAB38 149, 173, 190 126, 150, 163, 171

RhAB9-2 101, 108, 124 105, 115, 118, 122

RhABT12 167, 173, 181 173

RhL401 210 205

Rh514 197, 201, 205 187, 205

RhCP521 128, 140, 147 129, 196, 216, 249
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It is difficult to estimate at this moment the valof the different vigour QTLs segregating in the
diploid population for breeding of tetraploid ros€enes affecting vigour might act differently in
other genetic background (Groover et al. 1994).dxtbeless, the markers linked to the QTLs for
vigour in the present study are potential handtarfarker-assisted selection in rose breeding.

Powdery mildew resistance

In the marker-trait association analysis of powdergew resistance we found markers with a
medium effect on resistance. They are locatedffarént linkage groups, providing evidence for
the segregation of minor genes for quantitativestasce in the population. The finding of the
present study agrees with the observations thatdumdlitative (Linde and Debener, 2003; Linde et
al., 2004and quantitative resistance exist in roses asagdlh other crops (Jorgensen, 1994; Schiff
et al. 2001; Williams 2003; Mingeot et al. 2002j Ba04).

Prospects and futureresearch

Improvement of genetic maps

To improve the current diploid and tetraploid mapsye anchor points such as genomic SSRs and
EST-SSRs, should be developed. Rose EST datartheeaoming more and more available in
public domains will be helpful for this purpose h@t interesting gene-based anchor points are
polymorphic functional genes. To this end, expasgrofiling using cONA-microarray analysis or
cDNA-AFLP can be performed to discover relationshiyetween DNA sequences and gene
function in rose. The following step is the devatamt of allele-specific markers for the genes
controlling target traits, in particular single hemtide polymorphisms (SNPs).

A consensus map for rose, combining the tieneps generated from different mapping
populations with different molecular markers infelient laboratories is under construction.
Comparative mapping of rose with plant speciesiwithe Rosaceae family like peach and apple,
as well as with plant species outside the Rosafeeaidy like Arabidopsis thalianand rice, will
provide novel opportunities for searching genemigfrest like the ones for resistance to diseases
(Rajapakse 2003).

Fine mapping of QTLs

The resolution of QTL mapping obtained from thigiah study could be improved by adding more
genetic markers, which would allow the identificatiof markers more closely linked to the
mapped QTLs for vigour and powdery mildew resistéamdifferent populations can be used to
allow an examination of more recombinant typestangerify the QTLs detected in the present
studies. Common QTLs identified in different popigdas and environments are ideal targets for
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marker-assisted selection and for basic reseavedrtts cloning and characterization of genes
affecting quantitative traits. This valuable infation could be used in any available population to
monitor the inheritance of a specific chromosoneginsent or to evaluate the variation available in
a specific gene pool at a particular locus. Molacubarkers closely linked with the QTLs could
then be transformed into a PCR-based marker assagplify the detection of specific QTL
alleles among selected genotypes.

Linkage disequilibrium (LD) or associatiormpping, based on natural populations to identify
the association of a marker locus with genes target trait, has provided an alternative way for
genetic studies and is currently being used intpléidansen et al. 2001; Reming et al. 2001;
Rafalski 2002; Simko et al. 2004). It is a potentiay for direct testing of candidate genes and
alleles in complex tetraploid species (Simko e2@D4).

Marker-assisted selection

The efficient use of the genetic variation in viginom unadapted rose germplasm or wild relatives
of modern cultivars is essential for continuousegenmprovement. Transfer of desirable
characters from the diploid related species intd@no cultivars without affecting other traits will

be a challenge for rose breeders. Factors affegéngtic exchange between parental genomes in
tetraploid hybrids could be addressed by markelyaisan segregating populations or from

patterns of introgression (Herrera et al. 2002k thproved knowledge of the target traits in the
present study will accelerate the application ofkeaassisted selection on target genes and alleles
in rose breeding.

Further studies on powdery mildew resistance

Precise genetic mapping, high-resolution chromosiapdotyping and extensive phenotyping of
genotypes for powdery mildew resistance by thegmesethods as well as by LD mapping will
provide more information on molecular resistancema@isms. Cytological and histological studies
of the interaction of rose plant and powdery mildethogen will reveal the cellular resistance
mechanisms. This information will help phenotypafgest plants and will be a prerequisite for the
development of sophisticated breeding strategiesse.
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Summary

Rose Rosg is one of the important ornamental crops worldwi@reenhouse production of cut
rose and pot rose requires much fossil fuel fomagitplant growth and is adversely affected by
infection with powdery mildewRodosphaera pannosalhe heavy energy input and frequent
application of fungicides to control the diseasetdbutes considerably to the product cost and
environmental pollution. Genetic improvement oftimalrs will be facilitated by a better
understanding of the genetic variation and theritdngce architecture of the traits determining
vigour and mildew resistance. To this end proceslurere developed to screen for plant vigour and
mildew resistance. These methods were subsequesdtywith success to study the genetic
variation for the two traits present in a diploittea tetraploid population, respectively. The
populations were also molecularly characterizeginable genetic dissection of the variation of the
traits. The achievements of the studies are predentdifferent chapters of this thesis.

A high-density genetic map with a numbean€hor markers was created for vigour study,
using the diploid rose population (Chapter 2). lagk maps were constructed using a total of 520
molecular markers including AFLP, SSR, PK, RGA, REFISCAR and morphological markers.
Seven linkage groups, each putatively corresponidiroge of the seven rose chromosomes, were
identified for female and male linkage groups sjragd87 cM and 490 cM, respectively. The
linkage groups likely cover more than 90 % of theergenome. The corresponding female and
male linkage groups were subsequently integrated.pfesent linkage maps with robust types of
markers are currently the most advanced ones ewis regard to marker density and genome
coverage. The mapped SSR and RFLP markers prowimt anchor points for future map
alignment studies.

Phenotypic evaluation of the diploid popuaatfor vigour and its related traits was sepayatel
conducted in greenhouses in Denmark (DK) and Thaeédkands (NL) under suboptimal growth
conditions. A screening procedure for large-scauation of rose genotypes for vigour was
developed (Chapter 3). The population showed amamis quantitative variation as well as a
considerable transgression for all the traits. @emkfferences among the tested entries were
highly significant and tended to be large for nafsthe traits in comparison to the effects of
genotype by environment interaction. The estimbdekeritability were high (68 to 92 %) and the
relationships among most of the traits were algb Ifi = 0.65 to 0.95). Total shoot dry weight and
leaf area are suggested to be good criteria fdy salection of rose genotypes with vigorous
growth.

QTL analyses for each of ten vigour-relatads identified ten chromosomal regions, scattere
over the seven linkage groups, containing QTLsfar or more traits (Chapter 4). Considering
each trait separately, a total of 42 QTLs was foddong these QTLs, 24 were common in both
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DK and NL experiments, whereas eight were onlyaetkin the NL experiment and ten in the DK
experiment. The number of QTLs for individual tsaaried from three to five, each determining
12 % to 35 % phenotypic variation. QTLs for higkbyrelated traits were frequently colocalized,
indicating a common genetic basis. Clustering of. @or different traits was noted in some
chromosome regions, suggesting co-localizatiorevéral separate genes or/and pleiotropy.

The tetraploid population and its parentsentested for powdery mildew resistance under
greenhouse conditions with two well-defined monaespsolates (2 and F1) using artificial
inoculation with spore suspensions (Chapter 5)e@ss score at 11 days post inoculation, latency
period and rate of symptom development were useeégoribe the variation in resistance within the
population. The tests for both isolates exhibitedde and significant variation among genotypes
for resistance. The distribution of the genotypieams of the disease scores was continuous and
showed a considerable transgression. Analysiseofifita indicated that the two isolates differed in
pathogenicity. It is the first time that in roseianculation assay with spore suspensions has been
successfully used. It is a reliable and effectiaywo screen large numbers of genotypes under
greenhouse conditions for mildew evaluation in rgseetic and breeding studies.

The tetraploid population for powdery mildesgistance was further molecularly characterized
to allow genetic map construction and marker-tiagociation analysis (Chapter 6). Uni-parental as
well as bi-parental simplex AFLP and SSR markerseewssed to construct female and male maps.
These analyses resulted in 23 and 17 separatgérd@ups for the maps. The length of the
respective maps was 695 and 697 cM. Multi-alleé&kSnarkers were successfully used to assign
most of the linkage groups to one of the seven chsemosomes. Marker-trait association analyses
identified a number of marker loci presumably lidke genes for mildew resistance. These marker
loci determined only a moderate part of the helétatariation. Some isolate-specific markers were
found from both parents and distributed on diffeéidhiromosomes, indicating polygenic resistance
of the population.

The findings of the present study providewledge of the inheritance of the target traits at
molecular level, which paves the road towards nraaksisted selection for breeding of new rose
cultivars with vigorous growth for more efficiemergy use and durable resistance to powdery
mildew. This will finally result in energy effici¢nn the cultivation of roses in greenhouse.
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Roos Rosg is wereldwijd een van de belangrijkste siergewas&asteelt van snijrozen en
potrozen vereist veel fossiele brandstof voor gemmle plantengroei en —ontwikkeling en deze
wordt vaak gehinderd door een infectie met echtelda&iw Podosphaera pannokaDe zware
energiebelasting en frequente bespuiting met fiudgicom ziekte te controleren draagt aanzienlijk
bij aan de productiekosten en milieuverontreinigikgnnis over de erfelijkheid van eigenschappen
als groeikracht en meeldauwresistentie zijn nodigtat genetische verbetering van cultivars te
komen. In dit proefschrift werden procedures onfyeorom groeikracht en meeldauwresistentie te
onderzoeken. Deze procedures werden vervolgensigebm de genetische variatie voor twee
eigenschappen te bestuderen in een diploide epl@itie populatie. De populaties werden daartoe
moleculair gekarakteriseerd om genetische ontledamgde variatie van eigenschappen mogelijk te
maken.

Een genetische merkerkaart met hoge diaththesn moleculaire merkers en een aantal
ijkmerkers werd geconstrueerd voor de analyse vaeikracht bij een diploide populatie en is
beschreven in Hoofdstuk 2. Koppelingsgroepen wegdmonstrueerd met gebruikmaking van 520
moleculaire merkers, waaronder AFLP, SSR, PK, RBRL.P, SCAR en morfologische merkers.
Zeven koppelingsgroepen, waarvan elke koppelingggveaarschijnlijk correspondeert met een
van de zeven chromosomen, werden geidentificeesdde moederlijke en vaderlijke
koppelingsgroepen (resp. 487 en 490 cM). Het is wearschijnlijk dat de koppelingsgroepen
meer dan 90 % van het roosgenoom omspannen. Venslgerden de moederlijke en vaderlijke
koppelingsgroepen geintegreerd. De in dit onderpeekeéerde merkerkaart met robuuste merkers
is een van de meest geavanceerde in roos met kieyekt merkerdichtheid en genoomdekking.
De in kaart gebrachte SSR en RFLP merkers versahgtiede referentiepunten om vergelijking
met toekomstige merkerstudies mogelijk te maken.

Fenotypische evaluatie van de diploide patmilvoor groeikracht en de daarbij behorende
eigenschappen werden afzonderlijk uitgevoerd inebmarken en Nederland onder suboptimale
groeicondities. Een screeningsprocedure voor grhatge evaluatie van groeikracht van
roosgenotypen werd ontwikkeld en is beschrevenaafttstuk 3. De populatie liet een continue
kwalitatieve variatie en een aanzienlijke transgiegien is voor alle eigenschappen. Genetische
verschillen onder de geteste nummers waren ergfisemt en waren vrij hoog voor de meeste
eigenschappen in vergelijking tot de genotype xemilnteractie. De schattingen voor
erfelijkheidsgraad waren hoog (68 — 92 %), evedalsorrelatie tussen de meeste eigenschappen
(r= 0,65 - 0,95). Scheutdrooggewicht en bladoppervleken goede criteria voor vroege selectie
van rozengenotypen op verhoogde groeikracht.

QTL analyse voor elk van de tien groeikrgentlateerde eigenschappen identificeerde tien
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chromosomale gebieden, verdeeld over zeven kogsglinepen welke QTL'’s bevatten voor een of
meer eigenschappen. Dit is beschreven in Hoofdstildanneer elke eigenschap afzonderlijk
wordt bekeken, zijn 42 QTL'’s gevonden. Onder deZé’'@waren er 24 die zowel de proeven in
Denemarken als in Nederland voorkwamen. Acht weedieen gevonden in Nederland en tien
alleen in Denemarken. Het aantal QTL'’s voor indingte eigenschappen varieerde van drie tot vijf,
waarbij elke eigenschap een fenotypische variatied2 — 35 % verklaarde. QTL’s voor
eigenschappen met een hoge correlatie vielen \aakrs, wat duidt op een gemeenschappelijke
genetische basis. Clustering van QTL'’s voor vetkafde eigenschappen werd waargenomen in
sommige chromosomale gebieden. Dit suggereertaaidatie van verschillende aparte genen
en/of pleiotropie.

De tetraploide populatie en haar ouders @regektest op resistentie voor echte meeldauw onder
teeltcondities met twee goedgedefinieerde monosigotaten en is beschreven in Hoofdstuk 5.
Ziektescores op elf dagen na inoculatie, latentiede en snelheid van ziekte-ontwikkeling werden
gebruikt om de variatie in resistentie te besckrijTesten met beide isolaten afzonderlijk toonden
een grote en significante variatie in resistentgsén de genotypen. De verdeling van de
genotypische gemiddelden voor elk van de ziektescars continue en liet een aanzienlijke
transgressie zien. Analyse van de data gaf aatedatee isolaten verschilden in pathogeniciteit.
Het is voor het eerst dat een natte inoculatieeswa is toegepast bij roos. De toets bleek een
betrouwbare en efficiénte manier om grote aantajerotypen onder teeltcondities te testen op
meeldauwresistentie.

De tetraploide populatie welke werd gebruiar het onderzoek naar echte meeldauw
resistentie werd verder moleculair gekarakteriseendeen genetische map te construeren en
merker-eigenschap associatiestudies te doen. Béasshreven in Hoofdstuk 6. Simplex AFLP en
SSR merkers werden gebruikt voor de constructievarkerkaarten voor elk van de ouders. Deze
analyse resulteerde in een kaart voor de moede2Blebppelingsgroepen en een voor de vader
met 17. De kaartlengte besloeg respectievelijkd&®697 cM. Multi-allele SSR merkers werden
met succes gebruikt om de meeste koppelingsgrdepee kennen verbinden aan een van de zeven
chromosomen. Merker-eigenschap associatie stutkesificeerde een aantal merkerloci welke
waarschijnlijk gekoppeld liggen met resistentiegemneor echte meeldauw. Deze merkerloci
verklaarden echter maar een beperkt deel van dijlafvariatie. Sommige isolaat-specifieke
merkers waren afkomstig van verschillen de oudensaren gekarteerd op verschillende
chromosomen, wat duidt op de aanwezigheid van polygesistentie in de populatie.

De uitkomsten van de huidige studie vooraekennis van de erfelijkheid van de
doeleigenschappen op een moleculair niveau. Diktrd&aweg vrij voor merkergestuurde selectie
in de veredeling van nieuwe rozencultivars met @ntale groeikracht bij suboptimale temperatuur
en duurzame resistentie tegen echte meeldauwndakk zal dit resulteren in efficiént gebruik
van energie en verlaagd gebruik van fungicideml®ijeelt van kasrozen.
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