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Chapter 1

Ornamental plant industry

Ornamental production is economically an important sector. The worldwide production value of
floricultural crops was estimated in 2006 to be around 50 billion euro, and the consumption value
100-150 billion Euro (Chandler and Tanaka, 2007). Flower consumption per person in Europe
and Japan is comparable (28.7 and 26.5 USS$ per capita respectively), and it is higher than in the
United States (19 USS$ per capita, Flower Council of Holland, 2007). Production of ornamental
plants is divided into three main categories: cut flowers, pot plants, and garden plants. In 2010,
the production of cut flowers in Europe was the highest with 56%, compared with 34% for pot
plants and 9% for garden plants according to Dutch auctions
(http://www lei.dlo.nl/publicaties/PDF/2011/2011-029.pdf). In contrast, in the United States
markets 70.5% of the production value was for garden and landscape flowers, 28% for pot plants,
and only 1.5% for cut flowers (USDA, National Agricultural Statistics Service,
www.nass.usda.gov).

The Netherlands is the heart of the international floriculture sector. Over 60% of world trade in
flowers and plants takes place via Dutch auctions. The total output of horticulture in 2010
amounted to 7.9 billion Euros: 5.2 billion Euro comes from ornamental sector and 2.7 billion
Euro from horticulture sector (December 2010, www.tuinbouw.nl). The most important cut
flowers according to statistics of Dutch auctions are: tulip, Chrysanthemum, rose, gerbera, lily,
and Freesia respectively (Fig. 1A); the most important potted plant are: Phalaenopsis,
Kalanchoe, and hyacinth (Fig. 1B); and the most important garden plants are: Viola,
Pelargonium, and Osteospermum (Fig. 1C), http://www.lei.dlo.nl/publicaties/PDF/2011/2011-
029.pdf.

Auction supply of Cut flowers Auction supply of potted plants Auction supply of garden plants

others
12%

others
11%

others
26%
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26%
Spathiphyllum

o Viola
Cyclamen 34%
5%

Hedera

Rose 6%

17%

A . B

Figure 1. Statistics of the Netherland's Auctions supply of flowers in 2010: A, the supply of cut flowers, B, the
supply of pot plants, and C the supply of garden plants.
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Bulbous ornamentals

Ornamental bulb flowers or geophytes belong to more than 800 different genera. Production of
geophytes is dominated by seven genera: Tulipa L., Lilium L., Narcissus L., Gladiolus L.,
Hyacinthus L., Hippeastrum Herb., and Iris L. that represent about 90% of the production area
devoted to geophytes (Benschop et al., 2010). Tulipa and Lilium ranked as 3", 4™ most important
cut flowers at the flower auctions, while Freesia Klatt, Alstroemeria L., Hippeastrum Herb. and
Zantedeschia Spreng. were, respectively, ranked as the 8™, 10™, 11", and 13™ most important cut
flowers at the flower auctions (www.vbn.nl 2006). For many years, cultivation of flower bulbs
was restricted to countries with developed ornamental horticulture industries and moderate
climates such as the Netherlands. In the last two decades of the 20™ century, production of bulb
flowers in several other regions of the world has become important. For example, floricultural
production in Latin America, Africa, and Asia is increasing rapidly. Cultivation of flower bulbs in
the southern hemisphere is used for autumn flowering (October—December) in the northern
hemisphere, especially in the United States, the Netherlands, Japan, Taiwan, China, and Canada
(Benschop et al., 2010).

Figure 2. Some pictures of bulb flowers at the Keukenhof flower exhibition in the Netherlands (2011).

Flower bulbs are utilized for commercial bulb and flower production, including forced fresh-cut
flowers, potted plants, and for landscaping, including private gardening (Benschop et al., 2010).
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The best example of bulb utilizations is presented at the Keukenhof in the Netherlands. Over six
million flower bulbs are on display as garden, pot, or cut flower (Fig. 2). Each spring, the
breeders compete with each other in presenting, as part of their sales promotion, established
favorites and the latest cultivars of spring-flowering bulbs (Bryan, 1989). The main production
area of flowers in the Netherlands goes to bulbous flowers (Fig. 3).

Iris Others
1% 9%

Lily
20%

Figure 3. Estimated percentage of total propagation area of different flower bulbs by crop in the Netherlands, in
2010 (http://www.lei.dlo.nl/publicaties/PDF/2011/2011-029.pdf).

Breeding bulb flowers

Breeding objectives

The major objectives in breeding flower bulbs are: flower color, flower morphology, and plant
architecture. Other increasingly important traits are: forcing time, yield, vase life, storability of
the bulb, vulnerability of the flowers during transport, and disease resistance (Fusarium, Botrytis,
and viruses), which are much more difficult to breed for since they are often polygenetic traits
(Krens and Van Tuyl, 2011).
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Conventional breeding

Conventionally, plant breeders recombine traits present in different parental lines of cultivated
and/or wild species into single improved genotypes through various breeding schemes (Rahman
et al.,, 2011). In flower bulbs, most of the breeding efforts have been carried out by private
companies or hobbyists. In the past few decades, however, breeding has been performed more
and more by specialized companies and research institutes (Benschop et al., 2010). The main
strategies that were widely used for introducing new cultivars (variation) were: interspecific
hybridization, spontaneous mutations, and polyploidization (Doorenbos, 1954).

Breeding strategy varies according to the genus, and it is affected by several factors: the
availability of genetic diversity and the possibilities of using that variability, the length of the
juvenile phase, and the propagation rate (Benschop et al., 2010; Krens and Van Tuyl, 2011). In
Gladiolus, Lilium, and Narcissus, interspecific hybridization is the general way to produce new
variation. However, interspecific hybridization in Hyacinthus is not possible since all genetic
forms have been derived from one species with a range of different colors and ploidy levels
(Doorenbos, 1954).

Successful interspecific hybridization depends to a great extent on the relationships within the
genera; the closer the relationships the higher the success in crossings (Krens and Van Tuyl,
2011). For intersectional or intergeneric crosses pre- and post-fertilization barriers should be
overcome. Pre-fertilization barriers are caused by pollen tube inhibition due to stigmatic
incompatibility (Asano, 1980; Asano and Myodo, 1977a), which can be overcome by grafting or
cutting style methods (Lim and Van Tuyl, 2006; Van Creij et al., 1997; Van Tuyl et al., 1991).
Post-fertilization barriers resulting in seeds having no or just a little of endosperm and very small
embryos which usually abort in early stage (Asano and Myodo, 1977b) can be overcome by
applying in vitro techniques in the laboratory such as ovary culture or embryo rescue (Custers et
al., 1995; Lim and Van Tuyl, 2006; Lu and Bridgen, 1996; Rhee et al., 2005; Van Tuyl and Van
Creij, 20006).

Another strategy of introducing new variation in some traits is mutation breeding. Mutation
breeding is based on the possibility of artificially inducing genetic changes in already existing
cultivars (e.g. X-rays or gamma rays) or by exposing plant material to a number of chemical
compounds known for their mutagenic properties. Also, spontaneous mutations for all kinds of
traits do occur naturally (called sports). Often mutant cultivars can be grown and handled under
more or less the same conditions as the original cultivar which is very convenient and economical
for growers (Van Harten, 2002). In some crops, such as Tulipa and Hyacinthus, spontaneous
mutations play an important role in cultivar diversification (Doorenbos, 1954). For example,
among the 1,500 new tulip cultivars registered from 1996 to 2005, about 28% of them are
mutants, and most have been spontaneous mutants.
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Polyploidization has become very important in almost all flower bulb species. Currently, triploid
and tetraploid cultivars predominate in Narcissus production. The role of polyploidy is important
in hyacinths where the ploidy level varies from diploid, triploid to tetraploid. Also, in lily many
cultivars >45% are polyploids (triploid, tetraploid, and few aneuploid). Polyploidization of
cultivars is very interesting since it provides vigour to the cultivars: in general resulting in larger
flowers and leaves (Van Tuyl et al., in press).

Polyploidization is also very important for further improving breeding process. Generally, after
interspecific crosses, a series of back-crosses will be necessary to reduce the amount of donor
DNA in the hybrid and to get back to the high quality of the original elite cultivars. In bulbous
crops, F1 hybrids obtained are often sterile (Krens and Van Tuyl, 2011). The fertility of F1
hybrids can be restored by doubling the chromosomes using colchicine or oryzalin ‘somatic or
mitotic polyploidization’. However due to the bivalent chromosome pairing during meiosis,
somatic polyploidization does not produce intergenomic recombination which is essential for
introgression of genes from one parent to the other (Lim and Van Tuyl, 2006; Ramanna and
Jacobsen, 2003). Another way to achieve polyploidization is to use 2n-gametes that occur
spontaneously in some genotypes, or that can be induced using for example laughing gas (N,O)
treatment (Barba-Gonzalez et al., 2006). This phenomenon occurs in lily hybrids, although at low
frequencies and not in certain genotypes, and has been successfully applied in lily (Barba-
Gonzalez et al., 2004; VanTuyl and Lim, 2003). Using this approach, recombination could be
demonstrated and introgression led to new second generation hybrids combining new traits with
existing quality (Barba-Gonzalez et al., 2005).

Various breeding strategies have been developed and applied and now there is a need for better
selection to breed for the more difficult polygenic traits. In this context, molecular techniques (in
situ DNA hybridization and molecular DNA markers) are potentially of great value for improving
the efficiency of selection.

Marker assisted breeding

Conventional breeding in flower bulb is a slow process which can be speeded up by the use of
molecular markers. In flower bulbs, molecular techniques have not been implemented yet, which
might be due to the size of the genomes of the main genera. For example, the DNA content of the
Tulipa genome (25-30 Gb) is about ten times the size of the human genome, and around 200
times higher than the DNA content of the model plant Arabidopsis thaliana.

Reasons for applying marker assisted breeding (MAB) can be that some traits are difficult to
screen for or become scorable relatively late in a crop plant’s life cycle such as disease resistance,
abiotic stress tolerance, storability, flower color, or vase life. These traits become clear only when
a plant is challenged by a pathogen, tested under specific conditions, or after a long juvenile
phase that is needed for the plant to produce flowers (e.g. juvenile phase of tulip is five years and
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several additional years are required for propagation). Additionally, some traits are polygenic or
can be influenced by environmental conditions which make scoring of the traits is difficult.

Rapid and early screening of the progeny for specific traits can be achieved by developing
molecular markers linked to these traits. This indirect selection by markers can significantly
speed up the breeding process. Moreover, several traits can be easily observed concurrently. This
methodology is widely applied in agricultural crops, such as maize or tomato (Agrama and
Moussa, 1996; Martin et al., 1989). In bulbous ornamentals, molecular markers, genetic maps,
and QTL (quantitative traits loci) analysis are still in their infancy. Because, molecular marker
techniques also have important utility in plant breeding programs through assisting in plant
variety protection as well as in distinctness, uniformity and stability testing (Heckenberger et al.,
2006) their use is somewhat more established.

Molecular markers were developed for several bulb crops for the latter purposes. In Louisiana
Iris, RAPD (random amplified polymorphic DNA) and retro-transposon markers (S-SAP) were
developed for segregating populations resulting from interspecific hybrids (Kentner et al., 2003).
Genetic maps and QTL analysis for several morphological, life history, and ecological traits were
studied (Bouck et al., 2005; Bouck et al., 2007; Martin et al., 2007; Martin et al., 2008). Recently,
around 400 EST-SSR (expressed sequence tags-simple sequence repeat) markers were developed
for comparative genetic mapping and other genotyping applications in Louisiana /ris (Tang et al.,
2009). In lily, primary genetic maps were constructed using AFLP (amplified fragments length
polymorphism) markers in which Fusarium and virus resistance were identified (Van Heusden et
al., 2002). In tulip, like in lily, a primary genetic map has been made using AFLP markers (Krens
and Van Tuyl, 2011). In Narcissus, AFLP, RAPD, SSR, and NBS (nucleotide binding sites)
markers were developed for genetic diversity, population genetic, and cultivar identification
purposes (Lu et al., 2007; Simoén et al., 2010; Wu et al., 2011). Similarly in Crocus L., retro-
transposon markers, plastid sequences, RAPD, ISSR (inter-simple sequence repeats), and SSR
markers were developed to analyze the genetic diversity and phylogenetic relationships in the
genus (Alavi-Kia et al., 2008; Beiki et al., 2010; Rubio-Moraga et al., 2009). In Alstroemeria,
genetic diversity was estimated using RAPD and AFLP markers (Aros et al., 2006; Han et al.,
2000). In Gladiolus, molecular markers were developed for the first time in 2010 to estimate the
genetic relationships among Gladiolus cultivars (Ranjan et al., 2010). In Hyacinthus and
Hippeastrum, to our knowledge, no molecular marker work has been reported so far.

Molecular markers are relatively cheap, easy to produce and do not depend on environmental
factors as compared to other types of markers. Nowadays, the rapid development in sequencing
and genotyping technologies makes the generation and identification of molecular markers even
faster, easier, and much cheaper (Krens and Van Tuyl, 2011).
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Developing genomic and genetic resources for MAB

Molecular genetic resources for flower bulbs are very limited. Only few molecular markers have
been developed, hardly any genetic maps are available, and the number of available EST in gene
banks (if any) is very limited.

Next generation sequencing (NGS) technologies have dramatically reduced the time and the costs
needed for sequencing. It now becomes feasible to generate large amounts of DNA sequence for
species for which little or no prior sequence information exists, and to mine these sequences for
polymorphisms (SNPs). The SNPs can be used to generate markers (SNP markers) for
genotyping large numbers of individuals using high throughput SNP genotyping technologies.
Once relevant number of markers becomes available for a certain species, these markers can be
implemented to enhance the efficiency of conventional breeding. Molecular markers can be
compared with the morphological observations of traits of interest to identify QTLs in both cross
segregating populations and in association studies. In both cases, QTLs can be identified and
implemented for MAB.

However, applying NGS in flower bulbs is not straightforward. The genomes of flower bulbs are
large and rich with repetitive DNA which complicates the analysis (assembly) of sequence data.
This constrain can be solved by genome complexity reduction methods. Another constrain is the
need for expertise in bioinformatics in order to analyze and assemble the huge amount of
sequence data generated using NGS technologies. In out crossing ornamental bulbs, assembly
become more challenging due to: the lack of genome sequence support of the gene banks that can
be used as a backbone for assembly step, and the highly polymorphic nature of the out crossing
flower bulb genome. Many assembler programs are currently used to assemble the NGS data, but
little is known about assembler's performance, especially when dealing with highly
heterogeneous species and how that influences SNP retrieval. This field has become a new area
of research.

Developing genomic resources for plant systematics

Traditionally, chloroplast DNA (cpDNA) and nuclear DNA (ribosomal gene spacers) were
widely used for plant systematic studies (Small et al., 2004). Very few different gene sequences
were used in this kind of studies. For instance, cpDNA and ITS were used extensively to classify
Lilium species and cultivars (Dubouzet and Shinoda, 1999; Muratovi¢ et al., 2010; Nishikawa et
al., 2001; Nishikawa et al., 1999; ReSetnik et al., 2007). With the vast developments in NGS
technologies, huge amounts of sequence data are becoming available that can be used for plant
systematic studies. Nuclear DNA sequences have the advantage that: their evolutionary rate is
higher than in plastid DNA, the inheritance is bi-parental, and there is an abundance of long and
independent genes (Small et al. 2004). Furthermore, the ability to identify heterozygosity within
hybrids (allelic variation) can give better estimations of phylogenetic relations because twice the
amount of information is provided (Joly and Bruneau, 2006; Liu et al., 2008). However, the
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application of NGS in plant systematic studies is still limited since a full spectrum of tools to
build species phylogenies form, is not well established yet (Sanderson and McMahon, 2007).

Nevertheless, some interesting hypothesis, for instance whether breeding/domestication processes
are being imprinted in a species genome, can be best tested using NGS data. This can be
measured by looking for positive selection at the nucleotide/codon level. If the ratio of functional
to non-functional change (omega value) at the codon-level is > 1 that indicates the possibility of
positive selection, while if the ratio is < 1 that will indicate a purifying selection (Yang and Dos
Reis, 2011). This topic is very recent and is not yet applied on ornamental plants.

Ornamental traits desirable to improve

There are several important traits that the producers and consumers wish to have improved in
ornamental plants such as: diseases resistances (Fusarium, Botrytis, and viruses), postharvest
quality, flower color, and scent. The MAB is commonly used approach to understand genetic
background and to speed up the breeding process in several crops. So far, few studies focused on
identifying the genetic background of such traits, like Fusarium oxysporum and Lily Mottle Virus
(LMoV) resistance in Lilium (Shahin et al., 2009; Straathof and Loffler, 1994; Van Heusden et
al., 2002), TBV (tulip breaking virus) resistance in 7ulipa (Krens and Van Tuyl, 2011), flower
color and flower spots in Lilium (Abe et al., 2002; Nakano et al., 2005; Van der Meulen et al.,
1996). Alternatively, genetic modification approach which is less accepted by public has been
applied to some extend in flower bulbs. Some studies were carried out, in bulbous flowers, to
establish genetic transformation protocols such as in Alstroemeria, Gladiolus, Lilium, and Tulipa
(Akutsu et al., 2004; Chauvin et al.,, 1997; Kamo et al., 1995; Kamo and Han, 2008). In
Hyacinthus, Fusarium resistance was successfully transferred to hyacinth varieties (Popowich et
al., 2007). However, this is only possible when: a good protocol for transformation is well
established, the trait of interest is well studied, and the genes responsible for this trait are
precisely identified.

For some traits, genetic improvement is still challenging such as for flower longevity. Flower
longevity is an important characteristic for ornamental plants. In some ornamental like in
carnation, which is ethylene-sensitive, vase life was improved by producing transgenic carnation
in which ethylene biosynthesis or ethylene perception was altered (Chandler, 2007). However,
this is more complicated for species that are ethylene-insensitive like Lilium and Tulipa since the
factors that regulate their vase life are not defined yet. QTL mapping is not straightforward
approach for vase life since a whole population (progenies) has to be tested for their vase life with
replicates (Van der Meulen et al., 1996) which is very laborious and expensive. Vase life is a very
complex trait as both flowers and leaves senescence are involved and different responses can
occur. Therefore, splitting up this trait in different compounds and first identifying the main
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drivers for single compound will enable to simplify the complex trait into sub-trait that are
amenable for studying and useing in selection for breeding.

Lilium L.

Species of genus Lilium originate from Asia, Europe, and North America (Bryan, 1989) are
mostly vegetative propagated monocot perennials and are one of the economically most
important flower bulbs. The genus Lilium (Liliaceae family) comprises around 100 species and
more than 9,400 cultivars (International Lily register, http://www.lilyregister.com/). The species
of this genus were taxonomically classified into seven sections based on 13 morphological and
two germination characteristics. The seven sections are Martagon, Pseudolirium, Lilium
(Liriotypus), Archelirion, Sinomartagon, Leucolirion, and Oxypetalum (Comber, 1949; De Jong,
1974).

In general, wild species within each section are relatively easy to cross and the hybrids are fertile
(McRae, 1990; Van Tuyl et al., 2002). The interspecific hybrids within the sections especially
those within the sections Leucolirion, Archelirion, and Sinomartagon represent the most
important breeding groups which are:

1. Longiflorum hybrids (L genome). They originate from intra- or inter-specific
hybridization with L. formosanum in the Leucolirion section, have trumpet-shaped, pure
white flowers, a distinctive fragrance, year-round forcing ability and mostly outward-
facing flowers (McRae, 1990).

2. Asiatic hybrids (A genome). They are derived from interspecific crosses among at least 12
species of the Sinomartagon section (Leslie, 1982). Their cultivation can be traced to the
early 1800s in Japan (Shimizu, 1987). Cultivars of Asiatic hybrid lily have a wide color-
variation in their tepals (orange, white, yellow, pink, red, purple, and salmon) and early to
late flowering (Woodcock and Stearn, 1950). Some species in this section show resistance
to Fusarium and viruses (McRae, 1998a).

3. Oriental hybrids (O genome). They result from hybridization among five species of the
Archelirion section. Generally, Oriental hybrids are late-flowering, with big and showy
flowers with a pleasant fragrance (McRae, 1998a). Most species are resistant to Botrytis
elliptica that affects most of the lilies from the other sections (Barba-Gonzalez et al.,
2005).

Lilies have a wide variety of valuable characters such as flower size, color, flowering time, and
resistance to different pathogens. Combining these vital horticultural traits into one cultivar by
crossing is almost the only way to obtain introgression of traits, since genetic transformation
approaches are not well developed for lily yet. Possibilities for cross combinations in Lilium
between the species of the seven sections are limited by incompatibility and incongruity which
are due to: pre-fertilization and post-fertilization barriers. To overcome these barriers, integrated
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methods such as grafted-style, in vitro pollination, embryo rescue, and ovule culture techniques
are needed (Van Tuyl et al., 1991). Using these methods, many lily interspecific hybrids have
successfully been made. For instance, L. longiflorum (Leucolirion) x L. rubellum (Pseudolirium
section ), L. longiflorum x L. candidum (Lilium section), L. longiflorum x Asiatic hybrids
(Sinomartagon) (Van Tuyl et al., 2000). However, most of these inter-specific hybrids tend to be
sterile (Van Tuyl et al., 2002). Chromosome doubling and 2n gametes (gametes with somatic
chromosome numbers) (Ramanna and Jacobsen, 2003) have been used to restore the fertility of
inter-specific hybrids in lily.

Lilium species have been extensively used for cytological investigation. Basic studies on
chromosome identification and karyotype analysis (Stewart, 1947) were conducted. The newer
molecular cytogenetic techniques such as FISH (Fluorescent in sifu hybridization) and GISH
(Genomic in situ hybridization) have enabled researchers to investigate the meiosis and the
homoeology of Lilium in detail. The restitution mechanisms that lead to unusual chromosome
constitution in 2n gametes have been revealed by GISH (Karlov, 1999; Lim, 2000). Barba-
Gonzalez (2005) studied the occurrence of 2n gametes in the F1 hybrids of Oriental x Asiatic
lilies and used them for production of sexual polyploids from sterile Oriental x Asiatic hybrids.
One of the most important advances has been achieved with the development of diploid
backcross progenies (BCl and BC2) from interspecific Longiflorum x Asiatic hybrids
backcrossed to Asiatic cultivars (Khan, 2009; Zhou, 2007). Additionally, meiosis of interspecific
hybrids was followed and cytological maps of three complete genomes of lilies (L, A, O) based
on the recombination sites in the BC progeny of two interspecific hybrids (Khan et al., 2009)
were constructed.

On the other hand, genetic mapping of lily has not yet been well studied. So far, RAPD and ISSR
markers were used to construct genetic linkage maps and to map anthocyanin and carotenoid
pigmentations in the progeny of ‘Montreux’ x ‘Connecticut King’ (Asiatic hybrids) (Abe et al.,
2002; Nakano et al., 2005). Additionally, RAPD and AFLP markers were used to construct
genetic linkage maps and to map Fusarium resistance using progeny of ‘Connecticut King’ x
‘Orlito’ (Asiatic hybrids) (Straathof et al., 1996; Van Heusden et al., 2002). Those genetic maps
are far from saturation and the marker types difficult to be converted into simple PCR markers.
Therefore, more genetic markers need to be added to the map, preferable of a type that is
universal.

This thesis deals with the establishment of novel genomic resources for molecular and other
genetic studies in lilies.

11
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Scope of this thesis

We studied the genetics and physiology of lily with the aim to improve the efficiency of breeding
and selection in this crop. For that, we build genetic resources using NGS technology. A large set
of EST sequences were generated and annotated, SSR markers were mined, SNP markers were
developed and used for genotyping two mapping populations of lily, and genetic linkage maps
were constructed. Also, these resources were implemented to conduct comparative genomic
studies between Lilium and Tulipa to estimate the genetic distances, and to detect if there is a
signature of positive selection occurred in lily and tulip genomes. Additionally, physiology of
vase life of lily flowers was studies to identify possible regulator(s) of lily flower longevity.

Chapter 2 presents the construction of genetic linkage maps for two populations, LA (L.
longiflorum ‘“White Fox’ x Asiatic ‘Connecticut King’) and AA (‘Connecticut King’ x ‘Orlito’),
using AFLP, DArT, and NBS profiling markers. Common markers were identified and used in
aligning the linkage groups of the two populations. Several horticultural traits (flower color, stem
color, flower spots, flower direction, and antherless phenotype) were mapped. Six putative QTLs
for Fusarium oxysporum resistance were identified and mapped, and LMoV resistance was
mapped as a locus on AA maps.

In chapters 3, 4 and 5 we presented the generation and implementation, for the first time, of ESTs
data produced by 454 pyro-sequening for MAB applications in Lilium and Tulipa. In Chapter 3,
NGS data from a highly polymorphic outcrossing species ‘lily” were analyzed. All the steps that
are needed for SNP markers retrieval were discussed. Two different assembler programs (CAP3
and CLC) that use two different approaches (OLC: overlap layout consensus and De Bruijn
algorithms) for data assembly were compared. In Chapter 4, cDNA sequence data generated of
Lilium and Tulipa were descriped. Transcriptomes of four lily genotypes (‘Connecticut King’,
‘White Fox’, ‘Star Gazer’, and ‘Trumpet’) and of five tulip genotypes (‘Cantata’, ‘Princeps’,
‘Kees Nelis’, ‘Ile de France’, and ‘Bellona’) were sequenced using 454 pyro-sequencing and
assembled using CLC assembler. The SNP and SSR markers were mined for both genera.
Transcriptomes of Lilium and Tulipa in addition to the orthologous genes identified between both
of them were annotated and described according to Gene Ontology terminology. In Chapter 5,
SNP markers were used for genotyping two half-sib mapping populations of lily (LA and AA
populations) using KASP technology. The successfully generated SNP markers together with the
AFLP, NBS, and DArT markers were used to re-construct the genetic maps of these two
populations.

In Chapter 6, a comparative genomic analysis among the four sequenced genotypes of Lilium,
the five sequenced genotypes of Tulipa, and between the two genera using a total of 47 gene
contigs was conducted. These data were used to establish a straightforward and simple
methodology to use allelic nuclear sequence data generated using RNA-seq technology to

12



General Introduction

estimate the genetic divergence among genotypes. The positive selection (functional changes at
codon-level, or omega value >1) was calculated for each gene contig and compared with genetic
distances of those genes.

In Chapter 7, vase life of seven lily genotypes was investigated to identify the factor(s) that
control vase life in lily. We compared the vase life of lily cultivars under two treatments: tap
water with HQS (8-HydroxyQuinolinol Sulfate), and tap water with sugar and HQS. The effect of
sugar treatment on: vase life, dry weight, and abscisic acid concentration in flowers were studied.
The concentration of ABA at anthesis and senescence were measured using LC-MS-MS.

Finally in general discussion (Chapter 8) the results of preceding chapters were evaluated in a
wider perspective and their implications for improving breeding programs were discussed.
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Chapter 2

Abstract

Construction of genetic linkage maps for lily was achieved using two populations, LA and AA
that share one parent ‘Connecticut King’. Three different molecular marker systems (AFLP™,
DArT, and NBS profiling) were used in generating linkage maps for ‘Connecticut King’. The LA
and the AA populations consist of 20 and 21 linkage groups, respectively. Average density
between markers was 3.9 ¢cM for the LA, and 5 ¢cM for the AA population. Several horticultural
traits were mapped for the first time in Lilium and showed to be single gene based. We propose to
name these genes as LFCc for flower color, /fs for flower spots, LSC for stem color, lal for
antherless phenotype, and /fd for flower direction whereby upper and lower case names refer to
dominant and recessive genes, respectively. Additionally, LMoV was mapped as a locus on
linkage group AA10. For Fusarium resistance, the Kruskal-Wallis test identified six putative
QTLs in AA population of which one QTL (explaining 25% of the variation in resistance) could
be confirmed by interval mapping.

Introduction

Genus Lilium belongs to Liliaceae family and comprises more than 80 species (Asano, 1989).
During the last 50 years, more than seven thousand cultivars have been developed (International
Lily register, http://www.lilyregister.com/). These are classified mainly into three groups:
Longiflorum (L), Asiatic (A), and Oriental (O) hybrids that belong to different taxonomic
sections: Leucolirion, Sinomartagon, and Archelirion respectively. Longiflorum hybrids have
trumpet shaped white flowers that are mostly side-facing and have a distinctive fragrance. They
show strong growth vigour and year round forcing abilities (McRae, 1998b). Asiatic hybrids are
important due to their wide variation in flower color and shape, early flowering, and resistance to
Fusarium and lily mottle virus (LMoV). Oriental hybrids have large and attractive flowers with a
wide range of white, pink, and yellow colors, strong fragrance and resistance to Botrytis elliptica.
Crosses within a group are relatively easy but crosses between species or cultivars of different
groups are very difficult due to pre-fertilization (pollen tube inhibition) (Asano and Myodo,
1977a) and post-fertilization barriers (endosperm degeneration and embryo abortion) (Asano and
Myodo, 1977). Applying cut style and embryo rescue techniques allow overcoming these pre-
and post-fertilization barriers (Van Tuyl et al., 1991).

In breeding, molecular linkage maps are important for quantitative and qualitative trait analysis.
However, despite the economic importance of lily, only two genetic mapping studies have been
published up to now. This may be due to the fact that lily species (2n=2x=24) have one of the
largest genomes (approximately 36 Gbp, http://www.rbgkew.org.uk/) among the plant and animal
kingdoms. For instance, the genome size is estimated to be more than 200 times larger than that
of Arabidopsis thaliana. The difficulties in markers analysis due to the huge genome size
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together with a long generation time of three years and the heterozygous genome structure of
lilies might have formed a considerable barrier for the execution of mapping studies.

The currently published linkage maps can be regarded as preliminary because relatively few
markers have been used and many small linkage groups remained. Abe et al. (2002) used RAPD
(randomly amplified polymorphic DNA) and ISSR (inter-simple sequence repeat) markers to
construct parental linkage maps with 95 and 119 markers respectively in a cross between the two
Asiatic cultivars ‘Montreux’ and ‘Connecticut King’ to elucidate the genetics of floral
anthocyanin pigmentation. Van Heusden et al. (2002) used AFLP™ markers in an Asiatic
backcross population to map disease resistance against two important diseases: Fusarium
oxysporum and LMoV. Four QTLs for Fusarium resistance were identified whereas LMoV
resistance was controlled by a single locus. Only the linkage group bearing the LMoV locus was
published (Van Heusden et al., 2002). Even though a common parent, cultivar ‘Connecticut
King’, was used to construct the genetic maps in these two studies, a comparison of the genetic
linkage maps was not possible due to the different types of markers used.

For accurate trait mapping and initiating marker assisted breeding, good marker coverage of
maps is required, preferably with markers that target the traits of interest and/or can be easily
used in downstream breeding applications. Therefore, two relatively new molecular marker
techniques were applied on lily. The DArT (Diversity Arrays Technology) is a high throughput
molecular marker system (Mace et al., 2008) from which markers are expected to be more readily
converted. The NBS profiling was used because it targets resistant genes and resistance gene
analogs (Van der Linden et al., 2004). The aims of this study were: 1) To test the feasibility of
DArT and NBS profiling in lily, 2) To develop higher density genetic linkage maps for two lily
populations, one of which is a continuation of the mapping study of Van Heusden et al. (2002), 3)
To map important ornamental traits which segregate in these two lily populations and re-map
LMoV and Fusarium resistance on the AA maps.

Material and Methods

Plant material

Two mapping populations were used. The first is the newly generated LA population, which is a
F1 population of 98 genotypes made in 2000 from a cross between Longiflorum ‘White Fox’ x
Asiatic ‘Connecticut King’ using cut style pollination and embryo rescue. The second is an AA
population of 100 individuals (Straathof et al., 1996; Van Heusden et al., 2002), which was
produced in 1989. It is a backcross of ‘Connecticut King’ with ‘Orlito’ (from the cross
‘Connecticut King’ x ‘Pirate’). Cultivar ‘Connecticut King’, which is the common parent in both
populations, is a well-known Asiatic cultivar resistant to LMoV and partially resistant to
Fusarium oxysporum. It has yellow, spotless flowers and green stem color. The Longiflorum
parent ‘White Fox’ is susceptible for both diseases, has white, spotless, out-facing flowers and
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green stem color. ‘Pirate’ is susceptible to Fusarium and LMoV, has orange flowers with spots
and a dark green stem color. ‘Orlito’ is partially resistant to Fusarium and susceptible to LMoV,
has orange flowers with few spots and dark green stem color (Table 1).

Table 1: the segregation of the mapped traits of the AA and LA populations

Connecticut ~ White Fox Orlito LA population AA population
King
Flower color yellow white orange all are white - 42yellow:55 orange = 1.74
Spots spotless spotless with spots 61 spotless:29 with =25 S1spotless:46 with 1*=0.09
spots spots
Stem color green green dark green 77 green:15 dark green ¥=3.7  53green:46 dark =05
green
Antherless with anther with anther ~ with anther  all have anthers -- 77with anthers:20 ¥=1.01
antherless
Flower direction up-face out face up face 63 out-face:27upface =12 all are up face
Fusarium resistant susceptible partial disease test still running
resistant
LMoV resistant susceptible ~ susceptible  disease test still running
DNA extraction

Young leaves were collected from all plants. Leaves were frozen in liquid nitrogen and stored at
-80° C upon DNA isolation. DNA was isolated using the either the Qiagen DNAeasy extraction
kit for NBS profiling, or the protocol of Fulton et al. (1995) for the DArT analysis.

Molecular markers
New NBS and DArT marker data were developed for both populations. Additionally, for AA
already existing AFLP data (Van Heusden et al. 2002) were included.

NBS Profiling

NBS profiling has been performed according to Van der Linden et al. (2004). In brief, 400 ng
DNA of each plant was digested for 4 h with one of the restriction enzymes Msel, Alul, Taq]l,
Haelll, Rsal, and Mspl (Mspl is a methylation sensitive restriction enzyme only used with NBS3)
followed by heat inactivation. A special adapter was ligated to the fragments and NBS-specific
fragments were amplified involving a two-step PCR amplification with one of the NBS primers
and an adapter specific primer (Table 2). The radioactively labelled PCR products were separated
on a 6% polyacrylamide gel, and visualized by autoradiography. Polymorphic bands were scored
as present or absent. In LA population, due to experimental problems (initial DNA quality), only
three restriction enzymes (Msel, Haelll, and Rsal) with primer NBS6 were scored.

NBS markers were named according to the names of the two NBS primers used (NBS3 or
NBS6), followed by the first letter of the restriction enzyme used and a number reflecting the
fragment order on the gel.
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Table 2: adapter and primer sequences used for generation of NBS profiling and DArT markers in Lilium

Sequence 5°-3’

Adapter sequence (DArT) GTT CAG TCA TAG ATG GTG CA
CCATCT AACTTG ACTG
Adapter primer (DArT) CAG TCA AGT TAG ATG GTG CAG
NBS3 GTWGTYTTICCYRAICCISSCATICC
NBS6 YYTKRTHGTMITKGATGATATITGG
NBS blunt adaptor (long arm) ACTCGATTCTCAACCCGAAAGTATAGATCCCA
NBS blunt adaptor (short arm) TGGGATCTATACTT
Primer adapter (NBS) GTTTACTCGATTCTCAACCCGAAAG
DArT markers

e Array construction
Diversity array technology (DArT) was developed in lily according to (Jaccoud et al., 2001).
Because resistance to Fusarium and LMoV is one of the most important breeding goals for MAB

in lily, and because cultivar ‘Connecticut King’ is the sole source of resistance in these
populations, DNA from this cultivar was used for construction of DArT micro-arrays. Briefly,
genomic DNA of ‘Connecticut King’ (250 ng) was digested with the methylation sensitive
restriction endonuclease Pstl, and an adapter (Table 2) was ligated to these fragments. An extra
digestion with a frequent cutter enzyme was applied in order to reduce the number of fragments
that potentially can be amplified (optimal number of fragments is 10.000 to 15.000; Andrzej
Kilian, Diversity Arrays Technology Pty Ltd, pers. comm.). Only non-digested Pstl-Pstl
fragments with adapters at both sides can be amplified. PstI- amplicons of ‘Connecticut King’
were ligated into the PCR2.1-TOPO vector using the TOPO cloning kit and electroporated into
Escherichia coli cells (TOP10F Invitrogen). The MI13-universal primers were used for
amplification and the products were spotted in triplicate on single poly-L-lysine-coated slides
(Erie Scientific Com) using a MicroGrid II micoarrayer (Biorobotics, UK). The size of the
spotted fragments ranged between 500- 2000 bp (Khan, 2009). A set of polymorphic clones
showing segregation in AA population was also used for detecting polymorphism in LA
population.

e Genotyping
DNA from the individuals of LA population was digested by Pstl/Taql whereas also Pstl/Msel

was used in AA population. Pstl adapters were ligated to the restricted fragments. The Ps¢l/Pstl
fragments were amplified using the adapter primer (Table 2). For each individual approximately
650 ng PCR product was labelled with fluorescent Cy5-dUTP or Cy3-dUTP (Pharmacia) using
random decamers and DNA Polymerase I (NEB/Fermantas) and then hybridized to the arrays
(one genotype per array). Arrays were scanned using a LASER micro array scanner (ScanArray
Express HT Microarray Scanner) and images were generated for each of the fluorescent dyes
using the appropriate laser/filter combination for Cy-3 and Cy-5. DArTsoft, a software package
developed by DArT P/L (http://www.diversityarrays.com/ index.html) was used to automatically

19



Chapter 2

analyze each batch of TIF image pairs generated. Only markers where the probability of
belonging to one of the two possible clusters (present/absent), based on normalised hybridisation
signals, was above 095 were incorporated into a 0/1 scoring table (see
http://www.diversityarrays.com/molecularprincip.html).

DArT markers in LA population were named according to the plate number and well position of
the E. coli colony in the corresponding microtiter plate, followed by a number that refers to the
order of the markers according to the P value for scorability (Wittenberg et al. 2005). DArT
markers in AA population were named either as LPM (lily Pst/Mse), or as LPT (lily Pst/Taq).

Phenotypic data

Resistance to Fusarium and/or LMoV was scored as previously described (Van Heusden et al.,
2002). In brief, Fusarium resistance was tested for four years (1992, 1993, 1994, and 1999). Six
to ten weeks after planting in artificially infected soil, bulblets were visually inspected and a
numerical classification was given: 1= healthy; 2=slightly rotten; 3=moderately rotten; 4=heavily
rotten; S=very heavily rotten; and 6=completely decayed.

Additionally, several horticultural traits that segregat in these two populations were scored (Table
1). In AA population, flower color varied between the basal and upper part of the flower and
therefore this trait was scored separately for these two parts as orange or yellow. Flower color in
LA population did not segregate (Table 1). Spots (the number of spots on the petals) and stem
color (green, dark green) segregated and were scored in both populations. Antherless segregated
in AA population and was scored as presence/absence of anthers. In LA population flower
direction segregated and was scored as outfacing/upfacing (Table 1). Segregations ratio of
phenotypic traits were tested using the Chi-square test with a significance threshold of P=0.05.

Map construction

Genetic maps were constructed using JoinMap® 4.0 (Van Ooijen, 2006) with Haldane’s mapping
function, linkage with a recombination threshold of 0.45, and a LOD threshold of 1. Markers with
identical scores were reduced to one marker only prior to grouping. Grouping was based on
independence LOD (with LOD > 4) using the regression method. Sets of markers, that mapped
around the same position and differed for just one or two missing values, were excluded but for
one representative. The segregation ratio of alleles for each locus was evaluated by Chi-square
test with a significance threshold of P=0.05. The expected segregation ratios were 1:1 or 3:1. In
LA population only the <nnxnp> marker type was used in mapping, while both <ImxII> and
<hkxhk> marker types were used for mapping in the backcross AA population.

Marker scores were checked for putative double recombination events using the genotype
probabilities output from JoinMap®™. The indicated markers were checked back only for NBS and
AFLP markers (few scoring or typing errors were corrected), since DArT markers were scored
using computer software and a high probability threshold for inclusion as marker. Similarly,

20


http://www.diversityarrays.com/molecularprincip.html

Genetic mapping in Lilium

phenotypic traits were checked back for all the genotypes that showed double recombination
events. Linkage groups with a mean Chi-square above 2 were further analyzed to identify
markers causing tension in the map. In a number of cases, markers that caused high tension were
omitted from the final map. MapChart (Voorrips, 2002) was used to draw the genetic linkage
maps.

QTL mapping

Since genome coverage and marker density in AA population was increased compared to by Van
Heusden et al. (2002), disease resistance against LMoV and Fusarium was re-mapped using
MapQTL 5.0 (Van Ooijen et al., 2004) and the resistance scores data of Van Heusden et al.
(2002). In short, the nonparametric Kruskal-Wallis test was used to initially map Fusarium
resistance OTLs using the results of separate disease tests from four years (1992, 1993, 1994 and
1999). Furthermore, interval mapping and rMQM were also applied to confirm the putative QTLs
identified by Kruskal-Wallis. For this '’Log transformation was performed to obtain normally
distributed data. A permutation test with 1000 replications (Churchill and Doerge, 1994) was
carried out to establish the LOD threshold. QTLs detected by interval mapping were used as
cofactors for IMQM until the number of QTL became stable. This procedure was also applied for
mapping the number of spots.

Results

NBS markers

NBS profiling generated 15-60 scorable polymorphic markers per NBS-primer. Amplification
with NBS6 primer consistently produced more markers than with NBS3, the best primer/enzyme
combination was NBS6/Msel which resulted in 60 markers in AA population. In LA population,
34 <nnxnp> markers segregating from ‘Connecticut King’ were scored. In AA population, in
total 53 <Imxll> and 102 <hkxhk> markers were scored. Since ‘Connecticut King’ was used in
both populations, a number of NBS markers were detected as common markers (13 NBS
makers). Eight of them were mapped in both populations and were named Com.NBS-1 to 8 (Fig.

1.

DArT markers

In LA population, 687 polymorphic DArT markers were identified. Thirty four of them were not
used in mapping because they were either specific for ‘White Fox’ or they were of <hkxhk> type.
In AA population, a lower number of DArT markers (338 in total) were polymorphic as can be
expected from a backcross. A total of 62 <ImxIl> and 182 <hkxhk> DArT markers were used in
mapping, while the remaining 94 were of <nnxnp> type. The polymorphic DArT clones from AA
population (<ImxII>) were also used for the LA population to generate common DArT markers.
Unfortunately, the number of markers that was polymorphic in LA population as well was limited
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(21 markers), however they were useful in combining and connecting some of the linkage groups
of the two crosses. The common DArT markers were coded as (Com.DArT- 1 to 21).

Construction of the genetic linkage maps of the two populations

LA population

A total of 34 NBS and 653 DArT markers were available to construct the genetic map. Linkage
groups for ‘Connecticut King” were constructed with a LOD >4. Even though, 101 DArT
markers (15% of total) were removed due to identical scoring, considerable redundancy (i.e.
close localisation) among DArT markers was recorded. In mapping such redundant markers
behave as blocks that hinder the ability of the mapping software to choose the best order of the
markers in any linkage group. For that, clustered markers that had similar phase and showed
identical scores to each other except for few missing values were considered as duplicates and
reduced to one marker. This resulted in the removal of another 120 DArT markers. Finally, a total
of 411 molecular markers (31 NBS and 380 DArT markers) and three horticultural traits (stem
color, flower direction, and spots) were mapped on 22 linkage groups whereas 50 markers
(around 12%) remained ungrouped. The mean Chi-square of the linkage groups ranged between
0.14 and 1.6. The LA map spans 1627 cM with an average marker density around 3.9 cM (Fig.
1). Out of 414 markers, 90 showed a skewed segregation (21.7 %), of which many clustered on
linkage group LA 7a.

AA population

Linkage groups of ‘Connecticut King’ were constructed for AA population. The AA genetic map
was extended by adding 155 NBS and 244 DArT markers to 301 previously assessed AFLP
markers (183 <nnxnp> and 118 <hkxhk>). For basic mapping step only the markers that
segregated in a 1:1 fashion were used. This step was done to avoid any arbitrary linkage that
might occur due to the <hkxhk> type markers. Then markers order was fixed, and <hkxhk>
markers were added. However, <hkxhk> markers that caused suspect linkage or considerable
tension in the map were excluded. In this cross, many markers remained ungrouped (177
markers, around 25% of total number, 131 of <ImxII> type and 46 of <hkxhk> type). In total, 295
markers (134 AFLP, 70 NBS, and 91 DArT markers) and five traits (LMoV, stem color,
antherless, flower color, and spots) were mapped with a LOD > 4. This map comprises 24
linkage groups (LGs) of 6 or more markers (32 markers grouped in very small LG with 2 till 5
markers). The mean Chi-square of the linkage groups ranged between 0.5 and 2. The AA genetic
maps spans 1517 ¢cM with an average density of a marker each 5 cM. Overall 76 markers out of
300 were skewed (25.5 %) and clustered mainly on LG 1 and 3 (Fig. 1).
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Figure 1. Aligned genetic maps of the LA and AA populations. The * refers to the skewedness of the markers at P-
value ranged between 0.05 and 0.0001. All <hkxhk> markers are followed by a (B) and colored in red. All bold
markers are common markers (Com.DArT-1 till 21, and Com.NBS-1till 8). The mapped traits (LFCc, Ifs, LSC, lal,
Ifd, and LMoV) were encircled. The six putative quantattive trait loci for Fusarium resistance were placed in
rectangles.

Map alignment

Since there is no reference genetic maps with transferable markers in lily that can be used to
compare our linkage groups with, we characterize our linkage groups according to their length,
using those of the LA linkage groups as a reference. The identified common markers were used
to find corresponding linkage groups in AA populations and to name them accordingly, e.g.
linkage groups from the two populations containing the markers Com.DArT-3, Com.DArT-11,
and Com.DArT-14 were named as LAl and AA1 in LA and AA populations, respectively. The
first fifteen linkage groups (1 untill 15) of both populations have common markers and are thus
aligned. The common markers proved to be very useful in aligning separate small linkage groups
of one population to a single larger linkage group of the other population. For instance, five
common markers (Com.DArT-3, Com.DArT-11, Com.DArT-14, Com.DArT-4, and Com.NBS-
2) were mapped on LA1. As they were mapped in two separate AA linkage groups, this indicates
that these two AA linkage groups belong to the same chromosome. Consequently they were
named as AAla and AA1b (Fig. 1). The same applies for AA2a, AA2b, and AA2c assigned to
LA2a and LA2b. As a result, the number of linkage groups was reduced from 22 and 24 to 20 and
21 in the LA and AA populations, respectively.
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Analysis and mapping of phenotypic traits

Flower color in the Asiatic population was scored visually (orange or yellow). Remarkably, the
color of the basal part is different in some genotypes (28 genotypes) from the upper part;
however, a very high correlation was detected (98%) between these two parts. For that, just the
color of the upper part of the flower was scored. The trait segregated 1:1 (Table 1) and was
mapped on the top of AA18, 38 cM from the closed marker (Fig. 1).

Absence/presence of spots in LA population segregated in a 3:1 ratio and in a 1:1 ratio in AA
population (Table 1) which indicates that the presence of spots on lily flowers is controlled by a
recessive gene that we propose to denote as Ifs (Lilium Flower Spot). The two spotless parents
‘Connecticut King’ and ‘White Fox’ are heterozygous whereas ‘Orlito’ is homozygous for the
recessive allele having spots. The /fs locus was mapped on LA12 as a marker very close to two
DATrT markers (1 ¢cM far from 1J3 662 and 15E9 443); however, on AA12 the closest marker
was 25cM far (E37M52T-17). Even though one major gene controls the presence/absence of
spots, the variation in spots number indicates the presence of additional genes with minor effects
controlling spots number. The number of spots varied between 1 and 50 in LA and between 1 and
44 in AA populations and was mapped as a continuous trait using MapQTL. In both populations,
spots number showed a very strong QTL exactly at the same position of the mapped /fs locus
(LG12). In LA population, the QTL (LOD 6.9, threshold of 2.75) explained around 30% of the
phenotypic variation whereas in AA population, the QTL (LOD = 8.4; threshold of 4.6)
explained 33% of the variation. In both populations we could not detect any other QTLs that
might have minor effects on the number of spots. Next, all the individuals that have no spots in
AA population (51 individuals) were excluded and the data from the 46 individuals left were
transformed (10Log). This step was done to identify minor QTLs which might be masked by the
effect of the major QTL on LG12. However, once more only the region of the /fs gene was
identified with a LOD of 4.9 (threshold was 4.4) and it explained 36.5% of the variation in spots
numbers, while the closest marker (E37M52T-17 at 25 ¢cM) did not show any correlation with
spot numbers.

In LA population stem color segregated 3:1 (green 77: 15 dark green, x*= 3.7, P=0.05), while in
AA population the segregation was 1:1 (53 green: 46 dark green, y*= 0.5; Table 1). This result
indicates that the variation in stem color is based on a single gene for which green is dominant.
We propose to denote this gene as LSC (Lilium Stem Color). Both green parents ‘Connecticut
King’ and ‘White Fox’ must be heterozygous. The dark green parent ‘Orlito’ (and ‘Pirate’) is
homozygous recessive. LSC could be mapped as a <hkxhk> marker on LA2b and as <ImxII>
marker on AA2a at 6 to 7 cM from the nearest marker in both maps.

The antherless phenotype (lal, Lilium antherless mutation) in AA population segregated in a 3:1
ratio (77 for the presence of the anther: 20 for the absence of the anther, y>=1.01), which indicates
that it is a single gene based trait. Since both parents have anthers and since their progeny
segregates, both parents should be heterozygous and the locus regulating the lal phenotype

26



Genetic mapping in Lilium

should be recessive. This trait was mapped as a <hkxhk> marker type on AA11 with 11 cM from
the nearest marker (Fig. 1). The same holds true for the gene influencing flower direction /fd
(Lilium Flower direction) in LA population (63 out-faced: 27 up-faced, y°=1.2), a recessive allele
that results in up-faced flowers. This was mapped on LA7a (co-localised with two DATrT
markers).

Table 3: The QTLs of Fusarium resistance as a result of four years of disease test. -, *, ** k¥ dskk sk and
*F*x%* refer to non-significant, significant at P= 0.1, 0.05, 0.01, 0.005, 0.001, and 0.0005 respectively as a result of
Kruskal-Wallis test.

Putative QTL Linkage group Position on linkage group 1992 1993 1994 1999
QTL1 AA8 P31M52-12, P31M48-10 ok Aok ko Hk ek ko o
QTL2 AA9 E41M52A-35, E41IM52A-33 FEEE * ; o
QTL3 AAI2 P31MS55-1 Hkok koK * ok
QTL4 AALS E37M52G-21 *% P %

QTLS AAlb NBS-6h19 - P %

QTL6 AAla NBS-3CK6hl1, P31M52-5 otk P - oK

LMoV resistance was considered as a monogenetic trait since it segregated as 1:1 and mapped as
a marker on AA10. As for Fusarium resistance, six putative QTLs were identified in the Kruskal-
Wallis test. The first four, QTLs mapped on linkage groups AA8, AA9, AAI2, and AA1S
respectively (Fig. 1) were similar to the ones identified by Van Heusden et al. (2002). In addition,
two new putative QTLs (QTL 5 and 6), mapped on AA1b and AAla respectively, were identified
in the current study. Not all QTLs were detected in each of the four years; also they varied in
their significance level (Table 3). For example, in 1993 and 1994 QTLS5 was identified as a
significant QTL while it was not detected in 1992 and 1999. On contrast, QTL2 was absent in
1993 and 1994 and was identified in 1992 and 1999. Nevertheless, QTL1 seems a strong and
reliable QTL, since it was detected in the four years and showed to be the most significant. By
interval mapping followed by rMQM, only QTL1 of AA8 (LOD=6) exceeded the threshold LOD
score (4.3) in 1992 explaining about 25% of the phenotypic variation.

Discussion

Map construction

In current study, we were able to generate for the first time NBS markers and DArT libraries in
lily. This allowed us to construct genetic maps for a species with one of the largest genomes in
the animal and plant kingdoms. NBS markers are well distributed over the linkage groups. Some
clustering is noticed (e.g. see LA3), which is similar to the resistance gene analogues clustering
found in many other species such as apple and rapeseed (Calenge et al., 2005; Tanhuanpis,
2004). DArT markers have been useful for constructing linkage maps in barley (Wenzl et al.,
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2004), cassava (Xia et al., 2005), Arabidopsis (Wittenberg et al., 2005), pigeon pea (Yang et al.
2006), wheat (Akbari et al., 2006; Mantovani et al., 2008), and Sorghum bicolor (Mace et al.,
2008). In lily, this has a much larger genome than any of the previously mentioned crops, DArT
technology also proved to be a highly efficient method for map construction. Redundancy of the
DArT markers was recorded in LA population which was also found in Arabidopsis (Wittenberg
et al., 2005). This can be explained by repeated representation of the same PstI-Ps¢l fragment on
the array (e.g. 7A18 354, 13K8 453, and Com.DArT-10 on LA9), which may be caused by
sampling high numbers of clones from a relatively limited pool due to a bias in cloning efficiency
and unequal amplification efficiency of DNA fragments. Likewise, clustering of markers due the
presence of repeat regions with Pstl sites can also lead to redundancy. Advantages of DArT
marker are that many markers can be produced in a single effort at low cost, scoring is
automated, and the markers are highly reliable and transferable. Moreover, it allows to
concentrate on gene rich regions of the genome (by using a methylation sensitive restriction
enzyme like Pstl), a characteristic which is of high advantage for genomes in which a high
percentage of the genome is repetitive, like in Lilium. Similar to AFLP and NBS markers, DArT
markers also do not require prior sequence information. However DArT marker technology does
require serious initial investment in array development and it is technically more demanding in
application and in laboratory equipment, due to which outsourcing may be more frequently
needed. The various marker systems (AFLP, NBS, and DArT) proved equally efficient in the
proportion of initial markers that could be mapped. However, the DArT system outcompeted the
other systems in ease of data generation and reliability of scores, the others requiring manual
scoring which on itself was time demanding and also showed to be prone to scoring and
administrative errors.

One additional essential advantage of DATT is the ease of marker conversion into a single locus
marker for downstream MAB applications. The first step of converting any marker of interest
(i.e. linked to important trait) is often to reproduce this marker. This can be challenging in
molecular marker systems such as AFLP and NBS profiling due to possible co-migrating bands,
and be even more difficult in RAPD markers that are only reproducible under very strictly
controlled conditions within one and the same laboratory (Jones et al., 1997). As DArT markers
are based on cloned fragments, the sequencing of these markers can be performed directly
without the need to reproduce a specific fragment. Furthermore, the larger length of DArT
fragments (average in our study 1 kb), compared to AFLP and NBS bands, enhances the chance
to find polymorphisms. Moreover the hybridization step is helpful in selection against highly
repetitive sequences, which supports ease of conversion as well as applicability of the resulting
markers. Indeed, thus far highly repetitive sequences hampered with conversion of AFLP and
NBS bands into single locus markers from lily so far (data not shown).

For mapping, only 1:1 markers were used in LA population, while both 1:1 and 3:1 marker types
were used in AA population. The latter was because in AA backcross population more than half
of the loci will segregate as <hkxhk>. If <hkxhk> markers would be discarded a large part of the
‘Connecticut King’ genome would remain uncovered (Fig. 1).
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A considerable number of AFLP, NBS, and DArT markers used in this study deviated (P<0.05,
Chi-square test) from the 1:1 and 3:1 ratio expected in these two interspecific populations (21.7%
and 25.5% in LA and AA populations, respectively). A similar ratio (24-29%) of distorted
markers has been identified by (Abe et al., 2002). Distorted marker segregation is a common
feature in most interspecific crosses as has been reported in crops such as, maize (Sibov et al.,
2003), barley (Konishi et al., 1992), sugar beet (Pillen et al., 1993), and coffee (Ky et al. 2000).
Some of the distorted markers are clustered in linkage groups (e.g. on AA3) which might be due
to the presence of segregation distortion loci (SDLs) on these particular linkage group. Different
reasons can lead to this phenomenon in interspecific lily hybrids such as: the presence of lethal
genes, parental reproductive differences, and chromosomal rearrangement (Blanco et al., 1998;
Fauré et al., 1993; Foolad et al., 1995). The selective effect of SDLs determines the direction of
skewed markers and extent of skewedness. The closer the linkage between markers and SDLs,
the larger the Chi-square value (Xian-Liang et al., 2006). Such pattern can be seen in a number of
instances in the present study. On the other hand, a number of isolated markers distributed over
different linkage groups show a deviation in their segregation pattern (LA2a and AAZ2a).
Segregation distortion at single isolated marker locus can be related to errors in marker
genotyping or a point mutation at the binding site for the DNA marker (Sibov et al., 2003; Smith
etal., 1997).

The number of linkage groups in the two populations exceeded the haploid chromosome number
(x=12). This is similar to previous studies in lily in which 24 and 26 linkage groups were
constructed (Abe et al., 2002). In some other crops, also, the number of linkage groups exceeded
chromosome counts such as Catharanthus roseus (2n= 2x=16) with 14 linkage groups (Gupta et
al., 2007). Lily has a very large genome compared with other plant genomes, moreover, lily has
an exceptional high chiasmata frequency of 54.8 per cell (Stack et al., 1989) compared with other
plant species such as 19 in onion (Albini and Jones, 1990) and 28 in Zea mays (Gillies, 1983).
This phenomenon has also been recorded in chicken (x=39) where around 59—-64 chiasmata per
cell were found (Rodionov et al., 2002) and the mapping efforts resulted in 50 linkage groups
(Groenen et al., 2000). This might be explained by hot spots on some chromosomes that result in
the division of such a chromosome in several linkage groups. For lily, chromosome nine shows a
high recombination frequency (Khan et al., 2009) which might indicates the precence of a
recombination hotspot. The high chiasmata frequency, moreover, might also result in large
linkage groups. As consequence, several of the small linkage groups (less than 100 cM) are
expected to belong together.

The expected length of a genetic map can be calculated using the hypothesis that one chiasma
correspond to 50 cM (Rodionov et al., 2002). An average of 54.8 chiasmata was determined per
complete set of diplotene bivalents in L. longiflorum (Stack et al., 1989) which approximates to a
calculated total genome length of 2740 cM. Therefore, the genetic map of LA population (1627
cM) covers around 60% of lily genome compared with 55% (1517 ¢cM) for AA population. This
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suggests that more markers are needed to reach a high density genetic map that covers the whole
lily genome.

With long chromosomes, under-representation of markers in particular chromosomal segments
may easily occur. This might be particularly true for LA population, where the use of methylation
sensitive Pstl restriction endonuclease for genome complexity reduction in DArT marker
production, will likely lead to under-representation of markers in methylated parts of the genome.
NBS profiling was also applied in this population, however, due to some technical problem with
DNA quality, relatively few markers (34) were produced that are unlikely to cover the methylated
part of the genome in a substantial way. For that, maybe producing DArT markers using non-
methylation sensitive restriction enzyme which tags the whole genome can help in better
coverage of the genome, although this may need the use of a third restriction enzyme to
accomplish the genome complexity reduction needed. In AA population, where also EcoRl/Msel
AFLP markers have been used (along with Psfl/Msel), better coverage can be expected. The
regions of low marker density (gaps) leading to splits into different LGs may here be associated
with either genomic regions that are identical by descent, genomic regions that have very limited
genetic variability in the initial diversity representation, or similarly has hot spots with a high
recombination frequency.

Common markers between the two crosses were helpful in aligning and linking linkage groups to
each other. Thus the number of linkage groups reduced from 22 and 24 to 20 and 21 in LA and
AA populations, respectively. Unfortunately, the number of common markers was insufficient to
construct a consensus map of 'Connecticut King' from these two populations.

Traits mapping

Very few studies describe the mapping of genes that control economic important traits in
ornamental plants, such as leaf size, flowering time, and flower size. These studies are maily in
roses (Dugo et al., 2005), and petunia (Galliot et al., 2006). In this study, we mapped and
identified markers associated with genes that control several morphological traits in Lilium:
flower color, flower spots, stem color, antherless phenotype, and flower direction in Lilium, as
well as resistance to Lily mottle virus and Fusarium.

Flower-anthocyanin and tepal-carotenoid pigmentation traits were each found to be controlled by
a major QTL in apple, rose, and Rhododendron (Cheng et al., 1996; Debener and Mattiesch,
1999; Dunemann et al., 1999). Similar results were obtained in lily where each of both traits was
found to be controlled by a major QTL that were mapped on the genetic map of cv. ‘Montreux’
(Abe et al., 2002; Nakano et al., 2005). The pink color of cv. ‘Montreux’ is related to high levels
of anthocyanin and very low levels of carotenoid. Therefore, the two QTL’s identified in
‘Montreux’ were proposed to be for anthocyanin pigmentation and for suppression of carotenoid
(Abe et al., 2002; Nakano et al., 2005). However, both the yellow and orange colors of Asiatic
cultivars are related to carotenoid pigments, which is highly expressed in ‘Connecticut King’
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(Yamagishi et al., 2010) whereas a little or no anthocyanin pigment was detected in this cultivar
(Abe et al. 2002). As a consequence, the LFCc (Lilium Flower color carotene) locus that was
mapped on AA18 and explains the variation in flower color in our population between yellow
and orange, might be a carotenoid gene or a transcription factor that regulate the expression of
carotenoid pigment in this population (Koes et al., 2005). The flower color locus mapped at the
top of AA18, 38 cM from the nearest marker. Mapping at the extremes of a LG at considerable
distance of the most distant marker can indicate mistakes in phenotype scoring but this was not
likely here because the flower color was checked back and it is an easily scorable trait. Thus the
large distance to the nearest marker meight be due to a local under-representation of markers or
to a presence of a hot spot in this region both of which would give the same result.

A single locus was identified in both populations (LG12) that represents the spotless allele in
‘Connecticut King’. Abe et al. (2002) identified two QTLs when mapping the number of spots as
a continuous trait. The continuous distribution of flower spots indicates that several genes
regulate this trait. However, since the presence of spots in this study segregated as 1:1, it means
that there is a single major gene that controls the formation of spots whereas the number of spots
may be controlled by other genes with a minor effect. In this study, only one single locus was
identified for both the presence/absence of spots and for the variation in spot number. This might
due to a single gene controlling both traits, or due to the involvement of two or more closely
linked genes. However, the possibility also remains that other genes are involved which may be
located on regions not yet covered by markers.

Stem color was mapped as a marker at the top of LA2b and AA2a in both populations. However,
comparing both populations for the order of the common markers and the trait shows an
inconsistency in the location of this trait. In the AA2a, stem color is linked to Com.DArT-16,
while in LA2b the same common marker is not clearly associated with this trait. This
inconsistency may be due to the high involvement of <hkxhk> type markers in AA population
and the <hkxhk> type segregation of the trait in LA population. As for this segregation type only
25% of the data are informative from a genetic point of view, marker positions are not very
accurate.

Interestingly, we were able to map the antherless phenotype. It was reported that Asiatic lily
hybrids can have the antherless mutation which leads to antherless stamen. Several factors have
been found to regulate the expression and reversal of the antherless phenotype such as high
temperature in lily (32°C/25°C day/night) (Sato and Miyoshi, 2007), and gibberellins in tomato
(Phatak et al., 1966) which may indicate an epigenetic mutation. Since all individuals received
exactly the same treatments in all stages in our study, the mapped trait (AA11) here is related to a
mutated gene which is responsible for anther formation in lily. A similar mutation (afo-1) was
found in Arabidopsis by insertion screening of a Ds transposable element (Kumaran et al., 1999).
A significant correlation (= 0.39) was identified between antherless phenotype and flower spots
formation in lily by (Straathof et al., 1996). Most antherless individuals in our study do not have
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spots (in few cases one or two spots are present). However, in AA map the two single gene based
traits (antherless and flower spots) were mapped on different linkage groups (AA11l and AA12)
suggesting an independent segregation from each other. This might be due to the fact that our
maps are not completely saturated. The correlation between the two traits is not very strong (+*=
0.39), which might means that they are not localized close to each other on the chromosome. If
this chromosome is represented by two LGs due to a lack of markers that can bridge between
them, then AA11 and AA12 might be representing different regions of the same chromosome.

Flower direction is an economically important trait in the Longiflorum group, since the common
out or down-facing phenotype leads to flower damage and quality losses in packaging and higher
transport costs. The flowers in LA population show a range of angles varying between up-facing
till out-facing. Grouping this trait into two groups (up and out-face) helped in mapping it on
LA7a. However more accurate measurement of this trait is needed to figure out the continuous
segregation of this trait.

For breeding, the availability of markers for recessive ornamental traits such as spots, antherless,
flower direction is very useful. Such markers allow the identification of suitable breeding parents
so that expression of the recessive trait can be either enhanced or repressed.

Disease resistance (re-)mapping in the AA map slightly changed the results of the mapping
presented by Van Heusden et al. (2002). For the LMoV a few NBS and DArT markers were
added to the linkage group. For the Fusarium resistance, apart from additional NBS and/or DArT
markers and slight changes in marker order in the four previously identified QTL regions, two
additional putative QTLs were identified. Interestingly, significant association was found
between resistance and some of the common markers. For example: Com.DArT-10 that mapped
on AA9 is significantly associated with the resistance QTL2 whereas in LA map the marker is
closely linked to two other DArT markers (7A18 354 and 13K8 453). This may help us to
identify the position of QTLs related to Fusarium resistance in LA population even before actual
mapping of this trait there. Unfortunately, only QTL1 that explained a considerable proportion of
the phenotypic variation was confirmed by interval mapping test in one year (1992). Also with
the Kruskall-Wallis approach, not all the putative QTLs were significantly linked to resistance in
the four years. Thus, it is an essential need to run disease test in a number of consecutive years,
and to control all the possible variations that might play a role in the quality of the test to obtain
accurate QTL mapping results.
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Abstract

SNP (Single Nucleotide Polymorphism) markers are rapidly becoming the markers of choice for
applications in breeding because of next generation sequencing (NGS) technology developments.
For SNP development by NGS technologies, correct assembly of the huge amounts of sequence
data generated is essential. Little is known about assembler's performance, especially when
dealing with highly heterogeneous species that show a high genome complexity and what the
possible consequences are of differences in assemblies on SNP retrieval. This study tested two
assemblers (CAP3 and CLC) on 454 data from four lily genotypes and compared results with
respect to SNP retrieval. CAP3 assembly resulted in higher numbers of contigs, lower numbers of
reads per contig, and shorter average read lengths compared to CLC. Blast comparisons showed
that CAP3 contigs were highly redundant. Contrastingly, CLC in rare cases combined paralogs in
one contig. Redundant and chimeric contigs may lead to erroneous SNPs. Filtering for
redundancy can be done by blasting selected SNP markers to the contigs and discarding all the
SNP markers that show more than one blast hit. Results on chimeric contigs showed that only
four out of 2,421 SNP markers were selected from chimeric contigs. In practice, CLC performs
better in assembling highly heterogeneous genome sequences compared to CAP3, and
consequently SNP retrieval is more efficient. Additionally a simple flow scheme is suggested for
SNP marker retrieval that can be valid for all non-model species.

Introduction

In last few years, the development of next-generation sequencing technologies that have the
capacity to generate millions of short reads in a single run, has led to a revolution in sequencing
applications. The NGS technologies not only boosted re-sequencing and allele mining studies in
model species, but are also very useful for the development of SNP markers in species with no or
hardly any genetic resources.

SNP development using NGS technologies essentially has become cheaper and faster but also
generated requirements like the need for genome complexity reduction, assembly of sequences,
and SNP identification in high throughput. The latter two steps are still considered challenging.
Currently many different assemblers are available, but few studies discussed the performance of
different assemblers in relation to assembly quality and the influence of genome complexity and
heterogeneity on the quality of the assembly. Assembly quality is generally assessed by: the
lengths of the contigs (mean, minimum and maximum lengths, or N50 according to the
assembler), and the accuracy or correctness of the assembly (how well the contigs can be mapped
to the reference genome) (Paszkiewicz and Studholme, 2010). Two different assemblers
(Newbler and MIRA) were compared on an insect sequence dataset using public Sanger EST data
and 454 transcriptome data (Papanicolaou et al., 2009). Another study compared six assemblers
(CAP3, MIRA, Newbler 2.3, Newbler 2.5, SeqMan, and CLC) in reference to the number and
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length of contigs, speed of assembly and assembly redundancy in de novo assembly of a
nematode (Kumar and Blaxter, 2010). The quality of the contigs was checked by aligning the
contigs to four reference sequence sets (ESTs, proteome, gene families, and protein data from
databases). Similarly, the performance of six aligners (BLAT, SSAHA2, Bowtie, SeqMap, MAQ,
and CLC) were compared using in silico generated transcripts from four model organisms
(human, Arabidopsis, Drosophila and yeast) that were mapped to the transcriptome or the
complete genome from sequence databases (Palmieri and Schlétterer, 2009). Results showed that
with increasing sequence read length mapping was more accurate, while with increasing genome
heterozygosity more reads were incorrectly mapped. Recently, a comparison in which eight short
reads assemblers were evaluated against two types of simulated short reads datasets (allowing 0.1
% error rate) derived from four different genomes (nematode, yeast, bacteria, and virus), was
published (Zhang et al., 2011). The assemblers’ performance information about computational
time, memory cost, assembly accuracy and completeness and size distribution of assembled
contigs where studied (by mapping to reference genomes) (Zhang et al., 2011). All these studies
used relatively small sized genomes, and often inbred organisms and studied assembly accuracy
in general parameters and by mapping to reference genomes or Sanger sequencing data (Kumar
and Blaxter, 2010; Palmieri and Schlétterer, 2009; Papanicolaou et al., 2009; Zhang et al., 2011).
Additionally these studies showed that there is currently no commonly accepted and standardized
method for performance evaluation of assemblers, none of these studies checked the assembly
quality concerning SNP markers retrieval, and no clear guidance for assembler selection was
defined. Because we are involved in ornamental breeding where, in general, crops are outcrossing
and highly heterogeneous without reference sequences, our goal was to study the effects of two
different assemblers on assembly performance and SNP retrieval in heterogeneous outcrossing
species by using our model crop lily as an example. Running such a study, conformation of
assembly quality by mapping to a reference genome would be optimal. However, species with
reference genomes do not represent the same level of heterogeneity and genome complexity as is
found in most outbreeding non-model species. In our study, we analyzed a highly divergent
sequence dataset of the non-model species lily that allows us to investigate a real case study and
develop a flow scheme that can be followed in SNP marker development studies for similar non
model species.

When working with Lilium, which has an assumed high level of diversity, a large genome size of
36 Gb with an accompanying high genome complexity and a lack of genetic resources, assembly
is an important step in SNP retrieval. Since clear criteria on choosing an assembler are lacking, in
our study we focused on two widely used assemblers (CAP3 and CLC) which represent the two
different approaches which are used in assemblers. CAP3 is selected since it uses the overlap
algorithm for assembly and was successfully used to assemble EST genebank data in
heterozygous species such as Zea mays (Emrich et al., 2004) and potato (Anithakumari et al.,
2010; Tang et al., 2006). Recently it was used to assemble apricot (Prunus armeniaca L.), castor
bean, mulberry (Morus sp.), Pigeonpea (Cajanus cajan L.), rice and grape (Dubey et al., 2011;
Franssen et al., 2011; Gulyani and Khurana, 2011; Rivarola et al., 2011; Sakai et al., 2011; Tillett
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et al., 2011; Vera Ruiz et al., 2011). Furthermore, CAP3 is implemented in the QualitySNP
pipeline (Tang et al., 2006) which is a pipeline to identify SNPs and was used in SNP mining
studies (Anithakumari et al., 2010; Singhal et al., 2011). CLC assembler is selected since it uses
the de Bruijn algorithm, it was used in several comparison studies and showed to produce a good
quality assembly (Kumar and Blaxter, 2010; Palmieri and Schlétterer, 2009). It is a user friendly
assembler since it is not a command line programming software and it has a complete package
(cleaning, trimming, clonality removal, SNP and InDels counting, and assembly, in addition to a
very advanced visualization technique of the assemblies) which make it a very appealing
software to be used. Moreover, CLC assembler supports both short read and long read assembly,
and also supports de novo assembly of paired end data. Moreover, CLC was used because it was
indicated to perform better in mapping of artificial datasets with increased heterogeneity
(Palmieri and Schlotterer, 2009). Additionally, recent papers on the performance of assemblers
used both assemblers (Brautigam et al., 2011; Kumar and Blaxter, 2010), which indicates the
importance and usability of both assemblers.

In this study CAP3 and CLC were used for de novo assembly of 454-transcriptome reads derived
from Lilium. The goals of this study were: 1) comparing the performance of CAP3 and CLC by
running de novo assembly, 2) show the influence of the assembler on the reliable detection of
alleles and SNPs, and 3) suggesting a simple flow scheme to generate reliable SNP markers out
of such heterozygous species.

Materials and Methods

Plant materials

Four lily genotypes that represent the four main hybrid groups of the genus Lilium were used for
sequencing: cv. ‘Star Gazer’ (Oriental), breeding line ‘Trumpet 061099’ (Trumpet), cv. ‘White
Fox’ (Longiflorum), and cv. ‘Connecticut King’ (Asiatic). Young leaves (500 mg) were collected
and kept at -80°C upon RNA isolation.

RNA isolation and cDNA library preparation

Using the Trizol protocol (Invitrogen. Carlsbad, CA, USA), the RNA of the four genotypes was
isolated and subsequently purified using the RNeasy MinElute kit (Qiagen, Hilden, Germany).
RNA library processing i.e. cDNA synthesis, normalization of the cDNA and adaptor ligation for
GS FLX Titanium sequencing, was performed by Vertis Biotechnologie AG (Freising,
Germany). In short, 45 ug of total RNA of each of the four samples was treated with DNase and
then primed with 6 nucleotide random primers for first strand cDNA synthesis. Next, 454
adapters A and B with a unique 6 nucleotides barcode for each cultivar were ligated to the 5' and
3" ends of the cDNAs. These cDNAs were subjected to two steps of PCR: one before the
normalization step (around 18 cycles) and one after it (around 8 cycles) using a proof reading
enzyme. Normalization was carried out by one cycle of denaturation and re-association of the
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cDNAs and subsequent column purification. For Titanium sequencing the cDNAs in the size
range of 500 — 600 bp were eluted from preparative agarose gels.

454 sequencing procedures

The four cDNA libraries were mixed in equal concentrations and sequenced on a Life Sciences
GS-FLX Titanium according to standard procedures (454 Life Sciences) at Wageningen UR
Greenomics (Wageningen, the Netherlands). Raw sequence data are available at ENA-SRA
(European Nucleotide Archive-Sequence Read Archive) with the accession number ERP001106.

Assembly

Raw unprocessed sequences were cleaned before assembly using both the reads and the
accompanying sequence quality information (SFF files). Trimming was done by removing: 5' and
3' adapters sequences, low quality bases (limit 0.05), ambiguous nucleotides (maximum 2
nucleotides allowed), terminal nucleotides (one nucleotide from the 5’ end and 15 nucleotides
from the 3’ end), and removal of all reads that have less than 100 and more than 800 nucleotides.

Next, all the duplicated reads, i.e. reads that have the same first 6 nucleotides and exactly the
same sequence (>98% similarity), were excluded (clonality) using CD-HIT (Li and Godzik,
2006). After trimming and removing clonality, all the reads were submitted to the standard CAP3
(Huang and Madan, 1999) using the default parameters (threshold identity cutoff 95% over 100
bp) and CLC Genomics Workbench software (CLC bio, Denmark, http://www.clcbio.com/). The
de novo assembly using CLC was done using the following parameters: conflict resolution (vote),
similarity 95% 100 bp over read length and alignment mode (global, do not allow InDels).
Through this study few terms will be used frequently such as:

e Assembler’s performance: refer to the number of contigs with average contig’s length, the
number of singletons and assembly redundancy.

e Assembly redundancy: when the assembler tend to separate sequence related to the same
locus over different contigs.

SNP detection

All the contigs resulting from CAP3 and CLC were submitted to an updated version of
QualitySNP (Tang et al., 2006) to detect reliable single nucleotide variants within each genotype
(between the alleles in one genotype, intra SNPs) and between the four genotypes (between the
alleles of the four genotypes, inter SNP). SNPs were chosen using the QualitySNP program based
on the following criteria: high quality sequence, not within or adjacent to a homopolymeric tract,
at least 2 reads of each allele, 50 bp of flanking sequence on each side free of other SNPs and
InDels (criteria needed by Illumina Golden Gate platform for SNPs genotyping). Any SNP fitting
these criteria is considered and referred to as ‘reliable SNP marker’, reliable SNP markers are
referred as ‘high quality’ if they are uniquely present in the genome. For the latter, the SNP with
50bp sequence on either side is compared against all contigs of the same assembler using
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BLASTN with Expectation value 1E -20. Only SNPs mapped uniquely to the contig from which
they were selected (i.e. high quality SNPs) will be retained for marker analysis.

Results and Discussion

1. Pre-processing step:

In this study, we generated a large number of genes from the genus Lilium. In total, 1,282,735
reads with an average length of 340 bp were derived using 454 pyro-sequencing. The lowest
number of reads was obtained from ‘Connecticut King’ (139,480) reads and the highest from the
Trumpet genotype (442,476 reads). From ‘White Fox’ and ‘Star Gazer’ 326,539 and 374,240
reads were obtained respectively. This difference in the number of reads might be related to the
quality of RNA that was used for each genotype and variations in the initial amount of cDNA that
was used of each sample for sequencing.

Cleaning the data showed that 85,719 reads (6.7%) were discarded either because of poor quality,
being too short (less than 100 bp), being too long (over 800 bp), or missing the barcode sequence.
Around 1,191,938 reads with an average length of 283 bp (after trimming) were kept for further
analysis.

Next, all the duplicated reads were removed. The presence of duplicated reads affects the
reliability of a SNP call. In sequence data analyses for SNP retrieval, reads are assumed to be
from independently derived DNA fragments. Any polymorphism event present independently
twice, will be considered as reliable whereas polymorphisms found independently only once
could also be due to possible mistakes in cDNA synthesis and PCR steps. Duplicated reads with
PCR mistakes still present in sequencing data could result in the selection of these mistakes as
SNP and therefore should be avoided. The number of initial transcripts and the effects of
differential amplification in the preparation of the sequencing libraries determine the final library
output quality (goal is the presence of a variety of transcripts as wide as possible), and thereby
affects the percentage of duplicated reads. The more diverse a library is the less duplicated reads.
All the clonal reads were excluded (412,826 reads, 35%) and only the longest of the clonal reads
were retained leaving a total of 779,112 reads (220,716,355 bp) for the assembly step. Similar
results on clonal reads were detected in previous studies in which 11% to 35% of the sequences
were reported as potential artificial replicates (e.g. (Gomez-Alvarez et al., 2009)). Gomez-
Alvarez et al (2009) suggested that this phenomenon could be explained by the binding of
amplified DNA fragments generated in the emulsion PCR step of the 454 pyro-sequencing to
empty beads. However, clonality of reads is not limited to a specific mechanism since it was
recorded in GS20, GS-FLX and GS-FLX Titanium systems (Gomez-Alvarez et al., 2009) as well
as in Illumina’s Solexa (Kozarewa et al., 2009) which indicates the possibility of another
explanation. The relative high clonality found with different sequencing technologies could be
related to the cDNA library preparation in which often PCR steps are used to generate sufficient
quantities of cDNA for sequencing (Kozarewa et al., 2009). In particular, the second PCR after
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the normalization step (using the primers adapters of the A and B adapters) may increase the
number of duplicated reads. In our case, we could detect duplicated reads since no shearing of
fragments was applied but instead fragments were generated by using randomized primers for
cDNA synthesis, adapter primers were used in the first PCR step and size selection was obtained
by gel electrophoresis. The same way of cDNA synthesis and normalization was also applied in
other studies (Parchman et al., 2010; Wall et al., 2009). However, none of these checked for
duplicated reads. Library construction and normalization protocols minimizing PCR steps and
preventing the occurrence of duplicate reads would be preferable (Kozarewa et al., 2009).
Nevertheless, data should always be checked for duplicated reads in order to remove them.

2. Assembly and SNPs detection:

CAP3 assembly

CAP3 uses an overlap-layout consensus algorithm for cluster construction and as such is suitable
for SNP mining (Tang et al., 2008), although it is a relatively slow assembler. EST data were
clustered by CAP3 with a stringency level of 95% similarity per 100 bp. The CAP3 alignment
resulted in 576,882 reads that were assembled in 72,540 contigs (38.4 Mb) with an average of 8
reads per contig (Table 1). Around 26% (202,230) of the reads were singletons. The average
length of the contigs was 530 bp, 274 contigs (0.38%) were less than 200 bp in length. Around
2.5% (1780) of the contigs were longer than 1 Kb, 4 contigs were longer than 2 Kb of which the
longest contig was 2,800 bp (Fig. 1). A total of 10,461 reliable SNP markers were identified by
QualitySNP (Tang et al., 2006).

Table 1: Comparison between CAP3 and CLC assembly results

CAP3 CLC
No. Contigs 72,540 55,433
Average contig length 530 bp 555 bp
Assembled 576, 882 646,424
No. Singletons 202,230 132,688
Average reads/contig 8 11.66
No. SNP markers 10,461 2,421

CLC assembly
CLC uses the de Bruijn algorithm which is used in several assembler software packages such as

Velvet (Zerbino and Birney, 2008), Oases [http://www.ebi.ac.uk/~zerbino/oases/](Oases),
ABySS  [http://www.bcgsc.ca/platform/bioinfo/software/abyss](ABySS), and SOAPdenovo
[http://soap.genomics.org.cn/soapdenovo.html]. Similar to CAP3, a cutoff threshold of 95% was
used which resulted in the assembly of 646,424 reads in 55,433 contigs (30.8 Mb) with an
average of 12 reads per contig (Table 1). Around 17% (132,688) of the reads were left out as
singletons. The average length of the contigs was 555 bp, 177 contigs (0.32%) were less than 200
bp in length. Around 8.5% (4709) of the contigs were longer than 1Kb, 485 contigs exceeded 2
Kb of which the longest contig was 9,420 bp (Fig. 1). A total of 2,421 SNP markers were
identified by QualitySNP as reliable markers.

39



Chapter 3

35%
o CLC % %

30%

mCAP3 % 25
25%
20 -
20%

15%

10%
= 1, 5 1
0% |em ’-I’-i’_hﬂ-rl_n_ mmmmmm M . . . [ |

N S o &£ @ @5’ @@ qp& one 2hits 3hits 4 hits 5hits 6hits 7 hits 8hits 9hits 10 >10

percentage of hits (%)

R \:@s” c]@?’ & & F hit hits ~ hits
Figure 1: The distribution percentage of CLC and Figure2: CAP3-contigs blast vs. CLC contigs. This
CAP3 contigs length (bps). The distribution graph present the number of hits resulted by blasting
percentage of contig lengths assembled by CLC and the CAP3 contigs vs. CLC contigs. Around 25 % of
CAP3 assemblers. the CAP3 contigs had one hit and all the rest (75%)

have more than one blasting hit with CLC contigs.

A reasonable percentage of Lilium transcriptome was covered as could be estimated from the
transcriptome size of the monocot model species rice, which has 41,000 genes with average gene
length of 2,000 bp (Sterck et al., 2007). Assuming that lily has a comparable transcriptome size,
the CAP3 contigs cover around 47% of the Lilium transcriptome while the CLC contigs cover
38%, regardless of the singletons that could be added to the total coverage.

Notable differences between the assemblers’ performance were recorded. Similarly, differences
in assemblers’ performance were also found in another study (Feldmeyer et al., 2011). The
performance of different assemblers (Velvet, Oases, and SeqMan NGen) were compared on a
non-model species (snail) and showed that the assembly is strongly depend upon the assembler
(Feldmeyer et al., 2011). In this study, CLC assembled more reads compared to CAP3 and also
generated longer contigs with a higher average read coverage. However, CAP3 contigs generated
more SNP markers and appeared to have a higher coverage in total sequence length. Both
assemblers in addition to several other aligners were compared considering the number and mean
length of the contigs, the assembled reads, and the assembly redundancy (Kumar and Blaxter,
2010). In contrast to our results, CAP3 and CLC performed comparable in their study. To our
knowledge, there are no studies published in which the assembler’s performance has been
evaluated with respect to SNP retrieval. SNP markers will segregate nicely in mapping studies if
the SNP is true (reliable) and if the marker is unique throughout the genome (high quality). The
first step to generate reliable and high quality SNP markers is building contig in which alleles are
joined and paralogs are preferably separated.

To choose the best assembler with respect to the identification of high quality reliable SNP
markers for genetic mapping, we performed several tests to compare the performance of the
assemblers.
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3. Comparison between the CAP3 and CLC assemblies:
Assembly redundancy:

Redundancy is a main parameter in which the quality of assemblies can be evaluated.
Redundancy occurs when different contigs are likely to originate from the same locus as defined
by the degree of similarity (Papanicolaou et al., 2009). This is related to high numbers of
differing bases which may be due to alternative splicing, multiple SNPs, InDels, and mismatches
and misalignments due to homo-polymer tracts all of which show high frequencies in an
outbreeding and highly heterozygote species such as in our case. The best assembler will
assemble the largest number of unique sequences regardless of the number of contigs. A high
redundancy of contigs is an indicator of poor assembly (Kumar and Blaxter, 2010). A pair wise
comparison was performed by blasting the contigs of CAP3 vs. CLC-contigs with a threshold of
E-20. This comparison will help verify if the differences in contigs size between the two
assemblies were related to novel sequences or to the presence of repetitive and redundant contigs
(Kumar and Blaxter, 2010). Results showed that only 25% of the CLC-contigs have a unique
blast hit to a single CAP3 contig (Fig. 2). Similarity values of all hits exceeded E-45 except for a
few cases where it ranged between E-20 and E-35 with identities above 90%.

A)

nl|BL_ORD ID20860

Figure3: Configuration of two examples of basting CAP3 contigs vs. CLC contigs. A) In this example one contig of
CAP3 assembled with one of contig CLC, B) seven contigs of CAP3 grouped in one contig of CLC.

Visual inspection of the blast hits showed that in some cases both assemblers have mapped the
same reads and constructed identical contigs (see Fig. 3A). However, in most cases several
CAP3-contigs mapped to one CLC-contig (Fig. 3b) which indicates a high level of redundancy in
CAP3 contigs. Blast results from blasting all CAP3 contigs among themselves confirm this
(results not shown). These results indicated a significant difference in assembly performance
between the two assemblers. This might be explained by the fact that the two assemblers use
different approaches. The CAP3 uses OLC (Overlap-Layout-Consensus) in assembling the data
(which is also used in MIRA, Newbler, and SeqMan), while CLC uses De Bruijn graph path
finding (which also are used by Oases, Velvet, and ABySS). The OLC compares the overlap of
whole reads at once while De Bruijn compares small stretches of base pairs (k-mers, 21 in our
case) and combines all similar reads in one contig. This difference in algorithms may have made
CLC more able to assemble reads with a high level of heterozygosity compared to CAP3 which
showed to be highly discriminating. These differences between the performances of the two
assemblers were not recorded in a previous study (Kumar and Blaxter, 2010). A possible
explanation could be in differences in the level of heterozygosity present in the cDNA sequences
between the studies. Kumar and Blaxter (2010) used the cDNA of a model filarial nematode that
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has low levels of heterozygosity (Mark Blaxter, pers. comm.), while lily is an outcrossing species
with a very heterogeneous breeding pool that has high level of polymorphisms (SNPs, InDels)
and combined with mistakes introduced by 454 pyro-sequencing (especially in homopolymer
tracts) makes the sequence reads highly heterogeneous. The level of heterozygosity within lily
cultivars is around one SNP per 50 bp (calculated based on a random set the cDNA sequences),
and among the four cultivars around one SNP per 26 bp. The more polymorphisms present in
sequence reads, the more divergence can be detected in the performance of assemblers the effect
of genome complexity on mapping was highlighted by Palmieri and Schlotterer (2009). This
study showed that complex genomes, containing many gene families and paralogs are more
difficult to be mapped to a reference genome compared to a compact genome. It was also
recorded that SeqMan (OLC strategy) was not able to map reads (100 bp) that contain 9%
computer generated variation due to the high divergence of the reads whereas this was feasible
with CLC (Palmieri and Schlétterer, 2009). The differences in abilities to deal with genome
complexity and heterogeneity among sequences of the assemblers indicate the importance of
assembler choice.

Contigs blast to public sequence data base ESTs:

In majority of studies using NGS technologies, available data of the sequence database was used
to support the assembly step since these sequences are relatively long compared to NSG
sequences and more reliable since they resulted from Sanger sequencing which is still considered
the gold standard in terms of sequence reliability. For lily, the number of available EST data in
the sequence database is limited with 3,329 ESTs, clustering (using the default parameters of

CLC) into 381 Unigenes. These Unigenes were used to compare the performance of the two
assemblers by aligning the contig consensus sequences of each assembler with the 381 Unigenes
and analyzing the results. The CAP3-contigs showed a total of 251 hits, 86% of them were
redundant (more than one BLAST-hit) compared to CLC that showed 260 hits of which 64%
showed redundancy (Fig. 4). Although these results seem comparable, there also seem to be
differences here since for CLC the contigs mainly assembled adjacent to each other (Fig. 5)
rather than to the same sequence stretch as was often found for CAP3-contigs. This means that
several short but unique contigs of the CLC and CAP3 assembly are positioned within the EST
sequence. Thus, the use of EST data from the databases to assess the performance of the two
assemblers is not informative if not the two former cases (overlap or adjacent alignment) can be
well defined and distinguished.
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Figure 5: Configuration of blasting CLC-contigs vs. EST-NCBI. A partial matching of CLC contigs vs. EST-NCBI
sequence.

Blasting generated SNPs vs. the contigs:

Blast results from QualitySNP selected SNPs (with 50 bp flanking sequence on each side) vs. the
contigs from the assembly they originated, provided an additional criterion for SNP markers
selection. Many species have undergone genome duplications during their evolution. Assuming
paralogs are assembled in different contigs it is still possible that SNP markers selected from one
of these contigs will also be present in a paralogous gene assembled in another contig. Thus, is
vital to check that SNP markers only map back to the contig from which they were selected. This
paralog detection is important in any study aiming to generate SNP markers for which other
genetic resources are missing. Selected SNP marker sequences (101bp) of each assembler were
blasted against all contigs using a threshold of E-20.

The CAP3-SNP blasting showed that only 22% of the generated ‘SNP markers’ (defined here as
the SNP and 50 bp flanking sequence on each side) uniquely mapped to the contigs from which
they were derived, 78% of the SNP markers had more than one blast hit, and 198 SNP markers
had more than 10 blast hits (Fig. 6). This indicated that CAP3-SNP markers were not unique due
to either a high percentage of paralogs in the Lilium genome or due to poor assembly and thus
cannot be used for mapping studies. However, around 83% of the SNP markers generated in a
CAP3 assembly of 454 transcriptome pyro-sequencing in the inbreeding species Solanum
lycopersicum, in which the level of polymorphism is low, showed to be unique (Dr. AW van
Heusden, Wageningen UR Plant Breeding, pers. comm.). From this, we can conclude that the
performance of CAP3 is negatively correlated to the polymorphism level present in the genome
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studied. In the case of high heterozygosity as in the present study, CAP3 software might separate
alleles of highly polymorphic loci into different contigs which means that these contigs are not
unique and thus it is highly risky to use them to generate SNP markers. Redundant contigs can
either be related to paralogs or they can be alleles of the same locus (among the four genotypes)
that were split up into different contigs. In both cases, SNP markers should not be used for
mapping purposes. In case of paralogs, SNP markers will cause problems in SNP detection. In
the latter case, there is a chance that SNP markers will either give no call or will work poorly
because the risk of secondary SNPs close to the SNP of interest is overlooked. So, the most
trustworthy SNP markers will be the ones that were generated when all alleles of the same locus
are grouped in one contig. The CAP3 generated 5775 contigs (8%) that include sequences of the
four cultivars, compared with 9234 contigs (17%) for CLC.

% ECLC-SNPs
%0 B CAP3-SNPs
.70 Figure 6: The percentage of hits resulted from
an blasting SNPs vs. the contigs. The CAP3-SNP (101
%,,50 bp) were blasted vs. CAP3-contigs, and CLC-SNP
§4° (101 bp) were blasted vs. CLC-contigs, and the
Ezg number of hits were recorded.
10
o U
One 2 hits 3 hits 4 hits 5 hits 6 hits 7 hits 8 hits 9 hits 10 hits > 10
hit hits

In CLC, 77% of SNP markers were unique. Only 13 SNP marker sequences had more than 5
blast hits (Fig. 6). The 22% of redundancy among CLC-SNPs can be related to the presence of
paralogs assembled in different contigs. In general, a number of genes in any genome are
expected to be duplicated especially in case of a huge genome like that of Lilium. The percentage
of paralogous genes differs between species. For example, in rice around 15% to 62% were
expected to be duplicated genes (Lin et al., 2008). Using a strict method of defining paralogs, the
22% of redundancy among CLC-contigs is more in line with expectations than the 78% among
CAP3 contigs, especially when taking in consideration that not all paralogous genes will be
expressed at the time of sampling. To check whether CLC combined paralogs in contigs,
haplotype numbers were assessed. Only, 0.7% (364) of the CLC-contigs combined paralogs and
contained more than the maximum expected 8 alleles (expected of 4 heterozygote diploid
cultivars). The actual number of CLC-contigs with paralogs may be slightly higher but is not
likely to cause high numbers of erroneous SNP markers in mapping. Thus, CLC appeared to
perform reasonably well for SNP markers retrieval even with the sequence data of this highly
polymorphic species. This is in correspondence with Palmieri and Schlétterer (2009) where CLC
was among the two best programs for de novo sequence assembly. In contrast, CAP3 could not
handle such high levels of heterogeneity (Palmieri and Schlétterer, 2009).
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Examples of assembly differences between the two assemblers:

This step was done to visualize on the individual contig level the influence of polymorphism: on
the assembly, on the SNP selection processes in each assembly, and on the Quality value D. The
Quality D-value is the standard deviation of the normalized number of potential SNPs among
haplotypes and it is calculated and used to assess the probability that a cluster contains paralogs
(Tang et al., 2006). Randomly we selected two contigs with SNP markers. The first is a contig of
CAP3 that showed a SNP marker (Contig 193) with a high Quality value (D value=0) that
indicates a high quality/reliability for this SNP. High D-values indicate a high probability that a
cluster contains paralogs as well as allelic sequences (Tang et al., 2008). The contig consensus of
CAP3 contig 193 was blasted against the CLC-contigs and the matching contig 23548 (D=0.59,
haplotypes =4) was examined. Contig 23548 has no indication of a possible SNP marker. Based
on the consensus sequence, primers were developed and used to amplify the putative SNP region
in the CAP3 contig 193 in the four genotypes and the obtained fragments were used in Sanger

sequencing to re-sequence the putative SNP region. Sanger sequences were assembled by
SeqMan (Lasergene, version 8) and then compared to contig 193 from CAP3 and contig 23548
from CLC. CAP3 contig 193 contained six reads of ‘Star Gazer’ with an intra SNP marker (Fig.
7a). In CLC, the same six reads together with three reads of ‘Trumpet’, five reads of ‘White Fox’
and four more reads of ‘Star Gazer’ formed contig 23548 (Fig. 7b). Sanger sequences (Fig. 7¢c) of
the four genotypes confirmed that there is no 454 sequence's mistake in this locus.

The A/G SNP found within ‘Star Gazer’ is a reliable SNP which was also shown by CLC and
confirmed by Sanger (see Fig. 7). However, the SNP was not selected as a candidate SNP marker
in the CLC assembly by QualitySNP since very close SNPs (within 50 bp) were detected in the
other genotypes and consequently this would not produce a general applicable SNP maker for
[llumina Golden Gate (Fig. 7b, c¢). This example showed clearly that the CLC assembler
combined reads which were separated into two contigs by CAP3 (Contig 193 and Contig 338).
This indicated that CAP3 (OLC algorithm) treats alleles and homologous sequences of the same
locus as paralogs belonging to other contigs or leaving them as singletons, above certain levels of
polymorphism. This might explain the difference in contig and singleton number between the two
assemblers. It also explains why although each contig of CAP3 contains lower levels of
polymorphisms in total the assembly results in the identification of more candidate SNP markers
compared with CLC that contain more reads per contig. This counter-intuitive situation is due to
the higher numbers of flanking SNPs that are found in CLC-contigs and that limits the number of
candidate SNPs that can be used as SNP marker in genotyping.

In the second example, contig 63 of CAP3 containing four reads; two of ‘Connecticut King’, one
‘Trumpet’ and one ‘White Fox’ indicated a reliable inter (G/A) SNP marker with D=0.2 (Fig. 8a).
The same reads grouped together with another nine reads (one of ‘Star Gazer’ and eight more of
‘Trumpet’) in the CLC assembly (Contig 12221, D=0.6, haplotype=5). No SNP marker was
selected out of contig 12221 due to presence of other close by SNPs. Surprisingly, we could not
verify the SNP in the Sanger sequences generated for all 4 genotypes using primers designed on
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Figure 7: Comparing the same 454 sequences assembled by CAP3 and CLC from one side and with Sanger sequence of the same contig assembled by SeqMan
on the other side. a) contig 193 resulted of CAP3 assembly, b) contig 23548 resulted of CLC assembly that contains all the sequences included in contig 193 of
CAP3, ¢) Sanger sequencing for this contig of the four cultivars (‘Connecticut King’, ‘White Fox’, ‘Trumpet’ and ‘Star Gazer’). Boxes indicate positions with
SNPs. Lines connect the same SNP in the different contigs.
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Figure 8: Comparing the same 454 sequences assembled by CAP3 and CLC from one side and with Sanger sequence of the same contig assembled by SeqMan
on the other side. a) contig 63 resulted of CAP3 assembly, b) contig 12221 resulted of CLC assembly that includes all the sequences of contig 63 resulted of
CAP3, ¢) Sanger sequences generated for this contig of the four cultivars (‘Connecticut King’, ‘“White Fox’, ‘Trumpet’ and ‘Star Gazer’). Lines connect the same
SNP in the different contigs.
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this contig (Fig. 8c). Sanger sequences indicated nucleotide (G) in all four cultivars. Another
unexpected result is that the ‘Connecticut King’ sequences of Sanger did not match in several
places with the 454 sequences (Fig. 8b and c). Moreover, CLC clearly grouped paralogs in the
contig since ‘Trumpet’ reads show more than two alleles (Fig. 8b). By blasting the CLC contig
12221 vs. CAP3 contigs two hits (Contig 63 and Contig 66474) were found providing evidence
that this SNP of CAP3 could not be used since it did not show a unique match to the contig from
which it was selected.

This example showed that since CLC assembly adds more reads to a contig compared to CAP3,
the risk of grouping paralogs into one chimeric contig might be higher. This also indicates the
importance of filtering for haplotype number per cultivar and low D-values before selecting the
SNP. A maximum of eight haplotypes can be expected in the assembly of four diploid
heterozygous cultivars. Out of the 2,421 SNP markers selected by CLC, 4 contigs have haplotype
numbers higher than 8. Number of haplotypes in contigs gives a clue on the frequency with
which paralogs are incorporated into single contigs and QualitySNP uses it in SNP identification.
In an ideal situation having the full genome sequence, all SNP flanking regions can be blasted to
the genome and thus SNP markers can be identified for which paralogs are present.
Unfortunately, for many species in which researchers would like to use the advantages of NGS
technologies to develop SNP markers, whole genome sequences will not be readily available and
blasting of SNP 101 bp flanking regions vs. contigs is the best alternative. To sum up, the main
steps which are needed to generate SNP markers of a non-model species are summarized in
Figure 9.

0 Cleanin; ity . ‘
NGS 2 Quality check: Blast SNP
cDNA &Trimmin (l;lemo; N Assembly d tSNtP markers vs. the databases from
Technology g reads onality CLECLIon which they were generated

Figure 9: A scheme showing the main steps proposed to generate reliable SNP markers.

Conclusion:

SNP markers are becoming the markers of choice in genetic studies and as such for many species
researchers are likely to start up SNP retrieval from NGS data. Our results clearly showed that
sequence assembly and consequently the SNP markers retrieval are affected significantly by the
assembler. We tested two widely used assemblers that use different algorithms. Procedures
followed can be used in any species that has little genetic resources to view assembly quality.
Importantly, blasting the selected SNP markers vs. the contigs from where they generated from
(in case of missing the support information form the databases) or against the whole genome, if
available, is very essential to avoid false positive SNPs. Results obtained with Lilium cDNAs are
likely also valid in other highly heterogeneous species. There seems to be a strong correlation
between the level of heterozygosity in the studied species and the performance of the assemblers.
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Overall, we believe that for inbreeding species both assemblers can be used, while in an
outbreeding species highly heterozygote species CLC is preferred.
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Abstract

Bulbous flowers such as lily and tulip (Liliaceae family) are stunning monocot perennial herbs
that are worldwide economically very important ornamental plants. A large collection of
germplasm with huge genetic diversity that could serve as a basic source of different interesting
traits for breeding purposes is available from both species. To speed up breeding in these two
species, molecular markers for molecular assisted breeding are needed. Next generation
sequencing technologies are able to generate huge amounts of sequencing data in a short time
which can be implemented in all types of genetic and genomic studies. We sequenced and
assembled transcriptomes of four lily genotypes (‘Connecticut King’, ‘White Fox’, ‘Star Gazer’,
and ‘Trumpet’) and of five tulip genotypes (‘Cantata’, ‘Princeps’, ‘Kees Nelis’, ‘Ile de France’,
and ‘Bellona’) using 454 pyro-sequencing technology. Successfully, we developed a first set of
81,791 unigenes with an average length of 514 bp for tulip, and enriched the very limited number
of 3,329 available ESTs (Expressed Sequence Tags) for lily with 52,172 unigenes with an
average length of 555 bp. These unigenes were used to identify SNPs (single nucleotide
polymorphism) markers suited for high throughput genotyping purposes. A total of 2,421 and
1,079 SNP markers were generated for lily and tulip respectively using very strict conditions (no
SNPs in the flanking 50 bps on either side of the SNP were allowed). These numbers increased to
5,614 and 3,525 SNP markers for lily and tulip respectively if one SNP was allowed in the
flanking regions. Orthologous genes between lily and tulip were identified (10,913 unigenes), and
together with the whole set of unigenes generated for lily and tulip they were annotated and
described according to Gene Ontology (GO) terminology. We also screened the sequences of
both plants for SSR markers and identified 882 and 1,379 SSR markers for lily and tulip
respectively. In the orthologous sequences between the two species, 229 common SNP and 140
common EST-SSR markers were identified, which can be applied in comparative genomic
studies between the two species later.

Introduction

Lily and tulip (Liliaceae family) are monocot perennial herbs that have unsurpassed beauty and
great commercial value. They are also very interesting from an evolutionary point of view since
both species have very huge genomes, which make genetic and genomic studies challenging. The
two species are comparable in several aspects: both are monocots, bulbous flowers, with a very
large genome size (1C=25 GB for tulip, and 36 GB for lily), have 12 large chromosomes, and
have a long growth cycle (2-3 years for lily and 5-6 years for tulip). And importantly, for both
species genetic resources are limited.

Genus Lilium, includes around 100 species and more than 9,400 cultivars (International Lily
register, http://www lilyregister.com/) which are taxonomically classified into seven sections:
Martagon, Pseudolirium, Lilium, Archelirion, Sinomartagon, Leucolirion, and Oxypetala
(Comber, 1949; De Jong, 1974). The wild species within each section are relatively easy to cross
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and the hybrids are fertile (McRae, 1990; Van Tuyl et al., 2002). The inter-specific hybrids
within sections Leucolirion, Archelirion, and Sinomartagon represent the most important groups
for breeding: Longiflorum (L), Trumpet (T), Asiatic (A), and Oriental (O) hybrid groups. An
extensive number of cytogenetic studies explored the karyotypes of lily (Bach Holm, 1976; Lim
et al., 2001; Marasek et al., 2004). Meiosis of inter-specific hybrids and cytological maps of three
complete genomes of lilies (L, A, O) based on the recombination sites in the BC progeny of two
interspecific hybrids (Khan et al., 2009) were studied. On the other hand, genetic mapping of lily
has not yet been well studied. The currently available genetic maps constructed using dominant
markers (AFLP ‘Amplified Fragment Length Polymorphism’, NBS ‘Nucleotide Binding Site’,
and DArT ‘Diversity Arrays Technology’) are not well saturated (Shahin et al., 2011). The
available EST data in the sequence database is very limited with only 3,329 ESTs deposited.

Genus Tulipa L. (2n=2x=24), comprises about 100 species (Bryan, 2002) that are taxonomically
classified into two subgenera: Tulipa and Eriostemones (Van Raamsdonk and De Vries, 1992;
Van Raamsdonk and De Vries, 1995). Subgenus 7Tulipa is subdivided into five sections named:
Tulipa, Eichleres, Tulipanun, Kolpakowskianae, and Clusianae. The commercial cut flower
assortment of tulips consists mainly of cultivars from Tulipa gesneriana (section Tulipa and T.
fosteriana (section Eichleres) (Van Creij et al., 1997). Tulip chromosomes are identified and
karyotyped (Mizuochi et al., 2007). So far, there are no genetic maps or molecular markers
published for tulip, and additionally no ESTs are found in the databases for this species.

Breeding in these two species is limited by their long juvenile phase, and it becomes more
challenging when breeding for quantitive traits. Both species suffer from Fusarium, Botrytis, and
tulip breaking virus diseases (Lim and Van Tuyl, 2006; Van Tuyl and Van Creij, 2000).
Fusarium resistance in lily is known to be controlled by six putative QTLs (Shahin et al., 2011).
Developing user friendly, efficient, transferable, and co-dominant markers such as single
nucleotide polymorphism (SNPs), and simple sequence repeat (SSRs) markers that can be
implemented in molecular assisted breeding (MAB) applications will help to speed up breeding
in these two species (Dubey et al., 2011). Transcriptomes or ESTs analysis is one of the most
efficient and effective approaches for identification of candidate genes and assist in new
molecular marker development such as SNPs (Narina et al., 2011) and SSRs (Morgante and
Olivieri, 1993). Additionally, generation of ESTs would be extremely desirable for transcriptome
characterization in lily and tulip, from which a general description of genes present and expressed
can be identified. As breeding is time consuming for both species (both have a long juvenile
phase), transfer of developed genetic knowledge between the two species will help to speed up
and support the breeding process. To achieve that, the study of micro-synteny between lily and
tulip (orthologous genes), and common markers that can be mapped in both species will be of
great help.

Recent studies have shown that next generation sequencing technology can be an effective tool to
generate huge amounts of sequence data in a short time which can be implemented in all types of
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genetic and genomic studies such as: transcriptome characterization, molecular marker
development (Blanca et al., 2011; Huang et al., 2011; Narina et al., 2011), ecological genetics
(Wheat, 2010), and evolutionary studies (Gilad et al., 2009). With the purpose of generating the
first broad survey of genes in lily and tulip, we sequenced and assembled transcriptomes of four
lily and five tulip genotypes using 454 pyro-sequencing. The sequence assemblies were used to
identify a set of SNPs suited for high throughput genotyping purposes, and to screen for SSR
markers. Also, orthologous genes between lily and tulip were identified, and the whole set of
ESTs generated for lily and tulip, were annotated and described according to GO terminology.
Common markers that can be genotyped and mapped in both species were identified.

Materials and Methods

Plant material

Four lily genotypes that represent the four main hybrid groups of genus Lilium were used for
sequencing: cv. 'Star Gazer’ (Oriental), breeding line ‘Trumpet 061099’ (Trumpet), cv. ‘White
Fox’ (Longiflorum) and cv. ‘Connecticut King’ (Asiatic). Five tulip cultivars were used for
sequencing: cv. ‘Cantata’ and cv. ‘Princeps’ belonging to 7. fosteriana (Eichleres section) and
cv. ‘Bellona’, cv. ‘Kees Nelis’, and cv. ‘lle de France’ belonging to 7. gesneriana (Tulipa
section). Young leaves (500mg) were collected and kept at -80°C upon RNA isolation.

Methodology

RNA isolation, cDNA library preparation, 454 sequencing procedures, and the assembly using
CLC assembler were described in Chapter 3 for lily and the same steps were applied for tulip
cultivars.

Briefly: RNA was isolated using the Trizol protocol (Invitrogen. Carlsbad, CA, USA) and
purified using the RNeasy MinElute kit (Qiagen, Hilden, Germany). The cDNA synthesis,
normalization of the cDNA, and adaptor ligation for GS FLX Titanium sequencing were
performed by Vertis Biotechnologie AG (Freising, Germany). In short, 45 ug of total RNA of
each of the samples was treated with DNase and then primed with a 6 nucleotide randomized
primer for first strand cDNA synthesis. Next, 454 adapters A and B with a 6 nucleotides barcode
for each cultivar were ligated to the 5' and 3' ends of the cDNAs. The cDNAs were subjected to
two steps of PCR using a proof reading enzyme before and after normalization. Normalization
was carried out by one cycle of denaturation and re-association of the cDNAs, and column
purification. For 454 sequencing, cDNAs in size range of 500 — 600 bp were eluted from
preparative agarose gels.
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c¢DNA sequence processing and assembly

The cDNA libraries, with the A and B 454 adapters at both ends, were mixed in equal
concentrations and sequenced on a Life Sciences GS-FLX Titanium according to standard
procedures (454 Life Sciences) at Greenomics (Wageningen, the Netherlands).

Using CLC genomics workbench software (CLC bio, Denmark, http://www.clcbio.com/), the 3’
and 5’ adapter sequences were trimmed. Low quality bases (1 base at the 3’ end and 15 bases
from the 5’end, other low quality terminal bases with a 0.05 threshold) were also removed, and
the maximum ambiguous nucleotides present in the fragment were set to 2. Only fragments
between 100-800 bp were kept for further analysis. Longer and shorter sequences were discarded.
CD-HIT (Li and Godzik, 2006) was used to remove PCR duplicates (clonality) with a threshold
of 98% similarity. The de novo assembly using CLC was done using the following parameters:
conflict resolution (vote), similarity 95%, and alignment mode (global, do not allow InDels).
Also, the total number of SNPs was calculated using the default parameters of CLC assembler.

The contigs (non-redundant sequence or unigenes) were constructed: for each genotype
separately, for the four lily genotypes together, for the five tulip genotypes together, for T.
fosteriana cultivars (‘Cantata’ and ‘Princeps’) together, and for 7. gesneriana cultivars
(‘Bellona’, ‘Kees Nelis’ and ‘Ile de France’) together.

SNP marker detection

All contigs/unigenes resulting from CLC were submitted to an updated version of QualitySNP
(Tang et al., 2006; http://www.bioinformatics.nl/tools/snpweb/) to detect single nucleotide
variants (SNPs). The SNPs were chosen based on the following criteria: high quality sequence,
not within or adjacent to a homopolymeric tract, at least 2 reads of each allele and 50 bp of
flanking sequence on each side. The resulting SNP regions (50 bp flanking SNP on each side)
were compared against all contigs using BlastN with Expectation value E lower than -20. Only
SNPs, which mapped uniquely to the contig from which they were selected, were retained.

SNP marker selection was done twice using different stringency conditions. The first time with a
flanking region of 50 bps on either side free of SNPs, and the second time we allowed one SNP
in flanking region. This was done since different high throughput genotyping technologies
require different conditions. To ensure high quality of SNP markers, D value was limited to (0-
0.5) which reduces the probability that an assembled cluster contains paralogs.

Mining for microsatellites

Microsatellites were searched using MISA (Thiel et al.,, 2003) which identifies perfect
compounds and interrupted microsatellites. The criteria for selection of microsatellites were a
minimum of six repeats for di-nucleotide motifs and five repeats for tri-, tetra-, penta-, and hexa-
nucleotide motifs were used. Primer 3.0 software (Rozen and Skaletsky 2000) was used to design
primers flanking the putative SSRs. The input criteria for Primer 3.0 were: a primer length of 17—
30 bp, a GC content of 20—80%, and an estimated amplicon size of 50-300 bp.
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Orthologous sequence, gene annotation and gene ontology identification

All tulip unigenes were blasted (BlastN, 1E-20) vs. lily unigenes and all unigenes that showed
similarity between the two species were selected for further analysis and referred to as
orthologous sequences.

Next, lily and tulip's unigenes (Lily-All and Tulip-All) and the orthologous sequences were
annotated by blasting (BlastX) to the databases (non-redundant protein sequences-nr) using
Blast2Go V.2.4.9 software (Conesa et al., 2005) with an E-value of 1E-15. Blast2Go is an
automated tool for the assignment of gene ontology terms and was designed for use with novel
sequence data. Distribution of genes in each ontology category was examined and percentage of
unique sequences in each of the assigned GO terms: biological process, molecular function, and
cellular component were computed and presented.

Identification of common SNP and SSR markers within and between the two species
Mapping populations are available for both species. In lily, an inter-sectional F1 population (100
progenies) resulting from a cross of cv. ‘White Fox’ (section Leucolirion) with cv. ‘Connecticut
King’ (section Sinomartagon) (Khan, 2009). In tulip, a F1 inter-sectional population (around 100
progenies) resulting from a cross of cv. ‘Kees Nelis’ (7. gesneriana) with cv. ‘Cantata’ (7.
fosteriana). To link the two species and be able to transfer information from one species to
another, common markers that can be mapped in both lily and tulip populations are needed. The
common markers in this study refer to the markers generated of the orthologous sequences
between and lily and tulip (might or might not present the same polymorphism, i.e.: each
represents certain polymorphism within the same orthologous sequence), and thus their mapping
position can be used to study synteny between the two species. Similarly, common markers
within each species (between ‘White Fox’ and ‘Connecticut King’; and between ‘Kees Nelis’ and
‘Cantata’) were identified.

Results and Discussion

EST sequencing and assembly

We performed 454 GS FLX Titanium pyro-sequencing on nine cDNA libraries constructed from
leaves of four lily genotypes (‘Connecticut King’, ‘White Fox’, ‘Star Gazer’, and ‘Trumpet
061099°), and five tulip genotypes (‘Cantata’, ‘Princeps’, ‘Ille de France’, ‘Kees Nelis’, and
‘Bellona’). The number of sequenced reads obtained varied between 139,480 reads for
‘Connecticut King’ and 592,034 reads for ‘Kees Nelis’ (Table 1). The portions of sequence reads
that were retained for assembly after filtration ranged between 67% and 75% (Table 1) which
was somewhat higher than the percentage reads retained after quality filtration of 454/Sanger data
of Eucalyptus (60.7%) (Grattapaglia et al., 2011), and close to the 79% of Pinus contorta
(464,896 retained after filtration of 586,732 reads generated by 454 sequencing in pine,
Parchman et al., 2010). Average read length ranged between 278 bp for ‘Bellona’ and 389 bp for
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‘Cantata’ (Table 1). These results were comparable (and even better in some genotypes) with that
obtained in other studies like Blanca et al. (2011) where the processed reads of cucurbit retained
after trimming was 64% with an average read length of 321 bp. After filtration, the remaining

reads were used for de novo assembly using CLC assembler.

Tablel: Statistics of 454 sequence assembly for four lily and five tulip genotypes

Genotype No.reads No. reads after Avg.read No. assembled Singletons No. Avg. EST
filtration length bp  reads unigenes length bp

Connecticut King 139,480 104,323(75%) 336 77,097(74%) 27,226(26%) 14,773 615

White Fox 326,539 221,597(68%) 338 182,393(82%) 39,204(18%) 21,898 663

Star Gazer 374,240 255,081(68%) 341 202,707(79.5%) 52,374(20.5%) 24,700 688

Trumpet 442,476 299,655(69%) 343 241,782(81%) 57,873(19%) 26,075 694

Lily-All 1,282,735  880,656(69%) 340 471,378(53.5%) 409,278(46.5%) 52,172 555

Cantata 310,973 207,229(67%) 389 158,007(76%) 49,222(24%) 17,646 625

Princeps 316,372 211,380(67%) 386 165,282(78%) 46,098(22%) 17,007 632

Kees Nelis 592,034 407,392(69%) 281 303,558(74.5%) 103,834(25.5%) 38,716 559

Ile de France 263,175 185,464(70%) 283 125,293(67.6%) 60,171(32%) 24,557 517

Bellona 221,334 149,768(67%) 278 109,309(34%) 40,459(27%) 14,325 522

T. fosteriana 627,345 418,609(67%) 388 293,043(70%) 125,566(30%) 24,713 629

1. gesneriana 1,076,543 742,624(69%) 281 536,776 (74%) 205,848(28%) 54,575 557

Tulip-All 1,703,888 1,378,898 314 827,772(60%) 551,126(40%) 81,791 514

Currently, a total of 3,090 lily’s ESTs are available in the nucleotide sequence databases
generated from Lilium formosanum (1324), L. longiflorum (991), Oriental hybrids (565), and L.
regale (210). These ESTs were clustered into 381 unigenes (see Chapter 3). In this study, we
generated 52,172 consensus sequences (non-redundant sequences or unigenes) representing gene
fragments from the four main groups of Lilium. We, also, generated for the first time 81,791
unigenes for tulip representing the two main groups of commercial tulips: 7. fosteriana (two
cultivars) and 7. gesneriana (three cultivars). Overall, the number of lily unigenes generated in
this study is comparable to that obtained in previous transcriptome analysis such as in cucurbit
(49,610 unigenes generated out of two cultivars and three different tissues, Blanca et al., 2011),
and in Eucalyptus (48,973 unigenes generated out of mixed Sanger/454 databases of six species)
(Grattapaglia et al., 2011). The number of tulip unigenes is at the high end. It is, however,
important to keep in mind that number of generated unigenes does not reflect number of genes.
Fragments of one gene could be assembled in different unigenes due to: short unigenes length
(range of 500 to 700 bp) compared with the average gene length (2 Kb), missing overlap among
unigenes which might be related to the not fully unbiased cDNA synthesis step in sequence
library construction using random hexamer primers, or orthologous sequences among genotypes
are assembled into different contigs due to high genetic divergence among different genotypes.

Running assembly for the four lily genotypes together (Lily-All assembly) resulted in dramatic
increase in singletons number. Number of singletons was expected to be either additive of the
four assemblies of four genotypes separately, or less since some singletons of different genotypes
can be grouped together. In Lily-All assembly, however, number of singletons (409,278 reads)
was far higher than the sum of the singletons of the separate assemblies for four lily genotypes
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(176,677 reads). Similar observation was found in tulip in which 551,126 reads were left as
singletons in Tulip-All assembly while the sum of singletons from the five genotype assemblies
separately was around 300,00 reads. On the other hand, by assembling the two genotypes of T.
fosteriana, singleton number (125,566) was close to the summed singletons number of each
assembly separately (95,320 reads). Similarly, 7. gesneriana assembly resulted in 205,848
singletons and the sum of singletons in the three separate assemblies was 204,464. This could be
explained by similarity parameter that was defined for assembly step (95% in this study).
Clustering reads of different species or sections, in addition to the presence of alternative splicing
and homopolymeric track variations will increase divergence between reads. Thus, assemblers
may fail to assemble all possible reads and leave them as singletons. This phenomenon was less
observed in closely related genotypes where the genetic divergence is less. This reflects the
importance of setting correct parameters for each assembly. However, since paralogs may be
present in these sequences, using a less stringent similarity parameter cannot be implemented
without careful deliberation. Given the number of unigenes and markers discovered using the
current settings in this study, no further optimization of assembler parameter settings were
examined.

Remarkably, number of unigenes also increased in Lily-All and Tulip-All assemblies compared
with the separate assemblies of genotypes involved in this study; even though, more singletons
were left out (Table 1). This either because different sets of genes being sequenced of different
genotypes, or and that orthologous sequences among the genotypes tend to split up into different
contigs due to increase the level of heterogeneity among the genotypes (Shahin et al., 2012).

An estimation of the transcriptome coverage of lily and tulip genotypes was calculated (Table 2).
There is no information about the total size or the number of genes in lily and tulip. Therefore,
the transcriptome size was assumed to be similar to other monocot species such as rice. Gene
space was estimated to be around 82 Mb in rice (41,000 genes with an average gene length of 2
Kb, Sterck et al., 2007). Gene coverage of each genotype was calculated based on the total
number of bases generated (assembled sequences and singletons) as a percentage of the estimated
gene size (82 Mb similar to rice). In lily, gene coverage varied between 26% in ‘Connecticut
King’ and 46% in ‘Trumpet’. In tulip, the lowest coverage was in ‘Bellona’ and the highest was
in ‘Kees Nelis’ (23 and 63 %, respectively). T. gesneriana genotypes seem to cover the entire
gene space although two-thirds was derived of singletons (Table 2). Gene coverage of Lily-All
and Tulip-All was not calculated since singletons might not be unique as was explained
previously. The large number of unigenes generated and the good coverage of the transcriptome
for both species, from a single 454 run of cDNA libraries, constructed out of one tissue and in a
single growing stage, shows the high efficiency of next generation sequencing technology.
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Table 2: The estimated percentage of transcriptome coverage for each genotype was calculated based on the number
of genes and average gene size of rice. This percentage was not calculated for Lily-All and Tulip-All due to the
uncertainty of having unique singletons. The total numbers of SNPs detected within each genotype and among
different genotypes were calculated as percentage compared to the total base pairs of assembled sequences.

Genotype(s) Assembled Singletons Total Transcriptome Total SNPs SNP %
Sequences (MB) (MB) (MB) Coverage %

Connecticut King 10 11.2 21.2 25.8 10,348 0.1
White Fox 14.5 13.2 27.7 33.8 13,179 0.1
Star Gazer 17 17.9 34.9 42.6 19,725 0.12
Trumpet 18 20 38 46.3 24,282 0.14
Lily-All 29 143 ~ ~ 131,808 0.46
Cantata 11 19.5 30.5 37.2 22,943 0.21
Princeps 10.8 18 28.8 35 24,534 0.23
Kees Nelis 21.6 30 51.6 63 28,325 0.13
Ile de France 12.7 17 29.7 36 9,910 0.08
Bellona 7.5 11 18.5 22.6 8,311 0.11
T. fosteriana 16 50.7 66.7 81.3 39,311 0.24
T. gesneriana 304 60 90.4 110 48,308 0.16
Tulip-All 42 182 ~ ~ 104,338 0.48

Polymorphism in lily and tulip

An estimation of the overall sequence polymorphism rate (SNPs) is complicated by uncertainty
over the actual complexity of transcriptomes (presence of splicing variants, paralogs, orthologous
sequences.efc.) being analyzed. A general estimation of polymorphism rate in lily and tulip
species was calculated (i.e. percentage of the total number of identified SNPs compared to the
total base pairs assembled, Table 2). In lily, percentages of SNPs within transcriptome of each
genotype were comparable (0.1% in ‘Connecticut King’ and 'White Fox’, and it increased
slightly in both ‘Star Gazer’ and ‘Trumpet’ to reach 0.12% and 0.14%, respectively). This adds
up to one SNP every 1000 bp approximately. The percentage of SNPs among four lily genotypes
of three sections (Archelirion, Sinomartagon, and Leucolirion) reached 0.46%, approximately 1
SNP every 200 bp, calculated in the same way. Sinomartagon section resulted from crossings
among 10 species, which may suggest that the level of heterozygosity/ heterogeneity is expected
to be high in this section compared with Archelirion section where the cultivar groups were
derived from crossing among 3 species, and with Leucolirion section that were derived from one
species only. This might mean that the level of heterozygosity/ heterogeneity is expected to be
higher in ‘Connecticut King’ compared to ‘Star Gazer’ and ‘White Fox’, which was not
confirmed by our data.

In tulip, a clear difference in polymorphism percentage between 7. gesneriana genotypes (the
lowest percentage was in ‘Ile de France’ with 0.08%, and the highest was in ‘Kees Nelis’ with
0.13%) and T. fosteriana genotypes (0.21% and 0.23% for ‘Cantata’ and ‘Princeps’, respectively)
was found. An average of 1 SNP per 500 to 1000 bp was estimated in tulip. The polymorphism
among the three genotypes of 7. gesneriana was lower than the polymorphisms between the two
genotypes of T. fosteriana (0.16% and 0.24%, respectively). In other words, 7. fosteriana is at
least one times more diverse than 7. gesmeriana. Polymorphism percentage among tulip
genotypes increased to that detected among the four genotypes of lily (0.48% compared with
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0.46% for lily), one SNP every 200 bp in tulip. These percentages are comparable to that detected
in the out crossing species maize where the SNP frequency ranged between one SNP per 600 bp
to one per 100 bp of aligned sequences depending on the number of reads per contigs (SNP
frequency increased with increasing the number of reads per contig) (Batley et al., 2003).

SNP marker detection
QualitySNP software was used to identify single nucleotide polymorphisms by comparing reads

within each cluster. The SNPs were declared to be reliable when at least two individual reads in
the cluster have a variant allele and at least two reads have the allele of the consensus (Tang et
al., 2006). We analyzed only single nucleotide polymorphisms (SNPs) and excluded all InDels
due to the fact that 454 has serious problems with mono-nucleotide tracts and may introduce
InDels without biological significance frequently. The number of clusters (unigenes) that contain
at least one putative SNP ranges from 26% in ‘Ile de France’ to 47% in ‘Princeps’ (Table 3). The
SNP markers were filtered using two sets of conditions. In the first set of conditions, any SNP in
the 50 bp flanking regions of the target SNP was excluded, next, percentages of SNP markers
(that follow this condition) compared to the total number of unigenes that have at least one SNP
were calculated. The highest percentage in lily was in ‘Connecticut King’ (9.4%), while the other
three cultivars showed slightly lower percentages (around 6%). In tulip, the highest percentage
was for T. fosteriana cultivars (10%), which was two times more than that calculated for 7.
gesneriana genotypes (5%). In the second set of conditions, SNP marker selection allowed a
secondary SNP in the flanking regions. Allowing a secondary SNP increased percentages of
identified SNP markers in all genotypes (2 to 3 fold more, Table 3). A large number of SNP
markers was generated in each genotype (ranging between 1,1171 and 2,075 SNP markers in lily
and between 535 and 2,510 SNP markers in tulip, when a secondary SNP was allowed) compared
with around 572 SNP markers generated in Eucalyptus when no control on the flanking SNPs
was applied (Grattapaglia et al., 2011).

Table 3: SNP markers identification: with 50 bps flanking sequences free of secondary SNP, and with one secondary
SNP allowance.

Genotype(s) No. unigene  No. Unigenes has SNP markers SNP markers
at least one SNP (no secondary SNP ) (one secondary SNP)

Connecticut King 14,773 4,309(29%) 406(9.4%) 1,171(27%)
White Fox 21,898 9,261(42%) 558(6%) 1,292(14%)
Star Gazer 24,700 10,024(41%) 730(7%) 2,026(20%)
Trumpet 26,075 11,298(43%) 607(5%) 2,075(18%)
Lily-All 52,172 24,613(47%) 2,421(10%) 5,614(23%)
Cantata 17,646 7,456(42%) 722(10%) 2,371(32%)
Princeps 17,007 7,587(45%) 690(10%) 2,510(33%)
Kees Nelis 38,716 13,832(36%) 595(4.3%) 1,646(12%)
Ile de France 24,557 6,347(26%) 310(5%) 776(12%)
Bellona 14,325 4,476(31%) 223(5%) 535(12%)

T. fosteriana 24,713 11,787(48%) 1,002(8.5%) 3,265(28%)
T. gesneriana 54,575 20,661(38%) 822(4%) 2,033(10%)
Tulip-All 81791 31,042(38%) 1,079(3.4%) 3,525(11%)
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The percentage of unigenes that have SNPs exceeded 40% for all lily genotypes except for
‘Connecticut King’ (Table 3). In tulip, the percentage of unigenes that have SNPs in 7. fosteriana
genotypes also exceeded 40%, while in 7. gesneriana genotypes lower percentages were found
(26% 1in ‘Ile de France’). These results were comparable to those detected in Eucalyptus (40%)
(Grattapaglia et al., 2011), and also they fit with the previously observed higher polymorphism
rate in 7. fosteriana compared to T. gesneriana.

Mining for microsatellites

We screened lily and tulip unigenes for the presence of SSRs, and analyzed their nature and
frequency. Percentages of EST-SSR (compared to the total number of unigenes) found in lily
genotypes were comparable with each other (around 2.7%) except for ‘Connecticut King’ that
showed a lower percentage (1.9%) of EST-SSR in unigenes. In tulip, percentages of EST-SSR in
unigenes were similar in 7. fosteriana genotypes (‘Cantata’ and ‘Princeps’, around 4%), and
similar in 7. gesneriana genotypes (‘Bellona’, ‘Ile de France’, and ‘Kees Nelis’, around 2%),
although lower in T. gesneriana compared with T. fosteriana genotypes. Percentages of SSRs
found for lily (1,387 SSR, 2.7%) and tulip (2,029 SSR, 2.5%) were higher than results from
Medicago truncatula in which a total of 401 out of the 184,599 ESTs contained SSRs (0.2%)
using the same criteria (Cheung et al., 2006), comparable to grape and barley (3 and 2.8%
respectively) (Huang et al., 2011; Varshney et al., 2006), and lower than pigeonpea (7.6 %)
(Dutta et al., 2011).

Table 4: SSR motif description in lily and tulip. The total number and the percentage of SSR motif were calculated
according to the total number of unigenes.

SSR motif No. unigene Total No. SSR di- Tri- Tetra- Penta- Hexa-
Connecticut King 14,773 271 (1.9%) 85(31%) 161 (59%) 4 6 15
White Fox 21,898 603(2.8%) 216(36%) 301(50%) 51 12 23
Star Gazer 24,700 735(3%) 299 (41%) 330 (45%) 66 13 27
Trumpet 26,075 745(2.8%) 312 (42%) 341(46%) 50 17 25
Lily-All 52,172 1,387 (2.7%) 632 (46%) 583 (42%) 105 33 34
Cantata 17,646 696(3.9%) 168 (24%) 449 (65%) 30 9 40
Princeps 17,007 683(4%) 146(21%) 468 (69%) 28 11 30
Kees Nelis 38,716 881(2.3%) 262 (30%) 491 (56%) 58 19 51
Tle de France 24,557 521(2%) 140 (27%) 317 (61%) 33 12 19
Bellona 14,325 302(2%) 80 (28%) 184 (64%) 9 11 18
T. fosteriana 24,713 957 (3.9%) 216(23%) 642(67%) 45 15 39
1. gesneriana 54,575 1,302 (2.9%) 393(30%) 719(55%) 95 35 60
Tulip-All 81,791 2,029(2.5%) 609 (30%) 1160 (57%) 128 47 85

The di-, tri-, tetra-, and hexa-nucleotide repeats were looked up in each set of unigenes (Table 4).
In both species, the most frequent repeat motif is AG/CT for di-nucleotide repeats and CCG/CGG
for tri-nucleotide repeats. Similar results were found in barley (Thiel et al., 2003) which is also a
large genome sized monocot. More than 86% of the identified EST-SSRs in lily and tulip are di-
and tri- nucleotide repeats. In lily, the relative amounts of di- and tri-nucleotide repeats varied
with equal amounts in ‘Star Gazer’ and ‘Trumpet’ (around 40 % for each repeat type) while in
‘Connecticut King’ and ‘White Fox’ tri-nucleotide repeats were more abundant than di-
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nucleotide repeats (Table 4). In tulip, tri-nucleotide repeats were around two fold more abundant
than di-nucleotide repeats (Table 4). This finding in tulip is in agreement with previous findings
in grape and castor bean (Huang et al., 2011; Qiu et al., 2010). The dominance of tri-nucleotide
repeats in transcriptome regions was expected as a result of a selection against possible frame
shift mutations of one amino acid (three nucleotides) (Huang et al., 2011), while di-nucleotide
repeats are dominant in the 5’- and 3’-UTRs (Dutta et al., 2011). This might suggest that the
sequences of both ’Star Gazer’ and ‘Trumpet’ that showed a comparable percentage of di-and tri-
nucleotide contain large amounts of UTR regions.

The number of compound SSRs identified in lily and tulip (Table 5) was far more than that
identified previously in Lilium japonicum (3 compound SSRs, Kawase et al., 2010). Unigenes
with more than one SSR repeat, and number of SSRs for which primers could be designed are
given in Table 5. SSR primer pairs develop for cultivars ranged between 64-71% for lily and 65-
73% for tulip. These percentages are comparable to that observed in pigenopea (Cajanus cajan
L., in which 2,877 PCR primer pairs were designed out of a total of 3,771 SSR identified, 76%,
Dutta et al., 2011). More SSR-EST of lily and tulip are expected to be identified by running SSR
mining using singleton reads.

Table 5: The SSRs identification in lily and tulip unigenes. SSR present in compound formation, and unigenes have
more than one SSR motif were calculated. EST-SSR markers with primers designed and their percentages according
to the total number of identified SSRs were calculated.

Genotype(s) No. of SSRs Nr. SSRs present in No. unigenes has more Nr. SSR with primers
compound formation than 1 SSR designed
Connecticut King 271 13 11 193(71%)
White Fox 603 22 26 411(68%)
Star Gazer 735 44 39 478(65%)
Trumpet 745 35 44 515(69%)
Lily-All 1,387 94 89 882(64%)
Cantata 696 30 43 506(73%)
Princeps 683 30 44 487(71%)
Kees Nelis 881 35 47 590(70%)
Ile de France 521 14 20 347(67%)
Bellona 302 15 14 197(65%)
T. fosteriana 957 38 54 692(72%)
T.gesneriana 1,302 49 64 877(67%)
Tulip-All 2,029 95 118 1,379(70%)

Orthologous sequences, gene annotation and gene ontology identification
Orthologous sequences between lily and tulip were identified by BlastN tulip unigenes vs. lily
unigenes with a cut-off 1E-20. Blasting resulted in 10,913 orthologous sequences (Fig.1). These
orthologous sequences, together with lily and tulip unigenes, were annotated.
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Lily- ovelap  Tulip-unigenes
unigenes 10,913 81.791
51 <

Figure 1: The generated unigenes for both lily and tulip species and defining the orthologous sequences between
them.

A Blast analysis using the non-redundant protein database (nr) from NCBI with an E value
threshold of 1E-15 was performed using Blast2Go software (Conesa et al., 2005). Around 49% of
lily unigenes (25,439 unigenes), around 30% of the tulip unigenes (24,748 unigenes), and around
88% of the orthologous sequences (9,584 unigenes) had at least one significant blast hit. As was
expected, Oryza sativa (the most sequenced and annotated monocot species) showed to be the
closest species to both lily and tulip because most first hits were with sequences from this
species. Having only 49% and 30% of lily and tulip genes annotated respectively demonstrates
the very rich source of not yet identified genes that need to be discovered and annotated which
could indicate a unique position of bulbous plants. However, it is also possible that genes from
lily and tulip deviate significantly at the sequence level from the existing orthologous genes in
databases at the threshold value of 1E-15.

Gene ontology provides a structured and controlled terminology to describe gene products
according to three categories: molecular function (refers to a biochemical activity of a gene
product without stating where or when the event happens), biological process (refers to a
biological objective to which the gene product contributes), and cell component (refers to the
place in the cell where a gene product is active) (Ashburner et al., 2000). Since genes can be part
of different pathways or have more than one function in the same time, the same gene can have
more than one GO description (GO term) and thus belong to more than one of the earlier
mentioned categories. The annotated unigenes of lily, tulip, and the orthologous sequences
between lily and tulip were used to assess the GO term using Blast2Go (Conesa et al., 2005). The
GO term of lily unigenes was divided into: 42% (molecular function), 31% (biological process),
and 27% (cellular component). In tulip, GO term was divided into: 19% (molecular function),
42% (biological process), and 39% (cellular component) unigenes.
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Figure 2: Representation of transcriptome ontology assignments for of lily and tulip unigenes from 454 sequencing
data. A, the GO terms of molecular function, B, the GO terms of biological process and C, the GO terms of cellular

compound category.

Both species showed to have similar GO terms in the three categories, which were also similar to
rice (Liu et al., 2010). The differences were in the amount of unigenes annotated for each GO
term. In molecular function category, the most represented GO terms were of binding function
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such as ‘protein binding’, ’ATP binding’, ‘binding’, ‘nucleic acid binding’ in addition to all types
of activities such as ‘protein kinase activity’, ‘transferase activity’, ‘transporter activity’,
‘catalytic activity’ and ‘oxidoreductase activity’ (Fig. 2A). These GO terms together with many
other GO terms that were identified in lily and tulip (Fig. 2A) were identified as well in
Medicago truncatula, Cucurbita pepo, Cucurbita melo, and Oryza sativa (Blanca et al., 2011;
Cheung et al., 2006; Gonzalez-Ibeas et al., 2007; Liu et al., 2010). Ion binding termenology such
as ‘calcium binding’, ‘iron binding’, and ‘zinc binding’ were highly represented in lily (Fig. 2A),
similar to the case in olive leaf (Ozdemir Ozgenturk et al., 2010).

In biological process category, there were clear differences between lily and tulip in the amount
of unigenes assigned to each GO term (Fig. 2B). Lily’s unigenes were more concentrated in
activities like ‘metabolic process’, ‘carbohydrate metabolic’, ‘lipid metabolic process’,
‘transport’, ‘oxidation reduction’, ‘protein phosphorylation’, and ‘ATP biosynthetic process’
whereas response to biotic and biotic stresses such as responses to salt, heat, cold, nematode,
bacteria, virus, and fungus stresses were more represented in tulip (Fig .2B). Responses to
hormone’s stimulus such as (ABA, gibberellin, jasmonic acid, salicylic acid, auxin, and ethylene)
were presented in both species similar to rice (Liu et al., 2010).

The ‘flower development’, ‘embryonic development’, and ‘pollen development’ unigenes were
more enriched in tulip compared with lily. This might be related to the fact that tulip growing
phase (from leaves developing till seed formation) is short (7-12 weeks) compared with lily (5-6
months). Meaning, flowering and vegetative growing stages in tulip are integrated while they are
separated in lily, consequently, flowering genes (control flower, pollen, and embryonic
development genes) will be expressed in tulip together with other development process genes in
this stage of young leaves. On the other hands, high level of ‘auxin biosynthetic process’ was
recorded in lily, which might reflect the central on-going process which are mainly plant-cell
elongation, apical dominance (inhibit growth of lateral buds), and rooting process which are all
controlled by auxin.

The GO terms of cellular compound category showed significant representation of ‘plasma
membrane’, ‘membrane’, ‘nucleus’, ‘cytosol’, ‘mitochondrion’, ‘chloroplast’, ‘plastid’, and
‘integral to membrane’ (Fig. 2C) which was similar to previous studies (Blanca et al., 2011;
Gonzalez-Ibeas et al., 2007; Ma et al., 2006). All unigenes of mitochondria, chloroplast, and
plastid that were defined here (Fig. 2C), are very interesting for phylogenetic studies while
should be excluded when thinking to develop SSR or SNP markers for mapping studies.

The GO assessment of the 9,584 annotated orthologous unigene sequences divided into: 15%
(molecular function), 49% (biological process), and 35% (cellular component). A summary
description with the number of unigenes annotated in each GO category for the orthologous
genes is provided in Figure 3. Genes essential for growing and defense processes are showed to
be the main orthologous sequences between the two species. In biological process category, the
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most frequent terms are ‘cellular process’ and ‘cellular component’ which are needed for growing
and development processes. Genes involved in response to biotic, abiotic, and endogenous
stimulus were also defined (Fig. 3B). Under molecular function category, mainly binding and
catalytic activity were identified (Fig. 3C). Overall, majority of orthologous genes were
housekeeping genes. More detailed data is available for all annotated lily and tulip unigenes and
also for the orthologous sequences that will serve as a major resource for further research.
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Figure 3: Representation of transcriptome ontology assignments for the orthologous sequences between lily and
tulip from 454 sequencing data. A, the GO terms of the molecular function, B, the GO terms of the biological
process and C, the GO terms of the cellular compound category.
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Identification of common SNP and SSR markers within and between lily and tulip
Exchanging genetic information between two related species by linking their genetic maps would
be of great interest. This linking will facilitate comparative mapping of genes across distantly
related plant species by direct comparison of DNA sequences and map positions such as between
wheat and barley, tomato and potato, and Arabidopsis and Brassica (Erpelding et al., 1996; Lan
et al., 2000; Tanksley et al., 1992).

Identification of common markers based on orthologous sequences of both species will provide a
set of common genetic loci that can be implemented for comparative mapping. For this, SNP and
EST-SSR markers were developed from the parents of lily (‘Connecticut King’ and ‘White Fox”)
and tulip (‘Cantata’ and ‘Kees Nelis’) mapping populations.

53 common
SNP markers

Connecticut King

73 common
SNP markers

A\

&£ A
18 common é 43 common
SSR markers = SSR markers
g
¥
. 64 common & SNP markers R
& Y
o
5] A
Kees Nelis E Cantata
38 common 3 41 common
SSR markers = SSR markers
53 common '—wvr
SNP markers

50 common
SNP markers

White Fox

Figure 4: Common SNP and SSR markers identified among the four parents of the lily and tulip populations.

As a result, ‘Connecticut King’ showed to have 53 and 73 SNP markers in common with ‘Kees
Nelis’ and ‘Cantata’, respectively; ‘White Fox” has 53 and 50 common SNP markers with ‘Kees
Nelis’ and ‘Cantata’, respectively (Fig. 4). As for common SSR markers, ‘Connecticut King’
showed to have 18 and 43 common EST-SSR primer pairs with ‘Kees Nelis’ and ‘Cantata’,
respectively. Similarly, ‘White Fox’ has 38 and 41 common EST-SSR primer pairs with ‘Kees
Nelis’ and ‘Cantata’, respectively. Thus, 229 common SNP and 140 common EST-SSR markers
were identified between the lily and tulip populations. This is higher than the number of SNP and
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EST-SSR markers identified by comparing ESTs containing SNP or EST-SSR markers of
Jatropha with the ESTs of castor bean (215 common markers), poplar (202 common markers)
and Arabidopsis (192 common markers) (BLAST X, 1E-5), which were generated for
comparative genome analysis to identify conserved syntenies between Jatropha and castor bean,
popular, and Arabidopsis (Wang et al., 2011). Also, common SNP markers between the parents
of lily population and between the parents of tulip population were identified. ‘Connecticut King’
and ‘White Fox’ have 117 common SNP markers, and ‘Cantata’ and ‘Kees Nelis’ have 64
common SNP markers.

Using common markers between lily and tulip will enables running a comparative study based on
the genetic maps of these two species. These common markers will be genotyped in the two
populations that will allow us: to link the linkage groups of the two species, study the macro-
synteny by comparing the order of common markers, and to transfer knowledge such as QTL
regions between the two species. The efficiency of these markers in comparative study depends
largely upon how many of these markers will be mapped on the genetic maps and also on how
well these markers will be distributed over the chromosomes. This also will define if the current
number of markers is sufficient to carry out such a study or that more markers should be
generated.

Conclusion

The 454 pyro-sequencing provides a foundational transcriptomes resource for markers
development and comparative genomics studies for species with an uncharacterized genome. We
sequenced leaves transcriptomes of four lily and five tulip genotypes using 454 pyro-sequencing
that was resulted in developing more than eight thousands unigenes for tulip, and five thousands
for lily. Unigenes were used to identify SNPs markers suited for high throughput genotyping
purposes, and to mine for SSR markers for lily and tulip. We identified molecular markers that
are specific for each genotype, and also markers among genotypes of lily and tulip that can be
used for genotyping a wide range of genotypes with different genetic background for association
and genetic diversity studies. Additionally, generating these unigenes allowed the identification
of orthologous genes (micro-seneteny) between the two species that were annotated and
described according to Gene Ontology terminology. Common markers between lily and tulip
were identified, which will allow running comparative genemoic studies by linking the linkage
maps of the two species and look for macro-synteny. Overall, for species with little genetic
resources available applying NGS technology opens the door for a wide range of genetic and
genomic studies.
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Abstract

There is considerable interest in applying next generation sequencing and SNP genotyping
techniques to accelerate genetic studies in different species. Genetic studies in Lilium have been
challenging since this out-crossing species has a very complex and huge genome (36 Gb). In this
study, we applied one of the new genotyping techniques (KASP, KBiosciences competitive
Allele Specific PCR) to genotype SNP markers. These SNP markers were derived from 454 pyro-
sequencing of a cDNA library constructed of cultivar ‘Connecticut King’. A total of 225 SNP
markers were used for genotyping two half-sib mapping populations of lily (LA and AA
populations) using KASP technology. The genotyping success rate was 75.5% (170 SNP worked)
from which 102 SNP markers were polymorphic (45%). A total of 94 (42%) and 85 (38%) SNP
markers were mapped on the genetic maps of the LA and AA populations, respectively. This lead
to an increase of 37% and 39% in the total number of mapped markers, and an increase of 48%
and 32% in the total genome coverage in the LA and AA genetic maps with a marker density of
one marker every 4 and 5 cM, respectively. Some SNP markers that deviated from the expected
Mendelian ratio, or that had null alleles were re-scored manually. SNP markers showed to be
very efficient in mapping in both populations and were distributed over chromosomes. In
conclusion, development of SNP markers of transcriptome sequences generated using next
generation sequencing technology of uncharacterized lily genome was successful, and SNP
markers showed a high efficiency in mapping.

Introduction

The vast development in high-throughput sequencing technologies together with the fact the plant
and animal genomes are packed with single nucleotide polymorphisms (SNPs), and the ability to
genotype large numbers of SNPs over large sets of individuals have led to a revolution in their
use as molecular markers (Lepoittevin et al., 2010; Pavy et al., 2008). The SNP markers have
been developed and genotyped using one of the next generation sequencing technologies together
with one of the high throughput genotyping methods in several species such as Zea mays,
Cucurbita, Eucalyptus, and Pinus (Blanca et al., 2011; Chancerel et al., 2011; Grattapaglia et al.,
2011; Yan et al., 2010). However, to the best of our knowledge, these high throughput new
sequencing and genotyping technologies were not applied so far on any ornamental flower crop.

Genus Lilium L. includes around 100 species and 9,700 cultivars (International Lily register,
http://www.lilyregister.com/). The most important cultivated groups are: Longiflorum (L),
Trumpet (T), Asiatic (A), and Oriental (O) hybrid groups. These hybrids contain important traits
such as resistance to Fusarium oxysporum, Botrytis elliptica, and viruses in addition to
commercial characteristics. Inter-specific crossing between hybrids of different groups is
performed to combine traits of interest to further improve the crop. However, this puts additional
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requirements on selection process given that several QTL traits from different backgrounds
should be combined.

Molecular linkage maps are important for genetic studies and are necessary for quantitative and
qualitative trait analysis that facilitate molecular assisted breeding (Dubey et al., 2011). However,
despite the economic importance of lily, only very few genetic mapping studies have been
performed. The most recent genetic maps have been published by Shahin et al. (2011). These
maps showed an improvement in the number of mapped molecular markers, genome coverage
(measured by cM), and marker density (average distance between markers in cM) compared with
previous studies (Abe et al., 2002; Van Heusden et al., 2002). Shahin et al. (2011) developed two
genetic maps for cultivar ‘Connecticut King’ that was used as parent in two lily crosses: LA and
AA populations. The LA genetic maps were constructed by using 411 DArT (Diversity Array
Technology) and NBS (Nucleotide Binding Site) molecular markers. The AA genetic maps were
constructed by using 295 AFLP (Amplified Fragments Length Polymorphism), DArT, and NBS
molecular markers. Genetic maps of ‘Connecticut King’ covered 1,642 and 1,539 cM with a
marker density of one marker every 4 cM and 5 cM, for the LA and AA populations respectively.

For molecular marker development and linkage map saturation, SNP makers have become the
markers of choice (Pavy et al., 2008). Abundance of SNPs throughout the genome, co-dominant
scoring of SNP markers, ease of genotyping, and direct application of SNP markers without the
need for further marker conversion all together support this choice. This study is a continuation
of the work in Chapter 4 concerning developing SNP markers of lily for genetic mapping and
QTL identification purposes. The aims of this study were: 1) verification of SNP markers
generated from a cDNA library of ‘Connecticut King’ using 454 pyro-sequencing technology, 2)
mapping SNP makers on the genetic linkage maps of two lily populations and study SNP
mapping efficiency, and 3) look for improvements in genome coverage and marker density in the
maps.

Material and methods

Plant Material

For genotyping, two mapping populations were used. The first is a F1 population of 98 genotypes
(LA population: L. longiflorum ‘White Fox’ x Asiatic ‘Connecticut King’) that was produced in
2000 using cut style pollination and embryo rescue. The second is a BC1 AA population of 98
individuals (Straathof et al., 1996; Van Heusden et al., 2002) that was produced in 1989. It is a
backcross of ‘Connecticut King’ with ‘Orlito’ (= ‘Connecticut King’ x ‘Pirate’). ‘Connecticut
King’ is a common parent in the two populations and it is a well-known Asiatic cultivar resistant
to LMoV (Lily Mottle virus) and resistant to Fusarium oxysporum (Shahin et al., 2011).
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SNP marker development

SNP marker development included the following steps: RNA isolation of the leaves of
‘Connecticut King, cDNA library construction and normalisation, 454 pyro-sequencing,
sequence assembly, and SNP marker detection are explained in Chapter 4. As a result, 406 SNP
markers (flanked by 50 bp on either side free of SNPs) were developed for *Connecticut King’
and were available for genotyping (Chapter 4). Randomly, 225 out of the 406 SNP markers were
used for genotyping. SNP markers were named using the abbreviation (SNP), followed by a
number referring to the contig that SNP was generated from, e.g.: SNP_78 refers to SNP marker
that was generated from contig 78.

SNP genotyping

Genotyping was done by KBioscience Ltd (http://www.kbioscience.co.uk/) using fluorescence-
based competitive allele specific PCR (KASPar) assay. Young leaves of the parents of the two
mapping populations: ‘Connecticut King’, ‘White Fox’, ‘Orlito’, and grandparent ‘Pirate’, in
addition to the progenies of AA and LA populations were sampled and send to KBioscience for
genotyping. Water was used as a control and parents were included in duplicate to test
reproducibility. SNP data  were  visualized  using SNPviewer2 software
(http://www kbioscience.co.uk/software/snpviewer/snpviewer help/index.htm). The expected
segregation ratios for co-dominant SNP markers were 1:2:1 for SNPs that were heterozygous in
both parents or 1:1 for SNPs that were heterozygous in only one parent respectively. Segregation
patterns of all SNPs were checked, and those SNPs that showed strange segregation of the
homozygous and heterozygous groups were re-scored manually (Fig. 1).

Genetic mapping

The SNP marker data, together with already available NBS and DArT markers (Shahin et al.,
2011), were used to re-construct linkage groups for LA population. Similarly, these SNP markers
were joined with the already available AFLP, NBS, and DArT markers to re-construct the genetic
map in AA population. Genetic maps of both populations were constructed for the ‘Connecticut
King’ only, since all the available markers were developed for this parent (it is the parent that has
the resistances to Fusarium oxysporum and lily mottle virus).

Genetic maps were constructed using JoinMap 4.1 (Van Ooijen, 2006). Both crosses were
analysed using the “Cross Pollination” option even though AA population is a BCI1. This is
beacues in outcrossing heterozygous species, a BC1 cross can be considered as an F1 cross. The
segregation ratio of alleles for each locus was evaluated by Chi-square testing with a significance
threshold of P=0.05. Recombination frequencies were converted into map distances in centi
Morgans (cM) using Haldane’s mapping function. Grouping was based on the independence
LOD (Logarithm of odds) parameter, using regression method. All markers were first grouped at
a minimum LOD threshold of 3.0. MapChart (Voorrips, 2002) was used to draw the genetic
linkage maps.
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Results

SNP marker genotyping

The 225 SNP markers were used for genotyping progeny of LA and AA populations using KASP
technology, (KBioscience: http://www.kbioscience.co.uk/). Out of the 225 SNP markers, 170
SNP markers genotyped successfully (75.5%), 68 of them were monomorphic, and 102 were
polymorphic SNPs amounting to a conversion rate of 45% (Table 1).

Table 1: The SNP markers genotyping results for LA and AA populations

LA population AA population
Genotyped SNP 225 225
Successfully genotyped 170 (75.5%) 170 (75.5%)
Polymorphic SNP 102 (45%) 102 (45%)
Deleted SNP due to strange segregation 3 5
Used for mapping 99 97
Mapped SNP 94 (42%) 85 (38%)

Segregations of SNP markers were of 1:1 or 1:2:1 type depending on polymorphism in parents. If
only ‘Connecticut King’ is polymorphic then a 1:1 segregation ratio is expected, while a 1:2:1
ratio is expected if the other parent is also polymorphic. Visualizing segregation of SNPs using
SNPViewer2 allowed us to check the segregation of the SNPs. In case of <ABxAB> marker type,
three clusters: AA homozygote, BB homozygote, and AB heterozygote are expected, while in
case of <ABxBB> or <AAXAB> marker types two groups: homozygote cluster (AA or BB
homozygote), and AB heterozygote cluster are expected. Some SNP markers showed strange
segregation (not fitting with Mendelian segregation): 6 SNP markers in LA and 17 in AA
populations (see Fig. 1 A, B for examples). For instance, SNP_17715 marker is of <ABxAB>,
and three clusters are expected, however there was no BB cluster (Fig. 1A). Segregation of this
marker could not be explained and subsequently such markers were skipped form mapping. In
another example, genotyping LA population using SNP_10602 (<ABxAB> type) resulted in two
clusters that were scored as AB and one AA cluster, whereas BB cluster was missing (Fig. 1B).
By changing the scoring of the genotypes of one of the two AB clusters to BB, this marker could
be used for mapping (Fig. 1B). As a result of re-scoring the deviated markers, 3 markers of LA
and 12 markers of AA populations were corrected and could be mapped successfully.

Few other SNP markers, 7 in LA and 2 in AA populations showed strange segregation due to the
presence of null allele (o). In LA population, two null alleles (9¢) can be inferred for a certain
marker when ‘White Fox’ shows no call in both replicate samples. Consequently, genotyping the
progeny with such marker <eoxAB> will result in two clusters (A¢ and Bg) that will be
visualized as (AA and BB) in the SNPViewer2 (Fig. 1C) since the genotyping technology cannot
distinguish between (AA and Ag) allelic combinations. Such markers can still be used in
mapping by converting them into a bi-allelic single parent marker <AAXAB> type and change
the scoring of the progeny of cluster (Bg) into AB (Fig. 1C). Doing so, we could map all SNP
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markers that showed homozygote null allele (e0) in ‘White Fox’. It is also possible that only one
allele of ‘White Fox’ is a null allele (“White Fox’ is Ag or Bg). Such markers <AexAB> will
result in four allelic combinations with equal segregation ratios (AA, Ag, AB, and Bg). This,
however, will be visualized as only three groups since AA and Ag will be presented as one AA
cluster. Consequently, the segregation ratio of such marker will be (2:1:1) instead of (1:1:1:1).
This case was not recorded in our data for LA population.
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Figure 1: Scoring of SNP markers genotyped using KASP technology, and visualized using SNPviewer2 software.
A, B: odd segregation of <ABXAB > marker type in the LA and AA populations respectively. C, D: segregation of
SNP markers in case of null allele in the LA and AA populations respectively. CK refers to ‘Connecticut King’, Or
refers to ‘Orlito’, WF refers to “White Fox’. Red dots refers to the genotypes that have AA alleles, blue dots refers to
the genotypes have the BB alleles, and the green dots refers to the genotypes have AB alleles for certain SNP.

In AA population, a null allele (o) can be identified by genotyping the grandparent ‘Pirate’ that
will show no call, while the father ‘Orlito” will be either Ag or Bo (Fig. 1D). Meaning, in case of
a null allele present in AA population genotyping a marker type <ABxAe> will result in four
allelic combinations with equal segregation ratios (AA, Ae, AB, and Bg), which will be
visualized as three clusters with skewed segregation (2:1:1) as was explained above. It is also
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possible that ‘Pirate’ might have only one null allele (Ag), consequently ‘Orlito’ will either have
no null allele (AA, and marker type <ABxAA> that segregates normally), or have one null allele
(Ag, and a marker type <ABxAg@> that segregates as what mentioned above).

These markers <ABxAg@> can still be used for mapping by considering them as bi-allelic markers
that are fully informative from mother side (by calling them <ABxAA>, consider AA and Ag as
one AA cluster and combine AB and Bg into one AB cluster). From the father side <ABxAg>
only the allelic combinations AB and Bg are informative since we can deduce which allele has
been passed on; whereas, both AA and Ag will be not informative since we cannot distinguish if
the allele passed on from mother or father, thus AA and Ae can be changed into missing data. In
this study, we converted the two makers that showed to have a null allele in AA population into
bi-allelic markers that segregate from mother ‘Connecticut King’ since these markers will be
fully informative. Doing so, we could map all SNP markers that showed null allele.

As a result, 102 polymorphic SNP markers were identified in lily that represents a conversion
rate of 45 % (the number of polymorphic SNPs divided by total number of SNP markers used for
genotyping). Next, SNP markers that showed strange segregation and could not be re-scored
manually were excluded and therefore 99 and 97 SNP markers in LA and AA populations
respectively were used for genotyping (Table 2). List of SNP markers that are mapped on both
populations and their annotation results (top hit) from blasting to NCBI (BlastX) were included in
Table 2.

Table 2: Mapping information of LA and AA populations

LA population AA population
Total Previous = New maps Mapped Total Previous New Mapped
maps markers % maps maps markers %

AFLP - - -- -- 301 134 154 51
DArT 552 380 441 80 244 91 96 39
NBS 34 31 30 88 155 70 74 48
SNP 99 - 94 95 97 - 85 89
Total 685 411 565 82.5 797 295 409 51
Coverage cM 1,642 2,438 1,539 2,035

Marker/cM 4.1 4.3 4.9 5.2

Construction genetic linkage maps

LA population

A total of 99 polymorphic SNP markers together with 34 NBS and 552 DArT markers that were
already available (Shahin et al., 2011) were used to re-construct genetic map for LA population.
Linkage groups for ‘Connecticut King” were constructed with a LOD >4. A total of 565 markers
(94 SNP, 30 NBS, and 441 DArT markers) were mapped on 22 LA linkage groups (LGs). The
mean Chi-square of linkage groups ranged between 0.06 and 1.3. The LA linkage maps span

75



Chapter 5

2,438 ¢cM with an average marker density around 4 cM. Three regions showed skewed
segregation (P=0.05) clustered on linkage groups: 1b, 14, and18.

AA population

Linkage groups of ‘Connecticut King’ were re-constructed for AA population using 97
polymorphic SNP markers together with 155 NBS (53 <ABXAA> and 102 <ABxAB>), 244
DArIT (62 <ABxAA> and 182 <ABxAB>), and 301 AFLP (183 <ABxAA> and 118 <ABxAB>)
markers that were available previously (Shahin et al., 2011). Linkage groups of this population
were mapped with a LOD > 4. More than 50% of the used markers for mapping were of
<ABxAB> type that was scored dominantly (1:3). This marker type has low information content
as only 25% (absence of band) of their data can be used for mapping. Consequently, several
linkage groups showed suspect linkage and thus difficulties in mapping. To solve this challenge,
linkage groups of LA population were used as references for mapping in AA population, using
mainly SNP markers (their presence and their order on LGs) to correct the mapping of AA LGs
that showed suspect linkage. This was done by comparing mapping positions of the common
SNP markers in both populations. Accordingly, if few SNP markers are mapped on one LA
linkage group and on one AA LG despite the fact that this AA LG showed to have suspect
linkage, we kept it as one linkage group and we discarded (1:3) markers. While if these SNP
markers were mapped on two LA LGs, we split up the AA linkage group (that have suspect
linkage) into two LGs. In all cases, discarding the (1:3) markers improved the mapping in this
population. Additionally, having SNP markers in common between the two populations helped in
building and structuring the linkage maps of AA population. This AA map comprises 22 linkage
groups of which 5 small LGs with 3-5 markers. The mean Chi-square of the linkage groups
ranged between 0.4 and 1.9. The AA genetic maps spans 2,438 cM with an average density of a
marker each 5 cM. Three regions showed skewed segregation (P=0.05) which clustered on
linkage groups: 3, 12b, and 17.

Map alignment

The current genetic maps of LA and AA populations were compared with previously published
genetic maps for those two populations (Shahin et al., 2011). Majority of current linkage groups
were similar to the old maps except for some groups that were linked to each other, i.e. LG9
joined LG1 (LA9 now is LA1b, and AA9 is part of AA1b in this maps), LG13 joined LG2 (LA13
was integrated in LA2 and AA13 integrated in AA2a), and LG18 joined LG7 (AA18 now is
AAT7a) in current maps (Fig 2).

Previously, a comparison between genetic maps of two populations was made using a few
common DArT and NBS markers (21 DArT and 8 NBS markers, Shahin et al., 2011) that
enabled the alignment of 15 LGs. Now, with the use of SNP markers, all LGs of the two
populations could be aligned and the previous alignments of the LGs from Shahin et al. (2011)
were fully confirmed.
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Figure 2: The linkage groups 1, 2, and 7 of LA and AA populations aligned according to the common DArT, NBS,
and SNP markers. All SNP markers and the common DArT and NBS markers are in green. The <ABxAB> markers
are in red. The skewed regions are shown by stars.

The order of common markers (SNP, DArT, and NBS) between the two populations was the
same in majority of linkage groups. However, some differences in the order were observed, e.g.
SNP 9129-2 and SNP_4658 on the bottom of the LA1b and AAlb showed to have different
order. This might be due to the presence of the (1:3) markers in AA population that cannot be

mapped accurately and thus may cause a change in markers order.
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Current maps of LA and AA populations were compared with previously published maps in the
sense of number of mapped markers, the coverage, and marker density (Table 2). A total of 565
markers were mapped on LA maps compared with 411 markers mapped on the previous map.
The increase was due to SNP markers (94), in addition to 61 DArT markers that were not mapped
previously. This increase in number of mapped markers caused growth in the coverage of lily
genome to reach 2,438 ¢cM (increase of 796 ¢cM) compared with the old map, with the same
marker density (one marker per 4 cM, Table 2). Similarly, 114 new markers mapped on current
AA genetic maps (85 SNP, 5 AFLP, 20 DArT, and 4 NBS markers) which caused an increase of
around 500 cM in genome coverage, at the same marker density (one marker per 5 cM) compared
with the old AA maps.

Mapping efficiency of marker types

There were differences in mapping efficiency of different molecular marker types used for
mapping in both populations. In LA population, both NBS and SNP markers showed high
efficiency with 88% and 95 % of NBS and SNP markers being mapped, while DArT markers
were slightly less efficient with 80% being mapped (Table 2). Overall, 82.5% of markers
genotyped in LA populations were mapped. In AA population, the overall efficiency of markers
was low (51%). In detail, SNP markers were highly efficient (89%), while AFLP, DArT, and
NBS markers showed an efficiency of 50% or less. This is mainly due to the dominant scoring of
<ABxAB> markers (which were the majority in this back cross population) that were
subsequently excluded since they tend to cause more tension in the maps (Shahin et al., 2011).
Mapping efficiency of SNP markers in AA population was 89% which is comparable to 95% in
LA population.

Discussion

SNP marker genotyping

In this study, we could genotype for the first time SNP markers in flower bulb crops. We
confirmed the usability of next generation sequencing technology in lily and the effectiveness of
sequence assembly and SNP marker identification steps that were explained in Chapter 3. A total
of 225 SNP markers of ‘Connecticut King’ were tested, from which 170 markers worked
(75.5%). The genotyping success rate (75.5%) was comparable to previous studies in outcrossing
species such as: maritime pine (23.8 GB) 66.9% in which a combination of in silico and in vitro
SNPs were used (Lepoittevin et al., 2010), 63.6% also in maritime pine in silico SNP (Chancerel
et al., 2011), and less than 92% in maize in which all the SNPs were BlastN (le-12) against the
maize sequence in gene bank and only the top blast-hits were used for genotyping (Yan et al.,
2010). The conversion rates (number of polymorphic SNPs divided by the total number of SNP
markers used for genotyping) of 45% were higher than conversion rate for maritime pine (19.5
and 12.5% for two populations used) (Chancerel et al., 2011), close to the 42.5% conversion rate
for pine in silico (Lepoittevin et al., 2010), and less than conversion rate of 69.2% of in vitro SNP
in white spruce (Pavy et al., 2008). SNP markers that deviated from the expected Mendelian ratio
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were also described in maize (Yan et al., 2010). Re-scoring these SNP markers showed to be
effective since all the re-scored markers were mapped; however, it is a time consuming process.
Thus in case of genotyping large number of SNPs excluding such markers will not be
problematic.

Mapping of SNP markers

Developing genetic maps in lily is quite challenging due to two main reasons: the very large
genome of lily (36 Gb, more than 280 times larger than Arabidopsis genome), and the very high
chiasmata frequency (54.8 chiasmata were determined per complete set of diplotene bivalents in
L. longiflorum, Stack et al., 1989). This means the need of a large number of markers to cover the
genome and prevent linkage groups from splitting into two or more small linkage groups due to
insufficient markers to bridge recombination hot spots. Using next generation sequencing
technology to sequence the whole lily genome for marker development would be difficult due to
the assembly problems in heterozygous organisms. Furthermore, lily genome has an abundance
of repetitive elements which will make sequence assembly and thus SNP retrieval very
challenging. Thus, developing markers using transcriptomes showed to be good option for such
huge genomes e.g. white spruce, pine, and Eucalyptus (Chancerel et al., 2011; Grattapaglia et al.,
2011; Pavy et al., 2008).

To increase mapping efficiency of markers in a backcross population (such as AA population in
this case), co-dominate markers such as SNP or SSR are highly appreciated since more than half
of the markers of such population will be of <ABxAB> type. Whereas for dominant <ABxAB>
type markers only 25% of the data (3:1) is actually used for mapping (AA; i.e. the plants without
a band), this percentage is doubled in case of scoring co-dominant markers (1:2:1) since both AA
and BB can be distinguished and are informative situation for the parental segregation.

The SNP markers developed for the two populations improved old maps: the number of mapped
markers increased 37% (154 markers) in LA population and 39% (114 markers) in AA
population, the genome coverage increased 48% in LA and 32% in AA population, the marker
density remained the same, the number of linkage groups decreased into 22 aligned linkage
groups including even the very small linkage groups (3 markers). Decreasing the number of
linkage groups were mainly due to mapping SNP markers that provided the link between small
and large linkage groups, which indicated that SNP markers targeted genomic regions that were
not targeted before with other type of molecular markers developed for lily. This might also
explain the 48% increase in the genome coverage. Blasting the SNP marker’s contigs (BlastX) vs.
NCBI gene bank (http://www.ncbi.nlm.nih.gov/blast/Blast.cgi) provided an overview about the
genes targeted by our SNP markers. Majority of the markers were predicting proteins and some
have no blast hit (Table 2). Some housekeeping genes like tubulin and ubiquitin were mapped
(SNP_17165 mapped on LA2, SNP 3752 mapped on LA7b, respectively) that can be used for
further research to identify a reference gene for q-PCR. Additionally, SNPs provided common
markers that were mapped in two different crosses. Common markers allowed combining genetic
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information from two crosses such as resistance to Fusarium and LMoV, which can speed up
marker assisted breeding (Shahin et al., 2011). Mapping and comparing the same trait in two
populations allows the confirmation and validation of the identified QTLs.

Common SNP allow the construction of a consensus map of two crosses similar to studies in pine
and white spruce (Chancerel et al., 2011; Pavy et al., 2008). However, in this study we did not
construct a consensus map. For QTL mapping studies, mapping of two populations separately is
preferred since the position of markers can be more reliably estimated and also the phase/allele of
the markers can be followed easily.

Another benefit of common SNP markers between the two populations is to compare the synteny
between the aligned linkage groups. The order of SNP markers on linkage groups should be the
same in the two populations. Generally speaking, any difference in marker order between maps
should be due to mistakes in mapping or due to possible biological phenomena such as paralogs
or inversion events. In this study, we constructed the maps only for ‘Connecticut King’ thus the
main reason for discrepancy in marker order that was recorded in a few cases (five) will be due to
lack of markers in certain region (large gaps) or due to the (3:1) segregating markers that have
less mapping power and thus might cause some changes in marker orders.

Genome size of lily was estimated to be 2740 cM using the hypothesis that one chiasma
corresponds to 50 ¢cM (Rodionov et al., 2002; Shahin et al., 2011). The average number of
chiasmata per complete set of diplotene bivalents was determined in L. longiflorum at 54.8 (Stack
et al. 1989). Thus the current maps of LA and AA populations cover 89% and 74% of lily
genome, respectively. To estimate the number of markers needed to cover 95% of the expected
Lilium L. genome (2740 cM), we used the formula developed by Lange and Boehnke (1982)

n = [log(1 —p)/log(1 — %] where 7 is the minimum number of randomly distributed markers

needed to cover a proportion of (p=95%) of a genome size &, at a maximum distance of ¢ between
two adjacent markers. A total of 204 markers are needed to cover the lily genome (k~=2740 cM),
assuming a random distribution of markers with a distance between markers of 20 cM, while
1,024 and 2,051 markers are needed to cover 95% of lily genome with a distance of 4 cM or 2
cM between adjacent markers respectively, which is more than the 373 and 935 markers needed
to cover the 95 % estimated genome size of maritime pine with a maximum distance of 20 or 4
cM between markers, respectively (2500 cM; Chancerel et al., 2011). Using the same formula
and assumption of randomly distribution of markers we could conclude that with a distance of 8
cM between markers, 511 markers are sufficient to cover 95% of lily genome. In LA population,
565 mapped markers cover around 90% of Lilium L. genome which is close to number calculated
using the formula of (Lange and Boehnke, 1982) indicating that these markers are very close to
the random distribution. Nevertheless, gaps were recorded in the linkage maps such as a gap of
60 cM at the bottom of LA 1b, indicating that some regions were under-represented compared
with other regions. The availability of much more SNP markers developed for ‘Connecticut
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King’ and White Fox’ (1,171 and 1,292 SNP markers respectively, Chapter 4) allow us to
genotype and map more SNP markers that can help to cover the entire lily genome at reasonable
marker density and identify closely linked markers to important traits.

Conclusions

The present work validated a subset of SNP makers developed for lily and showed the usability
of this type of markers to improve the genetic maps of complex and uncharacterized genomes
like lily. Present genetic maps are the most advanced genetic maps for this species that will be
enriched with more SNP markers and consequently improve QTLs resolution. Having two half
sib populations provided a very good reference for mapping in which common markers were very
useful in linkage group alignments and mapping position confirmation. Any discrepancy in
mapping will draw attention to possible mistakes. Also, having two populations allows
comparing the genetic information such as QTLs and transfer linked markers from one
population to another. More importantly, QTLs can be validated when mapping same traits in
two populations. With this, QTLs will be confirmed and molecular assisted breeding can be
speeded up.
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Table 2: List of SNP markers, their sequences and annotation (top blast-hit, from Blastx and their E values), that were mapped on LA and AA populations

SNP ID SNP sequence Description E value
SNP_78 ATCATCGTCCAAGCAAGTCGAAGGATTCTAGTTCAAGCAC[A/G]CCCAAGGGTCCAAAAGCAACTAGGAAGGAATCCGAGACAT  no blast hit
SNP_15507 CTCTTTCACCAGCATGCTGAACATAAGCATGATTCCCTGC[G/A]JGGAACAGCCAACACAGTTGAGAAAATGAAACTCAAGATAA 050320185600 [Oryza sativa Japonica Group] 4.00E-46
SNP_9438 TCTTCTCGCGACCTCGGGCTTTGAGTCGCTGCTCCTCATC[G/A]CGTCTTCTCTTTACTCTGATGGCTTGCCCTGTGAGAACAG 050320185600 [Oryza sativa Group] >gb|ABF94356.1| expressed 4.00E-46
protein [Oryza sativa Group]
SNP_11106 ATCGACTGCAGCTAGAATTCCTGGTGACCTCGAGGCCAAT[A/C]JAAACAAATTCGACTTCATCCACTTGAAACTCTTTGTAGTT 30S ribosomal protein S17, putative [Ricinus communis] 1.00E-05
SNP_6728 AAGGGATGATGTGGAAGAAGCTGTGGGAGAAGATTCTGCT[A/CITTTTGCACATCACCACACCCGGCCAGTTAACAGCTCTTAT PREDICTED: hypothetical protein [Vitis vinifera] 1.00E-31
SNP_13871 TGCTGTATGTGACACCATTCCAGGCACTGGCAGTTCTTGC[A/G]GGGTTCTATATGATGAGGCATCCGAGGTTCCGTCACAGGA PREDICTED: hypothetical protein [Vitis vinifera] 2.00E-34
SNP_15302 CTTCCGGCACATTACTGCTGATAATATCAGATTCTTCCAC[G/A]JCCCAAGCTGGGGATCACAAACCCATCAGTATCCCAATCGT hypothetical protein LOC100527167 [Glycine max] 2.00E-11
SNP_14781 TTGATCTTGGAGAGCTCGATGCAGCGATCGCGATCGTTGC[A/G]JGACATGGAGACGGCCGGAATCCAAGTTCCTGATGAAACCC unnamed protein product [Vitis vinifera] 1.00E-22
SNP_17259 CGTAGCATTGACAGCTTTGCATGCTCATTTAACTGGGCCA[A/G]ITAGAGGCATCAATGCACCAGTACCAAGGACCAGATCTCGG hypothetical protein OsI_01208 [Oryza sativa Group] 2.00E-113
SNP_7030 AATGCCAGATAACAGATATAGTTTTTCCTACAGCACATTC[C/A]JGCATATTTTGCAGAGTACTGGTCACATTCTTTGAGTGCCT PREDICTED: hypothetical protein [Vitis vinifera] 7.00E-29
SNP_17021 TCCGAGCATGCATGTGAGGCCACATTCGGCCGTTGCTCTC[A/G]TACGACGGCACATACACTTTTAAAACCTGGTTTCGCGTGA hypothetical protein OsI_24908 [Oryza sativa Group] 2.00E-48
SNP_3459 CAAAAGGTGTTAAGCCAACATTATCTCCGAACCTAGATAC[A/G]CTTGCCTTGGTTGAGGCAGCTGGAGTAAAACGACTTCTCT OSINBb0026L1.04.9 [Oryza sativa Japonica Group] 2.00E-65
SNP_6079 TCGGTGACGGTAACGAGAGAGAAGAAGTGGAGATCGAGCC[A/CJAACTCAGTCTCCCTCGACCGAATGATTCTCAGCTACATCG PREDICTED: hypothetical protein [Vitis vinifera] 4.00E-56
SNP_4697 AATTGAAGCACTTGGCCGGGCAGGAGAGCTTCTTCTTGTA[G/A]JCAAGGACCGCGATCCGAGCAGACAACTGTAGGCCGGATGA hypothetical protein LOC100499725 [Glycine max] 4.00E-10
SNP_5441 CCGGGTGAATGTTCTGATTCAAAAGTGCTTCCATCTTATC[G/A]TATGTACCCTCGACTGCAAGCATTCCCATATAATTGAAAT PREDICTED: hypothetical protein [Vitis vinifera] 7.00E-43
SNP_12513 AGGTCTCGACAACATCTCCGGCTTCCCAGTCGCTGAATCC[G/A]TCCACTCCGATACCGCACTCAAGTCCAGCACCAACCTCTT 050520575300 [Oryza sativa Japonica Group] 2.00E-29
SNP_6398 CTGTCTTCATGGATGCTAGTAAGCATTTCTCCATCCGCTC[G/A]TCATGACTAATCTGCTGCTCTCGGCACTCCAGGCTGCAAA predicted protein [Populus trichocarpa] 4.00E-26
SNP_8141 CTTCAAGTACAGAAATTGTAGCCGGTGTGTAATCAAGCTG[C/GICGAGCACCATGGTTGGAGACAATTATTCCAGATACTCCTG Aldolase-type TIM barrel family protein [Arabidopsis thaliana] 2.00E-41
SNP_13066 TATCTTTCTATGGCGCAAGTCAGCTCAAGTTCCATTGGGT[A/G]JGAGCGTTACGACAAACTATTGGTTGGCTCGGTCCTGTGCC 0s01g0277700 [Oryza sativa Japonica Group] 2.00E-73
SNP_4139 TTCCAGGCCTTGGAGTATTGCACTTCCTCATGTTACAGAC[G/AITTTCGAAATGAGAAGTTGTTGTTGCCACAATTCGGACATT predicted protein [Hordeum vulgare subsp. vulgare] 2.00E-41
SNP_8020 CTTCCAAAACCGTCACGCTGTTCGGGATGTTCACCACCTT[G/A]TTATAGCGAGAGATCTTTGTTATAAAGTTGCGCGGATTAT UDP-glucose 4,6-dehydratase [Arabidopsis thaliana] 2.00E-32
SNP_13041 TCCGCCGAGCTTCACGCCGGCCTGTTAGAAGGACCATCTG[G/A]JAATCCAAGCCCGAGGAGATCGTTGTACAACTTCAGGCTAG putative Acid phosphatase precursor 1 [Oryza sativa Japonica Group] 6.00E-43
SNP_12792 AGGATATCATCCGGACTTTGAAAAATCGCGATGCCTCTTC[A/G]TAGTGAAGAAGGATGGAGAGCTAGAGGATATCTCATATTG PREDICTED: hypothetical protein isoform 1 [Vitis vinifera] 5.00E-44
SNP_14671 GCCTGCCAGAAGCTCGCATGCATTCTATTCCTCTTTCATC[G/A]TGAATTTCAGGTCCACCAGCCATTCCAGCTAACTTTGGAG methionine aminopeptidase, putative [Ricinus communis] 9.00E-76
SNP_5662 AAGGGTTCCACAAACCCCAAACATCTTTCGATTATCTACT[C/AJAGCACACAATACTGGCTACCCAAAATACTCTCACCTTAAA no blast hit
SNP_13237 TGATGCCGTCCTCGATATAGACATCCGCAACCTGTTGATG[G/A]TGAGCGTTCACGACAGTCCCGCCGGTGATCAAGATCTTGG hypothetical protein Osl_04141 [Oryza sativa Indica Group] 1.00E-18
SNP_5262 GAGACATGGCTTTTATCACCAGTAGGACCATCTTTGGCCA[G/A]TCCAAAGTCGGAAAGCTTCGCATTATAGTCCGAATCAAGG Protein kinase APK1A, chloroplast precursor, putative [Ricinus 5.00B-63
communis]
SNP_5253 AGTCAATACTATGGACTCCAACAACTACACATGTTGCACC[A/G]CTCTATGCTGCGGCGGATGTTTATGTGATAAATGCCCAGG predicted protein [Populus trichocarpa] 7.00E-55
SNP_9564 CCTCTGAGCCGAGAGATTCGACGATGTCGTCGCTGGGGAC[A/G]TCGAAGGGGATCCTCGAGATCGCCAAGTTCGCCGTCTACG no blast hit
SNP_4658 CCCCTAAGCTAGCACTGTCGGGGATGATGGACAAGCAACA[A/G]JACAGTTGTCAATGAAACAGAGACAAGCCACTCTACAGCCC no blast hit
SNP_17302 TGGCATGTCTCGCGGTGTTACCATGGGATATGAAGGTTGC[A/G]ICGCTCTTGAAAAGAGGTGTAGATGAAACCAAGGTAAGGGT OSINBb0089B03.6 [Oryza sativa Japonica Group] 5.00E-92
SNP_17715 CGCCCTGGATCTTGTCCCCCTCGAATGAGAGCATGGAGCC[A/G]TCCTGGTAGAGGTTGACCAGCGCCGCCCGGTTGGAGTCGA predicted protein [Populus trichocarpa]] 9.00E-26
SNP_4862 TCAATACTTTTGCACTAGTGTAATTCCAGAATATGTCAGG[C/AJACTAGTACATCTTGTTTGTCTGCATATAACTTCTTAAATC unnamed protein product [Vitis vinifera] 2.00E-86
SNP_13755 TTGCAGCAACTTTCCTGCTATCATCCTTTGTTGAGGAGTT[G/A]TTATAGAGCTCATACTGATCTTTCCAGACACGAGAACACA unnamed protein product [Vitis vinifera] 1.00E-51
SNP_13650 TCAGACTATCATCCCTGCTGGTTCCTCGACATTTGTCTCA[A/G]JAGAAGAATCAGGTTACCAGCAAGGAATTATCATCCCAAAC PREDICTED: hypothetical protein isoform 1 [Vitis vinifera] 6.00E-42
SNP 4388 CCTTTCCTTTCTTGTTAGTGAACGTCCGGCGGTACGTGTT[G/A]JACATACTTGCGAACATCATCGTCTTTGTTAAGGTCGAAGA S6 ribosomal protein [Asparagus officinalis] 2.00E-100
SNP_9770 TCTCGCAGGACTCGATATCATGCAGAGTTACTACCCTGAA[A/CIGGCTCGGAAAAGTACTTTTAATCCACGTGCCTTATATGTT 050320850700 [Oryza sativa] >gblAA020076.1| putative 4.00E-42
phosphatidylinositol /phosphatidylcholine transfer protein [Oryza
sativa Japonica Group]
SNP 9129-1 AGGATCTGCTGAAGAATGTGTACAATATGCCTCCGAAATC[A/G]JGAAGGACAGCAGTCGAACGATCATCGACCCCTTAGCTAGC unnamed protein product [Vitis vinifera] 5.00E-19
SNP_ 8033 ATGAGACACGGGGGAAGTTTGAAACAAGATTATATTTCTC[C/G]JGCGGTCAAGCAATCCAAAGAGTCAACATAGTCATAAATTG unnamed protein product [Vitis vinifera] 1.00E-24

SNP_17784

CTGCTGGCCATGTTGCAATCGAATGACATCCATTATCTAC[A/CJACCAGAACAGGGGTGGCTGCTGTAGGGAATCCTTGTCCGA

no blast hit
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Mapping SNP markers in Lilium

SNP_16951 TTTAGTGGAAGCATCCACCGAGGAGGACTTCACAGGAAAA[G/A]CTGGACAGTCAACAATTCTCCGGCTTCCAGGTTTGGGTTT 05020794700 [Oryza sativa Japonica Group] 6.00E-77
SNP 4988 TGTCTGGGTCAAAATTTTGCAAAAATGTTTGAGATAGCAT[A/TITGAGAATGAGAAGGGTGAAAAGGCTATGGTTTGGCAGAAT aminoacyl-tRNA synthase [Oryza sativa Japonica Group] 9.00E-144
SNP:1 7165 TGGGGATGAGCCTGAAGACTACTGAGTTCTGGTCTTGGGC[G/A]TTCATAATTGCTTTTATGATATTCTGTATGTTGGATTATT tubulin alpha-1 chain [Oryza sativa Indica Group] 1.00E-113
SNP_12571 AGACATGGACAAAAGAACATITGAAGGAGAAGTTGAAGTC[A/GITATGGCGTCGAAAATATTGAGGATITGACACTAGTTGAAG  putative heterogencous nuclear ribonucleoprotein [ Vitis vinifera] S 00E-61
SNP 17287 TGATCAAGTGGGCCCCAGAATAGATCATCATCAATTTTAG[A/CITTTGGAATGAGGCACAGTGAATGAACTTGTCTGCATAGGG conserved hypothetical pr()tein [Ricinus communis] 1.00E-32
SNP:7534 CCTTGAAACGGATCGTTTGGGATGGGGTGCATTACACAGA[A/GIGCTGCGAACAATTGGGTGTTCGATCAGATCGCTGAAGGCA carly nodulin 8 precursor-like protein [Oryza sativa Japonica Group] 7.00E-22
SNP_ 13441 GGTCGGGGAAGTCGACGTTGCTCGACTCTCTGGCTGGCAG[A/G]JCTGGCCACCAATGCGTTCATGTCTGGGTCAGTGCTGCTCA white-brown-complex ABC transporter family [Populus trichocarpa] 9.00E-51
SNP 6899 GCAACCATGTCTTCCACCTGCGGTAACTGCGACTGCGCCG[A/CICAAGAACCAGTGCGTGAAGAAGAGCAACAGCTTCGGCGTT metallothionein type I [Fritillaria agrestis] >gb‘ACC38380< 1‘ 5.00E-14
- metallothionein-like protein [Lilium formosanum]
SNP_10602 CAGATCGATCCGGTGCGGACGTAGATGGTGTAGACGCATT[C/G]GTTGTCATCATTGGCCTTCTGGAGAGAGATGGCGGTGGAG dehydration stress-induced protein [Brassica napus] 2.00E-07
SNP 3673 TGGTGAAAGCTATGATGTTATCAGTTCCAGAGAGCTGGGC[G/AJAAAGGGTGGTCCTCCTTGTATCTCCTCAACTCCACCACTC aspartokinase-homoserine dehydrogenase [Glycine max] 4.00E-33
SNP:()()I 2 GCTGCACGTTTTGAAAGATCTGCTTGTCTTCCATTCCAAG[G/A]TTCCCTACTGCAACACCCATGCAAAGAACTTTCTTCAGCT 050820558800 [Oryza sativa Japonica Group] 5.00E-36
SNP_13728 CAAACTTAATCGAAACATCAGCGAGAAGTGGAGCTGGAGT[A/GICTCGACCTCCAGGGGAAGTTAACAGACGACATTGAGTGGC  hypothetical protein SORBIDRAFT _01g028430 [Sorghum bicolor] 6.00E-15
SNP_9761 CGGCCATCAAGGCTGCAATTGTTAATTCTCAAACACTTGA[A/G]JGAGGTCGCCAGGCTTGAGAAGGCTTTGCAGTCTGGCCAAC U2 small nuclear ribonucleoprotein A, putative [Ricinus communis] 1.00E23
SNP_12928 CGTCTTGTGCTCGAAATCCCCAAAAGTTGAGTTGAAGAAA[C/G]TTGCATGTTTAGTTGCAGTCCCTACCGGAACTACCAAAGC calcium dependent protein kinase 16 [Populus trichocarpa] >] 9.00E-17
SNP_8554 TCATATCGATTCCCGCGAGGCCTCGGGGGTATCTCCAGAG[G/AJTACCTCCTCTTTCTTTTCGAGCTTCTTATCATCACTCAAC predicted protein [Hordeum vulgare subsp. vulgare] 5.00E-21
SNP 5607 CTTCCCTAACCACAACACTCCCGGAATTATTCAAGTCGAT[G/A]JCCTCCTAATGTAAGATTCACTTCACCACCTCTCTGGGGTA pleckstrin homology (PH) domain-containing protein-like [Oryza 4.00E-98
- sativa Japonica Group]]

SNP 5094 TTCCTTCTCCTGAGACTGAAGAGATCCATTATGAGAAGGG[A/G]CGCTTTCCGACCATCAACTCCGATGAGATTAATGAGAATC CCR [Lilium hybrid cultivar] 9.00E-42
SNP:14()77 CTGCGGTAAAAGCCTTCTTGCCTCCACCGGTTGATCCAGC[G/A]JGGAACAACCTTCAACACATTAAAACGAACAGTCTTTGCCA 408 ribosomal protein S11, putative [Ricinus communis] 5.00E-67
SNP_8370 TCAACTAACATGGGTGGCTATGAACATCCTCTACTCGTATIC/G]CCTAGCAGGGCTTCTGGTTATAGGGAGCCTAGCAACACAC zinc finger protein, putative [Ricinus communis| 4.00E-15
SNP 15074 GTGAATCATGGCTTTCGCGAACAAGATCGGGAGTCTCAGG[A/G]GCCTATTGAAGCGGTCGGTGACATCGAATCCGTCGCTGCT hypothetical protein OsI_33054 [Oryza sativa Indica Group] 4.00E-19
SNP:4593 GGTCCTGTACAGTTCAATATCAAAAGGCTTCCATTACAAG[A/G]TGAAGCTGCATTCTGTGGTAAGGCAGCATATTTCTAATAA hypothetical protein LOC100526948 [Glycine max] 1.00E-47
SNP_17108 TACAAGATGTAATTGTCCCAAATTCAGAAAATAATTCCTT[A/GJAGTTCTTCGTCACCTATGTTGTCATCCAAGTTCTTCAGGT unnamed protein product [Vitis vinifera] 5.00E-38
SNP_13377 AAGTCATCGCCCGCGTCCTCGACGTTGTCAAGAGCTTCCC[A/CJAAGGTCGATCCCTCCAAGGTGACGCCGGACGTCCATTTCC acyl carrier protein, putative [Ricinus communis] 8.00E-35
SNP 12982 GGTAGATGGTGGCTCCCATTGCTATCTCATTGTTGATCTG[G/A]JATGAAGCCAGAGCACAGTAGGTTGTAGCATCCTGTAGCTT predicted protein [Hordeum vulgare subsp. vulgare] 5.00E-54
SNP 3752 GGTACAAGTCCAAGCATGATTTGAATGGAAAAGATGGTTT[A/GITTGTCTTTGATTCGGAAGTTCCCTGAGGGCCTTGCTGTTG hypothetical protein OsL_33458 [Oryza sativa Group] 6.00E-37
SNP:7239 AATGAAGATTGTAGTTGACTGGTATGAAAATGTAATCCTT[C/G]TCAAATAGATTCACTTTACGGGTCCATTTACGGACACGTA Probable ubiquitin—like—speciﬁc protease 1.00E-24
SNP 4154 AATACTTGCAACATGAGCTCGCTTGAGAATCTCCAAGTTC[G/A]JAATCACAATCAAGAAGCACAGAGAGAATGCGCTTATAGTG conserved hypothetical protein [Ricinus communis] 5.00E-12
SNDP 685 TGTAGTTTGTCTTACAAAATTTATTCCATCTCTGTAAGAC[G/A]JAGGAGAAATCCCTATTTTATACTTATTTTCGAAAGTTAAA 10 blast hit

SNP:6478 AGCCACCTATCTCCACCTCCTTGCCGAGGTGGTCTTTGAC[G/A]JAAGACTGCGACCTGCGCAAGATCCAGATTCAACGCAACCA ATP-citrate synthase, putative [Ricinus communis] 1.00E-17
SNP 6798 GCCCAGCCGCACCAGCTCGTCGCCGATGCTGAATCCCATG[G/AJCCAGATCAACAAAATTGAGGAATCTAGAAAGAGGGTGAGA  Nat/H+ antiporter NHXG6 [Zea mays] 2.00E-29
SND 8046 TCTTGCTCATCTTCGCGTGCTGGTAGTACAGAACGATCAGI[G/A]TACCGGTTGGCGACGTTGAAGCCGGAGAGATGATCGACGG RNA binding protein [Elacis guineensis] 8.00E-07
SNP 17252 ATACCTAAAGTTGGCTTGAACTTAGTTCAAGTACCTAATG[A/TICGTTTTGTTAATCATCAAATCTCACCCTGGAAGTCATGTT 1o blast hit

SNl;l 3102 AAAACATATCGCATTCCACTAAACACTTGCCAACTTAAGA[C/G]JCATCTGCCTTCTCTTGCAGGCTAACAAGCAAGCTGTCAAA transaldolase [Hyacinthus orientalis] 2.00E-44
SNP:I 7829 TCCAAGCGAAGAAAACGAAGCTGCAGAAGCAAATTGCAGC[G/AJAAGCTGCAGGTGATCGAAGATCTTCAAGGTCAGATTGATG  no blast hit

SNP 10369 CTTTCTCGTAACTTGAACCTTCTTCGCTACTTAGTCTTTC[G/A]CTACTGGAAAAATTCAGTTTCTTCCTTGAAAAACTTCCTT hypothetical protein OsL_19654 [Oryza sativa Group] 6.00E-28
SNP:] 4350 CGTAGATGCCACTGACCTTGTTGGAGATGGCTTCGTGGGC[G/A]JAGCATGTAGTCCTTGTAGAGGAGGTAGAAGCCGGCGGCCG no blast hit

SNP 13050 CTTGAGCTGCCAGCGAATGAAGCTCTTCTTTCTTCTCAGC[G/AJGACATTTTCTTGTGCGCCACTCGCAGAGTGGGATAAATAA unnamed protein product [Vitis vinifera] 1.00E-19
SND 4267 GAATTTCAGCTAGAACACCCTTAGAATAAGCCTTTGAATT[A/TITCTCTGAGAATGTGTTTCGCCACAGCAGGATCCGAAACAA cytochrome P450 CYPO7A16 [Zea mays] 1.00E-48
SNP:7201 TCGGCCCCTCTAACTCGACAGATCGAAAGACAGAGGTTGG[A/CICGGAAATGATTGTGCCGGCACTAGGGATGGCGGCGGCTGC no blast hit

SNP 13617 GAGCTTTGACTGCAGTCAGAGTATCAATAGGTTGGAGCCC[G/A]CTGTTCTCTGCCAGAGCCATAGGAATGGAATCTAAGGCTT PREDICTED: hypothetical protein [Vitis vinifera] 1.00E-34
SNP:17072 CAGCCAAAGGTCCAGCAGCAGCCAGCTTTAGAAGGTCCTC[A/G]ICGGTTCGCCACTATACTACTGATTCTTGTAATAGCACCAA metalloendopeptidase [Zea mays] 6.00E-72
SNP 3509 GTTTCGGAGGATCCTTACGCATTAGGTACAAGAAATCTTC[G/A]JGTCAAGATCTTTCCCCTCTTGGATGAGATATCTTGGGCTT TBP-associated factor 13 [Solanum melongena] 5.00E-42
SNP76421 GTTGAACAGTTACATAATATGTCAGCTTCCACATTGATTC[G/A]JGAAGACTTCAAGACCTTTGACTGCATAGCCTCGTCAATCA hypothetical protein Osl_10853 [Oryza sativa Group] 4.00E-20
SNP:6009 AGGAGTGGGATTGGGACAATTTTCTGATTTTGCATGCTTT[A/GJATTGGAGCAATGACATGTTACTTCTTCCCATCAATCAAGG predicted protein [Hordeum vulgare subsp. vulgare] 5.00E-54
SNP_17357 TTGTAGCCTTCCCCTGCTCCATCAAAATGTAATATGAAAT[A/T]JACCACCTCTTTGACTTCCTGTTGAATGACATCATCACACA unknown [Zea mays] 2.00E-46
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SNP_17089 CCAACGTGAATGATATATTTTATGAAATAGCGAGAAGGTT[G/A]JCCTCGTGCTCAGCCAGCTCAGAATCCAACAGGGATGGTTC GTP binding protein [Cichorium intybus x Cichorium endivia] 1.00E-72
SNP_6701 CCATTCTGCCGACATGGAGAACCGGGAGGATGCATTGGTG[G/A]JCTCCCGGGAGTGCGAGCGAGCTCGTGAATTGCGATTTGGA chlorophyll a/b-binding protein type I [Malus x domestica] 3.00E-22
SNP_6522 CTTCTTTCTGCAATAAGACTGTTAAATTGCCCGCACTTCC[A/G]TCTGCAACATCTGCACAAACTGGCAATAGTGGAAACTTAA hypothetical protein OsJ 22776 [Oryza sativa Group] 2.00E-17
SNP_4365 AAGATGAATTGAAGAATTTCTTCACCAAGTATGGAAAGGT[A/CIGTGGACCAAGAGATTTTACGTGATCATACCACCAAGCGGT RNA recognition motif-containing protein [Arabidopsis thaliana] 5.00E-39
SNP_10241 AAAAGCACGTGGGCGTCCCCGAAGGGATGGACGTTGATCA[A/G]JCAGTGTTGTATAAGAAATATGCGGCTTAGCTTGAGGTGTA no blast hit

SNP_5569 CTGATGGTATTGGGAGTGGTCCTACAGCAGCCTCCTACAA[C/G]JAGAAGCTCCAGCCTCACACCATTTGCTAACATAAGAGACA homocysteine s-methyltransferase 3 [Oryza sativa Group] 4.00E-35
SNP_12754 ATGTTCTTAACTGATGCATAACATTCACGAACAGCACTAG[C/A]JCATATAATTATCGTCATCAAGTCTCTTTTTCAGATCGTTG callose synthase [Arabidopsis thaliana] 3.00E-104
SNP_5149 CAACCAGAAGCTTGTTGACGTTCTCACTTGCATATCGGTC[G/A]JATCTCATTCAGCCATTGCTTCACATTGTTGAAACTCTCCT protein with unknown function [Ricinus communis] 9.00E-61
SNP_9436 ACATGCAGCAACAGACCGGTCCATAAAACAGGTACTGCAG[G/AJIGGCGGAGGAGCCGGTTTCAGCTCCACCACCGGTTCAGGAG  no blast hit

SNP_13149 CATTGGTCTTTAAGTCTGGATTATCGCTTTTATCCGTGTC[G/AJGAATTATCCTTCTGGGATTCAATTTCCATGCTTCCAGCCC receptor-like protein kinase 3-like [Glycine max] 3.00E-33
SNP_13296 CTCAGTCCCTTGTACATTTCAGCCCTTCGGACGCAATGTT[A/G]CTCTGGAATGGATTCCTCTGGGACAAGCGAAGTCCGGGTC B0518A01.3 [Oryza sativa Indica Group] 7.00E-61
SNP_12427 CATGCTCACGCCAGTCAAGGCCAGCATGGCCGAAGGAGGC[G/A]TGGAGAAATTCCTCGACAGTGTGGGACTCATCAGTGGCGA GDP-mannose 4,6-dehydratase [Nicotiana tabacum] 7.00E-75
SNP_3197 TCATTTCCTCAAGCATCTCCCATGAATCATTATCATTCGG[G/AJCTGGTGATACAGAACTGTTCTACTTTCTCAAACTGATGCA seryl-tRNA synthetase, putative [Ricinus communis] 3.00E-104
SNP_3760 ACTCCACCTTCTTCTGGTTCTTTTCAGTGAGGGGCTTTTG[C/G]JGGCTCGACAGGGAAATACTTTATTCCCACAAGATCACCAA serine palmitoyltransferase [Brassica oleracea] 4.00E-07
SNP_4408 ATTATGATAAGCAACATAGCGAGGATTTACATCTTGTACC[A/G]CCTCAGGTGAATCATCCTATATATGGTTGGTAGGAAGACC PREDICTED: hypothetical protein [Vitis vinifera] 2.00E-36
SNP_9129-2 GATGTACTCCAGTATAAAATTCATACCAGTACATCTCTTC[G/A]GAGCGGCTAGCTAAGGGGTCGATGATCGTTCGACTGCTGT unnamed protein product [Vitis vinifera] 5.00E-19
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Chapter 6

Abstract

Next Generation Sequencing (NGS) technologies now enable estimating the phylogeny of species
by using allelic variations of multiple nuclear genes simultaneously. Additionally, availability of
huge amount of sequence data generated by NGS allows testing evolutionary hypotheses such as
that human selection (through breeding processes) has been imprinted at genome level that can be
measured by positive selection (estimated by omega value). This hypothesis together with the
usage of NGS data for genetic divergence estimation was tested in two economically important
bulbous ornamentals: Lilium and Tulipa. Breeding in Tulipa is older than in Lilium and
consequently higher omega value was expected. We used sequence data generated by 454 pyro-
sequencing of four Lilium cultivars and five Tulipa cultivars. Twenty gene sequences (contigs) of
each genus and another seven orthologous gene sequences between Lilium and Tulipa were used
in this study. Nucleotide polymorphism rate of Lilium was twice as high as that of Tulipa, on
average one substitution per 26 bp for Lilium compared with one substitution per 48 bp for
Tulipa. Neighbor Networks of the nine cultivars from the two genera were constructed using
POFAD (Phylogeny of Organisms from Allelic Data) based on allelic information of individual
accessions. Neighbor Networks generated by POFAD were consistent with a RAxML
(Randomized Axelerated Maximum Likelihood) tree generated using the same data, and with
previous studies even though we used only few genotypes. Positive selection (estimated by
omega value) measured for 47 gene contigs, did not show an indication of higher omega values
for Tulipa compared with Lilium, and thus our hypothesis of linking breeding history and positive
selection was rejected. The relation between genetic divergence and omega value were studies.
Omega value drops when sequences distance between species increase. Apart from that, our data
showed that genes linked to resistance were associated with directed selection.

Introduction

The preponderance of molecular data applied in plant phylogenetic comes from two sources:
chloroplast DNA (cpDNA) and nuclear DNA (notably rDNA or ITS) (Chase and Reveal, 2009;
The Angiosperm Phylogeny Group, 2003, 2009). Chloroplast DNA has the advantage of
straightforward genetics: haploid, non-recombinant and highly conserved with respect to gene
content and arrangement, notably among closely related species (Olmstead and Palmer, 1992),
which simplifies its use in phylogenetic studies (Schaal et al., 1998; Small et al., 2004). However,
cpDNA reveals only half of the phylogenetic origin of a plant-lineage since it is uni-parentally
inherited, which may lead to unresolved positions especially in cases of hybrids. Additionally,
cpDNA substitution rates are generally lower compared with nuclear DNA. Nuclear rDNA is bi-
parentally inherited and its Internal Transcribed Spacer (ITS) has a higher evolutionary rate than
cpDNA (Small et al., 2004). Ribosomal genes exist in hundreds to thousands of copies in tandem
repeats and undergo concerted evolution (Alvarez and Wendel, 2003). If not all rDNA copies are
fully homogenized via concerted evolutionary processes, TDNA ITS should not be used for
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phylogenic studies (Alvarez and Wendel, 2003; Booy et al., 2000; Lim et al., 2001). Alvarez and
Wendell (2003) actually disregard rDNA ITS as a phylogenetic marker and recommend that it
should not be used anymore for angiosperm phylogenetic reconstruction.

Lilium L. and Tulipa L. were ranked among the top seven most popular flower bulb genera
(Benschop et al., 2010). Lilium is classified into seven sections based on 13 morphological and
two germination characteristics (Comber 1949), and into four hybrid groups: Asiatic (A,
Sinomartagon section), Oriental (O, Archelirion section), Longiflorum (L, Leucolirion subsection
b), and Trumpet hybrid groups (T, Leucolirion subsection a). Phylogenetic relationships within
Lilium were reconstructed using molecular markers (Arzate-Fernandez et al., 2005; Dubouzet and
Shinoda, 1999; Muratovi¢ et al., 2010; Nishikawa et al., 2001; Nishikawa et al., 1999). Most of
the species clustered into clades correlating with their morphological classification of Comber
(1949), but a few behaved differently. Species of section Leucolirion (subsection a and b) that
were supposed to cluster closely according to Comber (1949), grouped separately. Species of
Leucolirion (subsection b) were closer to section Sinomartagon, and species of Leucolirion
(subsection a) were closer to section Archelirion in both studies (Arzate-Fernandez et al., 2005;
Nishikawa et al., 1999). Tulipa, was divided into 2 subgenera based on 35 morphological
characters and on nuclear genome size, and subgenus Tulipa into five sections named: Tulipa,
Eichleres, Tulipanum, Kolpakowskianae, and Clusianae (Van Raamsdonk and De Vries, 1992;
Van Raamsdonk and De Vries, 1995; Zonneveld, 2009). Tulipa and Eichleres sections are
important since the commercial assortment of tulips belong to these two sections: Tulipa
gesneriana L. (Tulipa section) and Tulipa fosteriana Hoog ex B.Fedtsch (Eichleres section) (Van
Creij et al., 1997). Tulipa has multi-locus rDNA clusters, so rDNA markers were not useful for a
further refinement of the phylogeny (Booy et al., 2000).

Recently, Next Generation Sequencing (NGS) technologies have revolutionized phylogenetic
methodology (e.g. (Fitzpatrick et al., 2006)). Multi-locus, low copy nuclear DNA sequences have
been used in phylogenetic studies since the late nineties (de la Torre et al., 2006; Griffin et al.,
2011; Hughes et al., 2006; Sanderson and McMahon, 2007). Nuclear DNA sequence inheritance
is bi-parental and there is a wealth of long and independently-inherited genes (Small et al. 2004).
Also, the ability to identify heterozygosity within individuals and hybrids (allelic variation) is
considered a distinct advantage. Using two alleles instead of one can give, in principle, better
estimations of phylogenetic relationships between closely related taxa (Joly and Bruneau, 2006;
Liu et al., 2008), or in case of species hybrids.

Although the availability of NGS sequencing data in plants opens the door to phylogenetic
studies using a wide set of loci, a fully standardized approach using a generally accepted set of
tools to build species phylogenies from them is still lacking (Sanderson and McMahon, 2007).
The commonly used techniques for estimating phylogenetic trees from multiple-loci data are:
concatenation or ‘super matrix’ methods (Nylander et al., 2004), super tree construction
(Beninda-Emonds, 2004), and gene tree parsimony (Page, 1998). BEST (Bayesian Estimation of
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Species Trees) (Liu et al., 2008) and BEAST* (Bayesian evolutionary analysis by sampling trees)
(Drummond and Rambaut, 2007; Heled and Drummond, 2010) were introduced to estimate
species trees from gene trees and deal with the multi-allelic nature of genes. These programs
enable incorporating several genes separately as well as estimates of effective population size and
implement the MCMC algorithm (Markov chain Monte Carlo) in order to find a posterior
distribution of species trees. In this way concatenation is no longer a problem and differences in
mutation rate between genes can be included in the analyses. However, using consensus
sequences (as in BEST and BEAST*) in which SNPs between the alleles of a gene become
ambiguous (IUPAC bases), leads to discarding part of the available data.

Here we explored NGS data generated for genetic resource development and SNP marker
retrieval in Lilium and Tulipa in both a phylogenetic and molecular evolutionary context. The
aims of this genomic comparative study were: to establish a straightforward and simple
methodology to use allelic NGS data for estimating genetic divergence among four Lilium and
five Tulipa cultivars. We used the algorithm proposed by Joly and Bruneau (2006) that
incorporates allelic variation in the reconstruction of phylogenetic relationships. The algorithm,
implemented in the program POFAD (Joly and Bruneau, 2006), converts a distance matrix of
haplotypes into a distance matrix of individuals by taking the average of distances between the
haploids, which is then visualized in a Neighbor Network (Bryant and Moulton, 2004; Joly and
Bruneau, 2006). By using this algorithm we can combine the distance matrices of different loci
without the need to concatenate their alleles. A priory drawback with this approach is that we
infer unobserved (i.e. average) distances and use them as the basis for tree or network building,
and that no support measures for inferred clades are available.

Apart from tree building, the availability of a considerable amount of coding NGS data in
cultivars allows studying other molecular evolutionary aspects of their genomes, i.e. the
occurrence of positive selection in genes, possibly indicating the effects of breeding and
domestication. Whereas lily breeding dates back about 200 years (Shimizu, 1987), significant
breakthroughs are only 50 years old however, starting with the breeding of Asiatic hybrids
(McRae, 1998a). It has only been since the 1970’s that lily has become, after tulip, the most
important flower bulb and cut flower (Lim and Van Tuyl, 2006). Tulips were introduced from
Turkey into Europe starting from the 16" century (Pavord, 1999). They flowered for the first time
in the Netherlands in 1594 and around 1630, tulips were extremely popular (e.g. Tulip mania,
Pavord (1999) and see http://en.wikipedia.org/wiki/Tulip_mania). The introduced tulips have
thus been grown and bred for four centuries (Ridgeway, 2004; Van Tuyl and Van Creij, 2006).
All in all, breeding in Tulipa is therefore much older than in Lilium, although the difference is
relatively smaller in number of generations, since juvenile phase of Tulipa (5-6 years) is much
longer than in Lilium (2-3 years).

We ask here the question whether the difference in their breeding history is reflected in the
genomes of these cultivars. Claims have been made that human-driven breeding in effect
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compares with strong natural selection, and hence, this should be measurable at the
nucleotide/codon level, as was shown in rice and grape by (Myles et al., 2011; Yu et al., 2011).
We expect the Tulipa comparisons to yield higher levels of inferred positive selection (as
estimated by omega value = dN/dS, the ratio of non-synonymous to synonymous substitution
rate) compared with those in Lilium due to the difference in breeding history. Ideally, we would
like to explore these hypotheses in Lilium and Tulipa, using comparisons with wild relatives as in
(Chen et al., 2010; Myles et al., 2011; Yu et al., 2011). However, as wild relatives of the cultivars
used in our study were not available, we could only test positive selection among the cultivars,
and between the two genera.

It was hypothesized previously that positive selection occurs after evolutionary events such as
gene duplications, gene loss, copy number variations, or maybe breeding and strong selection
pressure, with some advantageous non-synonymous mutations reach fixation quickly followed by
purifying, i.e. negative, selection (Lynch and Conery, 2000; Yang and Dos Reis, 2011). If so, we
can expect a negative correlation between positive selection and sequence divergence. This is
tested in our study by comparing the genetic distances and omega values within and between the
two genera.

Materials and methods

Plant material

Four Lilium cultivars (Fig. 1A) representing the four main hybrid groups of the genus Lilium
were used: cv. ‘Star Gazer’ (Oriental, Archelirion section), breeding line ‘Trumpet 061099’
(Trumpet, Leucolirion subsection a), ‘White Fox’ (Longiflorum, Leucolirion subsection b), and
‘Connecticut King' (Asiatic, Sinomartagon section). Five Tulipa cultivars (Fig. 1B) were used:
‘Cantata’ and ‘Princeps’, which belong to T. fosteriana (Eichleres section), and ‘Bellona’, ‘Kees
Nelis” and ‘Ile de France’, which belong to T. gesneriana (Tulipa section). Young leaves (500mg)
were collected and kept at -80°C upon RNA isolation.

Methodology
RNA was isolated using the Trizol protocol (Invitrogen. Carlsbad, CA, USA), and purified using

the RNeasy MinFElute kit (Qiagen, Hilden, Germany). The cDNA synthesis, normalization of the
cDNA, and adaptor ligation for GS FLX Titanium sequencing were performed by Vertis
Biotechnologie AG (Freising, Germany). For 454 sequencing, the cDNAs in the size range of
500-600 bp were eluted from preparative agarose gels (Chapter 4).

Sequence data of the four Lilium cultivars (Lily-All) and the five Tulipa cultivars (Tulip-All)
were assembled using the CLC assembler (Chapter 4). As a result of assembly step, an Ace file
was generated for each assembly (Lily-All and Tulip-All, Chapter 4) that contains contigs (i.e.
the consensus of all assembled ESTs that belong to one locus) and their quality score. The two
Ace files (Lily-All and Tulip-All, Chapter 4) were used as starting point in this analysis.
Randomly, contigs with high coverage (>100 reads per contig and at least 4 reads for each
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individual cultivar, no InDels) were picked for further analysis. Selected contigs with deep
coverage were opened with SeqMan (Lasergene, version 8) and all reads that belong to one
genotype were exported to separate SeqMan files for editing and allele specification (e.g.
Bellona_ A, Bellona B). All individual allele consensus sequences for each gene were aligned in
SeqMan and trimmed to the same size for all cultivars. BlastX was used for annotation of contig
consensus sequences. The number of polymorphic sites for each contig were calculated using
TOPALI 2.5 (Milne et al., 2009).

| Bellona | Kees Nelis lle de France Princeps Cantata

Figure 1B: The five Tulipa cultivars used in this study

Additionally, orthologous sequences identified between lily and tulip by blasting contigs of tulip
vs. lily contigs (BlastN, 1E-20, Chapter 4) were used to choose orthologous genes that have
sequences of all the nine genotypes. These sequences were analyzed using the same steps
explained above. We expected orthologous sequences between the two genera to be very
conservative, and thus we analyzed them separately from the selected gene contigs for each
genus, and compared the results for these two sets of results.

Recombination test
To use these gene contigs for tree construction and positive selection detection, a recombination

test should be applied to these sequences to avoid using any sequence that is putatively
recombined (Vriesendorp and Bakker, 2005). This was done using PDM (Probabilistic
Divergence Measure) and DSS (Difference of Sum of Squares) methods implemented in
TOPALI 2.5 (Milne et al., 2009). We used default options of the program except for the
nucleotide substitution model, where we replaced the (default) Jukes-Cantor model by the
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Felestein84 model. Parametric bootstrapping was applied to estimate the significance of the
predictions (100 reps). Observed values of DSS and PDM methods beyond the 95 or 99% point
of this distribution may well correspond to a recombination event.

Genetic distance analysis

The edited and trimmed alleles of every locus were imported in MEGA 5 software (Tamura et al.,
2011). An uncorrected genetic distance matrix (p-distance) was generated for each contig in
MEGA 5. Reweighting the individual matrices, which is essential to insure their equal
contribution in estimation genetic distance, was done by the algorithm implemented in POFAD
(Joly and Bruneau, 2006). POFAD calculates first a pairwise distance matrix of all haplotypes,
followed by conversion of this matrix into an organism-level distance matrix, which is then the
basis for a Neighbor Network analysis (Bryant and Moulton, 2004). We used both, individual
gene matrices and combined matrix to convert allelic variation onto genotype level. The
genotypes’ reweighted matrices obtained from POFAD for each gene contig individually, for all
the gene contigs of Lilium, for all the gene contigs of Tulipa, and for the orthologous sequences
were transferred to SplitsTree 4 (Huson and Bryant, 2006) to construct Neighbor Networks.

To compare average distance-based POFAD output with a character-based tree-building analysis,
we first merged allelic sequences in the seven gene alignments shared between Lilium and Tulipa
by calculating their consensus (including IUPAC bases), and then concatenated the seven
alignments, using Mesquite version 2.75 (Maddison and Maddison, 2011). The resulting super-
matrix was then analyzed in RAXML (Stamatakis et al., 2008) at the Teragrid of the CIPRES
science Gateway (Miller et al., 2010), including the GTR-CAT substitution model (Stamatakis,
2006) and 100 replicates of fast-bootstrapping.

Detection of positive selection

All genes contigs used for this study were checked for possible presence of positive selection
using PAML (Yang, 1997). For this, codeml program in PAML package (version 4.4;
http://abacus.gene.ucl.ac.uk/software/paml.html) was used to calculate dN (non-synonymous
substitution rate) and dS (synonymous substitution rate), and the ratio (®) between them. Also,
transition (Tn) and transversion (Ts) rates were calculated for each contig.

Mesquite version 2.75 (Maddison and Maddison, 2011) was used to ensure that the alignments
were in the right reading frame and contained no incomplete or stop codons.

For each contig, branch, site, and branch-site models were tested to estimate o values (‘model 0’
or ‘1’ combined with ‘NSsites 0°, *1°, *2’, *3’, 7', or ‘8’) using Neighbor Joining trees generated
for each contig using PAUP version 4 (Swofford, 2003). The ‘foreground branch’ was
‘Connecticut King’ for Lilium, *Cantata’ and ‘Princeps’ for Tulipa, and Lilium for the two genera.
The models with the highest log likelihood were branch-site models: ‘model 0’ combined with
"NSsites 1’, and ‘model 2’ combined with ‘NSsites 3’, with a preference for the first model in
majority of the cases. We considered these models as best-fitting our data and use them in our
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further analyses (Table 1, 2, 3). The three models with the highest log likelihood values are
shown in Table 4 for the 7 orthologous gene contigs.

Furthermore, pairwise omega values, i.e. without taking a tree into account, were calculated for
all sequences for the seven orthologous sequences shared between the Lilium and Tulipa data
sets, using codeml. This was done to determine if there is a relation between the omega values
and sequence distances, and to explore whether Tulipa genotypes tend to have higher omega
values than Lilium or not. Sequence distances were calculated for these contigs by MEGAS using
the Kimura 2-parameter substitution model.

Results

From NGS sequences generated from leaf transcriptomes of lily and tulip cultivars, 52,172 lily
gene contigs and 81,791 gene contigs were assembled of which 10,913 gene contigs were
orthologous between the two groups (Chapter 4).

For lily, 20 contigs with the highest overall sequence depth were chosen. The length of these
contigs ranged between 378 and 957 bp (Table 1). The number of polymorphic sites varied from
one polymorphic site in contig 22926 to 71 in contig 36700 (Table 1). There were very few
BlastX hits to known genes (Table 1, only the highest hit was shown). Total length of lily
sequence data used for this study was 12,485 bp, containing 482 polymorphic sites, i.e., an
average of one substitution event every 26 bp.

In tulip, 20 contigs with the highest sequence depth in five cultivars were chosen. The contig
length ranged between 219 and 792 bp, and the number of polymorphic sites varied between 4 in
contig_ 74895 and 27 in contig 32233 (Table 2). A total of 10,347 bp with 216 polymorphic sites
were available for this study, i.e., a substitution rate of one per 48 bp.

As for orthologous sequences between Lilium and Tulipa, seven contigs were chosen that
contained at least 4 sequences of each of the nine cultivars (Table 3). The contig’s length ranged
between 423 and 1,230 bp. The number of polymorphic sites was very low in some contigs (only
8 sites in contig_6081) and much higher in others (200 sites in contig_10364) (Table 3). A total
of 5,790 bp with 587 polymorphic sites were available for this part of the study, of which 395
sites were polymorphic only between Lilium and Tulipa, 124 sites were also polymorphic within
Lilium, and 68 were also polymorphic within 7Tul/ipa. This means a substitution rate of one per 47
bp in Lilium and one per 85 bps in Tulipa, which is almost half the rate of polymorphism
calculated above for the 20 contigs in each genus. This could simply be related to the fact that the
selected orthologous sequences obtained from both genera are highly conserved genes.
Unfortunately, only three of the seven genes had a hit with a known protein in database (Table 3).
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Table 1: Description of the 20 Lilium contigs used in this study: length, informative sites (calculated using
TOPALI), the transition/transversion rate ratio and the omega (dN/dS) values were calculated using PAML.

Contig ID Length  No. Polymorphic Tn/Ts  dN/dS Function: BLASTX E
sites value

Contig_48560 615 11 1.06 0.2 hypothetical protein [Vitis vinifera] 8E-50

Contig_36700 639 71 2.15 43 lipoxygenase LOX2 [Populus deltoides] SE-40

Contig_36290 378 6 17.44 18.8 hypothetical protein SORBIDRAFT 19625002010 9E-20
[Sorghum bicolor]

Contig_36051 736 12 3.21 0.4 hypothetical protein Osl 19939 [Oryza sativa Indica 2E-125
Group]

Contig_35696 551 32 1.14 0.03 unnamed protein product [ Vitis vinifera] 3E-43

Contig_34983 660 18 235 0.02 hypothetical protein LOC100502367 [Zea mays] 2E-113

Contig_34918 634 41 2.07 0.2 hypothetical protein SORBIDRAFT 02g030210 1E-33
[Sorghum bicolor]

Contig_34429 817 24 222 0.1 cellulose synthase BoCesA5 [Bambusa oldhamii] SE-121

Contig_34202 408 15 2.39 1.04 unknown [Glycine max] 1E-65

Contig_30546 729 49 5.07 Recom  hypothetical protein VITISV_004099 [Vitis vinifera] 6E-44

binant

Contig_30305 500 12 3.12 0.4 predicted protein [Populus trichocarpa] 1E-66

Contig_21042 717 39 291 0.4 PREDICTED: hypothetical protein [Vitis vinifera] 1E-62

Contig_21012 490 43 1.67 0.8 unnamed protein product [Vitis vinifera] 1E-66

Contig_19882 630 40 2.02 6.33 hypothetical protein OsJ 25146 [Oryza sativa Japonica 7E-61
Group]

Contig_19510 372 26 2.92 15.8 unnamed protein product [Vitis vinifera] TE-15

Contig_6165 714 3 2.01 1.03 ATPase subunit 4 [Citrullus lanatus] 1E-71

Contig_25751 588 11 1.96 0.1 heat shock protein 90-2 [Glycine max] TE91

Contig_31438 957 10 2.05 0.4 histone mRNA exonuclease 1 [Zea mays] 2E-94

Contig_22926 510 1 K 25 hypothetical protein VITISV_009275 [Vitis vinifera] 6E-14

Contig_20744 840 18 1.48 0.41 Enolase, putative, expressed [Oryza sativa Japonica 2E-133
Group]

Overall 12,485 482

Recombination test

If a gene has a recombination event that means that more than one evolutionary history is present
per gene and consequently the weight of non-recombined genes will be down-weighted.
Therefore the recombinant gene contigs were discarded from phylogenetic and positive selection
analysis. Only one of 20 Lilium contigs (contig 30546) showed to have a possible recombination
event between positions 157 and 220, thus this gene contig was excluded from further analysis.
No recombination event was detected among 20 tulip gene contigs and 7 orthologous gene
contigs.
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Table 2: Description of the 20 Tulipa contigs used in this study: length, informative sites (calculated using TOPALI
software), the transition/transversion rate ratio and the omega (dN/dS) values were calculated using PAML software.

Contig ID Length  No. Polymorphic Tn/Ts  dN/dS Function: BLASTX E value
sites

contig_1425 366 20 2.39 0.10 ribosomal protein L32 [Medicago sativa] 2.00E-57

contig_74863 555 7 5.00 0.20 hypothetical protein SORBIDRAFT 03025100 2.00E-59
[Sorghum bicolor]

Contig_48548 450 8 248 5.60 Auxin-responsive protein [AA27, putative [Ricinus 3.00E-30
communis]

Contig_54124 468 7 5.51 1.14 unnamed protein product [Vitis vinifera] 043

Contig_54419 468 8 13.10 1.08 PREDICTED: hypothetical protein [Vitis vinifera] 4.00E-28

Contig_56016 219 8 7.05 1.50 MYB107 [Arabidopsis lyrata subsp. lyrata] 3.00E-68

Contig_74895 333 4 1.61 14.09  predicted protein [Hordeum vulgare subsp. vulgare] 2.00E-33

Contig_17841 534 10 2.97 0.40 LEM3 (ligand-effect modulator 3) family protein 8.00E-64
[Arabidopsis lyrata subsp. lyrata]

Contig_53967 387 11 0.81 1.30 hypothetical protein ARALYDRAFT 484358 3.00E-58
[Arabidopsis lyrata subsp. lyrata]

Contig_48796 465 5 3.84 1.30 fibrillin-like protein [Oncidium Gower Ramsey] 7.00E-71

Contig_17939 453 15 2.08 0.20 Plastohydroquinone:plastocyanin oxidoreductase 1.00E-110
iron-sulfur

Contig_48324 558 8 2.63 0.17 hypothetical protein [Vitis vinifera] 7.00E-55

Contig_32233 702 27 1.97 0.33 predicted protein [Hordeum vulgare subsp. vulgare] 8.00E-65

Contig_54223 468 7 6.53 1.90 PREDICTED: hypothetical protein isoform 1 [Vitis 1.00E-106
vinifera]

Contig_55287 717 16 433 0.07 hypothetical protein POPTRDRAFT 732598 2.00E-127
[Populus trichocarpa]

Contig_54584 711 8 443 0.13 unnamed protein product [Vitis vinifera] 2.00E-48

Contig_11296 792 16 5.03 0.04 putative hydroxypyruvate reductase [Oryza sativa] 9.00E-91

Contig 57626 432 19 1.58 7.70 PREDICTED: hypothetical protein [Vitis vinifera] 1.00E-70

Contig_53757 576 7 3.16 0.40 glutamine synthetase [Sorghum bicolor] 2.00E-57

Contig_11279 693 5 1.55 0.06 ubiquitin-conjugating family protein [Jatropha 2.00E-59

curcas]
Total 10347 216

Genetic distance analysis

Gene trees were constructed for each gene contig separately, and then a Neighbor Network was
constructed by combining the weighted genetic distance matrices of all gene contigs using
POFAD. The clustering of cultivars was consistent among the 20 gene trees. ‘Cantata’ and
‘Princeps’ that belong to T. fosteriana grouped together and ‘Ile de France’, ‘Kees Nelis’, and
‘Bellona’ that belong to 7. gesneriana clustered together as well (Fig. 2B).

In Lilium, *Connecticut King” and *White Fox’ were sisters, as well as ‘Star Gazer’ and ‘Trumpet’
(Fig. 2A), in 16 of the 19 gene trees (the exceptions being Contig 25751, contig 6165, and
contig 34202; Fig. 3).
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Table 3: Description of the seven orthologous contigs between Lilium and Tulipa used in this study: length,
informative sites (calculated using TOPALI software), the transition/transversion rate ratio and omega values
(dN/dS) were calculated using PAML software.

Contig ID length No. Tn/Ts dN/dS Function: BLASTX E value
polymorphic
sites

Contig_6081 987 8 32 0.35  unknow protein [Oryza sativa Japonica Group] 3.00E-62

Contig_10364 1230 200 3.8 1.37  transmembrane 9 superfamily protein member 1 [Zea 0
mays]

Contig_34202 666 86 2.6 1.27  PREDICTED: hypothetical protein [Vitis vinifera] 6.00E-100

Contig_72799 747 69 1.8 0.07 cellulose synthase [Phyllostachys edulis] 2.00E-115

Contig_36290 423 17 5.6 19.0  hypothetical protein SORBIDRAFT 00705002020 3.00E-25
[Sorghum bicolor]

Contig_5307 720 87 1.4 1.5 hypothetical protein OsJ 07840 [Oryza sativa 6.00E-101
Japonica Group]

Contig_6523 1017 120 2.8 4 peroxisomal acyl-CoA oxidase 1A [Solanum 3.00E-166
cheesmaniae]

Total 5790 587

The topology that we identified for Lilium and Tulipa separately was similar to their topology
generated using the seven orthologous sequence data of all taxa (Fig. 2C). Using orthologous
sequences of both genera was quite useful since we could consider Tul/ipa as an out-group for
Lilium and vice versa. Notably, the level of polymorphism in Lilium showed to be at least two
times more than that detected in Tulipa, as can be judged from branch lengths (Fig. 2C). The
RAXML tree version of the concatenated seven gene alignments, in which alleles had been
merged into consensus sequences, showed a comparable topology and branch lengths as found
using POFAD (Fig 2D): in Lilium ‘Star Gazer’ and ‘Trumpet’ (collapsed using POFAD) do form
a clade, however without significant support. In Tulipa, only the node of (‘Cantata” and
‘Princeps’) ‘Kees Nelis’ is well-supported (bootstrap value of 94%); those of ‘Bellona’ and ‘Ile de
France’ remain less certain. Using POFAD the latter two are connected to multiple edges in the
Network, possibly indicating ‘non tree-like” behavior of the sequences involved.

Detection of positive selection

The ratio of non-synonymous (dN) relative to synonymous (dS) nucleotide changes can indicate
whether a gene is under positive or negative selection (Nei, 2005). The criterion for
positive/adaptive selection is AN/dS>1, and for negative/purifying selection is dAN/dS<1. We used
a comparative genomic approach to determine whether the genes used were under positive
selection. For that, PAML software was used to compare sequence information of all genotypes
included in this study, in various models (branch, site, and branch-site models). Using different
models allowed detecting all possible positive selection among different branches and among
different codons of the sequences. We are aware, however, that branch models are less powerful
compared to site models, i.e. the risk of false-negatives is higher under branch models
(Anisimova et al., 2001; Yang and Dos Reis, 2011; Yang et al., 2009; Yang et al., 2000).
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Figure 2: Neighbor Network representation for the relations among cultivars obtained from the combined analysis of
all non-recombinant gene contigs. The length of branches refers to the genetic divergence among genotypes. A).
Neighbor Network based on 19 Lilium contigs, B) Neighbor Network based on 20 Tulipa contigs, C) Neighbor
Network of seven orthologous contigs between Lilium and Tulipa, D) RAXML tree with scale bar indicating numbers
of substitutions per site; bootstrap values (100 reps) indicated at nodes.
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Figure 3: Neighbor Network of three Lilium contigs (25751, 6165, and 34202 respectively) constructed using
weighted genetic metrics generated by POFAD algorithm.
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As expected, none of the 46 contigs (19 Lilium, 20 Tulipa, and 7 orthologous contigs) from the
transcriptome showed stop codons. The single recombinant contig was excluded because it may
violate the assumption that all sites share the same underling phylogeny (Anisimova et al., 2003).
Seven contigs of Lilium (Table 1), nine contigs of Tulipa (Table 2), and five of the orthologous
contigs (Table 3) showed indication of positive selection (dN/dS>1), while the other contigs
showed to be under purifying selection (dN/dS<I). Omega value of the gene contigs of both
genera appeared to be comparable: ranged between 1.03 and 18.8 for Lilium and between 1.08
and 14.09 for Tulipa (Table 1 and 2).

In four out of the seven orthologous contigs, both site and branch site-model indicated omega>1,
while branch model did not (Table 4). This might be a consequence of the lower sensitivity of
branch models (Anisimova et al., 2001; Yang et al., 2000).

The pairwise comparisons confirmed the presence of positive selection in three contigs
(Contig 10364, contig 36290, and Contig_5307), while two contigs, showing omega >1 in the
branch site model, were not under positive selection in this pairwise test. Pairwise omega values
were plotted versus sequences distances of each gene contig (Fig. 4). We expected to see that the
genetic distances within Tulipa are lower than those of Lil/ium and that both have lower genetic
distances than those between the two genera. While an opposite pattern is expected of the omega
values. Tulipa is expected to have higher omega value than Lilium since it has a longer breeding
history (assumed theory in the introduction). The plotting pairwise omega values versus sequence
distances for each gene contig showed that (i) gene contigs with omega >1 occur both within and
between genera, (i) the seven genes have largely different omega patterns, and (iii) there is a
negative correlation between sequences divergence and omega value (Fig. 4).

Discussion

Multi-locus genomic and cDNA sequence data obtained by NGS technology are rapidly
becoming one of the main tools for inferring evolutionary relationships (Emerson et al., 2010;
Griffin et al.,, 2011; Scientists, 2009). In this study, we show how to implement allelic
information for inferring genetic distances in ornamental plants and thus how they can be used
for ‘downstream’ phylogeny construction. The genetic variation we observed within the genus
Tulipa was less than that in the genus Lilium: one substitution event per 48 bp in tulip compared
with one substitution event per 26 bp in Lilium. As the cultivars used would reflect overall
diversity and classification in these genera (see Introduction) we feel these rate differences are
not affected by (taxonomic) sampling artifacts.
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Genetic divergence of Lilium and Tulipa

Using NGS sequencing, we were able to estimate the genetic distances and build a Neighbor
Network for Tulipa cultivars using molecular data. The grouping of Tulipa cultivars fitted with
the traditional classification for this genus, which is based on morphological and cytogenetical
characteristics, crossing data, geographical distribution, and genome size (Van Raamsdonk, 1992;
Van Raamsdonk and De Vries, 1992; Van Raamsdonk and De Vries, 1995; Van Raamsdonk et
al., 1997; Zonneveld, 2009). Cultivars ‘Cantata’ and ‘Princeps’ that belong to 7. fosteriana
(Eichleres section) grouped together and ‘Ile de France’, ‘Kees Nelis’, and ‘Bellona’ that belong
to 7. gesneriana (Tulipa section) also grouped together. We could not compare our result with
previous studies, since, amazingly, no molecular phylogenetic studies for Tulipa were published
so far, except for a study about the phylogeny of the order Liliales using plastid sequences, in
which three species of Tulipa that belong to three different sections were used (Fay, 2006).

Lilium cultivars ‘Connecticut King’ and ‘White Fox’ that belong to sections Sinomartagon and
Leucolirion (subsection b) respectively were grouped together, while ‘Star Gazer’ and ‘Trumpet’
that belong to sections Archelirion and Leucolirion (subsection a) respectively were clustered
together (Fig 2). This is not in agreement with Comber’s (1949) classification, based on
morphological and germination characteristics; in which *White Fox” and ‘Trumpet’ belong to the
same section (Leucolirion). Similar results were also recorded by other molecular phylogenetic
studies (Arzate-Fernandez et al., 2005; Nishikawa et al., 1999). In addition, crosses of
Longiflorum hybrids (L, Leucolirion subsection b) with Trumpet hybrids (T, Leucolirion
subsection a) are less successful compared with crosses of Trumpet hybrids with Oriental hybrids
(O, Archelirion) or Longiflorum hybrids with Asiatic hybrids (Sinomartagon) (Alex van Silthout,
per. obs). Thus, crossability and molecular markers classification appear to support each other in
Lilium.

Three lily gene contigs presented deviating topologies in our analyses. These reflect either
artifacts due to the low number of samples used (long branches and short internode) (Wiens,
2005), or biological deviation which can be explained by assuming that each genomic region
underwent an unique array of evolution events such as recombination, mutation or gene flow
(Buerkle et al., 2011). If such fragments are highly informative for their own phylogenetic
history, it might in principle be possible to track every genomic segment to its origin and thus
visualize species hybridization events (Zhang et al., submitted).

The rDNA gene family in Lilium genome is present in multiple loci (Lim et al., 2001; ReSetnik et
al., 2007) which was reflected in high sequence divergence among the paralogs such as in
Archelirion and Leucolirion sections (Dubouzet and Shinoda, 1999; Nishikawa et al., 1999;
Resetnik et al., 2007). Interestingly, the phylogeny produced using ITS showed in general the
same topology as other molecular phylogenetic studies in Lilium that used plastid DNA and
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isozymes (Arzate-Fernandez et al., 2005; Hayashi and Kawano, 2000) or nDNA (this study).
Possibly only one was amplified, or the rDNA in Lilium is not too much divergent.

Taxon sampling is considered of utmost importance in phylogenetic studies in order to avoid
artifacts such as long-branch attraction and accurately resolve relationships among lineages.
Indeed, increased character-sampling combined with incomplete taxon-sampling has been shown
to easily result in long-branch attraction artifacts (Wiens, 2005). In this study, we used the
minimum number of individuals (one individual per section in Lilium) which is, obviously, never
sufficient to estimate phylogeny for the genus. Nevertheless, the resulting topology among our
cultivars was in agreement with Nishikawa et al. (1999), who used 55 Lilium species. This may
be related to the availability of a large sequence data set rich with polymorphic sites (more than
12 kb yielded around 500 polymorphic sites in Lilium, and more than 10 kb yielded over 200
polymorphic sites in Tulipa). Interestingly, similar results were obtained by using our second
dataset, almost 6 kb of orthologous sequence of Lilium and Tulipa species with 587 polymorphic
sites. The gene contigs s of Lilium and Tulipa, which showed to be informative in estimating
genetic divergence of these two genera, can be used to study the phylogeny of Lilium and Tulipa
in depth by sequencing those genes in many species per genera and construct gene trees and
species trees.

Methodologically, using POFAD helped to include the wvariation between haplotypes in
phylogenetic studies by taking their average (i.e. un-observed) distances. However, 1) resolution
was reduced compared with a consensus sequence approach followed by maximum likelihood
tree analysis, and ii) their Neighbor Network does not allow inferring node-support, for instance
by bootstrap values. This could be overcome by bootstrapping the sequence alignments, then
following the POFAD procedure for each bootstrapped (pseudo)alignment and summarizing the
occurrence of groups (bootstrap frequencies), similar to Neighbor Joining bootstrapping.
However we are not sure how this POFAD approach could help in the case of hybrids. It might
be interesting to run a comparative study between these approaches on hybrids.

Detection of positive selection

Polymorphisms detected from high throughput sequencing a pool of Eucalyptus genotypes were
shown to be useful in revealing a selection signature among genes (Novaes et al., 2008).
Recently, several studies used sequence data either derived from Genbank data or generated by
NGS technology, to detect genes that show ability to modify their function as a an adaptive
response to natural selection (Barrier et al., 2003; Novaes et al., 2008; Petersen et al., 2007; Roth
and Liberles, 2006; Sakai et al., 2011). Availability of sequence data for cultivars in two genera
(Lilium and Tulipa) allowed us to study positive selection in seven genes from these two genera,
and whether longer breeding could have been resulted in stronger positive selection in tulip rather
than lily.
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Seven gene contigs of Lilium and nine contigs of Tulipa had dN/dS>1. In four out of the seven
orthologous contigs shared between the two cultivar groups, omega values of Tulipa cultivars
were higher while in the rest the omega values of Lilium were higher (Fig. 4). Therefore, we do
not detect a clear signal of selection due to longer breeding. We feel this cannot be due to
sampling artifacts since the cultivars used in this study did reflect the breeding history of the two
genera, as most of them have been used widely in breeding programs. The absent of a clear signal
may be due to the small set of genes used in this study, which might be insufficient to reflect the
whole picture of positive selection in the transcriptomes of the two cultivar groups, or due to the
difference in generation time of the species involved. Lilium breeding is 2.5 xs faster than the
Tulipa breeding, which might compensate for the difference in the breeding history between the
two genera. Meaning that, the differences in breeding time have not been long enough to be
imprinted in their genome.

Pairwise omega values were calculated for each pair of sequences in each gene contig.
Inconsistency, however, was recorded when two out of the five orthologous gene contigs that
showed to have omega>1 in site or branch-site models, were not under positive selection in
pairwise omega test. This is somewhat expected since in pairwise comparisons no trees were used
to calculate the omega values, i.e. no information from the trees (topology and branches length)
could support pairwise omega test as it is the case in branch-site and site model calculations. It
was claimed by Nozawa et al (2009) that branch-site model produces false positive results
because it produced excessive false positives in their simulation experiment; however, Yang et al.
(2009) clarified that with sensible use of statistical methods that were used for detecting positive
selection this claims could be rejected.

The plots of pairwise omega values versus sequence distance were informative. There was no
general preference for higher omega values for one genus compared to the other. Even though
there are a considerable number of nucleotide substitutions between these two genera, they
appear not to cause functional changes. This was explained in previous studies (Chen et al., 2010;
Lynch and Conery, 2000) by assuming that after gene duplication or strong population level
changes (e.g., loss of genetic variation as inbreeding), in which positive selection occurs,
purifying selection takes place in which nucleotide substitutions increase due to a lack of
selection pressure (Chen et al., 2010; Lynch and Conery, 2000). Therefore we would not expect
to see a linear correlation between genetic distances and omega values when plotting them
against each other which was confirmed in our study. As far as we know, this comparison
between sequences distances and the omega values have not been used and presented before in
other studies.

Our data allow us to detect genes that show positive selection (AN/dS>1). A similar study was
carried out on 304 ESTs of two Arabidopsis species, of which 14 ESTs were identified as
candidate genes involved in the adaptive divergence using omega>1 as a parameter (Barrier et al.,
2003). In rice, genes of Oryza glaberrima showed a larger synonymous-nonsynonymous ratio
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than Oryza sativa suggesting that O. glaberrima has undergone a genome-wide relaxation of
purifying selection (Sakai et al., 2011). Our analysis showed that 7 contig in Lilium, 9 contigs in
Tulipa, and 5 out of the 7 orthologous contigs have dN/dS >1. In general, positive selection
occurs mainly in the genes linked to defense response/response to biotic stresses (Petersen et al.,
2007), while genes related to basic biological processes such as translation and ubiquitin-
dependent degradation, and histones and ribosomal proteins are highly conserved (Novaes et al.,
2008). In our study, many contigs were from predicted or hypothetical proteins (Table 1, 2, 3),
which impedes any comparison between positive selection value and function. This was also
observed in other studies (Barrier et al., 2003; Cork and Purugganan, 2005; Roth and Liberles,
2006). In Lilium, contig 36700 (dN/dS=4.3) is a lipoxygenase that may play a role in wound
response and pest resistance (Hildebrand, 1989), while contig 34429, involved in cellulose
synthesis, which is part of the normal cell metabolism, was a conserved protein (dN/dS=0.1)
which is consistent with the expectation. In Tulipa, all the proteins that showed to have a
metabolic function such as contig 17939, contig 11296, contig 53757, and contig 11279, or
ribosomal protein (contig 1425, Mclntosh and Bonham-Smith, 2001) were under purifying
selection (dN/dS<1, Table 2). Other contigs that have a transcriptional factor function such as
contig 56016, or is involved in the formation of elastic fibers found in connective tissue
(contig_48796) had dN/dS >1 confirming what was reported in previous studies (He et al., 2011;
Petersen et al., 2007). Similar results were found in the orthologous contigs. It can be concluded
from all three sets that our results support previous studies, and that differences in selection can
be detected in a random set of gene sequences.

Conclusions

Our study demonstrates the applicability of sequence data generated by next generation
technology for comparative genomic studies. The high number of polymorphism sites identified
within and between the two genera: Lilium and Tulipa showed to be an effective tool for
measuring genetic divergence and identifying genes associated with directional selection.
Positive selection was detected in both genera and the comparisons of pairwise omega values and
the sequences divergence showed that the omega values do not increase with the increase of
genetic distances.
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Table 4: The different models tested with PAML software to measure positive selection in the common genes between Lilium and Tulipa. The omega value of the most appreciate model to our

data (highest —Ln value) were used for our study.

Contig_ID Model NSsite -Ln dN/dS
Contig-6523 0 0 -2059.5637 0.09049
1 0 -2055.0765 0.00010 0.00010 0.03769 0.07503 0.19162 0.15849 0.00010 0.37440 0.00010 0.06365 0.09022 0.00010 0.00010 0.12432 0.57319 0.30650 0.00010 0.00010
2 3 -2055.3523 background w  0.08242 4.00332 0.08242 4.00332
foreground w  0.08242 4.00332 0.04652 0.04652
Contig-10364 0 0 -2968.4583 1.16799
1 0 -2946.7170 999.00000 999.00000 0.44155 1.37594 999.00000 0.00010 0.73572 999.00000 999.00000 999.00000 999.00000 0.84852 999.00000 0.00010 1.64721 999.00000
2 3 -2955.6043 lifcfg?Zund w  0.83296 5.70375 0.83296 5.70375
foreground w  0.83296 5.70375 440.32332 440.32332
Contig-5307 0 0 -1485.4258 0.10935
1 0 -1476.1085 0.14022 0.00010 0.14195 0.79445 0.00010 0.00010 0.09041 0.00010 1.50160 0.28605 0.00010 97.34052 0.00010 999.00000 84.59380 0.00010 999.00000
2 3 -1484.9498 background w  0.04007 0.25196 0.04007 0.25196
foreground w  0.04007 0.25196 0.00000 0.00000
Contig-34202 0 0 -1456.7634 0.15044
1 0 -1447.5588 24.85581 0.00010 0.07802 0.17925 0.15511 0.46488 10.07657 10.80488 0.13244 0.00010 0.00010 0.00010 0.00010 0.00010 0.00010 32.85916 16.65161 0.00010
2 3 -1442.3812 g;'i?:(l)(oglrgund w  0.04092 1.27663 0.04092 1.27663
foreground w  0.04092 1.27663 76.22558 76.22558
Contig-6081 0 0 -1389.4134 0.44608
1 0 -1387.3829 0.00010 0.00010 0.00010 0.35612 0.00010 0.00010 999.00000 0.00010 0.00010 0.00010 0.00010 0.00010 0.00010 0.00010 999.00000
2 3 -1380.876 background w  0.28255 999.00000 0.28255 999.00000
foreground w  0.28255 999.00000 0.00000 0.00000
Conitg-72799 0 0 -1563.483 0.03206
1 0 -1557.118 0.00010 0.00010 0.00010 999.00000 0.00010 0.00010 0.00010 0.07697 0.00010 0.00010 0.00010 0.00010 0.11958 0.05678 0.03298 0.00010 0.00010
2 3 -1563.058 background w  0.02994 0.02994 0.02994 0.02994
foreground w  0.02994 0.02994 34.53952 34.53952
Conitg-36290 0 0 -707.7415 1.23805
1 0 -703.6823 87.46721 62.21842 81.50568 78.03141 103.61902 999.00000 999.00000 999.00000 71.64969 68.19155 0.71500 147.94018 81.13423 999.00000 55.15658
2 3 -701.5894 background w  0.00000 19.08233 0.00000 19.08233

foreground w  0.00000 19.08233 0.23810 0.23810
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Abstract

Flower longevity is an important characteristic for ornamental plants. Longevity starts with
anthesis and ends with flower senescence. Regulation of senescence in ethylene-sensitive plants
is well studied, whereas regulation of senescence in ethylene-insensitive plants is not well
studied. Our aim, therefore, was to define regulator(s) of flower longevity in ethylene-insensitive
lily flowers. We studied the effect of exogenous application of sugar on flower longevity and the
change in abscisic acid (ABA) levels from anthesis to senescence in seven Asiatic lily genotypes:
species L. bulbiferum, cv. ‘Red Twin’, breeding lines 891338-27, 891338-25, 891338-12,
891338-1, and 921442-2. Two treatments were used: “Standard treatment” in which 6
inflorescences of each of the seven genotypes were placed in tap water (1 liter) with 8-Hydroxy
Quinolinol Sulfate (HQS), and “Sugar treatment” in which 6 inflorescences of each genotype
were placed in tap water (1 liter) with sugar (sucrose, 30 g) and HQS. Longevity of each flower,
ratio of dry/fresh weight for each flower at senescence, hormones present in flowers at anthesis,
and ABA levels at anthesis and senescence were measured in each treatment. Addition of sugar
increased longevity of lily flowers (1 through 3 days) and their ratio of dry/fresh weight (0.01
through 0.03). At anthesis, Lilium flowers contained ABA, auxins, and gibberellins, but not
cytokinin. ABA levels increased (two to three folds) at senescence compared with anthesis in five
genotypes (biological replicates). Exogenous application of sugar delayed the increase in the
ABA level. These results indicate a role for ABA in controlling flower longevity of Asiatic lily
and a vital role of sugar in delaying senescence.

Introduction

Lily is a perennial bulbous ornamental, belonging to subclass Monocotyledonae and family
Liliaceae. Lily 1is, according to the statistics of Dutch auctions, the fifth most important cut
flower, and the second in flower bulbs (Land- en tuinbouwcijfers 2011:
http://www.lei.dlo.nl/publicaties/PDF/2011/2011-029.pdf;
http://www.bloembollenkeuringsdienst.nl). Longevity of lily flowers is a very important trait
since it has a direct implication on the ornamental vase life and thus on commercial value of these
flowers. Ornamental value of lily inflorescence is a function: vase life of individual flower and
postharvest expansion and opening of buds (Van der Meulen-Muisers et al., 1999). Improving
individual flower longevity will extend the longevity of the whole inflorescence and, therefore,
improve the postharvest performance of the inflorescence (Van der Meulen-Muisers et al., 1999).
Leaf senescence is also very important for inflorescence longevity since it highly affects the
appearance of the whole inflorescence. In this study, however, we focused on flower senescence.
Many studies were conducted to improve the vase life response of lily using different compounds
separately or combined such as: sucrose, gibberellic acid ‘GA3’, 8-Hydroxy Quinolinol Sulfate
‘HQS’, silver nitrate ‘AgNO;’, silver thiosulphate ‘STS’, 1-methylcyclopropene ‘1-MCP’,
ethylene, vitamin C, citric acid and potassium sulfate ‘K,SO4’ (Ballarin, 2009; Burchi, 2005;
Burchi, 2011; Elgar et al., 1999; Nowak and Mynett, 1985; Song, 1996).
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Lifespan of a flower is terminated by senescence, i.e. wilting or abscission of whole flower or
flower parts. Senescence is an active process governed by a well-defined cell death program.
Flowers are either ethylene-sensitive and senescence is regulated by ethylene (e.g. in carnation,
Petunia Juss. and orchids), or ethylene-insensitive and senescence is not regulated by this
hormone (e.g. in Mirabilis jalapa L., daylilies, Alstroemeria L., Hibiscus, Gladiolus L., Tulipa
L., and Iris x hollandica) (Van Doorn and Woltering, 2008). Developmental events taking place
during senescence in senescing tissue involve: physiological and biochemical changes. The
physiological changes include loss of water, leakage of ions, and transport of metabolites to
different tissues. The biochemical changes include: generation of reactive oxygen species (ROS),
increase in membrane fluidity and peroxidation, hydrolysis of proteins, nucleic acids, lipids, and
carbohydrates (Tripathi and Tuteja, 2007).

The role of ethylene in flower development has been studied to a great extent in ethylene-
sensitive species such as Petunia, orchids, and carnation (Nadeau et al., 1993; Tang et al., 1994;
Tang and Woodson, 1996; ten Have and Woltering, 1997). Remarkably, little is known about the
regulation of ethylene-insensitive senescence. The required signal may or may not require
hormones as an intermediate signal (Van Doorn and Woltering, 2008).

In lily flowers, the role of ethylene is unclear. Some studies showed that treatment with the
ethylene inhibiter STS (Silver Thiosulphate) enhances vase life of Asiatic hybrids lilies (Nowak
and Mynett, 1985; Swart, 1981). Other studies, however, found that senescence of flowers is
ethylene-insensitive (Van der Meulen-Muisers, 2000; Van der Meulen-Muisers et al., 2001), or
that ethylene has a little effect on the vase life of flowers (Elgar et al., 1999). Pistils of lily flower
produce ethylene during the initial development stage, but might not play a primary role in
senescence processes (Burchi, 2005; Van Doorn, 2011). Asiatic lilies processed through the
Dutch and New Zealand auctions, nevertheless, have to be pre-treated with STS. The lack of
clear results makes the benefit of treating cut lilies with STS, however, debatable. Abscisic acid
(ABA) is a candidate hormone that might regulate senescence in lily. Abscisic acid showed to
have a secondary role during flower senescence in ethylene-sensitive senescence such as Petunia,
rose, and Hibiscus (Borochov et al., 1976; Ferrante et al., 2006; Trivellini et al., 2011b), and
might have a major role in ethylene-insensitive senescence in species such as daylily (Panavas et
al., 1998).

Several non-hormonal substances are known to be involved in regulating flower senescence such
as: calcium, polyamines, and sugars (Tripathi and Tuteja, 2007). Exogenous sugars usually delay
visible senescence in flowers (Van Doorn, 2004; Van Doorn and Stead, 1994). The effect of
exogenous sugars on senescence was accompanied by a delay in the expression of genes involved
in fatty acid and protein remobilization (Eason et al., 2002). In lily, supplying 30gl™ of sucrose
together with an antimicrobial compound (8-HQC) caused an increase in flower vase life (almost
double) (Nowak and Mynett, 1985). Correlation between the onset of senescence and lack of
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carbohydrates in lily petals was also recorded (Van der Meulen-Muisers, 2000; Van der Meulen-
Muisers et al., 2001).

In this study, the effect of exogenous sugar on the vase life of lily flowers is investigated. The
hormones present in lily flowers were identified using LC/MS/MS technology, and changes in
the ABA concentrations between anthesis and senescence with and without sugar addition were
measured. The relation between ABA concentration and senescence was highlighted. Finally, the
influence of exogenous sugar on ABA concentrations in the flower was studied.

Material and Methods

Plant material

Seven lily genotypes belonging to Sinomartagon section were used: species L. bulbiferum
(2n=2x=24), cultivar ‘Red Twin’ (2n=4x=48) and five Asiatic hybrids; 891338-27, 891338-25,
891338-12, and 891338-1 resulting from crossing ‘Connecticut King’ with ‘Orlito’ and 921442-2
resulting from ‘Fashion’ x ‘Montreux’ (all 2n=2x=24) (Fig. 1 A, B, C, D, E, F, G). Twelve bulbs
(size 12-16 cM) of each genotype were used (Fig. 2A). Bulbs of cv. ‘Red Twin’, Asiatic hybrids
(891338-27, 891338-25, 891338-12, 891338-1), and 921442-2 were grown in the fields of
Unifarm, Wageningen the Netherlands, and L. bulbiferum was provided by Pennings De Bilt,
Breezand the Netherlands. Bulbs were grown in a standard pre-fertilized commercial potting soil
under tunnel conditions (little control of temperature and humidity, Fig. 2B). No additional
fertilization was used and plants were irrigated daily.

Harvest conditions

Lily inflorescences (stems) were harvested at anthesis of the most mature floral bud by cutting
the stems at soil level. Leaves on the basal stem (20 cm) were removed. Six inflorescences of
each genotype were placed individually in 1 L glass bottles containing 1 liter of tap water and
150 mg of HQS (TCI Europe N.V., Belgium) and hereafter referred to as ‘Standard treatment’.
Six inflorescences of each genotype were placed individually in 1 L of tap water included 30 g
sugar (sucrose/ table sugar) and 150 mg HQS, and hereafter referred to as ‘Sugar treatment’. The
inflorescences were placed in a climate room at 17 °C, 60 % humidity and a light intensity of 14
umol.m™.s™ from a fluorescent lamp (TL-D84 36 W, Philips) during 12 hours per day (Fig. 1H).
The inflorescences and the individual flowers were labeled, and the vase life was recorded for
each flower.

Flower longevity

Flower longevity was defined as the time between anthesis and wilting (start of deformation, Fig.
3A, B) of the flower. Genotype longevity was defined as the mean of longevity of all flowers of
each treatment. Flowers were collected at senescence (except few were collected at anthesis for
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hormones extraction, see below), weighed to determine the fresh weight, and dried in the oven
(120 °C for 24 h.). Dry weight/fresh weight ratios were calculated.

Y.
"
™

2 o,

‘_;L,i‘
&S

Figure 1: The genotypes used in lily vase life experiment. A: cv. ‘Red Twin’, B: 891338-1, C: L. bulbiferum, D:
891338-25, E: 891338-12, F: 921442-2, G: 891338-27 and H: the inflorescences of the genotypes in the climate
room.
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Statistics

Completely randomized designs were used, in which inflorescences (experimental units) were
randomized over climate room. Data were analyzed by analysis of variance ‘ANOVA’ using
GenStat 14 (http://www.vsni.co.uk/2011/asides/genstat-14-released).

Figure 2: Genotype 891338-1 bulbs (A), and shoots (B) planted in a standard pre-fertilized commercial potting soil
in tunnel conditions.

Figure 3: Senescence of A: cv. ‘Red Twin’ and B: 921442-2 genotypes.

Hormone extractions

To determine hormones presence in lily flowers, levels of ABA at anthesis and senescence, and
effects of sugar treatment on ABA concentrations, hormones were extracted. Two flowers of each
genotype and of each treatment were collected at anthesis and senescence (Table 1). Collected
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flowers were immersed in liquid nitrogen, pooled together and kept at -80 °C untill hormones
extraction. Table 1 shows the genotypes, stages and treatments from which two flowers were
harvested and pooled together.

Hormones were extracted from 500 mg fresh flower powder (frozen in liquid nitrogen and
ground) in 2 mL of methanol containing 2.5 mM diethyl- dithio-carbamic acid (antioxidant) and a
mixture of internal standards (IS) to a final concentration of 0.5 nmol/mL. The internal standards
were: deuterium labeled abscisic acid (D6-ABA), abscisic acid glucose ester (D5-ABA-GE); *C-
labelled indole-3-acetic acid (‘*C6-IAA); deuterium labeled cytokinins D6-iP, D6-iPR, D5-tZR,
D5-tZ; deuterium labeled gibberellins D2-GA1, D2-GA4, D2-GA7, D2-GA9.

Table 1: The flowers harvested for hormone extractions. Two flowers were collected from the two stages: anthesis
and senescence with respect to the two treatments: standard and sugar, at the same time period.

Genotype Stage Treatment days to harvest
L. bulbiferum Anthesis 1day
L. bulbiferum Senescence standard 8days
L. bulbiferum Senescence sugar 8days

Red Twin Anthesis 1 days

Red Twin Senescence standard 9 days

Red Twin Senescence sugar 9 days

891338-1 Anthesis 1day

891338-1 Senescence standard 10days

891338-1 Senescence sugar 10days

891338-25 Anthesis lday

891338-25 Senescence standard 9days

891338-25 Senescence sugar 9days

891338-27 Anthesis lday

891338-27 Senescence standard 9days

891338-27 Senescence sugar 9days

921442-2 Anthesis lday

921442-2 Senescence standard 11days

921442-2 Senescence sugar 11days

Next, samples were sonicated for 15 min in a Branson 3510 ultrasonic bath (Branson Ultrasonics,
Danbury, CT, USA) and shacken for 1.5 h. at 4°C in the dark. Samples were centrifuged for 10
min (2500 rpm) and the supernatant was transferred to a 4 mL glass vial. The pellets were re-
extracted with another 1 mL methanol and shaken at 4°C for one hour followed by 10 min
centrifugation (2500 rpm) and again the supernatant was collected and added to the 4 ml glass
vial. The supernatant was vacuum—evaporated and the residue dissolved in 50 pL methanol and 3
ml of water (MilliQ water). The samples were purified using Grace-Pure 100mg C18 columns
(Grace Pure C18-Fast 100mg/20 mL SPE, Belgium), preconditioned with methanol and MilliQ
water, washed with 1ml MQ-water and dissolved in 1ml of acetone. Then, the acetone was
evaporated using vacuum-evaporation and the residue was dissolved in 200 pL of
ACN:H20:FA=25:75:0.1 (ACN: acetonitrile, FA: formic acid). The samples were injected
through hand filter SRP4 minisart (Sartorius Stedim biotech, Germany) 0.2 um filter into LC/MS

111



Chapter 7

vials. Purified samples were loaded to LC/MS/MS machine (Liquid Chromatography-Mass
Spectrometry, Waters Acquity UPLC-Xevo, Australia) to measure the hormone concentration.

Hormone detection and quantification by LC- MS- MS

Targeted analysis was performed with a Waters Xevo tandem quadrupole mass spectrometer
equipped with an electrospray ionization source and coupled to an Acquity UPLC system
‘Waters’. Chromatographic separation was obtained on an Acquity UPLC HSS T3 C18 column
(100 x 2.1 mm, 1.8 um; Waters) by applying a water/acetonitrile gradient to the column, starting
from 5% (v/v) acetonitrile in water for 1 min and rising to 50% (v/v) acetonitrile in water in 5.67
min, followed by an increase to 90% (v/v) acetonitrile in water in 1.66 min, which was
maintained for 0.67 min before returning to 5% acetonitrile in water using a 0.15 min gradient. In
between samples the column was equilibrated for 1.87 min using this solvent composition.
Operation temperature and flow rate of the column were 50°C and 0.5 mL min ', respectively.
Injection volume was 40 pL. The mass spectrometer was operated in positive electrospray
ionization mode. Cone and desolvation gas flows were set to 50 and 1000 L h™", respectively. The
capillary voltage was set at 3.0 kV, the source temperature at 150°C, and the desolvation
temperature at 650°C. The cone voltage was optimized for the Waters IntelliStart MS Console.
Argon was used for fragmentation by collision-induced dissociation in the ScanWave collision
cell. MRM method was used for identification and quantification by comparing retention times
and MRM mass transitions with that of reference standards. MRM transitions for compounds
were optimized using the Waters IntelliStart MS Console.

This protocol was applied first to genotype 921442-2 using three samples (anthesis, senescence
on standard treatment, and senescence on sugar treatment) in two runs. The first run was to
measure cytokinins, and the second run was to measure ABA, IAA, and gibberellins. The
hormones that were present in detectable concentrations that also changed during flower
development were measured for all other genotypes.

Based on the results of genotype 921442-2, only IAA and ABA were measured. The same
hormone extraction protocol was used to extract IAA and ABA for all of the genotypes using
only the IS of TAA and ABA. As such the different genotypes form biological replicates. By
measuring less hormones per run, results are more reliable and precise.

Results

Variation in vase life of individual flowers

Vase life of seven genotypes in two treatments: standard and sugar were investigated. Notably,
genotype 891338-12 showed deviation in its behavior compared with the other genotypes. The
last 2-3 flowers to open of its stems fall down without wilting or any other senescence symptoms.
This phenomenon resulted in having the vase life of the last 2-3 flowers to open on a stem similar
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to or shorter than the first flowers that opened (Fig. 4A). This observation was different from the
other 6 genotypes. For the other 6 genotypes, vase life of last flowers to open of a stem increased
compared with the first flowers to open (e.g. genotype 891338-25, Fig. 4B) for all stems
regardless of the treatment. Therefore, genotype (891338-12) was omitted from further analyses.

A) Genotype 891338-12 B) Genotype 891338-25
14 16
12 14 . ‘ . o =
Ty 12 —%—_-M—;\\-
0 10 ﬁiﬁé e [} e ><(‘, Ll 1 ]
> ~— “K_i = 510 L i i i
o oo oty o i & % 3 B e
3 : N v w _ PR e
o 6 || o
@ &6
S 3
4
2 2
0 0

Figure 4: The variation in the vase life of different flowers within the same stem. A: genotype 891338-12 in which
the vase life of the last 2-3 flowers tends to be shorter than the first ones. B: genotype 891338-25 in which the vase
life of the last 2-3 lowers on one stem tends to increase. Every line represents a single stem, individual symbols
represent single flowers.

The effect of sugar treatment on flower vase life

Vase life of each genotype was calculated as the average of the vase life of all flowers in each
treatment (Table 2). In standard treatment, L. bulbiferum showed to have the shortest vase life
(average of 8.46 days), and 921442-2 had the longest vase life among the six genotypes (average
of 12.19 days). Vase life of all genotypes increased with the exogenous application of sucrose (30
gl™") (Table 2). For instance, vase life of L. bulbiferum increased to 10.5 days compared with 8.46
days on standard treatment. ANOVA analysis showed that there was a significant difference in
vase life among the genotypes (F-pr <.001), a significant increase in vase life due to sugar
treatment (F-pr <.001), and there was no interaction between genotypes and the treatment (F-pr
0.96). Around 53 % of the variance was due to the genotype effect, and 35 % was due to the
exogenous application of sugar.

Having considerable numbers of flowers of each genotype for each treatment allowed us to run
ANOVA for each genotype separately. All genotypes responded to sugar treatment and their vase
life increased significantly, except for cv. ‘Red Twin’ (Table 2). Vase life of cv. ‘Red Twin’
increased when applying sugar but the increase was not significant (F-pr 0.338, Table 2).
Exogenous sugar explained between 35 to 79 % of the variation in the other five genotypes,
whereas in cv. ‘Red Twin’ only 3 % of the variation between the two treatments was explained
by the sugar treatment.
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Similarly, the effect of sugar treatment on dry/fresh weight ratios of flowers was tested using
ANOVA. There was a significant increase in the dry/fresh weight ratios due to the sugar
treatment (F-pr <.001). Also the effect of sugar treatment on the dry/fresh weight ratios of each
genotype was assessed, separately. All genotypes, except cv. ‘Red Twin’, showed a significant
increase in dry/fresh weight ratios (Table 3). The explained variance percentages showed that the
exogenous sugar treatment explained 15 % to 67 % of the increase in dry/fresh weight ratios
(Table 3). This wide variation in the explained variance might be related to the genotypes and
their ability to transport, mobilize, and manipulate sugars.

Table 2: The average vase life of each genotype was calculated for the two treatments: standard and sugar (standard
error ‘SE’ is included). The significance between the two treatments, and the explained variance were calculated
using the ANOVA. Number of flowers per treatment was included.

Avg. vase life (standard) = SE Avg. vase life (Sugar) + SE F-pr Explained variance

L. bulbiferum 8.46 £0.7 10.52+0.9 0.002 56 %
No. flowers 26 21
Red Twin 9.4+0.6 104 +£1.1 0.338 3%
No. flowers 57 48
891338-1 10.36 £ 1 123+1.3 0.001 35 %
No. flowers 63 47
891338-25 9.07 £0.54 12.08+1.2 0.001 69 %
No. flowers 54 61
891338-27 9.19+1 10.7 £0.99 0.001 79 %
No. flowers 68 71
921442-2 12.19+£0.7 14.5+£0.9 0.001 44 %
No. flowers 66 75

Table 3: The average ratio between dry and fresh weight for the two treatments on six lily genotypes (SE = standard
error). Significance between the two treatments was calculated by ANOVA using the variation between flowers of
each treatment

Avg. dry/fresh weight Avg. dry/fresh weight F-pr Explained variance
(standard) + SE (Sugar) + SE
L. bulbiferum 0.08 £0.02 0.12 +0.03 0.007 31 %
No. Flowers 26 21
Red Twin 0.06 £0.01 0.07 £0.02 0.127 15 %
No. Flowers 41 35
891338-1 0.07 £0.02 0.14 +0.01 <.001 17 %
No. Flowers 59 42
891338-25 0.07 £0.01 0.1 £0.01 0.002 30 %
No. Flowers 54 61
891338-27 0.07+0 0.1+0 0.002 24 %
No. Flowers 58 64
921442-2 0.07 £0.01 0.11+£0.01 <.001 67 %
No. Flowers 64 73

Hormone measurements

Hormone measurements in genotype 921442-2 showed that ABA, auxins, gibberellins, and
cytokinins were present in lily flowers at anthesis. Hormone concentrations varied among the
three samples: anthesis, senescence of standard treatment, and senescence of sugar treatment.
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Cytokinins (N6-Isopentenyladenine (iP), N6-Isopentenyladenosine (iPR), trans-Zeatin riboside
(tZR), cis-Zeatin riboside (cZR), N6-Isopentenyladenosine-5-monophosphate (iPMP), trans-
Zeatin riboside-5-monophosphate (tZRMP)) were only measurable at very low concentrations at
anthesis. Gibberellins (GA1l, GA4, GA7, and GA9) were measurable: GA1 was around 0.1
pmol/mg FW (fresh weight) and was slightly reduced to 0.08 pmol/mg FW at senescence in both
standard and sugar treatments; GA4 was around 0.02 pmol/mg FW in all three measurements;
GA7 was around 0.012 pmol/mg FW in the three measurements; and GA9 concentration was
very low in the three measurements (around 0.001 pmol/mg FW). Auxin was measurable at low
concentration on anthesis (close to 0.008 pmol/mg FW) and was not measurable at senescence.
ABA (both ABA and ABA-GE: abscisic acid glucose ester) was measurable: close to 0.032
pmol/mg FW at anthesis increasing to 0.056 pmol/mg FW at senescence, and to 0.04 pmol/mg
FW on sugar treatment. Based on hormone measurement results of genotype ‘921442-2’, only
auxin and ABA were measured in the other genotypes (biological replicates).

The effect of sugar treatment on hormones in lily flowers

Auxins and ABA were extracted of all the 6 genotypes (Table 1). Flowers were harvested at the
same time point for both treatments. Meaning, if the flowers of L. bulbiferum senescenced on
standard treatment on the day 8™ of their opening, flowers of both treatments were collected at
day 8" This was done even though the flowers will not be wilting before day 10™ in the sugar
treatment (Table 1). This allowed us to compare hormone levels at the same time point and see
the effect of sugar treatment.
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Figure 5: The ABA concentration (pmol/mg fresh weight) for six lily genotypes at two stages: anthesis and
senescence (standard and sugar treatments).

The ABA concentrations increased significantly (F-pr 0.020, Table 4, and Fig. 5) from anthesis to
senescence in all but one genotype on Standard treatment, which can be considered biological
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replicates (Table 4). ABA increased more than three fold in L. bulbiferum, ‘Red Twin’, and
891338-1, and two fold in genotypes: 891338-27 and 921442-2 whereas there was no measurable
change for 891338-25 (Table 4). In sugar treatment, ABA concentration increased from anthesis
to senescence (Table 4), however the increase was not significant (F-pr 0.264). A strong
correlation (0.9) between vase life and ABA concentration was found. Auxins were only
measurable at low quantities at anthesis, and the concentration decreased towards senescence
where they are immeasurable in most cases (Table 4).

Table 4: The ABA and IAA levels (pmol/mg fresh weight) in lily flowers were measured at anthesis and senescence
and under the standard and sugar treatments

Genotype Stage Treatment IAA (pmol/mg FW) ABA (pmol/mg FW) Vase life (days)
L .bulbiferum Anthesis 0.007 0.06
L .bulbiferum Senescence Standard Not detectable 0.2 8.46
L .bulbiferum Senescence Sugar Not detectable 0.08 10.52
Red Twin Anthesis 0.004 0.01
Red Twin Senescence Standard Not detectable 0.039 9.4
Red Twin Senescence Sugar Not detectable 0.024 10.4
891338-1 Anthesis 0.008 0.03
891338-1 Senescence Standard 0.001 0.11 10.36
891338-1 Senescence Sugar 0.0009 0.086 13.3
891338-25 Anthesis 0.005 0.03
891338-25 Senescence Standard Not detectable 0.03 9.07
891338-25 Senescence Sugar Not detectable 0.049 12.08
891338-27 Anthesis 0.018 0.02
891338-27 Senescence Standard Not detectable 0.046 9.19
891338-27 Senescence Sugar 0.006 0.034 10.7
921442-2 Anthesis 0.009 0.029
921442-2 Senescence Standard Not detectable 0.058 12.19
921442-2 Senescence Sugar Not detectable 0.05 14.5
Discussion

In this study, the effect of sugar addition on vase life and dry weight of lily flower was examined,
the hormones present in the flowers at anthesis were identified, the ABA concentration change
between anthesis and senescence was studied, and the effect of sugar treatment on ABA levels
were highlighted.

The effect of sugar treatment on flower vase life

Exogenous sugar was found to increase vase life in ethylene-sensitive and ethylene-insensitive
senescence (Van Doorn, 2001; Van Doorn, 2004). Sugar addition increased significantly vase life
and dry/fresh weight ratios in all studied genotypes except cv. ‘Red Twin’. Similar results were
found in other studies in lily (Burchi, 2011; Nowak and Mynett, 1985). Comparable in the also
ethylene-insensitive tulip, application of exogenous sucrose or trehalose (non-reducing
disaccharide consisting of two a-glycosidically linked glucose units) prolonged vase life of tulip
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flowers (Azad et al., 2008; Iwaya-Inoue and Takata, 2001; Wada et al., 2005). It is not clear to
what extend exogenous sugar improves the vase life of flowers. In ethylene-sensitive senescence,
exogenous sugar indirectly decreased ethylene sensitivity as shown in carnation (Mayak and
Dilley, 1976). Soluble sugar acts as a repressor of senescence at transcriptional level, and it is
more efficient than STS in ethylene signaling inhibition (Hoeberichts et al., 2007). However, the
mechanism of action of exogenous sugar supply in ethylene-insensitive flower is not known.

It was suggested that in ethylene-insensitive senescence, exogenous sugar may control petal
senescence by increasing the level of osmotic solutes (Van Doorn, 2004). This might be
explained by the relation between soluble sugar and osmolality. In lily flowers, complex
carbohydrates, mainly starch, are converted into soluble sugars (glucose and fructose) at anthesis
(Arrom and Munné-Bosch, 2012; Van der Meulen-Muisers et al., 2001). This means an increase
in the osmolality. Osmolality, however, decreased dramatically at senescence in both lily and
daylilies (Bieleski, 1993; Van der Meulen-Muisers, 2000), and the total carbohydrate content in
the petals of lily flowers decreased at senescence (Van der Meulen-Muisers, 2000). This might be
due to the mobilization of the degraded carbohydrate into the phloem. Sugar concentration in the
phloem increased by a factor of 14 in daylily at senescence compared to the closed floral bud.
Another hypothesis is that sugar starvation could be the direct cause of senescence (Van Doorn,
2004). That was suggested due to the similarity between starvation-induced changes in cell
physiology and those observed before cell death during senescence (Van Doorn, 2004). However,
at the first symptoms of wilting petals still have satisfactory osmotic solutes. Then again, it is not
clear where the sugar is localized in the cell (cytoplasm or vacuole) at the time of petal wilting
(Van Doorn, 2004; Van Doorn, 2011). It might be that the sugar is not available to the
mitochondria resulting in a decrease in ATP production and cell collapse shortly afterwards.

It was noticed, in our data, that the lifespan of the last flowers to open on an inflorescence was
longer than that of the others. If flower buds and opened flowers are present on an inflorescence,
an earlier senescence was induced in the older flowers (Van Doorn and Woltering, 2008). On the
other hand, competition for carbohydrates among flower buds on the same inflorescence was
recorded (Van der Meulen-Muisers, 2000; Van der Meulen-Muisers, 1995). This might mean
that, no or less competition for carbohydrate among the last few flowers of the inflorescence
occurs and thus their lifespan will be extended.

The ratio of dry/fresh weight of flowers was increased when exogenous sugar was applied.
Similar findings were recorded by Van Doorn (2001) where flower size in sugar treatment
increased. Sugar delays senescence, and thus gives flowers longer time to grow and increase their
sizes and weights.

Exogenous sugar increased vase life and dry/fresh weight ratio in ‘Red Twin’, however, this
increase was not significant. ‘Red Twin’ is a tetraploid cultivar and has almost a double size
(stem weight and stem diameter) compared with the other five diploid genotypes used for this
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study (data not shown). All the other genotypes used for this study and showed significant
increases in their vase life are diploid. Meaning that, the amount of applied sugar (30 gl™” was not
enough for this tetraploid cultivar to prolong its vase life significantly. This might indicate that
the amount of exogenous sugar that should be applied to extend the vase life of any genotypes
might be linked to ploidy level.

Lily flower’s hormones

Hormones of lily flowers present at anthesis were measured using a sensitive chromatography
method LC/MS/MS. Cytokinins were present in rather low concentrations, which is similar to the
recent findings of Arrom and Munné-Bosch (2012). Gibberellins (GA1, GA4, GA7 and GA9)
were present in measurable quantities. Auxins could be measured at anthesis although at low
concentrations (close to 0.008 pmol/mg of flower fresh weight) but were not measurable at
senescence. ABA (both ABA and ABA-GE: abscisic acid glucose ester) were present in
measurable quantities. As ABA is expected to play a role in senescence, we focused on
measuring ABA levels (Arrom and Munné-Bosch, 2012).

ABA plays a major role in late seed development and adaptation to environmental stresses such
as drought and other stress responses (Gazzarrini and McCourt, 2001; Ledn and Sheen, 2003).
However, the role of ABA role in flower senescence is not clear yet. Our measurements of ABA
concentrations showed 2 to 3 fold increase in ABA concentrations from anthesis to senescence.
Similar results were recorded in other ethylene-insensitive senescence species. The ABA levels
increased 2 fold (reaching 400 pmol/petal) from flower opening till senescence in daylilies
(Panavas et al., 1998). Similarly, ABA concentration increased during petal senescence in cocoa
(Aneja et al., 1999). Exogenous application of ABA, hastened flower senescence (Borochov et
al., 1976; Panavas et al., 1998) and induced many senescence-related changes such as: lipid
peroxidation, protease activity, and expression of novel DNases and RNases in ethylene-
insensitive daylilies, cocoa, and Iris. Thus, ABA is thought to be the primary hormonal regulator
of flower senescence in these flowers (Aneja et al., 1999; Panavas et al., 1998; Zhong and Ciafre¢,
2011). The application of an inhibitor of the ABA biosynthesis decreased ABA levels and
extended vase life of cocoa flowers (Aneja et al., 1999). The results taken all together support the
notion that flower senescence of ethylene-insensitive plants is possibly regulated by ABA.

In ethylene-sensitive flowers, ethylene and ABA are in interaction. External application of ABA
to flowers induces a large increase in ethylene production and hastens petal wilting in carnation
(Mayak and Dilley, 1976). In Hibiscus and rose, ABA appeared to be involved in flower
senescence but mediated by ethylene (Miiller et al., 1999; Trivellini et al., 2011a). The
endogenous concentration of ABA in H. rosa-sinensis during natural senescence peaked at
anthesis stage and decreased during senescence (Trivellini et al., 2011a). Also, ABA was found
to have a regulatory effect on ethylene bio-synthesis (Trivellini et al., 2011b). However, the ABA
accumulation was considerably decreased in Hibiscus flowers at senescence, showing that ABA

118



Lilium flower longevity

may be antagonized by ethylene (Trivellini et al., 2011a; Trivellini et al., 2011b). This interaction
is reversed in ethylene-insensitive flowers. At senescence of cocoa flower, ABA levels increased
and ethylene levels decreased to undetectable amounts (Aneja et al., 1999; Panavas et al., 1998).
In this study, ABA increased significantly with flower development whereas it is known that
ethylene concentration at senescence is low (Burchi, 2005). In order to further clarify the role of
ABA in senescence and its interaction with ethylene, the function and regulation of ABA induced
transcription should be studied. This could be done by developing ABA deficient mutants and by
testing specific inhibitors of ABA in ethylene-insensitive species (Zhong and Ciafré, 2011).

Sugar and ABA interaction

Studies on the effects of ABA and sugar on a range of developmental processes have suggested
interactions among signaling pathways that may be antagonistic, synergistic or simply additive
depending on the processes and on the concentration and chemical form of the sugar signal
(Finkelstein and Gibson, 2002; Ramon et al., 2008). In seed dormancy and germination studies,
ABA accumulation and transcript levels of ABA biosynthesis genes (ABA1-3, and AOA) are
significantly increased by glucose (Cheng et al., 2002; Ramon et al., 2008). In leaf senescence,
however, this was not the case (Pourtau et al., 2004). ABA and sugar, applied independently,
triggered leaf senescence and ABA is not required for sugar-dependent induction of leaf
senescence. In flower senescence the crosstalk between ABA and sugar seems different. In our
study, application of sugar delays the increase in ABA levels during flower development
compared with the standard treatment. This seems similar to the effect of sugar in delaying
protein and lipid degradation (Van Doorn, 2004). Sugar and ABA showed to have opposite
effects in rose flowers (ethylene-sensitive). While sugar prolongs vase life of rose, ABA in the
presence of ethylene shortens it (Borochov et al., 1976; Miiller et al., 1999). A similar relation
was found between sugar and ethylene. There is an antagonistic relationship between glucose and
ethylene signaling pathways (in Arabidopsis) at flower senescence (Zhou et al., 1998). Overall,
the availability of sugar decreased ethylene and ABA levels at flower senescence. This might
indicate that sugar, ethylene and ABA might have the same signaling pathway, or interacting
pathways.

Several studies were conducted to explain the genetic interaction between sugar, ethylene, and
ABA using mutants available in Arabidopsis, however, only seed development and stress
responses mechanisms were highlighted (Ledén and Sheen, 2003; Ramon et al., 2008). The
availability of sugar-signaling mutants in Arabidopsis have uncovered many unexpected links
between sugar and plant hormone signaling (Ledn and Sheen, 2003). Sugar-insensitive mutants
(ginl, gin3, isi4, and sis4) contain low endogenous ABA levels compared with wild-type plants
(Arenas-Huertero et al., 2000; Zhou et al., 1998). The ABA-deficient mutants (abal, aba2, and
aba3) display the sugar-insensitive phenotype (Arenas-Huertero et al., 2000; Zhou et al., 1998).
This finding suggests a close link between ABA and sugar (Ledn and Sheen, 2003). On the other
hand, ethylene-insensitive mutants (etrl, ein2, ein3, and ein6) display glucose over-sensitivity,
and partially suppress the biosynthesis of ABA (Cheng et al., 2002; Zhou et al., 1998), which
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suggests an antagonistic relation between ethylene and sugar signaling, and ethylene is negatively
regulated by the ABA level (Leén and Sheen, 2003). These results cannot be applied for
senescence, since as we explained previously that the relation between ABA and sugar varies due
to developmental stage. Also, these studies were carried out using mutants of an ethylene-
sensitive plant (4rabidopsis), and we are not sure if similar results will be obtained using mutants
of an ethylene-insensitive plant.

Conclusions

In our study, we confirmed the important role of sugar in prolonging the vase life of lily flowers.
The ABA concentration increased dramatically at senescence compared with anthesis which
might reflect a regulatory role for ABA in controlling vase life in lily. Interestingly, sugar
treatment decreased ABA concentration, suggesting opposite effects of ABA and sugar on lily
senescence and a possible crosstalk between the pathways of both. It is important to understand
the different mechanisms that control vase life in lily which will have a direct implication on the
commercial value of this flower crop.
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Even though Lilium is an important ornamental monocot perennial bulbous crop, its genomic
resources are limited. This thesis aims to establish genomic resources for molecular breeding and
other genetic studies in lilies with focus on constructing linkage maps, identifying QTLs and
generating DNA sequence resources using next generation sequencing (NGS) technology that
support mapping and other genomic studies such as comparative genomics. Also, several of
important ornamental traits that are of economic importance have been studied such as fertility,
flower color, flower spots, flower direction (up/down-facing), and stem color as well as lily
flower longevity as measured by vase life performance.

This chapter will discuss the major aspects dealt with in this thesis. The reasoning of the chosen
methodology, the potential alternative approaches in lily breeding, and the future possible
applications of the established resources will be discussed.

Molecular breeding

The aim of many plant researches is to explain natural phenotypic variation in terms of simple
changes in DNA sequence. Plant breeders aim to use these functional changes in the DNA to
improve their breeding programs. Conventionally, linkage mapping, in which crosses are made to
generate populations with known relatedness, has been the most commonly implemented method
to identify QTLs responsible for phenotypic variation (Calenge et al., 2005; Dugo et al., 2005;
Galliot et al., 2006; Messmer et al., 1999; Wang et al., 2011). In lily, linkage mapping has not
been well established. So far, linkage mapping populations were established for Asiatic crosses
‘AA’ (Abe et al., 2002; Van Heusden et al., 2002) and for an inter-specific cross ‘LA’ (Khan,
2009). In this thesis, we constructed genetic maps for two populations: LA (L. longiflorum
‘White Fox’ x Asiatic hybrid ‘Connecticut King’) and AA (‘Connecticut King’ x ‘Orlito’) using
AFLP (amplified fragment length polymorphisms), DArT (diversity arrays technology), NBS
(nucleotide binding site) profiling, and SNP (single nucleotide polymorphisms) markers. The
maps cover 89% and 74% of lily genome respectively with a resolution of one marker per 4 cM
on average and as such should form a good basis for QTL studies and can act as a framework for
further genetic studies.

Linkage mapping approach is a controlled method since relatedness between offspring is known,
however only recombination events that have occurred during establishment of mapping
population can be detected (Myles et al., 2009). This means that a QTL will be localized to a
large chromosomal region (10-20 cM) depending on offspring number (Myles et al., 2009). Thus,
the larger the population size and the more markers generated, the more accurate QTL regions
will be defined. Also, linkage mapping can only identify genetic and phenotypic variations
generated from their parents, which might often present only a small fraction of the variation in
the whole species. This constraint limits the usability of linkage mapping.
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Genome-wide association ‘GWA’ is proposed as an alternative for the traditional linkage
mapping in several crops such as in grape and other long-lived perennial fruit crops (Myles et al.,
2011). The GWA is usually defined as the detection of associations between molecular markers
and phenotypic traits in a population of genotypes in which relatedness is not controlled (D'Hoop,
2009). Importantly, GWA exploits all recombination events that have occurred in the
evolutionary history of the genotypes, which results in much higher mapping resolutions
compared to linkage mapping (Myles et al., 2009). One of the very attractive aspects of GWA is
that, it is not necessary to develop crosses and screen them for traits of interest. Instead, a
collection of all genotypes (species, hybrids, cultivars, lines...) of the studied species can be
genotyped and phenotyped for all interesting traits, not just the few that segregate from the
parents as the case in linkage mapping. Applying GWA approach in lily can be interesting. A
large collection of Lilium germplasm with huge genetic diversity that can serve as a source of
different interesting traits for breeding purposes is available, thus there is no need to develop new
linkage populations whenever the cultivars of interest are changed in markets. However, GWA
approach is highly dependent on the ability to develop the necessary molecular markers required
for mapping and gene identification. Also, one should be aware that if traits are present at low
frequency in germplasm then they might be difficult to be spotted especially if the traits are
influenced by environmental effects. Making a combination of the two strategies (linkage
mapping and GWA) is particularly powerful (Schneeberger and Weigel, 2011). The QTL
resolution in linkage mapping approach can be increased by combining mapping populations
with GWA data. On the other side, linkage mapping is helpful for GWA to rule out false positive
signals that occur due to the confounding effect of relatedness between individuals in germplasm
used for GWA (Schneeberger and Weigel, 2011).

Developing genomic and genetic resources for Lilium

Next generation sequencing as a tool for resources development in Lilium
The recent emergence of second generation sequencing technologies like sequencing-by-

synthesis (SBS) technologies, such as 454 Life Sciences (Roche Applied Science, Indianapolis,
IN) and Illumina Genome Analyzer/Solexa (Illumina, San Diego, CA), or sequencing-by-ligation
technology like ABI SOLiD (Life Technologies Corporation, Carlsbad, CA) (Deschamps and
Campbell, 2010), and the very recent development of the third generation sequencing techniques
such as: Pacific Biosciences (PacBio RS) based on a real-time, single-molecule sequencing
technology, Complete Genomics based on a hybridization and ligation method, and Ion Torrent
by Life Technologies based on sequencing by synthesis (Niedringhaus et al., 2011), have opened
the door for large scale sequencing and thus providing huge amounts of sequence data beneficial
for genetic and genomic studies (Mammadov et al., 2010).

The preference of one of these sequencing technologies is highly related on the purpose and the
budget of the project. Sequence quality and read length, number of bases (Gbs to Tbs) produced
per run, and the cost of each run varies among these technologies (Deschamps and Campbell,
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2010). Although, the number of bases produced per run and the cost of each run are essential for
choosing the sequencing technology, read length is a main player when dealing with genomes
that lack support of sequence information from databases (Treangen and Salzberg, 2012). The
454 sequencing system is recommended for sequencing large genomes (Velasco et al., 2007,
Wheeler et al., 2008), since it generates the longest read length (450 bp) compared to the other
second generation technologies (Illumina (75-100 bp) and ABI SOLiD) which is essential for de
novo assembly projects (Deschamps and Campbell, 2010; Paszkiewicz and Studholme, 2010).
Longer reads are generally preferred, as they greatly reduce the complexity of assembly (Martin
and Wang, 2011; Treangen and Salzberg, 2012). As for third generation sequencing technologies:
PacBio produces the longest read lengths (up to 3,000 bases), however with low single-pass
accuracy (81-83%) and high cost per base, Complete Genomics technology produces the highest
(claimed) throughput of third generation platforms with short read length and very laborious
sample preparation, and Ion Torrent produces short read length (100-200 pb) with a high
potential for error accumulation and difficulties in sequencing highly repetitive or
homopolymeric regions of the genome (Niedringhaus et al., 2011). Third generation sequencing
technologies are not available commercially yet.

In our study, 454 pyro-sequencing was selected to sequence the transcriptome of Lilium since it
was available technology at the time of conducting this research and produced the longest read
lengths (average between 300 to 400 bp) compared to other second generation technologies. With
the new developments in read length (100-150 bp), paired end sequence possibility and number
of reads per run (six billion paired-end reads/run) at affordable costs, [llumina sequencing may
have become a good alternative to 454 transcriptome sequencing and generate longer contigs and
thus better assembly (Etter et al., 2011; Deschamps and Campbell, 2010).

Complexity reduction

A main challenge for sequencing is the huge and highly repetitive nature of some species
genomes. From a computational perspective, repeats create ambiguities during assembly, which
in turn produces errors when interpreting the results (Treangen and Salzberg, 2012). Thus the
need for complexity reduction methodologies is essential when dealing with such a genome.

Complexity reduction methodologies that have been applied so far go under four categories:
restriction enzymes (RE), degenerated primers, microarrays, and mRNA. Several techniques
implemented RE to reduce complexity such as: reduced representation libraries (RRLs) in which
genomic DNA is digested by RE followed by size selection (Hyten et al., 2010), complexity
reduction of polymorphic sequences (CRoPS) using AFLP restriction ligation libraries for
complexity reduction (Van Orsouw et al., 2007), restriction-site associated DNA (RAD-seq) tag
sequencing (Emerson et al., 2010) in which genomic DNA is digested with a RE, then randomly
sheared into very small fragments to isolate DNA tags directly flanking the restriction sites of a
particular restriction enzyme throughout the genome (Miller et al., 2007), and methylation
filtration by using methyl sensitive restriction enzymes to enrich for genes by targeting only the
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hypo-methylated fraction of the genome (Whitelaw et al., 2003). Degenerated primers were
applied to reduce genome complexity by the use of non-standard DOP primers, which contain
G/C-rich 5’ anchors (CTCGAG) followed by six degenerate nucleotides (N) and at least eight
specific nucleotides at the 3’ end (Janiak et al., 2008), or by the use of degenerated primers to
amplify gene families (motif-directed profiling) such as resistance genes or peroxidase genes
(Gonzélez et al., 2010; Smulders et al., submitted; Van der Linden et al., 2005). It is also possible
to use intron sequencing, in which intron-flanking EST-specific primers are used to amplify a
relatively small number of loci which can be used to test large sets of genotypes more than
getting lots of resources from one genotype (Wei et al., 2005). Microarray hybridization is based
on selection of specific loci prior to sequencing by using a high-density oligonucleotide
microarray to capture genome segments of interest (Albert et al., 2007), or hybridization to an
identified set of single copy conserved orthologous (COS) genes which are shared by most, if not
all, plant species (Li et al., 2008; Wu et al., 2006). Transcriptome sequencing (mRNA or RNA-
seq), the complexity is reduced by sequencing only the transcriptomes isolated of certain tissue(s)
(Deschamps and Campbell, 2010; Novaes et al., 2008).

In our study, RNA-sequencing was used to generate sequence resources (expressed sequence
tags, EST) for four lily cultivars ‘Connecticut King’, ‘While Fox’, ‘Star Gazer’, and a ‘Trumpet’
hybrid, out of the four main lily groups: Asiatic (A), Longiflorum (L), Oriental (O), and Trumpet
(T), respectively. EST sequence data are genetically informative (represent genes) and can be
used for: molecular markers development, comparative genomics, gene annotation, and
biodiversity and population genetic studies. Additionally, any polymorphism found will be in, or
close to, genes. Genes are not the most polymorphic part of the genome, which might be
considered (in general) a disadvantage (Smulders et al., submitted); however, in our study this
might be preferred. Lilium is an outbreeding crop which means that the four genotypes are
heterozygous, also these cultivars belong to four different hybrid groups and thus their genomes
are expected to be highly heterogeneous when compared. Consequently, polymorphism rate is
expected to be high. High polymorphism rates within sequence data sets complicate assembly
process (Vinson et al., 2005). The assembly contiguity and completeness are significantly lower
than would have been expected in the absence of heterozygosity, although factors such as: repeat
content, segmental duplications, sequencing errors, homopolymer tracks, and library quality can
also affect assembly quality (Vinson et al., 2005). Thus, reducing the number of detected SNPs
by focusing only on polymorphisms present in genes is preferred in this case.

We used leaf tissue for mRNA extraction. As not all genes are being expressed in a given tissue
and developmental stage, this might reduce the amount of sequences that could be generated.
This can be captured by isolating mRNA of different tissues which are later pooled.

Sequence assembly
Post-sequencing computational treatment (trimming, cleaning, clonality removal, and assembly)
might be the most important prerequisites for true representation of genes in studied genotypes
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(Mammadov et al., 2010). There are three strategies for transcriptome assembly: reference-based
strategy (applied when a reference genome for the target transcriptome is available), de novo
strategy (applied when the reference genome for the target transcriptome is not available), and a
combined strategy in which both strategies can be combined to create a more comprehensive
transcriptome (Martin and Wang, 2011), where it is also possible to map reads to a closely related
genome when it is available. In Lilium and Tulipa, de novo assembly was applied due to missing
support information from databases.

Choosing the assembly program is very challenging (Martin and Wang, 2011), since the
assembly is strongly depended upon the assembler (Feldmeyer et al., 2011). Two main
approaches: the overlap layout consensus (OLC) and the De Bruijn were implemented in
assembly programs. To avoid wrong assembly for our data, both approaches were tested. The
CLC assembler (De Bruijn) showed to perform better than the CAP3 assembler (OLC), using
assembly redundancy as a parameter to assess assembly quality, and thus CLC was used in our
study. An important challenge for the assembler is to separate alleles from paralogs. If alleles and
paralogs are not correctly assembled further studies, mainly SNP marker retrieval and
comparative studies, will be complicated. In this study, transcriptome assembly (RNA-seq) of the
four cultivars of Lilium resulted in 52,172 unigenes with an average read length of 555 bp. A
similar approach was applied for Tulipa which resulted in identification of the first set of
unigenes (81,791) for Tulipa with an average length of 514 bp.

Application of NGS for MAB: marker development

Molecular mapping through linkage mapping or GWA presents significant logistical challenges
to develop markers that cover the majority if not all variation in the studied genome (Jordan et al.,
2002). For accurate trait mapping and initiating MAB, good marker coverage of genetic maps is
required, preferably with markers that target traits of interest and can be easily used in
downstream breeding applications.

Traditionally, development of markers such as RAPD (random amplified polymorphic DNA),
RFLPs (restriction fragment length polymorphisms), NBS profiling, and AFLPs is a costly,
repetitive, and time-consuming process (Davey et al., 2011). Scoring of marker panels across
target populations is also expensive, laborious, and not always objective (Davey et al., 2011).

By contrast, the invent of NGS technologies that generate huge amount of sequence data in a
relatively very short time has enabled the discovery of thousands of SNP markers, and provided a
resource for microsatellite marker identification. SNPs are considered to be handy tools for many
genetic applications such as construction of genetic maps, discovery of QTLs, assessment of
genetic diversity, pedigree verification, cultivar identification, association analysis, and marker-
assisted breeding (Zhu et al., 2003). Moreover, availability of high throughput genotyping
technology, which allows genotyping of thousands of SNP markers simultaneously in tens to
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hundreds of individuals (Davey et al., 2011), and the objective (automated) scoring make SNP
markers even more attractive.

SNP markers have a valuable role in MAB. Any SNP marker showing a link to a trait of interest
can be used directly for downstream application in breeding. However, this is not the case for
conventional marker systems. The AFLP, RAPD, and NBS markers need to be re-produced,
cloned, and sequenced to track back the variation underlying the marker variance to develop a
robust PCR marker for MAB application. Although, DArT markers do not need to be reproduced,
they still need to be sequenced to track back the original variation and to develop a robust PCR
marker based on this variation (Shahin et al., 2009). These conversion steps are very time
consuming and challenging due to possible co-migrating bands and the highly repetitive
sequences that restrict the conversion of AFLP and NBS bands into single locus markers. The
conversion of DArT markers was successful for some DArT markers even though, it was
complicated in some cases (Shahin et al., 2009).

Another important issue is the transferability of markers. The AFLP and NBS markers cannot be
transferred from one parent to another, or between linkage mapping populations due to
previously mentioned complication, while it was possible for DArT markers although laborious.
This is clearer for SNP markers. When sequence data are available for the parents of a
population, SNP presence can be verified in both parents, if not another SNP searched for from
the same contig sequence (representing different polymorphism in the same gene) and used for
mapping. This is very important for synteny and collinearity studies. Lilium germplasm is rich
with all types of interspecific hybrids (e.g. AA, LL, OO, TT, LA, OT, OA, and LO). We intended
in this study to develop molecular markers that are specific for each hybrid group, and markers
among the four genotypes of lily (Chapter 4) to produce transferable markers that can be used for
genotyping a wide genetic background and implemented in association and genetic diversity
studies.

SNP markers genotyping

There are three general allele-discrimination methods implemented in genotyping technologies:
hybridization/annealing (with or without a subsequent enzymatic step), primer extension and
enzyme cleavage. Detection of allele-specific products are done by fluorescence detection,
fluorescence resonance energy transfer (FRET), pyro-sequencing, mass spectrometry, or atomic
force microscopy (AFM) (Ding and Jin, 2009; Twyman and Primrose, 2003).

In plants, the main SNP assays that have been developed until now are: TagMan (single locus
assay based on enzyme cleavage method, and the detection is done by FRET), KASP
(KBiosciences competitive Allele Specific PCR, single locus assay which is a fluorescent FRET
based system coupled with competitive allele specific PCR, http://www.kbioscience.co.uk/),
GoldenGate (multiplex bead array ‘Microarray’, based on allele specific primer extension
enabled by an enzymatic discrimination step that is visualized by fluorescence detection and
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Infintum (multiplex bead assay ‘Microarray’, based on allele specific primer extension that is
detected by fluorescence detection) (Ding and Jin, 2009).

The choice for a genotyping technology is strongly depending on the nature of the research. For
example, to validate a small subset of SNP markers, TagMan or KASP assays that use a flexible
OpenArray platform can be best used. These technologies are high throughput but singleplex
(Jiannis, 2006). To genotype high number of samples with high number of SNPs other
technologies are preferred (Jiannis, 2006). The genotyping technology with the higher
multiplexing abilities such as GoldenGate and Infinium assays are suitable for high-throughput
genome-wide SNP development within a short period of time. These technologies allow
multiplexing of up to 1,536 GoldenGate (Fan et al., 2003) and 200,000 SNPs Infinium assay,
respectively, in one reaction within a 3-day period.

To improve genetic maps of Lilium, we applied KASP to genotype SNP markers derived from
454 pyro-sequencing of a cDNA library constructed of cultivar ‘Connecticut King’. A total of
225 SNP markers were used for genotyping two mapping populations of lily (LA and AA
populations). Genotyping success rate was 75.5% from which 45 % were polymorphic and the
majority could be mapped. Development, data manipulating, and genotyping of SNP markers of
transcriptome sequences generated using NGS technology of the uncharacterized lily genome
were successful in AA and LA populations, and SNP markers showed a high efficiency in
mapping. This opens the door for genotyping more SNP markers in these two populations.
However, the usability of SNP markers for GWA in Lilium is not clear yet.

A main challenge for SNP marker genotyping is the SNPs in the flanking sequences of the target
SNP which may have a significant impact on SNP genotyping performance (Grattapaglia et al.,
2011). There is no systematic assessment of the effect of additional polymorphisms detected in
the flanking sequence of the target SNP on its genotyping reliability. For species with a relatively
low nucleotide diversity, such as humans and crop plants, this represents a minor concern; while
it is a crucial issue for highly heterozygous genomes with nucleotide diversity in excess of 1%
(Chancerel et al., 2011; Grattapaglia et al., 2011; Myles et al., 2011). In Lilium, the occurrence of
null alleles in SNP markers developed from ‘Connecticut King’ was recorded in AA and LA
populations (Chapter 5). Polymorphism rate among the four sequenced Lilium cultivars was
rather high (one SNP per 26 bps, 4%), which might be the cause of null-alleles occurrence and
consequently complicates SNP genotyping on wide collections of germplasm. This might be
improved by sequencing more genotypes (mainly those widely used as parents in breeding
programs) for sufficient depth and comparing their sequences to select the most conserved
regions for SNP markers development. Alternatively, genotyping by sequencing (GBS) using
Myselect  (http://www.mycroarray.com/myselect/MY select+sequence+capture+target+enrichment+kit.html)
technology might give an appreciable solution. Myselect technology uses ESTs information to
target genes of interest by using sequence capture bait libraries constructed by synthesizing large
long-oligonucleotide based on EST sequences. Applying such technology will help to reduce
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genotyping failures due to additional SNPs present in the flanking sequences of a SNP marker
while additionally picking up yet undiscovered other SNPs.

GBS is becoming more feasible due to the advances in NGS that have driven the costs of DNA
sequencing down (Elshire et al., 2011). GBS can be performed in combination with a number of
complexity reduction methods like RAD followed by NGS technology (Elshire et al., 2011) or by
using baits developed from EST sequences (Myselect technology, explained previously)
depending on the target of the research. While RAD might be preferred for SNP markers
development, RNA-seq could be preferred for resource development projects. The combination
of RAD and GBS is technically simple and highly amendable for multiplexing, and can be used
for a variety of applications like population studies, germplasm characterization, breeding, and
trait mapping in diverse organisms (Elshire et al., 2011). However, for highly heterogeneous
species, the combination of Myselect technology with GBS might be preferred to avoid the null
allele problem expected when using SNP markers.

Application of NGS for comparative studies

Synteny between Lilium and Tulipa
Exchanging genetic information between two related species by direct comparison of DNA

sequences and map positions will contribute to the understanding of their evolution and
divergence mechanisms. To date, relations, at the genome sequence level, have been
demonstrated within several families: Poaceae, Solanaceae, Brassicacea, Fabaceae, and Pinus,
as well as between families (e.g. Arabidopsis/rice, Arabidopsis/tomato, and Arabidopsis/moss)
(Bennetzen and Ma, 2003; Chancerel et al., 2011; Erpelding et al., 1996; Fulton et al., 2002;
Izawa et al., 2003; Ku et al., 2000; Lagercrantz and Lydiate, 1996; Lan et al., 2000; Livingstone
et al., 1999; Nishiyama et al., 2003; Park et al., 2011; Salse et al., 2002; Thorup et al., 2000;
Verlaan et al.,, 2011). Using synteny, mapping the evolutionary events like: duplications,
rearrangements, and conserved regions can be detected (Tang et al., 2011). Also, micro-synteny
(homeologous region) allows identification of a gene in one plant species based on detailed
positional and sequence information in the homeologous region of another genus. However this
approach is not straightforward due to genome rearrangement events and differences in
evolutionary rates for different lineages and gene families (McCouch, 2001; Tang et al., 2011).

Transferability of genetic information between related species has been studied by several
techniques such as: sequence tagged site primers developed from mapped RFLP clones to link
genetic maps of wheat and barley (Erpelding et al., 1996) and tropical grains with grasses
(Bowers et al., 2003); selection of highly conserved ESTs such as between Arabidopsis thaliana
and Brassica oleracea (Lan et al., 2000), between Oryza sativa and wheat (Rota and Sorrells,
2004); microarray for transcriptional comparative in Solanaceae (Moore et al., 2005) and BAC
sequences coupled with FISH (fluorescence in situ hybridization) in Solanaceae family (Park et
al., 2011; Verlaan et al., 2011). Recently, several studies implemented SNP data for comparative
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studies in large and un-sequenced genomes. For instances: GoldenGate assay was used (SNPs
detected from NGS and Sanger sequences) to link the linkage maps of Pinus pinaster and Pinus
taeda (Chancerel et al., 2011), Picea mariana and Picea glauca (Pavy et al., 2008), Eucalyptus
grandis, and Arabidopsis thaliana (Novaes et al., 2008), and to identify conserved synteny
between Jatropha and castor bean, popular, and Arabidopsis (Wang et al., 2011).

In Liliaceae family, so far, comparative genome analysis to link genetic maps or physical maps
has not been performed yet. We initiated the first step towards linking molecular genetic maps of
Lilium and Tulipa using transcriptome sequences generated by NGS technology. Orthologous
genes between lily and tulip (10,913 unigenes) were identified based on sequence data of four lily
cultivars and five tulip cultivars. Next, common SNP and EST-SSR markers between the parents
of lily mapping populations (AA and LA populations) and the parents of the mapping population
of Tulipa (‘Kees Nelis’ (7. gesneriana) x ‘Cantata’ (7. fosteriana)) based on orthologous
sequences of both species were identified: 229 common SNP (not present the same
polymorphism), and 140 common EST-SSR. Genotyping these markers in both populations will
initiate the link between the genetic maps of Lilium and Tulipa. The efficiency of these markers
in comparative study depends largely upon how many of these markers will be mapped on both
the lily and tulip genetic maps and also on how well these markers are distributed over the
chromosomes. Mapping and comparing the common markers allow insight into the preservation
of gene order, structure, and ‘putative’ functional homology in addition to evolution and
divergence mechanisms (Moore et al., 2005). The Gene Ontology (GO) assessment of the 10,913
orthologous sequences showed that majority of them represent genes essential for growing and
defense processes, in addition to genes related to biological processes. Overall, the majority of
orthologous genes were housekeeping genes.

Systematics of Lilium and Tulipa

Increasing accessibility and affordability of NGS provides large amounts of data from the three
organelles of plants (chloroplast, mitochondrion, and nucleus) in a single run, which can be used
to increase the resolution of, and support for, phylogenetic trees (Steele and Pires, 2011; Straub et
al., 2012). In this thesis, we could identify a set of orthologous genes of Lilium (19 genes), of
Tulipa (20 genes), and of orthologous genes between the two genera (7 genes), which showed to
be uniquely present in the sequences and informative in estimating the genetic divergence of
these two genera, thus they can be used to study the phylogeny of Lilium and Tulipa in depth.
This can be done by developing probes for each gene, attach them to baits and use them to fish
for this sequences in a set of genotypes, followed by sequencing these genes using NGS
(Myselect approach). To build a genus tree for Lilium or Tulipa, several species per section in
additions to hybrids among sections should be used to cover the genetic diversity present in each
genus. By sequencing those genes in several species per genus, gene trees and genus tree can be
constructed. This kind of vast sequence data will be helpful to resolve discrepancies, if present,
between genetic and morphological classifications such as in Lilium (Chapter 6).
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Sequence concatenation is no longer an issue since new software such as BEST (Liu et al., 2008)
and BEAST (Drummond and Rambaut, 2007; Heled and Drummond, 2010) were introduced to
estimate species trees from gene trees and to deal with the multi-allelic nature of genes. However,
using consensus sequences in which SNPs between alleles of a gene become ambiguous (IUPAC
bases), leads to loss of part of the available data. Another possibility is to use the average genetic
distances between the haplotypes, POFAD (Phylogeny of Organisms from Allelic Data)
algorithm (Joly and Bruneau, 2006), however this methodology does not provide means to test
statistical significance by bootstrapping, and it showed that the resolution was reduced compared
with a consensus sequence approach (Chapter 6). Nevertheless, using allelic information is
interesting mainly in revealing phylogenetic relations between closely related taxa and in species
hybrids. Thus, further studies are needed to find the best methodology that can implement allelic
variation. Apart from that, a pipeline that includes both GBS data analysis and formatting for tree
building software like BEAST can be developed which will help to automate the whole process
starting from genotyping, gene trees, and species tree construction.

Having such high numbers of sequence data, allows us to test some evolutionary hypotheses. One
interesting hypothesis is that breeding or human selection processes might be imprinted on
genome. Such hypotheses can be studied by comparing cultivar genomes with wild species
genomes. Another one is whether Lilium and Tulipa have undergone bottlenecks during their
domestication process or not. In outbred species, such as grape, a weak bottleneck has been
recorded (Myles et al., 2011), while in cereal crops (inbred) such as wheat, rice, and maize
(Buckler et al., 2001; Eyre-Walker et al., 1998; Zhu et al., 2007) strong bottlenecks are observed.
Weak bottlenecks are expected in Lilium and Tulipa since they are both outbred and vegetative
propagated similar to grape.

Agronomical traits in Lilium

Mapping of disease resistance

Fusarium oxysporum and lily mottle virus (LMoV) are considered as very serious diseases in
Lilium (Shahin et al., 2009; Straathof et al., 1996; Van Heusden et al., 2002). Fusarium
oxysporum was mapped on the genetic map of AA population, in which six putative QTLs were
identified (not all of them confirmed by interval mapping test). QTLI is a strong QTL that
showed to be linked to Fusarium resistance in several years of disease testing. However the
resolution of this QTL is still low and more markers are needed to increase the mapping
resolution. Moreover, mapping Fusarium in LA population has been also performed using
disease test results of two years. The mapping was resulted in a strong QTL that is co-localizing
with the QTL1 of AA population (data not shown). This strong and reliable QTL identified in
both populations provides a good start for generating markers for Fusarium resistance for MAB
applications. Genotyping and mapping some SNP markers in these populations did not result in
providing SNP markers linked to this QTL yet (data not shown).
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LMoV was mapped as a marker on AA genetic maps; however no close markers have been
identified. By adding SNP markers to AA genetic maps, LMoV locus was changed and showed
to be closer to some markers (data not shown) that can be used for validation and MAB.

Mapping of ornamental traits

There are several important traits that ornamental breeders wish to improve such as: diseases
resistances (Fusarium, Botrytis and viruses), postharvest quality, flower color, and scent. In our
study, in which the genetic maps of two populations became available, we mapped in Lilium
several ornamental traits. These traits are: lily flower color ‘carotene’ ‘LFCc’, flower spots ‘Ifs’,
stem color ‘LSC’, antherless phenotype ‘lal’, and flower direction ‘/fd’. Several of them showed
to be recessive traits (spots, antherless, and flower direction). For breeding, availability of
markers for recessive ornamental traits is very useful. Such markers allow the identification of
suitable breeding parents so that expression of the recessive trait can be either enhanced or
repressed.

Identification of QTLs for complex traits like vase life is rather complicated and very time
consuming. Several studies investigated the possibilities for improving flower longevity of
Asiatic hybrid lilies by breeding (Lim, 2000; Van der Meulen-Muisers et al., 1999; Van der
Meulen-Muisers et al., 1998; Van der Meulen et al., 1996; Van der Meulen et al., 1997). Van der
Meulen et al (1996) screened two Asiatic populations: ‘Yellito’ x ‘Orlito’ and ‘Connecticut King’
x ‘Orlito’ for their longevity and compared their morphological data with molecular markers and
identified few markers (RAPD) linked to longevity. However, the limited number of genotyped
progeny (39 genotyped), the lacking of genetic maps, and thus the possibility of applying only the
non-parametric test of Kruskal-Wallis to find linkages, and the testing of only one bulb per
genotype for longevity have limited the application of this study (Van der Meulen et al., 1996).
Also, the possibility of identifying undesirable non-genetic variation resulting from growing
conditions, development stage of the flower at harvest and environmental conditions after harvest
(Van der Meulen-Muisers et al., 1998) make this trait very challenging for studying. In addition,
longevity in lilies is complex because it is a function of: the number of buds per inflorescence,
the expansion and opening of buds, the lifespan of individual flowers, and the lifespan of leaves
(Van der Meulen-Muisers et al., 1999). Thus, an alternative approach should first be applied to
understand and simplify this trait, followed by identifying markers associated with this trait.

Vase life

In Lilium, even though senescence is ethylene-insensitive, lily inflorescences from AA and LA
cultivars have to be treated with an ethylene-inhibitor (silver thiosulfate) before they are sent to
auctions. The effect of ethylene-inhibitor on Lilium vase life is doubtful (Elgar et al., 1999;
Nowak and Mynett, 1985; Van der Meulen-Muisers et al., 2001), and the regulators of lily flower
longevity are not known yet (Chapter 7). We aimed to define the regulator(s) of flower longevity
in lily by studying the effect of sugar (sucrose) addition on flower longevity and abscisic acid
(ABA) hormonal changes between anthesis and senescence.
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Vase life of lily flowers increased significantly by the exogenous application of sugars, and a
dramatic increase in ABA levels at senescence compared with anthesis was recorded. This might
indicate ABA as a main regulatory factor in controlling vase life of lily and the potential vital role
of sugar in delaying all senescence symptoms. Interestingly, sugar treatment decreased ABA
concentration, suggesting an opposite effects of ABA and sugar on lily senescence and a possible
crosstalk between the pathways of both. It is important to understand the different mechanisms
that control vase life in lily which will have a direct implication on the ornamental and thus
commercial value of this flower crop.

To confirm the role of ABA, an external application of ABA inhibitor should be applied to lily
inflorescences to study its effect on longevity. This could be combined with transcriptional
comparative analysis (RNA-seq) using lily flowers at anthesis and senescence to determine genes
that are up or down regulated. Several proteins have been reported to function as ABA receptors
and many more are known to be involved in ABA signaling (Finkelstein et al., 2002; Schroeder
et al., 2001; Shen et al., 2006). By analyzing RNA-seq data, genes of the ABA pathway that show
to be associated with senescence can be determined.

Overall, in this study, we generated and characterized the transcriptome of four Lilium genotypes
which have direct applications for breeding in this species. The use of NGS technologies provides
a wealth of putative molecular markers (SNPs and SSRs) that can be used for genotyping the two
mapping lily populations used in this study. This will improve both the coverage of the Lilium
genome and the marker density of the two populations. Also, genotyping the same SNP marker in
the two populations will facilitate the comparisons between linkage group populations and allow
construction of a consensus map. Consequently, exchange of genetic knowledge (mainly QTLs)
between the two populations will be easier. Additionally, the thousands of SNPs identified in
genome of four lily cultivars opens the door for combining current linkage mapping studies with
association studies which will have a direct impact on improving the resolution of mapping and
on marker assisted breeding in Lilium.
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Summary

Summary

Lily (Lilium L.) is a perennial bulbous ornamental, belonging to subclass Monocotyledonae and
family Liliaceae. Lily, according to statistics of Dutch auctions, is the fifth most important cut
flower and the second in flower bulbs based on acreage. This species has been extensively used
for cytogenetic studies, but molecular genetic studies are limited. The heterogenic nature and the
very complex and huge genome (36 Gb) of lily might be the reason for this. To improve the
efficiency of breeding and selection in this species, and set up the basis for genetic studies in
Lilium, genomic resources are needed.

Next generation sequencing (NGS) technology (454 pyro-sequencing) was used to sequence the
transcriptomes (RNA-seq) of four lily cultivars: ‘Connecticut King’, ‘White Fox’, ‘Star Gazer’,
and Trumpet that belong to the four most important hybrid groups: Asiatic, Longiflorum,
Oriental, and Trumpet respectively. Successfully, 52,172 unigenes with an average length of 555
bp were developed and used for a wide range of genetic and genomic studies: SNP marker
identification for genetic mapping, gene annotation, and comparative genomic studies.

Combining NGS with SNP genotyping techniques to accelerate genetic studies is of considerable
interest in different species. In this study, thousands of SNPs out of the 52,172 lily unigenes were
identified. Genotyping technique KASPar (KBiosciences competitive Allele Specific PCR) was
used to genotype two lily mapping populations: ‘LA (L. longiflorum ‘White Fox’ x Asiatic hybrid
‘Connecticut King’) and AA (‘Connecticut King’ x ‘Orlito’) using 225 SNP markers selected
from ‘Connecticut King’ unigenes. Genotyping success rate was 75.5% (170 SNP markers
worked), polymorphic SNP rate was 45% (102 SNP markers), and mapped SNP marker rate was
42% (94 SNP mapped) in LA population and 38% (85 SNP mapped) in AA population. Thus, we
validated a subset of the putative SNP makers and showed the usability of this type of markers to
improve genetic maps for complex genomes like that of lily.

The SNP markers together with the available AFLP (amplified fragment length polymorphisms),
DArT (diversity arrays technology), and NBS (nucleotide binding site) markers were used to
build reference genetic maps for these two lily populations. These maps represent the first
reasonably saturated maps that cover 89% of the lily genome with an average marker density of
one marker per 4 cM. The availability of more SNP markers for genotyping, opens the door for
further enriching these genetic maps and thus improve the marker density.

The genetic maps were used to map and understand the genetic of several horticultural traits in
Lilium. Fusarium oxysporum and lily mottle virus (LMoV) are considered as very serious
diseases in Lilium and as such present important targets for breeding. Six putative QTLs
(quantitive trait loci) were identified for Fusarium resistance in AA population, from which
QTL1 was the strongest (explains ~25 % of phenotypic variation). In LA population, QTL1 was
also confirmed. Thus, QTLI is a strong and reliable QTL in both populations and it can be used
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to develop markers for most of the Fusarium resistance for molecular assisted breeding (MAB)
applications. The LMoV was mapped as a marker on the AA genetic maps, however, no close
markers to this trait (i.e. distance of the closest marker to LMoV was 9 ¢cM) were identified yet.
Several ornamental traits: lily flower color ‘carotene’ (LFCc), flower spots (/fs), stem color
(LSC), antherless phenotype (/al), and flower direction (up-side facing, /fd) were phenotyped and
mapped. Some of these traits showed to be recessive traits (spots, antherless, and flower
direction) and controlled by a single gene. Developing markers for recessive traits is valuable
since such markers allow the identification of suitable breeding parents so the presence of the
recessive trait can be either enhanced or repressed. A more complex trait is flower longevity
because it is a function of: the number of buds per inflorescence, the expansion and opening of
the buds, the life span of the individual flowers, and also the life-span of the leaves. Moreover,
senescence in Lilium is ethylene-insensitive and the regulator(s) of its vase life is not known yet.
Our study showed that vase life of individual lily flowers increased significantly by the
exogenous application of sugars. Abscisic acid (ABA) level, furthermore, increased dramatically
in lily flowers at senescence compared with anthesis. This indicates that ABA might be the main
regulator of vase life in lily. However, more experiments should be conducted to prove this
conclusion.

The genomic resources developed for lily together with genomic resources developed for Tulipa
L., in the same way, offered a valuable source of information to conduct comparative genomic
studies within and between these two genera. We initiated the first step towards linking molecular
genetic maps of Lilium and Tulipa using transcriptome sequences generated by 454 pyro-
sequencing. Orthologous genes between lily and tulip were identified (10,913 unigenes) based on
sequence data of four lily cultivars and five tulip cultivars. Next, common SNP and EST-SSR
markers between the parents of lily mapping populations (AA and LA population) and the
parents of tulip mapping population (‘Kees Nelis’ (7. gesneriana) x ‘Cantata’ (7. fosteriana))
based on these orthologous sequences were generated. A total of 229 common SNP and 140
common EST-SSR markers were identified. Genotyping and mapping these markers in the
populations of both genera will link the genetic maps of Lilium and Tulipa and thus allow insight
into the preservation of gene order, structure, and ‘putative’ functional homology in addition to
evolutionary processes.

Also, these genomic resources can be used to increase the resolution of, and support for,
phylogenetic trees. We selected a set of orthologous genes of Lilium (19 genes, 11,766 bp
containing 433 polymorphic sites), of Tulipa (20 genes, 10,347 bp containing 216 polymorphic
sites), and of the orthologous genes between the two genera (7 genes, 5,790 bp containing 587
polymorphic sites). These sets are uniquely present in the sequences and informative in
estimating the genetic divergence of the two genera, thus they can be used to genotypes more
species per genera to build genera and maybe family trees later on. The nucleotide polymorphism
rate of Lilium was twice as high as that of Tulipa, on average one substitution per 26 bp for
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Lilium compared with one substitution per 48 bp for Tulipa. NGS provide a valuable source for
large numbers of phylogenetic informative substitutions that might revolutionize the
phylogenetic, population genetic, and biodiversity studies. However, the use of bi-allelic
information from multiple loci in phylogenetic studies is still challenging and it needs to be
studied further.

Moreover, having such high numbers of sequence data, allows us to test some evolutionary
hypotheses such as positive selection: selection during domestication/breeding processes might
be imprinted in the species genome, which can be examined based on omega (dn/ds) values. The
higher the omega value the stronger the indication of positive selection. Positive selection was
recorded in Lilium and Tulipa genomes when this small subset of gene contigs (46) of the two
genera was tested. Our hypothesis could not be confirmed, however to draw final conclusions on
this matter, omega values for many more genes of the two genera have to be measured.

Finally, a wealth of putative molecular markers (SNPs and SSRs) has become available that can
have direct applications for breeding in these genera. SNP markers are important since they are
user friendly, efficient, transferable, and co-dominant markers. Applying high throughput
genotyping technology to genotype the two lily populations improved the coverage of the two
genetic maps. Also, genotyping the same SNP markers in the two populations facilitated the
comparisons between the linkage groups of the two populations and will allow the construction
of a consensus map. Consequently, exchange of genetic knowledge (mainly QTLs) between the
two populations will be easier. The thousands of SNPs identified in the genome of the four lily
cultivars opens the door for combining the current linkage mapping studies with association
studies which will have a direct impact on improving the resolution of mapping and on MAB
applications in Lilium.
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Lelie (Lilium L.) is een meerjarig bolgewas, behorend tot de subklasse Monocotyledonae en
familie Liliaceae. Lelie is volgens de Nederlandse statistiecken de nummer vijf van de
belangrijkste snijbloemen en nummer twee wat betreft het areaal bolgewassen. De soort is
uitgebreid gebruikt voor cytogenetische studies, maar zeer beperkt in moleculair genetisch
onderzoek. Dit zal het gevolg zijn van het heterogene karakter en het erg complexe en grote
genoom (36 Gb) van lelie. Om efficiénter te kunnen veredelen en selecteren, en voor het opzetten
van genetische studies in lelie, zijn genomische hulpmiddelen in de vorm van sequenties en
merkers een vereiste.

Met behulp van de “next generation sequencing” (NGS) technologie (454 pyro-sequencing) werd
het transcriptoom (RNA) gesequenced van vier lelie cultivars: ‘Connecticut King’, ‘White Fox’,
‘Star Gazer’, en een Trompet-selectie, die behoren tot de vier belangrijkste hybride groepen nl. de
Aziaten, Longiflorums, Orientals en Trumpets. Met succes werden 52,175 unieke genen
(unigenen) met een gemiddelde lengte van 555 basenparen ontwikkeld en gebruikt voor een reeks
van genetische en genomische studies: DNA polymorfisme studies (SNP) door middel van
merker identificatie voor de genetische kartering, gen annotatie en vergelijkend genomisch
onderzoek.

Het is van belang voor de versnelling van genetische studies bij diverse species om de modernste
sequencing technieken (aangeduid als NGS) met SNP-genotypering te combineren. In deze studie
werden in de 52,175 unigenen duizenden SNPs geidentificeerd. De genotyperings techniek
KASPar (KBiosciences competitive Allele Specific PCR) werd gebruikt voor het genotyperen
van twee kruisingspopulaties: LA (L. longiflorum ‘White Fox’ x Aziatische hybride ‘Connecticut
King’) en AA (‘Connecticut King’ x ‘Orlito’) gebruikmakend van 225 SNP merkers geselecteerd
in ‘Connecticut King’ unigenen. Met succes werd 75.5% (170 SNP-merkers werkten) van de
SNPs gegenotypeerd, waarvan 45% polymorf was (102 SNP merkers). Hiervan kon 42% worden
gekarteerd in de LA populatie (94 SNPs) en 38% in de AA populatie (85 SNPs). Op deze wijze
werd een deel van de mogelijke SNP merkers gevalideerd en werd de bruikbaarheid van dit type
merkers voor het verbeteren van genetische kaarten bij complexe genomen zoals lelie
aangetoond.

De SNP merkers werden tezamen met de beschikbare AFLP (amplified fragment length
polymorphisms), DArT (diversity arrays technology) en NBS (nucleotide binding site) merkers
gebruikt om voor deze twee lelie populaties genetische referentie kaarten te construeren. Deze
kaarten vertegenwoordigen de eerste redelijk verzadigde kaarten die 89% van het lelie genoom
omvatten met een gemiddelde merker dichtheid van 4 cM per merker. De beschikbaarheid van
meer SNP merkers maakt het mogelijk om deze genetische kaarten verder uit te breiden om
daarmee de merker dichtheid te verbeteren.
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De genetische kaarten van lelie werden gebruikt om verschillende tuinbouwkundige
eigenschappen te karteren en om de genetica ervan te begrijpen. Fusarium oxysporum en het lily
mottle virus (LMoV) behoren tot de belangrijkste ziekten in lelie en zijn als zodanig belangrijke
veredelingsdoelen. Zes vermeende QTLs (quantitive trait loci) voor Fusarium resistentie werden
geidentificeerd in de AA-populatie waarvan QTL1 de sterkste is (verklaart 25% van de
fenotypische variatie). Ook in de LA populatie werd QTL1 bevestigd. QTL1 is dus een sterke en
betrouwbare QTL in beide populaties en kan gebruikt worden om merkers te ontwikkelen voor
Fusarium resistentie bij de toepassing van moleculair gestuurde veredeling (ook wel aangeduid
met MAB). De LMoV resistentie werd als merker gekarteerd op de genetische kaarten van de
AA-populatie, maar er werden tot nu toe geen nauw gekoppelde merkers geidentificeerd (de
merker met kleinste afstand tot LMoV bevond zich op 9cM). Verschillende sierteelt kenmerken:
lelie bloemkleur ‘caroteen’ (LFCc), bloemkleurspikkels (/fs), bloemsteelkleur (LSC), mannelijke
steriliteit (/al), en bloem stand (rechtop, /fd) werden gefenotypeerd en gekarteerd. Enkele van
deze recessieve eigenschappen (spikkels, mannelijke steriliteit en bloemstand) worden door een
enkel gen bepaald. Ontwikkeling van merkers voor recessieve genen is waardevol omdat zulke
merkers het mogelijk maken om de juiste kruisingsouders te identificeren zodat de aanwezigheid
van de recessieve eigenschap al dan niet kan worden vermeden dan wel gestimuleerd. De
houdbaarheid van de bloem is een meer complexe eigenschap omdat deze bepaald wordt door het
aantal bloemen per tak, de groei en ontwikkeling, de opening van de knoppen en de levensduur
van de individuele bloemen en de bladeren. Bovendien is veroudering in lelie ethyleen-
ongevoelig en kennis over de regulering van het vaasleven van lelie is nog onvoldoende. Onze
studie toonde aan dat het vaasleven van individuele leliebloemen aanzienlijk verhoogd werd
onder invloed van extern toegevoegde suikers. Het abscissine zuur (ABA) gehalte bleek
bovendien aanzienlijk toe te nemen bij verouderende bloemen ten opzichte van vers geopende
bloemen. Dit wijst erop dat vooral ABA de regulering van het vaasleven van lelie bepaald. Er
moet echter meer onderzoek verricht worden om deze conclusie te bevestigen.

De genomische hulpmiddelen voor lelie, die tezamen met die voor tulp (Tulipa) op dezelfde
wijze zijn ontwikkeld, bieden een belangrijke bron van informatie voor de uitvoering van
vergelijkend genomisch onderzoek binnen en tussen deze twee geslachten. We hebben een eerste
stap gezet naar het koppelen van de moleculair genetische kaarten van lelie en tulp door gebruik
te maken van transcriptoom sequenties verkregen door ‘454 pyro-sequencing’. Orthologe genen
tussen lelie en tulp werden geidentificeerd (10,913 unigenen) gebaseerd op sequentie gegevens
van vier lelie en vijf tulpen cultivars. Vervolgens werden gemeenschappelijke SNP en EST-SSR
merkers tussen de ouders van de lelie merker populaties (AA en LA) en de ouders van de tulpen
merker populatie (‘Kees Nelis’ (7. gesneriana) x ‘Cantata’ (7. fosteriana)) gebaseerd op deze
orthologe sequenties gegenereerd. In totaal werden 229 gemeenschappelijke SNP en 140
gemeenschappelijke EST-SSR merkers geidentificeerd. Door genotypering en kartering van deze
merkers in de populaties van beide geslachten kunnen de genetische kaarten van lelie en tulp
gekoppeld worden en inzicht worden verschaft in de conservering van de genenvolgorde, de
structuur en ‘mogelijke’ functionele homologie evenals in evolutionaire processen.
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Ook kunnen deze genomische data worden gebruikt om de resolutie van en ondersteuning voor
fylogenetische stambomen te verhogen. We selecteerden een set van orthologe genen in lelie (19
genen, 11,766 bp waarin 433 polymorfe plaatsen), en in tulp (20 genen, 10,347 bp met 216
polymorfe plaatsen), en van de orthologe genen tussen de twee geslachten (7 genen, 5,790 bp met
587 polymorfe plaatsen). Deze sets zijn uniek aanwezig in de sequenties en zijn informatief ten
aanzien van het schatten van de genetische divergentie van de twee geslachten, en kunnen
worden gebruikt om meer species per geslacht te genotyperen en om later een geslachts- of
familie stamboom te construeren. Het niveau van nucleotide polymorfismen bij lelie was twee
keer zo hoog als bij tulp, gemiddeld één substitutie per 26 bp voor lelie tegen 48 bp voor tulp.
NGS verschaft een waardevolle bron van grote aantallen fylogenetisch informatieve substituties
die een revolutie kunnen betekenen voor fylogenetisch, populatie genetisch en
biodiversiteitsonderzoek. Het gebruik van bi-allelische informatie van multipele loci in
fylogenetische studies is echter een uitdaging en vereist nader onderzoek.

Zulke grote hoeveelheden sequentie data maakt het bovendien mogelijk om enkele evolutionaire
hypothese te toetsen zoals positieve selectie: selectie tijdens het domesticatie/veredelingsproces
zou in het genoom van de soort vastgelegd kunnen zijn, wat onderzocht kan worden op basis van
omega (dn/ds) waarden. Hoe hoger de omega waarde des te sterker de aanwijzing voor positieve
selectie. Positieve selectie werd in lelie en tulp waar genomen in de kleine set van gen contigs
(46) van de twee geslachten. Onze hypothese kon niet bevestigd worden, omdat voor een
uiteindelijke conclusie de omega waarden van veel meer genen van de twee geslachten gemeten
moeten worden.

Ten slotte, er is een schat aan mogelijke moleculaire merkers (SNPs en SSRs) beschikbaar
gekomen welke direct toegepast kunnen worden bij de veredeling van deze geslachten. SNP
merkers zijn belangrijk omdat het gebruikersvriendelijke, efficiénte, overdraagbare en co-
dominante merkers zijn. Door toepassing van een high-throughput genotyperings technologie
werden twee lelie populaties gegenotypeerd en werd de dekking van de twee genetische kaarten
verbeterd. Door de genotypering van deze SNP merkers in de twee populaties werd een
vergelijking mogelijk tussen de koppelingsgroepen van de twee populaties en wordt de
constructie van een consensus kaart mogelijk. Dit heeft tot gevolg dat uitwisseling van genetische
kennis (vooral QTLs) tussen de populaties gemakkelijker zal worden. De duizenden SNPs die in
het genoom van de vier lelie cultivars geidentificeerd zijn, maakt het mogelijk om de huidige
koppelingsstudies te combineren met associatiestudies wat een directe impact zal hebben op de
verbetering van de resolutie van de kartering en op de MAB toepassingen in lelie.
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Partitioning the genome: mechanisms that ensure accurate chromosome segregation in cell division' by
Dr. Michael Lampson
Tomato innate immunity to root-knot nematodes and aphids' by Dr. Isgouhi Kaloshian

The molecular regulation of seed dormancy' by Wim Soppe

May 19, 2008

Jun 13, 2008
Nov 03, 2008
Feb 01, 2008

May 14, 2009
Oct 20, 2009
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‘The molecular dialogue between pathogens and plants’ by Pierre de Wit

‘Statistical modeling of genotype to phenotype relations’ by Fred van Eeuwijk

SNP detection and next gen sequencing data' by Jack Leunissen

WIAS Symposium 'Genomics and Animal Breeding', Wageningen, Netherlands

Plant Research Day (Plant Breeding)

Plant Research Day (Plant Breeding)

Plant Research Day (Plant Breeding)

Plant Research Day (Plant Breeding)

Workshop EU-SPICY “Bioinformatics, statistical genetics and genomics”, Wageningen, Netherlands
Seminar plus

PhD discussion 'Plant Soil Interactions: the design of experiments and Genotype x Environment interactions'
by Prof Fred van Eeuwijk
International Symposia and Congresses

23th EUCARPIA Symposium, Leiden 2009 (Colorful Breeding and Genetics), Netherlands
28th International Horticultural congress, Lisbon, Portugal
2nd International Symposium on genus Lilium, Pescia (PT), Italy

TTI green genetics Symposium, Netherlands
CBSG Technology Symposium "Advance in life-science Technologies", Netherlands

18th International Chromosome Conference, Manchester, UK

TTI green genetics Symposium, Netherlands

The XIth International Symposium on Flower Bulbs and Herbaceous Perennials, Turkey

Presentations
Plant Breeding meeting (research day): Molecular cytogenetic approach for transferring genes of Fusarium

resistance in lily (poster)
Presentation for Lily companies (Molecular assisted breeding for Fusarium and LMoV in lily)(oral)

Theme 4 (Genome Plasticity): Integrated Cytological and Molecular Map of Lily and Synteny to Tulip (oral)
Oral Presentation for Lily companies (Conversion markers linked to resistance in lily)(oral)

EUCARPIA Symposium 2009 (Conversion of Molecular Markers linked to Fusarium and Virus Resistance
in Asiatic Lily Hybrids)(oral)

Presentation for Japanese group (Niigata University) (Towards lily genome-wide understanding)(oral)

2nd joint PhD retreat (Genetic Mapping in Lilium)(poster)
Presentation for Lily Breeding Companies (Bridging the genomes of lily)(oral)

28th International Horticultural congress) 2010- Lisbon (Development of EST Derived SNP Markers in
Lilium and Tulip)(oral)

28th International Horticultural congress) 2010- Lisbon (Using SNPs Markers for Resistance Breeding in
Lilium)(poster)

Lilium Symposium 2010- Italy (Mapping of Fusarium oxysporum resistance in Lilium)(oral)

TTI Green Genetics 2010- Netherlands (Using SNPs Markers for Resistance Breeding in Lilium)(oral)

TTI Green Genetics 2011- Netherlands (Development of SNPs Markers for Resistance Breeding in
Lilium)(poster)
Lily Breeding Companies & TTI management (Bridging the genomes of lily)(oral)

XIth Intern. Symp. on Flower Bulbs and Herbaceous Perennials-Turkey (Genotyping and mapping of SNP
markers in Lilium)(oral)

XIth Intern. Symp. on Flower Bulbs and Herbaceous Perennials-Turkey (What controls flower longevity in
Lilium)(poster)

TAB interview

Nov 10,2009
Nov 10,2009
Apr 06,2010
Jan 21,2011
Jun 17,2008
Mar 08, 2011
2010
Feb 28,2012
Mar 08, 2012

Mar 15, 2011

Aug 31-Sep 04,
2009
Aug 22-27,
2010
Aug 30-Sep 03,
2010
Sep 22,2010

Nov 25,2010

Aug 29-Sep 02,
2011
Sep 21,2011

Mar 28-Apr 01,
2012

Jun 17,2008

Jun 24,2008
Decl12, 2008
Decl8, 2008
Sep 02, 2009

Mar 09, 2010

Apr 15-17,2010

Jul 13,2010
Aug 24,2010

Aug 26, 2010

Sep 03, 2010
Sep 22,2010
Sep 21, 2011

Dec 13, 2011
Mar 28, 2012

Mar 28, 2012

Feb 17,2011
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| 2 Excursions

Visit Syngenta company Sep 25,2008
Visit Lily and Tulip companies May 14, 2009
Visit Flower breeding companies/ institutes and auction May 19, 2009
Visit Flower breeding companies (Keukenhof, Florist, MarkLily, PPO, Remarkable Tulip) May 11, 2011
Visit Darthuizer company, Syngenta flower company, Mak company (Lily breeding company), and May 18, 2011
Keukenhof
Visit Royal van Zanten flower company Mar 07, 2012
Subtotal Scientific Exposure 34,4 credits*
3) In-Depth Studies date
> EPS courses or other PhD courses
PhD Course 'Analysis of ~Omics data', Wageningen, Netherlands Dec 08-
PhD Workshop 'Plant Metabolomics', Wageningen, Netherlands A;%ggg&
PhD Course 'Current Trends in Phylogenetics', Wageningen, Netherlands Octzgéll}Z&
> Journal club 20
Member of literature discussion group of Plant Breeding 2008-2011
| 2 Individual research training
Subtotal In-Depth Studies 6,6 credits*
4) Personal development date
> Skill training courses
PhD Competence Assessment May 12, 2009
Academic writing I 2009
Academic writing 11 Mar 03, 2010
Techniques for Writing and Presenting a Scientific Paper Apr 24,2012

> Organization of PhD students day, course or conference

Organizing the Biweekly Colloquium of Plant Breeding Department-group of breeding for growth,
development and quality
> Membership of Board, Committee or PhD council

Jan-Oct 2010

Subtotal Personal Development

4,5 credits*

TOTAL NUMBER OF CREDIT POINTS*

63.0

Herewith the Graduate School declares that the PhD candidate has complied with the educational requirements set by
the Educational Committee of EPS which comprises of a minimum total of 30 ECTS credits

* A credit represents a normative study load of 28 hours of study.
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