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ABSTRACT

The main objectives of this study were to develop a new rose
cultivar and to develop single nucleotide polymorphism (SNP) markers
to identify cultivars. A new cultivar, ‘To Dios’ having numerous petals
was bred as a cut flower type from the progeny of a cross between
‘Vanilla Perfume’ and ‘Marcia’. An orange-colored standard rose
cultivar ‘Vanilla Perfume’ with 48 petals was used as a female plant. A
white-colored standard rose cultivar ‘Marcia’ with 96 petals was used
as a male parent. ‘To Dios’ is a standard type with 128 peach-colored
petals per flower. The vase life of ‘To Dios’ cultivar can be as long as

15 days. ‘To Dios’ has the functional stomata in both light and dark
conditions, and appropriate stomatal closing helped it to maintain water
balance. It takes 47 days from pruning to re-blooming and cut flower
productivity is about 160 stems /m2 in a year. When temperature was
low, the petal numbers of ‘To Dios’ was increased and the stamens
were converted to petals. ‘To Dios’ was registered as a new cultivar on
Korea Seed & Variety Service in 2014. Since variety protection is
important, SNP markers to identify new developed rose cultivars
including ‘To Dios’ were developed. The advantage of SNPs was used
to develop a method for identification of cultivars of the polyploid Rosa
hybrida using genotyping-by-sequencing (GBS). Sequences obtained
from GBS libraries of the genomes of 79 roses were aligned to contigs
created by de novo assembly, due to lack of rose reference genome. A
total of 1,778 SNPs were selected from 13,488 putative SNPs, genetic
correlations among rose cultivars were efficiently analyzed by using
these SNPs. SNP markers presented in more than 70% of the 79
cultivars were selected and evaluated, both for polymorphism
information content values and level of heterozygosity, and then 20
ii

SNP markers were ultimately selected for high-throughput analysis. Of
these 20 SNP markers, 4 were successfully converted into markers for
DNA chip assays. High resolution melting analysis was carried out to
distinguish further rose genotypes, dependent on heterozygosity and
polyploidy. As a result, using a 7 SNP marker set, I was able to
discriminate 70.9% of the 79 rose cultivars, and 87.5% of the 16 new
cultivars including ‘To Dios’ developed in Goyang City. SNP markers
developed in this study will be useful tools for cultivar identification
and genetic correlation study in rose cultivars.

Keywords: Rosa hybrida, breeding, petal number, vase life, SNP
marker, GBS, cultivar identification,
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GENERAL INTRODUCTION

Roses are one of the most cultivated ornamental plants and widely
exploited as garden plants, pot or cut flowers. They are one of the top
five economically important plants in the world (Debener and Linde,
2009). The rose is an important flower crop in Korea as well. Its
cultivation area was about 331.7 ha, and the production yield was about
74,520,000 USD in 2014. The amount of exported rose was about
7,807,000 USD, which is 19.2% of the total flower export in 2014
(MAFRA, 2015).
The classification of rose cultivars has been based on
morphological characters, origins, or horticultural uses (Cairns, 2003).
There is no common classification system for cultivated roses, but
classification by American Rose Society in 2000 is widely used (Cairns,
2003). In this classification system, roses are grouped into three main
subdivisions on the basis of the history of domestication: wild roses,
old garden roses, and modern roses. Wild roses are antique roses,
usually found in wild habitats. They generally have five-petals and

bloom once a year (Shaw, 1983; Cairns, 2003). Old garden roses are
those existed before 1867 with either seasonal flowering or recurrentflowering (Cairns, 2003).
Hybrid tea roses are attractive with their large, high-centered buds,
and long upright stems. They are the most popular type of rose due to
their color and flower form. Their flowers are usually single positioned
at the end of long stems and is more suitable for a cut flower. Some
hybrid tea stems tend to be upright and reach 2.0 m in height,
depending on the cultivars and environment conditions (Hessayon,
1996). The floribunda rose flowers are often smaller than hybrid, and
bear flowers in clusters, giving a bundle effect in the park or garden.
Floribundas are similar to hybrid teas in terms of blossom colors and
shape, but distinct in cluster-flowering habit (Phillips and Rix, 2004).
Miniature (Mini) roses exhibit repeat-flowering trait and have a small
flower diameter. The plant height of miniature roses ranges from 20 and
40cm in height and. Most mini roses undergo dormancy in cold season
(Phillips and Rix M, 2004; Australian Government, 2009).
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The flowers of the wild species exhibit five petals, numerous
stamens and pistils (Liberty Hyde Bailey Hortorium, 1976). The roses
are homogamous (the male stamens and female pistils mature at the
same time) and perigynous (sepals, petals and stamens are attached to
the margin of rose hip) flowers (Australian Government, 2009) (Fig. 1
and 2).
The modern rose cultivars have poor pollen, incomplete sexual
organs or may not bear fruits (Kevan, 2003). The modern roses contain
many petals, and slow opening of the petals contributing to the
difficulty in pollination (Visser et al., 1977). The fertility of modern
roses is generally poor due to the meiotic abnormalities and the
accumulation of deleterious recessive genes as a result of the long
crossing history of polyploid and heterozygous parents (Zlesak, 2006).
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Fig.1. Typical anatomy of Rosa hybrida, ‘Goyang 1st’
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Fig. 2. Flower of the hybrid tea cultivar, ‘Goyang 1st’ (A) and the
reproductive organs in the center of the flower (B).

-5-

Conventional breeding of the rose has focused on improvements of
various characteristics including color, size, shape and vase life to
enhance ornamental values (Spethmann and Feuerhahn, 2003). It
usually takes more than 5 years to commercialize a cultivar from
crossing to selling in the market. This commercialization period can be
divided into four stages involving the creation of genetic diversity by
crossing, selection and propagation of plants, and marketing and sales
(Spethmann and Feuerhahn, 2003). Furthermore, it takes at least 1-2
years for cultivation of a rose farm as well as for evaluating yield
potential. Rose breeding is mostly being carried out by commercially
competitive companies in Europe. Thus most of the genetic knowledge
of rose in market is often proprietary and unpublished (Gudin, 2001).
As new cultivars continue to be developed, genetic resources and
owner right of cultivar should be strengthened and the occurrence of
disputes should be reduced. Therefore, it requires a more accurate
method of identification of cultivars so as to support new cultivar
protection. Conventionally, phenotypical distinction is used for
identification of cultivar. However, this is limited by influence of
-6-

environmental factors. Also, a large number of samples are required for
clear distinction. To overcome these limitations of morphological or
phenotypical distinction, DNA marker will be of great interest for
cultivar identification. Recent advances in the molecular biology have
provided methods for identifying genetic differences between cultivars.
Restriction Fragment Length Polymorphism (RFLP) is one of the
approaches revealing variations in DNA by restriction digestion of
target DNA (Bostein et al., 1980). With the discovery of polymerase
chain reaction (PCR) technique, there has been a rapid increase in DNA
markers (Staub, 1996). Random amplified polymorphic DNA (RAPD)
is

a PCR

based technique and

Amplified fragment length

polymorphism (AFLP) is a method by combination of RFLP and PCR
(Vos et al., 1995). Single nucleotide variation between homologous
DNA sequences of two individuals or species referred to as singlenucleotide polymorphisms (SNPs). SNP are highly abundant and
distributed throughout the genome in various species including plants
(Batley et al., 2003). In recent years, SNPs have become widely used
molecular markers in plant and animal because they rely on single
-7-

nucleotide differences between genotypes, they also are easy to identify,
relatively inexpensive, and higher in frequency than other DNA
markers. Therefore, SNP markers are one of the most favorable
markers for genetic studies in both animals and plants (Kim and Misra,
2007).
For many crop species, development of a genome-wide SNP
marker is limited by lack of genomic resources (Feltus et al., 2004). In
recent years, SNP markers for cultivar identification in crop plants have
been designed by commercial demand (Shirasawa et al., 2006), the
detection of SNPs in silico has also been used for high-throughput
generation of SNP markers in a number of crops (Korir et al., 2013).
However, SNP marker for cultivar identification has not been reported
yet in rose.
This study focused on development of a new rose cultivar
understanding several characteristics of the cultivar, and development
of SNP molecular markers for identification of rose cultivars.
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Chapter I
Development and Characteristics of a New
Rose (Rosa hybrida) Cultivar ‘To Dios’
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ABSTRACT

A standard rose cultivar, ‘To Dios’ (Rosa hybrida) was selected for
a cut flower cultivar from the progeny of a cross between ‘Vanilla
Perfume’ and ‘Marcia’ in 2013. An orange-colored (RHS Orange
Group 27C) standard rose cultivar ‘Vanilla Perfume’ with 48 petals
was used as a female parent. A white-colored (RHS Green white Group
157B) standard rose cultivar ‘Marcia’ with 96 petals was used as a
male parent. A cross was made in 2009 and seedlings were produced.
Selections were made from 2010 to 2013, and a plant with good cut
flower traits was finally selected and named as ‘To Dios’. ‘To Dios’ is
a standard type rose with a large flower with 11.2 cm in diameter and
with 128 peach-colored (RHS Red Group 36B) petals per flower. The
vase life of this cultivar can be as long as 15 days. ‘To Dios’ has
functional stomata in the light or dark conditions, which helps to
maintain the water balance. It took 47 days from pruning to reblooming and cut flower productivity was about 160 stems/m2 per year.
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When temperature conditions was low, the petal numbers of ‘To Dios’
increased and stamens were converted to petals. ‘To Dios’ cultivar also
showed a good marketability in a flower auction market. The
senescence of ‘To Dios’ was founded to be affected by ethylene. This
cultivar was registered as a new cultivar at Korea Seed & Variety
Service (KSVS) with cultivar No. 4875 on the 19th of March, 2014.
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INTRODUCTION

In Korea, the rose breeding was started at RDA (Rural
Development Administration) in 1992 and since then it has been
developed by governmental or provincial organizations and individual
breeders. The royalty burden of rose growers cultivating foreign
cultivars is ever increasing due to the protection of the breeders' right
on new cultivars by UPOV (International Union for the Protection of
New Varieties of Plants) in July 2001 (Choi, 2002). Overall royalty
payments of all flower cultivars are estimated to be 8.5 billion Won,
and the royalty of rose was accounted for 3.8 billion Won in 2010,
which is 47% of the whole royalty for flower cultivars (RDA, 2012). It
was reported that 271 rose cultivars had been developed in Korea by
2014, and the cultivation area of Korean cultivars was up to 25% of the
total rose cultivation area (RDA and KNCAF, 2014).
The vase life of cut flowers is defined as the duration from
positioning of stems in a vase to the loss of visible ornamental value
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(Halevy and Mayak, 1981). The quality of cut rose depends on the vase
life because most of the cut-flower roses are maintained in a vase. The
vascular bundles of cut flower are pinched shut and floral axis bends
down, called ‘bent neck’ syndrome. Bent neck roses showed a negative
correlation between petal number and vase life, whereas normal roses
have a positive correlation between the number of petal and vase life
(Kim, 2005). In general, flowers with more petals requires a longer
time for flower opening and are known to have longer vase life than
flowers with less petal numbers, , but the thickness of the petals did not
affect the vase life (Ichimura, 2002).
It is well known that the number of petal affects not only vase life,
but also maintain the shape of the flower. Therefore, the number of
petals is an important factor in determining the quality of the flower.
The heritability of the number of petals per flower is high (Muhammad
et al., 2015). Wild roses have simple flowers with five petals
(Mohammed et al., 2013), the petal numbers of modern rose cultivars
are 25-35 (Australian Government, 2005). Some European rose
companies proposed selection criteria for petal numbers to be 30 to 40
- 17 -

or more. In my rose breeding program, top priority was given to petal
numbers over other traits. Rose with less number of petals was not
selected although it has good traits, such as attractive color, scent and
long height.
The objectives of this study were to develop a new rose cultivar
with numerous petals and to investigate morphological, physiological
and molecular biological characteristics of a newly developed cultivar
‘To Dios’.
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MATERIAL AND METHODS

Conventional rose breeding for a new rose cultivar
The petals were removed from a rose flower at 2-3 days before
anthesis. The stamens that surround the pistil in the center of the rose
flower were carefully removed. Flowers were covered with paper bags
to protect it from insects or air currents. After 2-3 days, pollens were
applied on the stigmas of another plant using a brush. A label including
pollination date, name of female plant and male plant was attached to
the neck of the pollinated flower. After 100 days, the rose hips were
harvested. The seeds collected from the rose hip were stored at low
temperature (4°C) in a refrigerator or a cold room. After 3 months,
seeds were sown in small rock-wool cubes for germination.

Cross and selection for ‘To Dios’ cultivar development
To develop a cultivar with a good shape of flower with plenty of
petals, I performed 64 artificial pollinations standard rose cultivar,
- 19 -

‘Vanilla Perfume’ with large diameter of flower and light color petals
as a female parent and the standard rose ‘Marcia’ with plenty of whitecolored petals as a male parent in 2009. After crossing, 28 orange
colored rosehips were harvested and 80 seeds were obtained from these
rosehips. Finally 16 plants with excellent flower features were selected
in 2010.
Selected plants were grown in standard hydroponic medium (RDA,
2001) and maintained by shoot-bending technique. The plants were not
allowed to enter dormancy by heating in winter, and were cultivated
under the shade in summer. From 2011 until 2013, the characteristics of
selected plants were evaluated according to the agricultural science and
technology research analysis (RDA, 2003) and the characterization
guidelines according to new varieties for assessment (KSVS, 2008). I
evaluated the characteristics of cut flowers three times per year.

Selection and naming of ‘To Dios’ cultivar
After the 3rd selection, the quality of selected lines was surveyed
two times by rose producers, distributers, and merchants in rose
- 20 -

exhibitions. The selected lines were grown under hydrophonic system
located in Sinwon-dong, Goyang City in 2013. Based on screening, a
line named 09G-78-4 was finally selected due to excellent flower shape,
plenty of petals and high productivity and then this line was registered
for cultivar protection. The cultivar was named as ‘To Dios’ (the word
‘Dios stands for 'God' in Spanish) (Fig. I-3)’.

Effect of temperature condition on petal number
Rose

plants

were

cultivated

in

three

greenhouses

with

automatically controlled conditions: high/low temperature regimes of
26/18°C (control), 21/13°C, and 16/8°C during the winter. For each
treatment, 10 plants were used. In summer, the plants were grown in
three controlled environment chambers (DS-51GLP, Dasol Sci. Co.,
Korea) with day/night temperature regimes of 26/18°C (control),
21/13°C and 16/8°C. All experiments were carried out under a 12/12 h
light/dark cycle with 60-70% relative humidity (RH).
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Vase life evaluation and ethylene treatment
Cut rose cultivars were obtained from greenhouses in Goyang City,
Gyeonggi-do, Korea. Rose cultivars were harvested in the morning and
immediately placed in buckets ﬁlled with tap water. Harvested rose
cultivars were kept in the buckets until being transported within 2 hr.
Before putting into bottles, the stems were re-cut, removing 5 cm from
end of stem, and the stem length was then 40 cm. The rose cultivars
were treated with 10 ppm ethylene for 15 h. Untreated rose cultivars
were used as controls. Rose cultivars were enclosed in dark plastic
chambers with air circulation by a small fan. For ethylene treatment,
ethylene was injected into the chamber with a final concentration of 10
ppm. To prevent the accumulation of CO2 in the chamber, 1 M NaOH
solution was placed in the chamber. After the treatment, experiment
was conducted at 20 ± 2°C with 40 ± 5% RH and 20 μmol m−2 s−1 light
intensity under a daily light period of 12 h in a constant temperature
and humidity with 6 replicates. Cut flowers were hold in glass vases
containing 400 mL of tap water. During the vase-life measurement, the
visual quality of cut ﬂower was evaluated daily. In this study, vase-life
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was determined as the period from the time of cutting to the point when
50% of petals abscised or wilted or necks bent.

Stomata measurement
To measure stomatal density, length and width, Suzuki’s Universal
Micro-Printing (SUMP) method (In et al., 2016a) was carried out on
the abaxial side of the five-leaflet leaf on the first morning after
ethylene treatment in the dark. Images of the leaf surface resulting from
SUMP were taken with a digital camera (Coolpix 4500, Nikon, Tokyo,
Japan) connected to an optical microscope (B202, Olympus, Tokyo,
Japan). In similar way, one day after ethylene treatment, the stomatal
aperture and density of the leaves were measured in the dark (after 15 h
in dark conditions) as well as in the light (after 1 h at 20 µmol·m-2·s-1).
The length, width (excluding guard cells), and number of stomata were
analyzed from the pictures using Image J software (Version 1.49p, NIH,
Bethesda, USA). The stomatal size was calculated using the following
equation: size = πr1r2, where r1 is half of the stomata length and r2 is
half of the stomata width (In et al., 2016b).
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RNA extraction from floral tissue
Total RNA was extracted from the receptacles (with petal, sepal,
stamen, and pistils removed) using GeneJet plant RNA purification
mini kit (Thermo Fisher Scientific., USA). Receptacles were collected
and immediately frozen with liquid N2 in a plastic box and stored at –
80 °C deep freezer until RNA isolation. Individual receptacles were
ground in the presence of liquid nitrogen to a powder using an
autoclaved pre-chilled pestle and mortar and homogenized. Total RNA
was quantified by a NanoDrop DN-1000 spectrophotometer (NanoDrop
Technologies Inc., Wilmington, DE, USA). RNA samples were
prepared with RNase-free DNase prior to RT–PCR, and first-strand
cDNA was synthesized using power cDNA synthesis kit (Intron,
Korea).

Quantitative RT-PCR (qRT-PCR)
Gene-specific primers for floral organ identity gene (RhAG)
ethylene biosynthesis gene (RhACO1) was used (Table I-1). These
- 24 -

primers were synthesized by Cosmogenetech (Seoul, Korea). Rose
actin (RhACT) gene was used as an internal control. Primer pairs used
for qRT-PCR analysis are listed in Table I-1. For PCR, 1 μL of cDNA
was used as a template with 10 μL of power SYBR Green PCR master
mix (Applied biosystems, UK), and with 1 μL of forward and 1 μL of
reverse primers in a final volume of 20 μL. PCR amplification
conditions were as follows: 95°C for 10 min, followed by 40 cycles at
95°C for 15 s, 60°C for 60 s. The relative expression was automatically
represented by StepOnePlus real time PCR machine (Applied
Biosystems, USA) as the absolute integrated absorbance normalized to
the relative level of the actin. All experiments were performed with
three independent biological replicates.

Statistical analysis
All data were analyzed with SPSS 20.0 (IBM, Somers, NY, USA).
One-way analysis of variance (ANOVA) was carried out to determine
cultivar variations in petal number, petal thickness, vase life and
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stomatal characteristics. Means between cultivars were compared using
Duncan’s multiple range test (p = 0.05).
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Table I-1. Gene-specific primers used for qRT-PCR amplification.

RhACO1

Accession
number
AF441282.1

RhAG

KT429820.1

RhACT

KC514918.1

Gene

Forward primer

Reverse primer

5’CGTTCTACAACCC
AGGCAAT -3’
5’TGCCCTACGCAAG
ATTCTCT -3’
5’GTTCCCAGGAATC
GCTGATA -3’

5’TTGAGGCCTGCA
TAGAGCTT -3’
5’CCATCAACCGTC
CAGTTTTT -3’
5’ATCCTCCGATCCA
AACACTG -3’
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RESULTS

Development and characteristics of ‘To Dios’
To develop ‘To Dios’ with a plenty of petal, the female parent
'Vanilla Perfume' with an orange-color (RHS Orange Group 27C) and
the male parent 'Marcia' with a white-colored (RHS Green white Group
157B) were used (Fig. I-1). ‘To Dios’ cultivars was evaluated for three
years from 2011 to 2013. It was confirmed that newly developed
cultivar ‘To Dios’ exhibited stable characteristics, and no off-types
were observed during the evaluation period.
‘To Dios’ with peach-colored (RHS red group 36B) petal had a
darker flower color compared with two parents (Fig. I-2). 'To Dios'
flower had a large diameter of 11.2 cm, height of 5.2 cm and petal
numbers of 128 which is more than male parent ‘Vanilla Perfume’ and
female parent ‘Marcia’. The vase life of ‘To Dios’ was recorded as 5
days longer than that of male parent ‘Vanilla Perfume’ and 3 days
longer than that of female parent ‘Marcia’ (Table I-2). The petals of ‘To
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Dios’ were thick, soft, and less vulnerable to physical force. Stamens
and pistils of 'To Dios' were arranged randomly, with short filaments
and long styles. The petal, stamen and pistil of ‘To Dios’ were
positioned at the upper part of the calyx. This feature was a quite
distinct from the flowers of the male and female parents (Fig. I-3). The
leaf color of 'To Dios’ was much darker than that of the female parent
'Vanilla Perfume' and glossiness of the leaf surface was weaker
compared to that of 'Vanilla Perfume'. The flower fragrance of ‘To
Dios’ was also weaker compared to that of 'Vanilla Perfume'. Unlike the
female parent ‘Vanilla Perfume’, there were no spots on basal part of
petal. The color of the outer filament was the pale pink unlike 'Vanilla
Perfume', which had the yellow filament. 'To Dios' had no short thorns
whereas ‘Vanilla Perfume’ had short thorns. The edge of the leaf was
more serrated than that of 'Vanilla Perfume', and the anthocyanin in
leaves was moderate and distinguished from 'Vanilla Perfume'. The
calyx development was much stronger in ‘To Dios’ than that of the
female parent 'Vanilla Perfume' and the male parent 'Marcia'. The outer
petals of 'To Dios' were mixed with several colors, resembled the
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characteristics of the outer petals of male parent 'Marcia' although the
colors were not the same.
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Years

2009

Generation

Crossing

2010

2011

Seedling
(F1V0)

2012

V1

V2

09G-78-4

09G-78-4

2013
V3

09G-78-1
Vanilla
Perfume
09G-78-4
×

‘To Dios’
Marcia
09G-78-54
No. of lines
Procedure

Artificial
crossing

16
Seedling
selection

st

1
evaluation

Fig. I-1. Pedigree diagram of a new standard rose cultivar ‘To Dios’
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1
2nd
evaluation

1
3rd
evaluation

Annual yield of total cut flower was 160 stems /m2 in a year, being
21.8% higher than that of control. Growth rate was faster resulting in
increased farm productivity. The preference of farmers for ‘To Dios’
was higher than the control cultivar and the average trading price per
10 flowers (one bundle) was 7.2% higher than that of the control
cultivar as recorded in the flower auction in 2014 (Table I-3).
Furthermore, average trading price of ‘To Dios’ was better than any
other roses with similar colors and shapes, such as ‘Brut’, ‘Heaven’,
and ‘Aqua’.
After evaluation by Korea Seed and Variety Service for two years,
‘To Dios' was registered as a new rose cultivar in March 19, 2014
(variety protection registration number: No. 4875).

- 32 -

A

B

C

Fig. I-2. The features of flowers of a new cultivar ‘To Dios’ and its
parents. Female parent ‘Vanilla Perfume’ (A), male parent ‘Marcia’(B)
and ‘To Dios’ (C).
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Fig. I-3. The features of flowers without petals of ‘To Dios’ and its
parents. ‘Vanilla Perfume’ (left), ‘Marcia’ (center) and ‘To Dios’
(right).
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Table I-2. Flower characteristics of a new standard rose cultivar ‘To Dios’(R. hybrida) and its parents.

Cultivar
Vanilla
Perfume

z

height

(cm)

(cm)

shape

type

Standard

SemiHigh center

Weak

48.2±2.2y

11.0±0.2

3.8±0.4

48.0±1.6

10.0±0.8

Standard

High center

Weak

96±1.9

9.5±0.9

5.0±0.2

50.0±3.5

12.0±1.0

Standard

High center

Weak

128±2.0

11.2±1.2

5.2±0.3

47.0±2.2

15.1±1.1

Orange
(27C)

Marcia

Greenwhite
(157B)

To Dios

diameter

colorz

Red
(36B)

RHS, Royal Horticultural Society color chart
Mean ± standard deviation (n = 20)

y
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petals

Days to

Vase

Flower

(Female
parent)

(Male parent)

Flower

Blooming

Fragrance

No. of

Flower

Flower

flower

life
(days)

Table I-3. Yield, farmer’s preference and marketability of a new
standard rose cultivar ‘To Dios’ (R. hybrida) and a control
cultivar.

(stems/m2/year) z

Farmer’s
preferencey

Marketabilityx
Average price
(won/bundle)

To Dios

160

4.2

4,007

Vital

125

4.0

3,719

Yield
Cultivar

z

Yield represents the average of two years (2013-14).
A preference survey was conducted at rose fairs on two rose farms in Goyang
city on March 29, November 11, 2013 (index 1-5: 1, not good; 3,
intermediate; 5, very good).
x
Marketability was investigated at a flower auction (Korea Agro-Fisheries &
Food Trade Corp.) in 2014.
y
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Effect of temperature on petal number
'To Dios' cultivar showed increased petal numbers at low
temperature condition. To investigate petal number and structure of
flower changes according to temperature conditions, ‘To Dios’ was
cultivated at different temperature conditions: 26/18°C (optimal
temperature),

21/13°C

(low

temperature),

16/8°C

(very

low

temperature). Petal numbers were increased as the growth temperature
decreases (Table I-4, Fig. I-4). In ‘To Dios’, stamens were converted to
petals at low temperature conditions (Fig. I-4G and 4H). However, the
typical low temperature symptoms such as 'bull head' with flat top of
flower and short petals (Sarah et al., 1975) were not observed in ‘To
Dios’ (Fig. I-6B). A slight increase in petal number by low temperature
was also obderved in ‘Marcia’, the male parent of ‘To Dios’, but the
converstion of stamen to petal was not observed (Fig. I-5).
Although 'To Dios' has a numerous of petals, yield and days to
flowering are superior compared with the parental and control lines
(Table I-2 and I-3). ‘To Dios’ is more suitable for hot summer climates,
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because it does not exhibit dramatic reduction in flower size in hot
summer unlike other rose cultivars.

Cultivation of ‘To Dios’
'To Dios' is preferred to be cultivated in the hydroponic system
with bending method for improved productivity and longer stems. ‘To
Dios’ has an advantage in maintaining a proper planting density for
high-quality and high-yield production. If it is grown at below 13°C in
cold winters, the color of outer petal becomes colorful and dark (Fig. I6B), therefore, it is needed to maintain a temperature of 19 ± 1°C or
higher by heating. Depending on consumers’ preference, ‘To Dios’ can
be grown at somewhat lower temperature conditions to obtain unusual
color like colorful outer petals called 'Vintage rose'. When ‘To Dios’ is
grown at temperature 18°C or lower, the usual harvesting time of
flower should be postponed, because it tend to open very early after
cutting.
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Table I-4. Changes in petal numbers of a new standard rose cultivar
‘To Dios’ (R. hybrida) under the different temperature conditions.
Temperature (°C)

Petal number z

16/8

320.3 ± 13.2

21/13

209.2 ± 10.4

26/18

128.1 ± 6.0

Z

Mean ± standard deviation (n=10)
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Fig. I-4. Changes in features of a reproductive organ and petal number
in ‘To Dios’ caused by low ambient temperature during growth. A-C,
optimal temperature (26/18°C); D-F, low temperature (21/13°C); G-I,
very low temperature (16/8°C).
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A

B

C

D

E

F

Fig. I-5. Changes in features of a reproductive organ and petal number
in control plant ‘Maricia’ caused by low ambient temperature. A-B,
optimal temperature (26/18°C); C-D, low temperature (21/13°C); E-F,
very low temperature (16/8°C ).
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A

B

Fig. I-6. Normal colored petals (A) and outer varicolored petals of a
new standard rose cultivar ‘To Dios’ grown under the low temperature
condition (B).
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Vase life of cut rose cultivars associated with petal number
To investigate characteristics of ‘To Dios’ as a cut flower, six rose
cultivars were used for a comparative study. Moreover, to understand
the relationship between vase life and petal number, six cultivars were
grouped by petal number. The large petal number group including three
cultivars, ‘To Dios’, ‘Marcia’, and ‘Peach Valley’ had about 100 petals
or more. The small petal number group having ‘Iguana’, ‘Jinny’ and
‘Brut’ had about 20-30 petals (Table I-5). To rule out effect of petal
thickness, six flowers with uniform petal thickness were selected (0.290.31mm). The parameters associated with a vase life, such as fresh
weight, water uptake and water balance were investigated between
these flower groups. ‘To Dios’ had the longest vase life (15 days),
whereas ‘Iguana’ had the shortest vase life (6 days) (Table I-5). Overall,
rose flowers with many petals were found to have a vase life of more
than 11 days. Furthermore, the correlation analysis between petal
number and vase life showed a positive correlation (Fig. I-7).
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Changes in the fresh weight of ‘To Dios’
Ethylene is the major coordinator of senescence in many flowers
(Wagstaff et al., 2005) therefore, to investigate water relations of ‘To
Dios’ and to evaluate the effect of ethylene to water relation in ‘To
Dios’, the fresh weight and water uptake of cultivars were measured
daily in no ethylene treated (control) and ethylene treated respectively.
Fresh weight of flower was increased for three days, and then gradually
decreased in control (Fig. I-8A). ‘To Dios’ showed slower reduction of
fresh weight than other cultivars in control (Fig. I-8A), whereas in
ethylene treated ‘To Dios’ slightly faster reduction of fresh weight was
noticed (Fig. I-8B). ‘Iguana’ showed dramatic decrease in fresh weight
two days after ethylene treatment (Fig. I-8B).

Water uptake and water balance of ‘To Dios’
Most of the rose cultivars showed increasing water uptake until 3-5
days. ‘Jinny’ showed a dramatic increase and decrease of water uptake.
‘Peach Valley’ showed activation of water uptake by ethylene
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treatment (Fig 1-9B). ‘To Dios’ showed a slow increase and decrease
of water uptake upon without and with ethylene treatment. Water
balance indicated difference between water uptake and daily
transpiration. ‘To Dios’ showed a positive water balance for 4 days, the
longest period among other cultivars, it may help to keep the flowers
fresh for longer time in vase (Fig. I-10A). Moreover, water balance of
‘To Dios’ was maintained constantly for 5 days with no dramatic
decline. ‘To Dios’ and half of the cultivars were accelerated to negative
water balance upon ethylene treatment (Fig. I-11B).
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Table I-5. The petal number, petal thickness and vase life of six rose
cultivars.
Cultivarz

Type

Petal number
(No.)

Petal thickness
(mm)

Vase life
(days)

To Dios

HT

132.0 ± 10.2 ay

0.29 ± 0.02

15.1 ± 1.1 a

Marcia

HT

108.0 ± 14.4 b

0.29 ± 0.02

12.0 ± 1.0 b

Peach
Valley

HT

93.5 ± 8.5 c

0.31 ± 0.02

11.5 ± 2.4 b

Iguana

HT

29.0 ± 6.2 de

0.29 ± 0.01

6.4 ± 0.5 c

Jinny
HT
21.6 ± 1.8 e
0.31 ± 0.02
10.0 ± 2.4 b
Brut
HT
34.6 ± 2.9 d
0.30 ± 0.02
12.1 ± 2.3 b
z
Cultivars were divided two groups according to petal number.
y
Values means with standard deviation. One-way analysis of variance
(ANOVA) was performed separately for each column. The same letters (a-e)
indicate cultivars that do not have significant differences at p < 0.05 based
on Duncan’s multiple range test (n=6).
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Fig. I-7. Relationship between the petal number and the vase life in six
rose cultivars. Correlation between petal numbers and the vase life
showed a positive relationship.

- 47 -

A

B

Fig. I-8. Changes on fresh weight of six rose cultivars during storage.
‘To Dios’ showed slower reduction of fresh weight than other cultivars
in control (A). Ethylene treatment made a little fast reduction of fresh
weight in ‘To Dios’ (B). Bars represent ± SE (n=6).
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A

B

Fig. I-9. Water uptake of six rose cultivars during storage. Most of the
roses showed increased water uptake until 3-5 days with (A) and
without ethylene treatment (B). Bars represent ± SE (n=6).
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A

B

Fig. I-10. Water balances of six rose cultivars during storage. ‘To Dios’
showed positive water balance during maximum 4 days (A), half of the
cultivars were accelerated to negative water balance with ethylene
treatment (B). c1 and e1, ‘To Dios’; c2 and e2, ‘Marcia’; c3 and e3,
‘Peach Valley’; c4 and e4, ‘Iguana’; c5 and e5, ‘Jinny’; c6 and e6,
‘Brut’. Bars represent ± SE (n=6).
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Physiologycal characteristics of epidermal cells of ‘To Dios’
The stomatal sizes on the abaxial peel of the leaves were measured
in the light and dark conditions. Under the dark condition, the stomatal
size of ‘ To Dios’ was smaller than that of ‘To Dios’ in the light
conditions, indicating ‘To Dios’ had functional stomata (Table I-6).
Moreover, ‘To Dios’ showed the smallest stomata size in the dark
condition. It was presumed that ‘To Dios’ had a positive value for water
balance for a long peroid of time. Stomatal density of ‘To Dios’ had 12
stomata per 0.38 mm2 of leaf (Fig. I-12). There is no significant
differences in the stomatal density between cultivars with many petals
and cultivars with less number of petals. It was seemed that a stomatal
density may be not an important factor to determine a vase life.
Because ‘Marcia’ with large stomatal density was no differences from
‘Brut’ with small stomatal density in the vase life (Table I-5, I-6).
Interestingly, the stomata size of ‘Iguana’ in the dark conditions was
bigger than that in the light (Fig. I-11D, I-11J) indicating less functional
stomata in ‘Iguana’. Furthermore, ‘Iguana’ had a very short vase life.
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Table I-6. Stomatal density and polar (length) and equatorial (width)
sizes (µm) under the light and dark conditions in six rose cultivars.
Cultivar

Stomatal
densityz

To Dios

12.2 ± 0.9 abw

Marcia

13.8 ± 0.6 a

Peach
Valley

12.3 ± 0.8 ab

Iguana

11.5 ± 1.1 ab

Jinny

11.5 ± 0.9 ab

Brut

10.8 ± 1.0 b

Light

Stomatal
lengthy

Stomatal
width

Stomatal
sizex

Dark

14.3 ± 0.3

5.1 ± 0.3

56.9 ± 2.8 c

Light

14.3 ± 0.4

5.6 ± 0.3

62.8 ± 3.8

Dark

15.2 ± 0.8

5.3 ± 0.3

62.9 ± 3.1 bc

Light

15.1 ± 0.4

5.4 ± 0.3

63.7 ± 3.1

Dark

16.3 ± 0.3

5.9 ± 0.2

75.7 ± 2.9 ab

Light

16.7 ± 0.6

5.6 ± 0.3

73.2 ± 4.8

Dark

16.3 ± 0.6

6.8 ± 0.6

87.9 ± 8.8 a

Light

14.5 ± 0.5

5.3 ± 0.2

61.1 ± 3.9

Dark

15.4 ± 0.4

5.6 ± 0.4

68.5 ± 6.4 bc

Light

15.6 ± 0.3

5.7 ± 0.4

69.9 ± 4.5

Dark

15.6 ± 0.3

5.7 ± 0.2

70.3 ± 3.0 bc

Light 17.4 ± 0.5 5.3 ± 0.2
71.8 ± 2.6
Stomatal density means the number of stomata per 0.38 mm2 of leaf area.
Values are means with standard errors (n=6).
y
Stomatal length and width were measured in the dark during the first
morning of the experiment and in the light after 1 h turn on the light
x
Stomatal size represents 3.14 (π) x half of stomatal length x half of stomatal
width.
w
One-way analysis of variance (ANOVA) was performed separately for each
column. The same alphabet letters indicate cultivars that do not have
significant differences at p < 0.05 based on Duncan’s multiple range test.
z
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A

C

B

C

C

A

D

E

F

G

H

I

J

K

L

Fig. I-11. Epidermal cells of the abaxial side upper leaves in the dark
(A-F) and light conditions (G-L). A and G, ‘To dios’; B and H,
‘Marcia’; C and I, ‘Peach Valley; D and J, ‘Iguana’; E and K, ‘Jinny’; F
and L, ‘Brut’. Scale bars = 20 µm.

- 53 -

A

B

C

D

E

F

Fig. I-12. Stomatal density of upper leaves in the six rose cultivars. A,
‘To dios’; B, ‘Marcia’; C, ‘Peach Valley’; D, ‘Iguana’; E, ‘Jinny’; F,
‘Brut’. Scale bars = 400µm.
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Molecular biological characteristics of ‘To Dios’
In this study, differences in expression levels of the RhACO1 and
RhAG were investigated in rose receptacles using qRT-PCR. To
understand the relationship between ethylene biosynthesis and rose
cultivar senescence, RhACO1 was determined. Expression level of the
RhACO1 in response to ethylene treatment was increased in ‘To Dios’
cultivar. In ‘To Dios’, the expression level of the RhACO1 was
observed to be highest among other rose cultivars (Fig. I-13B). After
ethylene treatment, ‘Peach Valley’ showed a dramatic increase in the
expression of the RhACO1, whereas ‘Iguana’ and ‘Brut’ showed a
decrease in expression of the RhACO1.
RhAG was selected to evaluate the relation between its expression
level and a petal number. In ‘To Dios’, RhAG expression level was
found to be lowest among other rose cultivars (Fig. I-13C). ‘Jinny’
showed the highest expression the RhAG. ‘Jinny’ had 22 petals, which
is the smallest petal number among six rose flowers (Table I-5).
However, ‘Peach Valley’ had many petals, but the RhAG expression
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level was lower than ‘Iguana’ and ‘Brut’ which also had less number of
petals. Nevertheless, the RhAG expression level of ‘To Dios’ was the
lowest and had many petals. Upon ethylene treatment, expression of the
RhAG was repressed except for the ‘Peach Valley’ (Fig. I-13C).
Specially, RhAG expression level in ‘To Dios’ was remarkably
decreased by ethylene treatment.
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A

B

C

Fig. I-13 . Expression patterns of RhACO1 and RhAG in six rose
cultivars with and without ethylene treatment. Flowers were treated
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with air only (control) and 10ppm ethylene for 15 h. (A) Receptacles of
six cultivars. RNA samples were used from receptacles without stamen
and pistils. 1, ‘To Dios’; 2, ‘Marcia’; 3, ‘Peach Valley’; 4, ‘Iguana’; 5,
‘Jinny’; 6, ‘Brut’. Bar indicated 1cm. Receptacle samples were
collected immediately after ethylene treatment and qRT-PCR analysis
was performed to monitor expression level of RhACO1 (B) and RhAG
(C). The relative expression level was normalized to the expression of
actin (RhACT). Data represent the means ± SEs of three biological
replicates.
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DISCUSSION

A new rose cultivar ‘To Dios’ with a good flower shape and a long
vase life was developed in this study. Furthermore, several
characteristics associated with a vase life and agronomic traits were
investigated.
The interaction between plant and postharvest conditions is the
most important factor to determine the vase life. The phenotype
depends on interaction between a genotype and growth environmental
conditions (Fanourakis et al., 2013). Therefore, the vase life is the
intrinsic character of cultivars when postharvest conditions are similar.
The vase life of a cut flower is mainly influenced by the water
stress, (van Doorn, 2012) therefore, it is important to maintain the
proper water relations in order to expand a vase life of a cut flower. In
this study, a positive relationship between the petal number and the
vase life was shown. It was observed that the water uptake of cultivars
with many petals was slower than that of cultivars with small petals
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(Fig. I-9). In particular, ‘To Dios’ with numerous petals had a long vase
life. In fact, it was found that the long storage of ‘To Dios’ was due to
maintenance of proper water relations. The rate of water uptake and
water loss in ‘To Dios’ was seemed to be slow.
Water balance is defined by the difference between water supply
and water loss, managing both these is important for longer postharvest
storage (Reid and Jiang, 2012). ‘To Dios’ had the positive value of
water balance for five days from cutting, and had the longest storage
period among six rose cultivars (Fig. I-10). It was found that ‘To Dios’
has functional stomata, which might have had an effect in maintaining
a proper water balance (Table I-6). It is further supported that ‘Iguana’
has less functional stomata which are largely open during the night,
resulting in a very short vase life of ‘Iguana’.
The number of petal is generally known to be affected by
environmental factors (Debener, 1999). In the case of 'To Dios' cultivar,
the petal number was increased and the stamens were converted to
petals at low temperature. In contrast, a slight increment of petal
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number at low temperature was shown in ‘Marcia’ a male plant of ‘To
Dios’, but the conversion of stamens to petal was not observed. It was
estimated that ‘To Dios’ was more sensitive than ‘Marcia’ at low
temperature.
In a recent study, it was reported that low temperature induces the
RhAG promoter hyper-methylation causing a weaker expression of the
RhAG gene, a rose homolog of the Arabidopsis thaliana AGAMOUS
C-function gene and consequently resulting in an increased number of
petals (Ma et al., 2015). It was also reported that eliminating the
function of AG gene made stamens into petals in Arabidopsis (Bowman,
1989; Lohmann, 2002). ‘To Dios’ showed the lowest expression level
of RhAG but ‘Jinny’ showed the highest expression level of the RhAG
gene among six rose cultivars (Fig. I-13C). ‘To Dios’ had a higher
number of petals (on average of 132) than ‘Jinny’ (on average of 21)
(Table I-5, Fig. I-13C). Further study is required to gain more insight
into the role of RhAG in petal conversion and vase life.

- 61 -

Interestingly, ethylene treatment stimulated reduction of RhAG
expression in most of the rose cultivars. Moreover, ethylene caused the
RhAG expression level in ‘To Dios’ to decrease completely. The
expression of the RhAG was significantly down-regulated by low
temperature (Ma et al., 2015), and it was assumed that ethylene may be
able to mimic effect of low temperature via modulating RhAG
expression.
Ethylene biosynthesis in plants is under metabolic regulation
during flower senescence (Johnson and Ecker, 1998). Ethylene is
formed from methionine, the conversion of S-adenosyl-L-methionine
(SAM) to 1-aminocyclopropane-1-carboxylic acid (ACC) is catalyzed
by ACC synthases (ACS) in the ethylene biosynthesis pathway.
Subsequently, ACC is converted to ethylene by ACC oxidase (ACO)
members (Kende, 1993). The RhACO1 was induced by ethylene in
petal, receptacle, stamens and gynoecia except sepals (Xue J et al.,
2008). ‘To Dios’ had a high RhACO1 expression level without ethylene
treatment, and RhACO1 was rapidly induced by exogenous ethylene
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application. In this study, water balance and fresh weight of ‘To Dios’
were affected by ethylene, water balance had an early negative value
than without ethylene, the rapid decrease of the fresh weight was
observed upon ethylene treatment (Fig. I-8, I-10). Therefore, it was
inferred that ‘To Dios’ is sensitive to ethylene. Interestingly, ‘Iguana’
had a short vase life and showed a low expression level of RhACO1,
and expression levels of RhACO1 was also decreased by exogenous
ethylene. It was presumed that the expression of RhACO1 was not
necessary in the senescence of rose flowers, rather it may be depended
on an individual cultivar.
In conclusion, the characteristics of a new rose cultivar ‘To Dios’
with

numerous

petals

were

investigated

morphologically,

physiologically and molecular biologically. The findings of the present
research will be useful for developing new rose cultivars in the future.
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Chapter II
Development SNP Markers by GBS
(Genotyping by Sequencing) for Cultivar
Identification in Rose (Rosa hybrida)

- 68 -

ABSTRACT

In this

study, we took advantage of

single

nucleotide

polymorphism (SNP) to develop a method for identification of cultivars
of the polyploid Rosa hybrida using genotyping-by-sequencing (GBS).
Sequences obtained from GBS libraries of the genomes of 79 roses
were aligned to contigs created by de novo assembly. A total of 1,778
SNPs were selected from 13,488 putative SNPs, genetic correlations
among rose cultivars were efficiently analyzed by using these SNPs.
SNP markers present in more than 70% of the 79 cultivars were
selected and evaluated, both for polymorphism information content
values and level of heterozygosity, and then 20 SNP markers were
ultimately selected for high-throughput analysis. Of these 20 SNP
markers, 4 were successfully converted into markers for DNA chip
assays. High resolution melting analysis was carried out to distinguish
further rose genotypes, dependent on heterozygosity and polyploidy.
As a result, using a 7 SNP marker set, we were able to discriminate
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70.9% of the 79 rose cultivars, and 87.5% of the 16 new cultivars
developed in Goyang City. This paper is the first to report the
development of a SNP marker set to identify Rosa hybrid cultivars by
GBS.
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INTRODUCTION

The genus Rosa belonging to the Rosaceae family includes more
than 150 species and thousands of cultivars (Debener and Gudin, 2000).
Most of the rose cultivars grown today are not true species, but
derivatives of interspecific hybridization (Zhang, 2003), usually
referred to as Rosa× hybrida (Gudin, 2003). This has led to wide
diversity among cultivated roses. The ploidy of wild rose species
ranges from diploid to octoploid, whereas cultivated roses are perennial,
highly heterozygous autotetraploids (2n = 4x = 28) with a small
genome estimated to be about 550 Mb (0.57 pg/1 C) (Gar et al., 2011).
Most genetic studies of rose have used diploid mapping populations
due to the complexities of inheritance at the tetraploid level (Debener
and Linde, 2009). However, tetraploid hybrid tea roses represent most
of the commercial cut rose cultivars recently accessible on the market,
and they make the basis of most breeding programs.
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Since it is mainly private companies that carry out rose breeding,
genetic information about many cultivars is unavailable for public
research. Although public research in breeding and rose genetics has
been rare compared to that of major food crops or fruits (Debener and
Linde 2009), genetic studies of roses can benefit other model species of
the Rosaceae family such as apple, peach, and cherry. Draft genomic
sequences have been completed for the major rosaceous crops
including apple (Velasco et al., 2010), strawberry (Hirakawa et al.,
2014; Shulaev et al., 2011), and peach (Verde et al., 2013).
Numerous molecular marker systems have been employed in
genetic analyses of Rosa over the past 20 years (Longhi et al., 2014).
Among these, polymerase chain reaction (PCR)-based marker systems,
such as amplified fragment length polymorphisms (AFLP), random
amplified polymorphic DNA (RAPD) and inter-simple sequence
repeats (SSRs) are the most commonly used. Molecular markers have
been used in Rosa for several types of genetic analysis, including
cultivar identification, genetic fingerprinting of germplasm, and linkage
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map construction (Longhi et al., 2014). A cultivar identification study
using 24 polymorphic SSR markers was carried out for 70 hybrid tea
and rootstock varieties (Esselink et al., 2003), and six SSR markers
were used to discriminate 65 accessions of garden roses (Scariot et al.,
2006). A rose linkage map was also developed, along with PCR based
markers designed from the conserved coding regions of expressed
sequence tags (ESTs) (Yan et al., 2005). Demonstrating transferability
between species, 61% of the EST-SSR markers developed for Rosa
have been transferred to Fragaria (Park et al., 2010).
Rapid advances in next-generation sequencing (NGS) have
fundamentally changed genetic studies and crop improvement methods.
While NGS was primarily introduced to substantially increase sequence
data for genome projects, it has enabled high-throughput genotyping
for genetic study (Vartia et al., 2016). Sequencing-based approaches to
SNP allele calling include whole genome sequencing, exome capture,
RNA sequencing, methylated DNA sequencing, and restriction enzyme
(RE) digestion (Davey et al., 2011). RE-based approaches include
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restriction-site associated DNA (RAD) sequencing (RAD-seq) (Simon
et al., 2011), complexity reduction of polymorphic sequences (CRoPS)
(van Orsouw et al., 2007), and genotyping-by-sequencing (GBS)
(Beissinger et al., 2013). The use of genome complexity reduction
combined with multiplex sequencing was established through RAD
tagging (Miller et al., 2007). GBS is less complicated than the RAD
method (He et al., 2014). It also allows the development of SNP
markers in species without a reference genome, while providing useful
tools for making physical maps and whole genome sequences (Poland
et al., 2012).
Our objectives in this study were to discover SNPs through GBS in
commercial rose cultivars, to survey the genetic relationships between
rose cultivars, and to develop marker sets for cultivar identification.
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MATERIALS AND METHODS

Plant materials and DNA extraction
Rose resources used for SNP discovery were commercial roses
used as parental lines for the development of new cultivars in Goyang
City (Gyeonggi-do, Korea). A total of 79 rose cultivars were used, all
grown in a rose breeding greenhouse (Table II-1). The cultivars could
be divided into three types: HT (hybrid tea), FL (floribunda), and mini;
distinguished by flower number per stem and stem length (Australian
Government, 2009). Total DNA was extracted from fully expanded
cotyledon tissues of each cultivar using the modiﬁed cetyl trimethyl
ammonium bromide (CTAB) method (Doyle and Doyle 1987). DNA
concentrations

were

measured

by

a

NanoDrop

(NanoDrop

Technologies, Inc., Wilmington, DE, USA). DNA was diluted in 0.1M
Tris-EDTA (TE) buffer (PH7.0) to a ﬁnal concentration of 80 ng·µL-1
for further study. DNA samples were stored at -80 °C until required for
use.
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Table II-1. List of rose cultivars used for GBS analysis.
Cultivar name

Typez

Originy

Andre le notre
Aqua
Blue light
Blue moon
Brass band
Bridal pink
Brute
Candle light
Carbonet
Con sertino
Cotiyon
Desert peace
Elle
Fountain square
Fragrane apricot
G burute x Tineke (2)
G mayqueen x oceansong(77)
Goldfish
Goyang 1st
Goyang lady
Grand prix
Greenia
Ingrid weibul
Jardin de france
Jemini
Johann strauss
Kirari
Kiss
Koganet
Konrad henkel
Lacuen
Laura
Loveholic
Magali
Marcia
Marry me
Mayqueen
Nessuzo
Nicole

HT
HT
HT
HT
HT
HT
HT
HT
HT
FL
FL
HT
HT
HT
FL
HT
HT
HT
HT
Mini
FL
HT
FL
FL
HT
FL
FL
Mini
HT
HT
HT
HT
HT
HT
HT
HT
HT
HT
FL

Foreign
Foreign
Foreign
Foreign
Foreign
Foreign
Foreign
Foreign
Foreign
Foreign
Foreign
Foreign
Foreign
Foreign
Foreign
Korea*
Korea*
Korea*
Korea*
Korea*
Foreign
Korea*
Foreign
Foreign
Foreign
Foreign
Foreign
Foreign
Foreign
Foreign
Foreign
Foreign
Korea*
Foreign
Foreign
Korea*
Korea*
Foreign
Foreign
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Cultivar name

Type

Origin

Nicolo Paganini
Nostalgie
Opium
Pabulus
Papa meilland
Pepita
Philip noirette
Pink lady
Pink panic
Pink parade
Pink perfume
Pinkberi
President senghor
Princess monaco
Purple glory
Purplia
Racylady
Red burn
Red frame
Review
Rococo
Rose yokohama
Roseyumi
Royal prince
Saiun
Sanraemo
Schwartz madonna
Sonia
Tineke
To Dios
Tokimeki
Ukigumo
Vanila perfume
Veteran's honor
Victor Hugo
Vital
Warabiuta
Winschoten
Yellow max
Yellow perfume

FL
HT
HT
FL
HT
FL
HT
Mini
HT
Mini
HT
FL
HT
HT
FL
FL
HT
HT
HT
HT
HT
HT
HT
HT
HT
FL
FL
HT
HT
HT
FL
FL
HT
HT
HT
HT
FL
HT
HT
HT

Foreign
Foreign
Foreign
Foreign
Foreign
Foreign
Foreign
Korea
Korea*
Korea*
Foreign
Foreign
Foreign
Foreign
Korea*
Korea*
Foreign
Korea*
Foreign
Foreign
Foreign
Foreign
Foreign
Foreign
Foreign
Foreign
Foreign
Foreign
Foreign
Korea*
Foreign
Foreign
Foreign
Foreign
Foreign
Foreign
Foreign
Foreign
Korea*
Foreign

z

HT(Hybrid Tea) type : 50~100cm stem length, large flower, 1 flower/stem.
Fl(Floribunda) type : 35~55cm stem length, small flower, 1 flower/stem or 5
blooms/stem.
Mini type : 20~40cm stem length, very small flower.
y
Origin denotes whether the rose is a foreign cultivar or one, developed in
Korea. * denotes the rose developed in Goyang City, Korea.
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GBS library preparation and sequencing
GBS libraries were constructed based on two restriction enzymes,
PstI and MseI, using the SBG 100 -kit v2.0 (KeyGene N.V.,
Wageningen, the Netherlands) as described in the manufacturer’s
protocol. Pooled libraries were sequenced using an Illumina HiSeq2000
(Illumina, Inc, San Diego, US) at Macrogen (Macrogen, Seoul, Korea).

Identiﬁcation of SNPs and phylogenetic analysis
Quality control (QC) and GBS sequence data trimming were
performed using CLC Genomics Workbench v6.5 (QIAGEN, Aarhus,
Denmark) with Q20, and the minimum length of reads set to 30 bp.
Reads were aligned to contigs created by de novo assembly, the
alignment software used for SNP development was Samtools 1.1. The
Picard 1.119 program was used for the merging and sorting process and
GATK 3.1 was used for SNP genotyping and unifying. After obtaining
SNPs, a phylogenetic tree of 79 hybrid roses was constructed using
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DARwin 6.0 software (Perrier et al., 2003, DARwin software
http://darwin.cirad.fr/darwin).

Conversion to GBS SNP marker for DNA chip assay
SNP markers present in more than 70% of the 79 cultivars were
selected and evaluated for both polymorphism information content
(PIC) value and level of heterozygosity. Primers for DNA chip assay
(Fluidigm® EP1TM system, Fluidigm Corp, San Francisco, CA) analysis
were designed. Genotyping was performed with the EP1TM system and
192.24 Dynamic Array Chip for Genotyping (BMK-M-96.96GT) as
described in the manufacturer’s protocol.

High resolution melting analysis
For high resolution melting (HRM) analysis, the same primers
used in the DNA chip assay were utilized. PCR conditions for HRM
analysis were as follows (Jung and Park et al., 2010): 100 ng genomic
DNA, 10x PCR buffer containing 1.5 mM MgCl2, 60 mM KCl, 100
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mM Tris-Cl, 2.5 mM deoxynucleotides (dNTPs), 0.3 µM SYTO green
fluorescent nucleic acid strain, 5 µM of each primer, and 0.2 units Taq
DNA polymerase in a 20 µL reaction volume. The PCR was initiated
with a 4 min hold at 95°C as an initial denaturation step, followed by
55 cycles of 20 s at 95°C, 20 s at 55°C, and 40 s at 72°C. Melting curve
analysis was performed automatically after PCR and programmed by
ramping the temperature from 70°C to 95°C at a rate of 0.1°C/s after
the final extension step. A Rotor-Gene 6000 real-time rotary analyzer
(QIAGEN, Hilden, Germany) was used for HRM analysis. Software
version 1.7, provided by the manufacturer (QIAGEN, Hilden,
Germany), was used to determine the genotypes of SNP markers.
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RESULTS

Sequence production and SNP calling by de novo assembly
A total of 245 million reads were generated from 79 plants using
the Illumina sequencing platform (Table II-2). After removing lowquality reads and barcode sequences, 173 million reads were remained.
Read numbers ranged between 1.27 and 3.2 million reads, with an
average of 2.2 million reads (Fig. II-1). Since there is no reference
genome information for rose, contigs were created by de novo assembly.
Contig length ranged between 200 bp and 2,591 bp with an average of
305 bp per contig, and the number of obtained contigs was 1,496,
equivalent to 456,489 bp. We first obtained 13,488 putative SNPs by
aligning raw data to these contigs. A total of 1,778 SNPs were finally
selected after excluding those with more than 40% missing data. For
these SNP markers, minimum mean depth was 3 reads. To confirm
reliability of GBS analysis, duplicate cultivars were included in the
phylogentic analysis. For 19 of the 21 duplicate cultivars (90.5%), the
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phylogenetic analysis placed the duplicates together in the same group,
demonstrating the reliability of GBS analysis (Fig II-2).
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Table II-2. Summary of sequenced raw and processed reads in 79 rose
genotypes obtained by GBS
Sample
Total

Number of contigs

Average

Minimum

Maximum

1,496

Length of contig

456,489

305

200

2,591

Number of reads

172,875,734

2,188,300

1,269,324

3,207,011

13,488

2,214

1,580

3,111

1,778

1,478

1,267

1,778

Number of raw SNPsa
Number of filtered
SNPs
a

b

SNPs with minimum depth 3, genotype quality 99
SNPs called at least 60% of all samples.

b
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Fig. II-1. Number of reads in 79 rose cultivars used for GBS. The average number of reads resulting from GBS was about 2
million, relatively evenly distributed among 79 rose samples. Reads obtained by double digestion of the rose genomic DNAs
with the restriction enzymes PstI and MseI were in a suitable range for GBS.
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Fig. II-2. Duplicated sample analysis for reliability test of GBS. Same colored line represented same cultivar. Most of the
same colored cultivar were located in the near. Three blue lines showed three same cultivars repeated.

- 85 -

Distinction between modern roses and wild roses by GBS
In the test of 92 roses including 13 wild roses and 79 modern rose
distinguished by SNP markers. Most of modern roses were clustered
one group and discriminated from wild roses completely (Fig. II-3). In
PCA analysis, modern roses were distinguished woth wild roses clearly
(Fig. II-4).

Phylogenetic analysis of 79 modern rose cultivars
A neighbor-joining tree based on the genetic distances between 79
cultivars was drawn using 1,778 SNP markers derived from GBS. This
tree showed that the 79 cultivars could be classified into approximately
3 divergent groups (Fig. II-5). FL and mini type were clustered into one
group except for ‘Purplia’, ‘Purple Glory’, ‘Ukigumo’ and ‘Kirari’ (Fig.
II-5). These cultivars may have other breeding lines similar to HT type.
Interestingly, although the number of mini types was small, they were
all very closely located. Furthermore, most of the cultivars developed
in Goyang City showed a high genetic similarity with their parental
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lines. The ‘To Dios’ cultivar was located near its female parent ‘Vanilla
Perfume’, and its male parent ‘Marcia’ (Fig. II-5). ‘Goyang 1st’,
‘Marry Me’ and ‘Loveholic’, which all share the same female parental
breeding lines ‘Jemini’, were very closely located to each other (Fig. II5). About 75% (12 out of 16) cultivars deveolped in Goyang City were
closely located to their parental lines.
In genetic dissmilarity analysis (Fig. II-6), ‘Grand Prix’ and
‘Nicole’ had the lowest genetic dissimilarity among cultivars. These
two cultivars showed the same phenotype in 5 out of 14 traits: plant
type, anthocyanin level, ovary structure, flower height, and flower
diameter. However they showed differences in other 9 traits including
flower color, scent etc. Overall, genetic similarity did not correspond
well to phenotypic similarity. The highest genetic dissimilarity was
between ‘Pepita’ and ‘Rose Yokohama’ which showed very different
phenotype traits to each other (Fig. II-7).
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Fig. II-3. Phylogenetic tree of rose cultivars and wild roses by GBS.
Wild roses and mordern roses are discriminated completely. Red lines
represent the wild roses and black lines represent the modern roses.
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Fig. II-4. PCA analysis of rose cultivars and wild roses. The circle
idicates the modern roses and red colored spots indicate wild roses.
This analysis shows the discrimination between modern roses and wild
roses completely.
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Fig. II-5. Phylogenetic tree of 79 rose cultivars using 1,778 single
nucelotide polymorphisms from GBS. The wide variety of rose
cultivars were created by many crosses between hybrid cultivars.
Although they are not separated by much genetic distance, these 79
cultivars were divided into three main groups: hybrid tea (black line);
floribunda (red line); and mini types (green line). Floribunda and mini
types are grouped together, with the exception of some cultivars.
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Fig. II-6. Dissimilarity analysis among 79 rose cultivars. Dark red blocks indicate high similarity but light red blocks show
low similarity among cultivars. The analysis was carried out using Continuous-Manhattan method. This figure showed only
part of total 79 cultivars limited by exceeding ranges.
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A

B

C

D

Fig. II-7. Phenotypic comparisons depending on genetic similarity
between cultivars. The upper two photos showed the highest genetic
similarity between ‘Grand Prix (A)’ and ‘Nicole (B)’ and the lower two
photos showed the lowest genetic similarity between ‘Rose Yokohama
(C)’ and ‘Pepita (D)’ in dissimilarity analysis.
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Development of SNP markers and genotyping
To develop SNP markers for cultivar identification, a total of 304
highly informative SNP markers were selected based on their presence
in more than 70% of the 79 cultivars. The selected markers were
evaluated for both PIC value and heterozygosity level. From these 304
SNP markers, we designed 20 SNPs for DNA chip assay (Appendix I),
and four were successfully converted into markers for DNA chip assay
(Table II-3). Of these, only contig_11-162 matched 100% GBS and the
DNA chip assay; contig_120-166 and contig_64-194 showed matched
by 93.8% and 80.0%, respectively. One marker (contig_166-161)
showed completely different genotypes between GBS and DNA chip
assays. Of the 79 rose cultivar individuals included in the genotyping
experiment, assay with the contig_11-162 SNP marker showed a
heterozygote cluster and a homozygote cluster (Fig. II-8A), and
contig_120-166 and contig_64-194 showed a heterozygote cluster and
two homozygote clusters (Fig. II-8B, II-8C). Thus, we could
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discriminate between theoretical genotypes XX and YY; heterozygote,
XY; heterozygote as a matter of convenience (Table II-4, Appendix II).
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Table II-3. Molecular markers developed for the cultivar identification
Marker
name

Called
frequency

PIC
valuea

Primer sequence (5’→3’)

contig_11162

1.00

0.40

F: AACAAGCGGGATATTACATGCAG
R: AGACCCTGTTGCTGAGCCA

contig_120
-166

0.98

0.42

F: GCTGCAGACATGCCCT
R: GGCTCATTTGCGCCGTGA

contig_64194

0.83

0.34

F: GGGAGATCCGGACCCTG
R: CGACTTCTGGTGGGACTGC

contig_166
-161

0.78

0.34

F: CACCTGCAGCACCACCAA
R:CTTCTTTTCCTTTTCTTTTCTGGGC

a

Polymorphism information content
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Unfortunately, the number of DNA chip assay markers was too
small to discriminate all 79 roses. Therefore, further HRM analysis was
carried out based on the assumption that it might reveal more genotypes,
since the amplified fragments could contain more than two
polymorphic sequences because of the heterozygosity and polyploidy
of rose. The contig_11-162 marker showed two different curves (Fig.
II-9A), contig_120-166 marker showed four different curves (Fig. II9B) and contig_64-194 SNP marker showed six different curves,
designated as A–F (Fig. II-9C, Table II-4 and Appendix II).
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B

A

C

Fig. II-8. Genotyping spots from the DNA chip by SNP markers.
Fluorescence values obtained using assays with Fluidigm EP1 system.
Y-axis represents HEX fluorescence intensity, x-axis represents FAM
fluorescence intensity. Displayed are the genotyping spots of 79 rose
cultivar individuals (A) by contig_11-162 SNP marker; genotyping
spots (B) by contig_120-166 SNP marker; and genotyping spots (C) by
contig_64-194 SNP marker.
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A

B

C

Fig. II-9. Melting curves from HRM analysis by SNP markers.
Displayed are 2 curves (A) by contig_11-162 SNP marker; 4 curves (B)
by contig_120-166 SNP marker; 6 curves (C) by contig_64-194 SNP
marker.
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Table II-4. Genotyping results by Fluidigm and HRM analysis
Fluidigm
HRM

contig_11-162

contig_120-166

XX

XY

YY

-

A

30

0

0

0

B

0

48

0

0

-

0

1

0

0

A

14

0

0

0

B

0

5

0

0

C

22

17

0

0

D

0

17

3

0

-

0

1

0

0

A

0

0

2

4

B

1

2

2

0

C

1

21

3

0

D

1

0

7

0

E

2

0

32

0

F

0

0

1

0

contig_64-194

z

HRM analysis showed A-F curves which represent different curve according
to different melting temperature, respectively.
y
DNA chip assay showed genotypes; XX and YY (homozygote), XY (heterozygote) as a matter of convenience.

- 99 -

Cultivar identification and Genetic diversity analysis
Fifty-six of 79 rose cultivars (70.9%) could be discriminated using
7 SNP markers (Fig. II-10). Using the unweighted pair-group method
with arithmetic mean (UPGMA) to construct a dendrogram for the 79
rose cultivars, five distinct groups were observed (Fig. II-10). Most of
the FL type cultivars were distributed in groups 1 and 2 but were not
found in group 4. Except for ‘Goyang Lady’, the cultivars in group 4
had a large flower diameter with the traditional HT type character. In
group 1, ‘Purplia’, ‘Pink Parade’ and ‘Pink Lady’ were not able to be
discriminated from each other, perhaps because they share a common
parental line’. ‘To Dios’ was discriminated from its parental lines
‘Vanilla Perfume’ and ‘Marcia’. In group 3, ‘Vital’, ‘Marcia’, ‘Grand
Prix’, ‘Nicole’ and ‘Tokimeki’ could not be distinguished from each
other. In fact, it was not possible to distinguish ‘Grand Prix’, ‘Nicole’
or ‘Tokimeki’ at all using our 7 marker set. These cultivars were also
very similar according to GBS (Fig. II-5). The marker set was also able
to discriminate 14 of 16 (87.5%) cultivars developed in Goyang City
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(Fig. II-11). ‘Goyang 1st’, ‘Marry Me’, and ‘Loveholic’ were very
closely located to each other in phylogenetic tree (Fig. II-5) due to
same parent breeding line, ‘Jemini’. These cultivars were effectively
discriminated by using this marker set (Fig. II-11).
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Fig. II-10. Genetic relationships of 79 rose cultivars by genotype based
on DNA chip assay and HRM analysis by single nucleotide
polymorphism markers. Analysis of the genetic distance between 79
rose cultivars was performed using the unweighted pair-group method
with arithmetic mean (UPGMA; left). Colors in the right panel denote
the combination of DAN chip assay results and melting curve patterns
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of each marker. Right vertical lines show group 1 (black line), group 2
(red line), group 3 (green line), group 4 (blue line) and group 5 (pink
line). Several colors represent individual genotypes according to Table
5 (red color represent A including XX by DNA chip assay and A curve
by HRM; orange color represent B including XY by DNA chip assay
and B curve by HRM; yellow color represent C including XY by DNA
chip assay curve and C curve by HRM; green color represent D curve
by HRM; blue color represent E curve by HRM).
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contig_11-162_Fluidigm

contig_11-162_HRM

contig_120-166_Fluidigm

contig_120-166_HRM

contig_64-194_Fluidigm

contig_64-194_HRM

contig_166-161_Fluidigm
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Fig. II-11. Polymorphism of a 7 highly informative SNP marker set of
16 cultivars developed in Goyang City. Using these marker sets, 14 of
16 cultivars (87.5%) were discriminated. Several colors represent
individual genotypes according to Table 5 (red color represent A
including XX by DNA chip assay and A curve by HRM; orange color
represent B including XY by DNA chip assay and B curve by HRM;
yellow color represent C including XY by DNA chip assay curve and C
curve by HRM; green color represent D curve by HRM; blue color
represent E curve by HRM).
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DISCUSSION

Recent advances in NGS and SNP genotyping will accelerate crop
improvement. Of the NGS genotyping methods, GBS is rapidly
becoming popular for high density genome scans through multiplexed
sequencing. This technique has been successfully used in a number of
species, but until now had not been applied to rose. GBS analysis
pipelines are required to group the sequence tags, align to a reference
genome (if available), call SNP variants, and assign calls to individual
samples (Thomson, 2014). Since no reference genome is yet available
for roses, we created de novo contig sequences to which the short reads
were aligned to call SNPs. We obtained 1,778 SNPs that were present
in at least 60% of samples in this study. We obtained genetic
associations between all 79 rose cultivars using these SNPs. This GBS
approach offers a rapid and highly cost effective alternative to
simultaneous SNP discovery and genotyping. This work is also the first
to demonstrate development of a SNP marker set for cultivar

- 105 -

identification by GBS in Rosa hybrida, which is usually limited by
heterozygosity and polyploidy.
DNA analysis techniques have previously been used to identify
rose cultivars. However, low polymorphism meant molecular markers
such as RAPD and RFLP have identified few rose cultivars (Kimura et
al., 2006). SSR markers have also been used to characterize hybrid tea
roses (Esselink et al., 2003) or garden roses (Scariot et al., 2006), but
success here has also been limited by poor ability to differentiate
between closely related cultivars (Sparinska et al., 2009). To overcome
the limitations of these markers, we attempted to develop SNP markers
based on GBS.
To

select

highly informative

SNP

markers

for

cultivar

identification, SNPs were preliminary filtered according to three
criteria heterozygosity, PIC value, and missing data. Because roses are
very heterozygous, PIC value does not guarantee a useful marker. Of
304 SNP markers, only 20 were converted into DNA chip assay
markers. This low conversion rate may be caused by the complexity
- 106 -

associated with polyploidy of the genome (Byers et al., 2012). Byers et
al. (2012) provided several speculative reasons as to why this might be
so, including inappropriate targeting of duplicate loci, limitations of
primer design near the SNP, false positive SNPs creating sequencing
errors, or incorrect assembly. We believe that the high heterozygosity
and polyploidy of roses caused primer design near the SNP to be
limited. Furthermore, poor sequence assembly because of the lack of
rose reference genome, and sequencing errors or missing data in GBS
may also contribute to the failure of primer design.
The

development

of

markers

associated

with

agronomic

characteristics is critical and challenging for the advance from crop
genomics to breeding practice. Molecular markers with applications in
plant breeding must be sufficiently polymorphic and evenly distributed
in the crop genome to provide adequate genetic resolution for marker
trait association discovery (Yang et al., 2015). So far, the possibility of
using marker-assisted selection in breeding tetraploid cut roses and
other species with a tetratomic or partly tetratomic inheritance remains
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limited because of difficulties in establishing marker-trait associations
(Koning-Boucoiran et al., 2012).
Despite this limitation, GBS provides unprecedented opportunities
for molecular breeding in crops without reference genome sequences.
In this work, we demonstrated that GBS may be used to obtain SNPs in
roses with complex genomes. In future work we hope to reduce the
amount of missing data and GBS errors by obtaining longer reads,
which will allow the creation of longer reads for more precise SNP
calling.
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ABSTRACT IN KOREAN

이 연구의 목적은 장미 신품종의 개발과 품종을 구별할 수 있는
단일 염기 다형성 분자 표지를 개발하는 것에 있다. 많은 꽃잎을
갖는

신품종

‘투디오스’는

모본인

‘바닐라퍼퓸’과

부본인

‘마르시아’의 교배를 통해 절화 형태로 품종육성이 되었다. 모본인
오렌지색의 ‘바닐라퍼퓸’은 꽃잎수를 48 매 갖고 있으며, 부본인
‘마르시아’는 96 매의 꽃잎을 갖는 흰색 꽃이다. ‘투디오스’는
128 매의 꽃잎을 갖는 복숭아 색깔 장미이다. ‘투디오스’의 절화
수명은 15 일로 긴 편이다. ‘투디오스’는 명조건 암조건에서 적절히
작동하는 기공을 갖고 있고, 기공의 알맞은 닫힘으로 인해 수분
균형이 잘 유지되게 한다. 개화소요일수는 47 일이며, 연간 절화
수량은 160 본/m2 이다. ‘투디오스’ 품종은 온도가 낮으면 꽃잎수가
다른 품종에 비해 훨씬 더 많아지며, 수술이 꽃잎으로 변화하는
성질을 갖는다. ‘투디오스’는 2014 년 국립종자원에 신품종으로
등록이 되었다. 품종 보호가 중요해짐에 따라, ‘투디오스’ 를 포함한
새롭게 개발된 장미 품종을 구별하기 위한 단일 염기 다형성 (Single
Nucleotide Polymorphism, SNP) 마커가 개발되었다. 다배체인 장미
품종들의 구별을 위한 방법을 개발하기 위해 염기배열에 의한
유전자형 분석 (Genotyping-by-sequencing, GBS) 을 사용하여 SNP 의
장점을 활용하는 분석을 수행하였다. 79 개 장미의 유전체 GBS
- 116 -

라이브러리에서 염기서열을 얻었으며, 장미는 표준 염기서열이 없기
때문에 신생조합방법으로 배열을 정렬하였다. 1,778 SNPs 는 전체
13,488 의 SNPs 중에서 선발이 되었고, 이 SNPs 로 장미 품종간
유전적 연관성을 파악할 수 있었다. SNP 표지는 79 개 품종의 70%
이상에서 존재하는 SNPs 와 다형성 정보 그리고 이형접합성을
고려하여 선발하였다. 이 중에서 20 개의 SNP 분자표지는 대용량
분석을 위하여 최종적으로 선발되었으며, 이 중 4 개는 DNA Chip
분석을 위한 분자표지로 성공적으로 전환이 되었다. HRM (High
resolution melting) 분석은 이형접합성과 배수성으로 분석이 어려운
장미의 유전형 분석을 더욱 정밀하게 하기 위해 시행하였다. 이 두
결과를 통해 7 개의 분자표지 세트가 만들어 졌고, 이는 79 개의
장미

품종

중에

70.9%의

품종을

구별할

수

있었다.

또한

‘투디오스’를 포함하여 고양시에서 새롭게 만들어진 장미 16 개의
87.5%를 구별할 수 있었다. 이 연구를 통해 개발한 SNP 표지는
장미의 품종 구별과 유전적인 연관성 연구를 위해 유용하게 활용될
것이다.

주요어: 장미, 육종, 꽃잎수, 절화수명, 단일염기 다형성, 염기서열
에 의한 유전자형 분석, 품종 구별

학번: 2006-30290
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Appendix I. Flanking sequences and SNPs of the 20 polymorphic
markers
SNP Marker
Contig_11-162

Contig_46-180

Contig_52-123

Contig_116-190

Contig_120-166

Contig_202-72

Contig_228-121

Contig_243-162

Flanking sequences and SNPs
AATGCCAGCCCAGGTGGGTAATCAGAAGAGTGCCTCAATCATT
TTCTATCTCATCATTTCTGTATGTTTTTGTCATCTATGTTTCAAT
ACTTGCAGCAGATGGCCCCGCATCCTGCGATGCAACAAGCGGG
ATATTACATGCAGCATCCTCAGGCTGCAGC[G/A]GCAATGGCTC
AGCAACAGGGTCTTTTCCCTCAAAAGATGCAAATGCAG
TGAAGTCGTTACCCCTTGCCAAAACTAGGCTGTTACACAGGGCA
ATAGCTTCAAAATATGGCACTGTTGTATTTTCAGCAGATGTAGTA
ACTGCAGCAAGAGGTTTGCCAATATGGTTTCGGATAACAAAACC
TCCGGCTGCAGATTCTCTTGAAGCAGAGCCACCAAATTTTATTTT
T[A/T]CATGGTCATCTTTAGGGTTTTCCCATTTGATTGTGGACGGA
CGAGTGGCATTTTGAACTCCACAGAGGTT
ACGAGTAAGTTATAAATATCTTCAATCATCTTGCTAACTGTTTTCT
TGTTATTTTTTTTTTCCTTTTTTCAGCTGATGGCTCCGTCTAAAAC
TACAGCGAAAGCTAAAGCTATAGCACTGAG[A/G]ATGAAGGCAG
TGCAAATGAAGAGATGTAGTAGAGTGTCAAAAGCAGTTGGTGA
AGACACTGCACCAAAACAACCTGCCAAGTCCAAGAAGCCAATT
TTGGGCAAA
CATGCTCATACGATCTCCAAAAATTACAAACTATATATTGAAATG
CTCATATCGACGAGTAGATCACAATGAGGGACAGAAAACTGTCC
CTGAGGTGGTCGGAAGCCGCCAGAAAACACCACCACAGTGGC
GGCACCGCCGCCGGCCCAAAGTCTGAATTTCCCAAAACTCCCA
ACATCAAAGTTCTTC[A/G]TCTAAGCATGCTTGTGAATTCTCATA
ACTAGCTCGAAGTCAGAAAACAAGCATAA
CTCCTCCAATAGGTGTAAGGCAAGGACTAGGAGCCCTAGCAAC
AATCTGAGGATCAGGAGTGGTGCTTCTTGACAAGGAAGCACCT
AGAGCTGCAGCATAGGAGTATGAAGAAGGTGGGCCCATGCTTT
GGGCTGCAGACATGCCCTGGCCATTTGCACCAGATC[T/G]TAGA
GCATCAGATGTCATCAAGTCACGGCGCAAATGAGCCAGGTCTGC
TTCAGCAGAACCAAGTCC
GCCGGAGAGAGAGCACTGCAGCGAAGAGATCGGAGGCATGCT
GCTGGGATCTGCAGGTGGGAGGCAGTAGC[G/A]ATAGGTGGAGG
TGGGTGGGCTAGGCGCCGCCGGTGAGGTGAGACCGGGCTATGG
CTGCTGAGATCCGCGCAGGCGAGGACGGTGGTGCAAGGCGAAG
GCGATACCCAATCTGGATAGAGCGTGTCTGCATACCTG
AAGCAACTAGGGGAGGCTTTCAAAACAGAATTAGAAAAGGAAA
CTTGGGTTGTGTATTCTATATATATAGAGGCTCTGAACATGTTGAA
AAGCACCATCCTACAGCGCCATCTTCTGCCC[C/T]AAACCCTAGC
ACACAAAGTCTTGAAATTCCCAAGTCCTCCAAGAGCAAAAACC
GTGCACACCATCATCCATCTTCATCAA
AAATCCATGGTTGACAACGCACTGACGCTAATTATGCTTTTGCA
AGTCTAGCCGAAGTAACGCTTCAAACCGCTAGGCAACTCCCCA
ACCAAGATTGCCCTCCTTGACTGGGGACTTGGGGGACTTGTACT
TACATGAGCATTTGCAAGCATAATTAGCTA[T/C]AATGAGCCACT
CATGATACCGCCAGCGGTACCAACTACCGCCAACTGTGTGACCT
ACG
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Contig_304-82

Contig_166-161

Contig_1474-155

Contig_390-42

Contig_343-40

Contig_291-128

Contig_246-177

Contig_200-145

Contig_64-194

Contig_39-47

TAGGTAATGCAGCCTTAGCTCAATTATGTAAGAGCAAGTTCACTC
GTTGGGTCACCGGGTCACCCACTATTCACTGCTTTT[T/C]AGTGT
TTATTTCCACTCTCTGAGTCACGGGCACAGTTTCCAATAAGACCT
GGGTCACCAGGTCAGCTTGCAGGTCACCAGGGTGACCCAGAAA
GTGACCCAGGGCACGAAATACACCGTACTCGTGACCCAGAGGA
TGAAAATAACACTAAAAAGCAGTG
GATGCAGCTATACCTCAGAATCCCCGAACCGGGAAGAAAATCAC
CGAAACCAGCCATATAAGCCCTGAATAGGCCAATTGAAGGTCTG
AAATTCGGATCTGGTCAACCACTGCTAGCCCCTACACCTGCAGC
ACCACCAAGCCCACTCCAGAAGCCTGCA[G/A]GCCCAAAAACG
ACAGTAGCCCAGAAAAGAAAAGGAAAAGAAGGAGGCAGCCCA
GAAGCCCACTGATGAAGCCCAATACAGAAGCCCACTGACGTAA
GCCCAGAGGCTTGCTGACGTCATCACCTGCATACTGG
TGCCACAATGCCGCTTCTAGCAAATTGACTAATGCGCGGGTTTTT
TGTTTTTTCAAGTTTCATATGTAATAGATGAATACTCGCAATCTAA
AAAACATCAACGTTACTTAGAACCAAAGTTCTAAAAAACGCTAG
GCGCTAGTCGGGCGGTGCT[T/C]CGAGGACTAGCGCCTAGGCAG
GGACTAGGCGGGTTTTATTTTTTTATTATTTTAACTA
CCCTCCTCACCAAAACTGCCGCCGACTACCCCGCGTGCGCG[C/G
]CCAGCCACCGTTGCCCCTGCAGCGTCCATGCTGCCCCTGCAGC
CCTTGCCCTAAACCTGCAGCCCTATGTCCCTGCACACCCGCGCG
TGCCTGTAGCCCTACGCCCTTGTAAAACTGCCGCAAGCCCTGCT
GCTGCTGCTACTGCCAAAACCTGCTGCTGCTGCTGCTGCTGCAC
AGTTCTGTCTTTTATATTCTCTCCTCAAGTTTAGGCAGT[A/T]GGA
AAAGGCACTATTGAGTGAAGAGAAGCTTTCAGTTCAGAGACAA
TGTTGGTGAAACTCAAGTACATTTCATGGTCGCGATTCACATCCC
ACAACAAAGTGCGGGTATCTTTGCGAGAGATCACAAAAGAGCC
ACAAATGATCCAAATCCTGCATATACG
CAGAATAAAACTTTGGTCATTGGCAAGACCATGTAATTAGGCAA
CACAATATGTGTATAAATCCAACCACGTGGTGTGGTGTGCTGGTC
GAGCGGCCTAGTCTGGAAAGCTCAAGTCTAGTATTCGA[T/A]TCC
CAGCTCCATCCCGTGGCCAGCAGATTTGAGGGACTTTGGTTTGA
TGAAACACCAAAGGTTCGTGCGTCTGCATGTGTA
CAACTCCTGGGCATGCCTTCTCCAACTGTTCTTTTATATCATCAAT
AACATCAAAACCCTCCAAAGAAGAGTTTGGGAACGAATCCCTC
TCTGCAGTGTTATTTGCTGAAGAGCTCAACAAAACCGAGGCCTC
GCATCCCTGCAAAAAGGGACCGAAAAACCATTATAATTCTAGA[
C/T]AGAATCAACTATTCAACTCAACAATTTGATCATATAACACAC
ACACACACACAC
GATGCACCTGTATCAATTATCCATGTATTATTCAAAGTAGCCTTAC
CCTTCATACCTGACTGCGCTACATTAGCGGAGGCATTGTCGAGAT
GCTCTTCCTCTGTAGTAGCAATAGCCGCCTTGCCCGGATTCTTTC
GCGATTTC[C/T]TGGTGAAGTCCCACCAATCAGGGTAGCCAATCA
CTTCATAGCACTGCTCTTTGCTATGACCTAATTCCC
ACGAAATGCAGTTCCTCCTCCTCTTGTTTCTCTGGCTAGTCTCCG
TGACCAGATCCTGGTGGCTGACTGGCGAATTGCATGCCTCACTA
CTGACATGGACGACATGCATTCTATTCTGGTTCGTACTCATCATG
CCCTGACCAGCCTCACTAGGGAGATCCGGACCCTGCAGCGCCA
CCCTCCCGGGTTTGAC[A/G]CTCCCGGTCCATCCACTGCAGTCCC
ACCAGAAGTCGCCCCGGAGGAGAGCTCGAGTTCCATGGATAGC
GAGGAGTATGCAGACACCGTC
CGCAGGGGCGCGGGGCTGCAGCAGCCAGTTGCTGCTGCTGCCC
CAA[A/C]ACGCGCGTGTTCTCAAGCCCCAAATCACTATGTTTCCT
GGAGAGTTGGAATGCCTTGTTGATAGTGGCACCACACATACTATA
TTGCGACATAGGCAACTATTTCTATGGATGACGCCTAGTCGATCT
TCTGTGACTACGATGGCTGGACCATCACAATTGATTCATGGTCGA
GGACCA
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Contig_28-93

Contig_16-139

CCCCAGATCGCGTCGCCGGCGACGGCCAATAGCCACGACAACC
AGCCTTGCTGGTTCACTTGAAACGGCTTCTCGATTCGGACCCCG
AAAAC[C/T]GCGGATATGTGGGCAAATGTAGGTTAGGAGAGGAA
TGAGGGTTGTGATGGTGGTGGTGGCTGGCGTTTGCGTCGTCGAA
GATTTGGAGATGGAGAGAGAACTGAGTTTGT
GTTTCGCTCCTTGCGTCCTCCCTTGGAGGCGCGACTATAATTAGA
CTCTGGATTTGGCTTGGTTCCCACGGGTCTAGAGTTATAGTTCTT
CACAAGTATGTTGTCGTGCTTTTCAGCTACGTTCATGGCACCAAT
TAG[C/T]TCATGAAATCTTGTGATGCATCTAGCATTGACATCAATC
CGATAGTTTTTGGCTATCATCAATGCAGAGACGGGGAAGGTGGA
GAGAGTCTTCTCGATCAACATCGTATCAGTGATTTTCTGTCCACA
GAATTCCATCATAGACTTGATACGAAGTGCTTCTGAATTGTAGTC
AAGTACAGACTTGAAATCACAGAAGCGGAGGCTATGCCATCTCA
CTTCTA
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Appendix II. Results of genotyping analysis of rose cultivars using
DNA chips assay and HRM analysis.
contig_11-162
Cultivar

contig_120-166

DNA chip

DNA chip
HRMy
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contig_64-194
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HRM
assay

HRM
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Blue moon
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B
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D
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E
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A
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A
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Goldfish

XX

A

XY

C
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C
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C
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C

Goyang lady
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A
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C
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Opium

XY

B

XX
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C
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XX
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Sanraemo

XY

B

XX

C

XY

C

XY

B

XY

C

YY

A

Sonia

XX

A

XY

D

YY

E

Tineke

XY
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E
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z

DNA chip assay represents three types: including XX, XY, YY.
HRM represents each melting curve pattern between A and E.
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