
ABSTRACT 

ZHU, HAO. Strategies to Improve the Post-Harvest Characteristics of the Cut Rose Flower:  
Botrytis Susceptibility, Transgenic Resistance, and Differential Gene Expression during the 
onset of Bent Neck and Petal Bluing. (Under the direction of Dr. George C. Allen.) 
 

Botrytis cinerea is responsible for a major economic loss in the floriculture industry. 

Variation of susceptibility to botrytis infection among rose (Rosa hybrida) cultivars is hard to 

characterize, but of great interest to both breeders and the cut flower industry. To 

characterize the natural resistance of elite cut rose varieties to botrytis, we developed an 

assay that uses either cut rose flowers inoculated with botrytis conidia, or detached rose 

leaves inoculated with botrytis mycelia. Following inoculation, each rose cultivar was 

evaluated and ranked for botrytis susceptibility.  The cut flower assay results were more 

consistent and reliable than the results of the detached leaf assay. In the flower assay, the 

botrytis conidial inoculum induced significantly different symptoms based on analysis of 

decay index for the respective rose cultivars. The rankings for the cut flower susceptibility of 

each cultivar were consistent between separate experiments. ‘Freedom’ was the least 

susceptible cultivar with ‘Charlotte’ second. ‘First Red’ and ‘Forever Young’ were 

moderately susceptible to botrytis while ‘Classy’ was the most susceptible cultivar. 

A transformation system was established to improve the elite cut rose post-harvest 

quality through genetic engineering. Somatic embryos of Rosa ‘Classy’ were induced from 

leaves and transformed using an Agrobacterium tumefaciens transformation method using 

two constructs (pTN111 and pTN211), which harbor the neomycin phosphotransferase 

(nptII) and an ER-targeted red-shifted GFP (green fluorescence protein) with PIV2 intron 

(ERrsGFPINT) genes. Sixteen regenerated transgenic plants were identified using polymerase 

chain reaction (PCR) and confirmed using DNA gel blot hybridization. Each line was then 



monitored for expression of the ERrsGFPINT and whether changes in the plant morphology 

and architecture had occurred.  Three individual transgenic long-stem rose plants were 

produced with construct pTN211 whereas only one transgenic rose plant was produced with 

pTN111. To develop transgenic rose (Rosa ‘Charlotte’) plants with reduced susceptibility to 

botrytis infection a transgene containing the celery mannitol dehydrogenase (MTD) gene was 

used to produce three putative  transgenic Rosa ‘Charlotte’ plants  

Rose bent neck and petal bluing are also major problems that decrease cut rose post-

harvest quality. Unfortunately the gene expression changes that occur during these processes 

are unknown.  To understand how gene expression patterns are altered, cDNA libraries of 

both Rosa ‘Freedom’ and ‘Forever Young’ were synthesized from both healthy cut rose 

flowers and flowers that were at different stages of bent neck and petal bluing. The cDNA 

libraries of ‘Freedom’ healthy neck (DHN) and ‘Freedom’ bent neck stage 1 (DBN) were 

sequenced by Illumina® GAIIx sequencing platform. Contigs were assembled de novo from 

expression sequence tags of DHN and DBN and compared. Initial analysis shows an 

increased expression of cell wall degradation, abscission and stress related genes indicating 

that the rose bent neck might be a combined effect of water stress and accelerated abscission 

of the peduncle. 
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Introduction 

Rose (Rosa hybrida) is one of the most important ornamental crops in the world. In 

2008, the total wholesale value of cut roses in the United States was $23.5 million with 

California as the leading state (U.S.D.A. National Agricultural Statistics Service, 2009). 

The general import value of rose cut flowers is even greater, at approximately $317 

million in 2009 (U.S.D.A., Global Agricultural Trading System). Although rose plants are 

often challenged by many fungal diseases such as black spot (Knight and Wheeler, 1977) 

and powdery mildew (Pasini et al., 1996), the most severe economic damage to cut rose 

flowers is caused by Botrytis cinerea, a fungal pathogen that occurs primarily during 

storage or in transit (Elad, 1988; Vrind, 2005). Bent neck (Zieslin, 1989) and petal bluing 

(Zieslin, 1989) are also problems affecting post-harvest quality of cut roses. Improving 

cut rose post-harvest quality to reduce botrytis infection and occurrence of bent neck and 

petal bluing is of great interest to both commercial producers and consumers. 

Botrytis cinerea is a widespread fungal pathogen, which mainly attacks flowers but 

also can cause necrotic lesions on renewal canes (one-year canes) (Volpin and Elad, 1991). 

The damage can occur during various stages of plant growth and in post-harvest during 

storage, transportation and distribution (van Kan, 2005). Small lesions are primary 

symptoms on infected petals during the post-harvest stage (Elad, 1988). The lesions then 

expand and coalesce, which causes the petals to turn brown, wither, and eventually may 

lead to the whole flower rotting off at the receptacle (Elad, 1988; Hammer et al., 1990).  

Differences in botrytis sensitivity within different rose cultivars can provide important 
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information about sources of potential natural resistance for both commercial growers and 

breeders. Unfortunately, no rose cultivar has been found with natural immunity to botrytis 

infection (Hazendonk et al., 1995). Importantly, however, there is variability in the 

susceptibility to botrytis among different rose cultivars (Hazendonk et al., 1995), but the 

differences are difficult to characterize. Researchers have employed various methods to 

study the susceptibility of different rose cultivars to botrytis (Pie and Brouwer, 1993; 

Hazendonk et al., 1995; Hammer and Evensen, 1994; Friedman et al., 2009), but reliable 

methods to efficiently screen the rose cultivars are continuing to be developed. 

While natural differences in botrytis susceptibility have been found, it is difficult and 

time-consuming to use conventional cross-breeding to develop new rose cultivars with 

novel and desirable traits (Gudin, 2001). The most important commercial rose cultivars 

are tetraploid or triploid (de Vries et al., 1996), highly heterozygous and sterile (Li et al., 

2002), and the gene pool is limited (Rout et al., 1999). The use of genetic engineering 

offers a viable alternative for improving rose quality (Katsumoto et al., 2007; Marchant et 

al., 1998) along with identification of genes such as chitinase that can be used to increase 

fungal resistance (Punja, 2001; Bi et al., 1999; Marchant et al., 1998).  

One possible alternative strategy for enhancing fungal resistance in plants that has 

also been demonstrated (Jennings, et al. 2002) is to disrupt a critical step in the virulence 

pathway required for pathogenesis. Mannitol is a 6-carbon sugar alcohol that is widely 

found in fungi (Lewis et al., 1967; Hult et al. 1980; Voegele et al., 2005; Solomon et al. 

2007; Jennings et al., 1998). Mannitol is hypothesized to quench the Reactive Oxygen 
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Species (ROS) that signal many of the defense mechanism used by plant cells (Smirnoff 

et al., 1989; Jennings, et al. 1998), thus allowing the fungus to establish an infection. 

Mannitol dehydrogenase (MTD), a mannose 1-oxidoreductase isolated from celery root, 

catalyzes the NAD-dependent oxidation of mannitol to mannose, a non-quenching sugar 

(Stoop et al., 1992; Williams et al., 1995). Previous research has shown that constitutive 

expression of MTD in tobacco enhances resistance to A. alternata, a mannitol-producing 

fungal pathogen (Jennings et al., 2002), and that A. alternata mutants that lack the ability 

to produce mannitol also lose pathogenicity (Vélëz et al, 2008). It is of great interest to 

test the hypothesis that transformation of MTD into rose could help to reduce the 

susceptibility to B. cinerea, which initial analysis show is a mannitol-excreting fungus 

(Ding and Williamson, unpublished). 

The introduction of foreign DNA into plants requires efficient regeneration and 

transformation protocols. Plant regeneration through embryogenesis is often preferable to 

procedures that rely on organogenesis, which has a higher probability for producing 

chimeric plants (Krasnyanski et al., 2009). Induction of somatic embryogenesis and 

subsequent plant regeneration have been achieved using various explants in many rose 

varieties (Rout et al., 1991; Murali et al., 1996; Marchant et al., 1996; Yokoya et al., 

1996). Successful transformation of rose by both particle bombardment (Marchant et al., 

1998) and using Agrobacterium (Korban et al., 2007) has also been reported. However, 

present transformation and regeneration protocols are limited to specific rose cultivars 

due to a high genotypic influence. Therefore, often significant modification of a protocol 
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is necessary to transform a specific rose cultivar (Korban et al., 2007). 

Recently, the use of high throughput DNA sequencing has been used to study global 

gene expression changes in various organisms (Goes da Silva et al., 2005; Li et al., 2010). 

Gaining an understanding of the expression changes that specific genes undergo may help 

in the development of important target genes that control specific traits, such as 

post-harvest quality. Rose bent neck and petal bluing are problems affecting cut rose 

post-harvest quality. Rose bent neck refers to the peduncle bending of the cut rose due to 

loss of rigidity (Zieslin, 1989; van Doorn, 1989) and the phenomenon is strongly 

associated with the water balance of the cut flower (Mayak et al., 1974). Xylem occlusion 

is considered to be the main cause of insufficient water uptake that results in bent neck 

(Burdett, 1970). A major cause of such occlusions may be due to the bacteria present in 

the vase water (Put et al., 1989; de Witte et al., 1988) and resulting cavitations and 

disruption of water uptake (Bleeksma et al., 2003). Bent neck also correlates with changes 

in peduncle fiber content along with secondary thickening and lignification of peduncle 

vascular elements (Kesta et al., 1990; Bhattacharjee et al., 2005).  

Petal bluing in red or pink roses coincides with cut flower senescence (Halevy et al., 

1979). The major pigment in red rose petal is the anthocyanin, cyanidin 3,5-diglucoside 

(Lindstrom et al., 1963) and petal bluing in rose is due to the formation of co-pigment 

complexs of cyanidin 3,5-diglucoside and quercetin and kampferol glycosides (Asen et al., 

1971). As petals age, pH increases in the vacuole due to an increase in the free cellular 

ammonia from proteolysis (Marousky et al., 1985). This in turn leads to a change in the 
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permeability of the vacuolar membrane (Barthe et al., 1993), which affects the 

co-pigment complex that results in petal bluing (Asen et al., 1971). Although the 

physiology of rose bent neck and petal bluing symptoms have been thoroughly studied 

and various post-harvest treatments have been successful in alleviating these problems 

(Florack et al., 1996; van Doorn et al., 1990; Kesta et al., 2007; Marousky et al., 1985; 

Halevy et al., 1979), the gene expression changes that occur during the bending and 

bluing process have not been delineated.  

It is important to understand the mechanisms that lead rose bent neck and petal bluing 

at molecular level for improvement of rose cultivars. The use of high throughput cDNA 

sequencing, known as RNA-seq, will provide new information about global gene 

expression changes that occur during bent neck and petal bluing. A better understanding 

of the process could lead to novel strategies for improving cut rose flowers, with potential 

new ideas that lead to improve the post-harvest characteristics of other cut flowers.  
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Abstract: 
Variation of susceptibility to botrytis infection among rose (Rosa hybrida) cultivars is hard to 

characterize but of great interest to growers and cut flower industries. A cut flower assay 

with botrytis conidia inoculum and a detached leaf assay with botrytis mycelial inoculum 

were conducted to evaluate the susceptibility of several red rose cultivars. The flower assay 

produced more consistent results than did the detached leaf assay. In cut flower assay, 

botrytis conidia inoculum induced significantly different symptoms on rose petals based on 

an assessment of decay index. Rankings of the susceptibility of the cultivars were consistent 

from experiment to experiment. ‘Freedom’ was the least susceptible cultivar with ‘Charlotte’ 

second. ‘First Red’ and ‘Forever Young’ were moderately susceptible to botrytis while 

‘Classy’ was the most susceptible cultivar. The simplicity of the evaluation method should 

facilitate screenings by growers and the cut flower industry for B. cinerea susceptibility in 

additional rose cultivars. 

 
Keywords:  
cut flower assay; detached leaf assay. 
 
1. Introduction 
 

Rose (Rosa hybrida) is one of the most important ornamental crops in the world. In 2008, 

the total wholesale value of cut roses in the United States was $23.5 million with California a 

leading state (U.S.D.A. National Agricultural Statistics Service, 2009). The general import 
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value of rose cut flowers is even greater, at approximately $317 million in 2009 (U.S.D.A., 

Global Agricultural Trading System). However, the ornamental value of the cut roses is often 

reduced by fungal diseases. Botrytis cinerea, also known as gray mold, is a widespread 

fungal pathogen that infects many fruits and ornamental crops (Redmond et al., 1987). 

Botrytis causes serious economic losses to both the potted rose and cut rose production 

industries (Vrind, 2005) with damage occurring during various stages of plant growth and in 

post-harvest storage, transportation and distribution (van Kan, 2005). During the plant 

production, B. cinerea causes blighting of canes and bud wilting (Horst et al., 2007) whereas 

during the post-harvest stage, infected petals initially show small lesions (Elad, 1988). The 

lesions expand and coalesce, causing the petals to turn brown and wither, and may eventually 

lead to the whole flower rotting off at the receptacle (Elad, 1988; Hammer et al., 1990). The 

disease cycle of B. cinerea is initiated when the conidium lands and attaches to the host. The 

conidium then germinates on the surface and produces a germ tube, which develops into an 

appressorium that penetrates the host. Primary local lesions are established when the 

underlying cells are killed and host defense response may occur. When the plant defense 

barriers are breached, the fungus grows vigorously and kills more plant tissue, on which the 

fungus sporulates to produce inoculum for the next infection (van Kan., 2005).  

Rose cultivars vary in susceptibility to fungal diseases, such as black spot 

(Carlson-Nilsson, 2001) and powdery mildew (Wisniewska-Grzeszkiewicz and Wojdyla, 

1996). Differences among rose cultivars in susceptibility to botrytis blight were also 

demonstrated (Pie and Brouwer, 1993; Hazendonk et al., 1995). Partial resistance may come 

from the retardation of infective hyphal growth in the petal (Pie and Brouwer, 1993; Pie and 
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De Leeuw, 1991). Further scrutiny by Hammer and Evensen (1994) determined that cuticle 

thickness of petals may prevent the infective hyphae from penetrating the petal and confer 

the flower with more resistance. However, they found that differences in susceptibility were 

not consistently related to cuticle thickness, and may be due to other unknown mechanisms. 

Pie and Brouwer (1993) established a method to screen the susceptibility of cut rose flowers 

to B. cinerea infections. They evaluated eight rose cultivars’ susceptibility to infection of one 

botrytis isolate and 14 different botrytis isolates pathogenicity on one rose cultivar. The 

susceptibility of rose cultivars to infections of B. cinerea was determined by the average 

number of lesions on 20 flowers per cultivar after one day of incubation and/or as the average 

area of 20 lesions sampled on 4 to 6 flowers after 2 days of incubation. Based on these 

criteria, Hazendonk and colleagues (1995) evaluated 20 rose cultivars by spraying B. cinerea 

conidia on the cut flowers and counted lesions per cm2 of petal surface. Their results agreed 

with Pie (1993) and reported that this was not reliable measure of the susceptibility of a 

cultivar, because of large variation in the average number of lesions. They further evaluated 

the degree of colonization of the petal seven days after inoculation. They were able to 

differentiate less susceptible and susceptible for eighteen cultivars, but two cultivars could 

not be evaluated due to high levels of variation. 

Botrytis sensitivity can provide important information for both commercial growers and 

breeding scientists. To tell the differences in botrytis sensitivity, effective and reliable assays 

are required. In this work, we have incorporated previous research to develop a modified 

protocol for evaluating rose susceptibility to botrytis. We then used our modified protocol to 



 18

test five commercial cultivars of red roses for susceptibility to B. cinerea using both cut 

flower and detached leaf assays. 

 
2. Materials and Methods 
 
2.1. Isolation of botrytis from plant material  
 

Symptomatic cut red roses from Colombia, South America, were incubated in a humidity 

chamber until sporulation characteristic of Botrytis cinerea was observed.  Conidia and the 

associated symptomatic plant tissue were removed using sterile forceps and plated onto 

potato dextrose agar (PDA; BD, Sparks, MD).  The cultures were incubated at 18-25°C.  

After 3 to 4 days, an agar plug from the edge of an actively growing colony was transferred 

to a fresh PDA plate to establish a pure culture isolate.  

 
2.2. Botrytis inoculum production 
 

To produce conidia inoculum, the pure isolate of Botrytis cinerea obtained from cut red 

roses from Columbia, South America, was grown on oatmeal agar (BD, Sparks, MD) in a 

humidity chamber for 10-14 days at ambient temperature under fluorescent lighting (8 h 

light/16 h dark). Cultures were flooded with 10 ml of sterile 0.01% Tween 80 (Sigma, St. 

Louis, MO). Conidia were dislodged with a sterile glass rod and the resulting suspension was 

poured through two layers of sterile cheesecloth to remove hyphal fragments. Conidia 

concentration was determined with a hemocytometer and then diluted to the desired 

concentration with sterile 0.01% Tween 80. To produce mycelial plug inoculum, the isolate 

of B. cinerea was grown on PDA for 7 days at 18-25°C. A #4 cork borer was used to cut 7 

mm diameter agar plugs from the culture. 
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2.3. Maintenance of Botrytis cultures 
  

Sporulating culture of the B. cinerea isolate, an agar plug from a sporulating region of the 

culture was transferred to a fresh oatmeal agar plate and placed in a moist chamber every 4 

weeks, which was then stored on the bench at 18-25°C. To maintain a stock mycelial culture 

of the B. cinerea isolate, an agar plug from the edge of the culture was transferred to a fresh 

PDA plate every 8 weeks and incubated at ambient temperature. For long-term culture 

storage, four agar plugs of a sporulating culture were placed into a 1.5-ml microcentrifuge 

tube containing 1 ml of 15% sterile glycerol and frozen at -70°C. 

 
2.4. Plant materials 
 

Fresh cut rose flowers of five red cultivars ‘Charlotte’, ‘Classy’, ‘First Red’, ‘Forever 

Young’ and ‘Freedom’ were obtained from Colombia, South America. Upon receipt of the 

cut flowers, the stems were cut to 45 cm and the foliage was removed from the bottom part 

of the stem. From each cultivar, 56 stems were selected with uniform length, stem thickness 

and flower size. The selected stems were then placed in tap water to re-hydrate for 24 hr. 

Before the experiment, all the stems are further cut to 35 cm. 

For detached leaf assay, potted roses ‘Charlotte’, ‘Classy’, ‘First Red’, ‘Forever Young’ 

and ‘Freedom’ were grown and in a glass-covered greenhouse set at 21°C ± 1.9°C /13°C ± 

1.7°C day/night temperatures. On the floral stem, healthy, mature and dark green leaves 4-6 

nodes from flower head were collected in the morning prior to each experiment and used 

immediately. 

 



 20

2.5. Cut flower assay 
 

Two stems (subsamples) from each cultivar were placed in a jar containing 350 ml of 

de-ionized (DI) water. Seven jars from each cultivar were untreated, seven jars from each 

cultivar were sprayed with de-ionized water, seven jars from each cultivar were sprayed with 

a 700 conidia/ml botrytis conidial suspension, and seven jars from each cultivar were sprayed 

with a 7000 conidia/ml botrytis conidial suspension. Individual flower buds were sprayed 

evenly from a distance of approximately 15 cm, which resulted in a uniform coverage of the 

petals with small droplets. All of the flower heads, including the untreated flowers, were 

loosely covered with plastic bags immediately after inoculation. The jars were then placed on 

the shelves under fluorescent lights which provided 12/12 hr light/dark. Each experiment was 

conducted in an isolated cooler with the temperature controlled at 20°C and approximately 

60% relative humidity.  

The plastic bags were removed 24 hr after inoculation and the flowers were rated (day 1) 

using a decay index of flower petal and receptacle. The index, modified according to 

Hazendonk (1995) and Meir (1998) was used to measure the extent of Botrytis rot 

development on a relative scale of 1-8, defined as follows: 1, no symptoms; 2, 1% disease (or 

1-4 pinpoint lesions); 3, 2 to 5% disease (or 5-19 pinpoint lesions); 4, 6 to 12% disease (or 

>20 pinpoint lesions); 5, 13 to 25% disease; 6, 26 to 50% disease; 7, 51 to 75% disease; 8, 76 

to 100% disease (or collapse of flower head at receptacle) (Fig. 1). Following inoculation, 

readings were made on days 1, 3, 5, 7, and 9. 
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2.6. Detached leaf assay 
 

After obtaining leaves from the greenhouse, leaflets including petioles were removed, 

washed with DI water three times and each leaflet placed on 4 cm diameter round filter paper 

(Whatman Paper, Biometra, Germany) in standard petri dish (100 by 15 mm) with the 

adaxial surface up. One ml DI water was pipetted to each plate. Mycelial plugs were taken 

from the botryis isolate growing only on exterior circle the PDA plate using a #4 brass cork 

borer. Only the hyphae on very exterior circle of the plate were used to ensure active growth 

and the same growth stage. The plugs were placed on the adaxial surface of the leaflets to 

allow the hyphal side to directly contact the leaf. Leaflets for control did not include the 

mycelia plugs. After inoculation, the petri dishes were placed in plastic boxes containing wet 

paper towels to ensure maximal humidity and incubated in 8/16 hr light/dark at 20 ± 1°C. 

Before the foliar lesion developed to the edge of the leaflet (3 to 5 days) (Fig. 1), lesion 

diameters were measured.  

 
2.7. Experimental design and data analysis 
 

For the cut flower assay, experiments were conducted in March, April, and July 2009 

respectively. For each experiment, the rose cultivars tested varied depending upon the 

availability of the cut stems from the producers in Colombia and included: ‘Charlotte’, 

‘Forever Young’ and ‘Freedom’ (March); ‘Charlotte’, ‘Classy’, ‘First Red’ and ‘Freedom’ 

(April); ‘Charlotte’, ‘First Red’, ‘Forever Young’ and ‘Freedom’ (July). Each experiment 

was a completely randomized design with seven replicates for each treatment combination 

and two sub-samplings for each replicate. Results from day 7 were analyzed using the mixed 
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procedure of SAS (SAS Institute, Cary, NC). Decay index was an average of the two stems 

from each jar. For each experiment, we compared the response of cultivars within treatment 

level and ranked the cultivars. Treatments were also compared within cultivar level. Because 

different cultivars were included in different experiment, we analyzed experiment as fixed 

effect and considered cultivar nested within experiment. The fixed effects were tested and 

cultivars ranked. After further scrutiny we found that when the experiment was treated as a 

random effect, the error estimated for the experiment was considerably small compared to the 

error of total unexplained variability. Based upon this, we combined all three runs and ranked 

the susceptibility of all five cultivars to botrytis within the treatment level. In addition, we 

analyzed the data for ‘Charlotte’ and ‘Freedom’ with experiment as random effect. In all 

experiments, Fisher’s least significant difference test at P = 0.05 was used for pairwise 

comparison of treatment means.  

For detached leaf assay, we conducted three experiments in July 2009 and February and 

March 2010 respectively. Each experiment was a completely randomized block design. In 

each experiment, 28 leaflets of each of five rose cultivars were used, 14 of which were 

inoculated and 14 un-inoculated for controls. Two plates of each cultivar and treatment 

combination were placed in one plastic box and a total of seven plastic boxes were used. The 

data was analyzed by mixed procedure of SAS (SAS Institute, Cary, NC). First, we combined 

all three experiments and tested the significance of cultivar, experiment and their interaction. 

Then we compared in each experiment the diameters of lesion of five cultivars and tested the 

significance of cultivar. In all experiments, Fisher’s least significant difference test at P = 

0.05 was used to compare pairs of treatment means.  
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3. Results 
 
3.1. Rose cut flower assay 

‘Freedom’ had the least susceptibility when sprayed with conidia and was ranked the first 

from all three experiments (Table 1 and 2). From experiment to experiment, rankings of the 

cultivars when inoculated were quite consistent, except ‘First Red’ and ‘Forever Young’, 

which exchanged rankings in the July experiment, while those of the untreated and water 

treated groups were not. 

Within the 700 conidia/ml inoculum and 7000 conidia/ml inoculum treatments the 

cultivars showed different susceptibility to botrytis infection (Table 1). For example, when a 

700 conidia/ml inoculum was applied in experiment 1, the decay index of ‘Forever Young’ 

was significantly different from ‘Freedom’ and ‘Charlotte’. In contrast, within the un-sprayed 

treatments and those sprayed with DI water, the decay indices of the cultivars showed no 

difference (Table 1). 

Within each cultivar, the higher concentration of conidia produced more severe disease 

symptoms (Table 1). As expected, the 7000 conidia/ml inoculum produced significantly 

greater lesion sizes than those of either the un-sprayed or DI water sprayed controls (Table 1). 

However, the 700 conidia/ml inoculum sprayed treatment was not always significantly 

different than the un-sprayed or water sprayed controls. This can be seen with ‘Freedom’ in 

Experiment 1 and ‘Freedom’ and ‘Charlotte’ in Experiment 2 (Table 1). For the not sprayed 

and water sprayed treatments, there was no significant difference between the decay indices 

within the cultivar for any of the experiments.  
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When we treat the experiment as the fixed effect and use the cultivar nested in 

experiment, the experiments, treatments and the cultivars included in experiments were all 

significantly different (P < 0.01), as expected. However, treatments were independent from 

experiments (P = 0.09) while cultivars within each run depends on the treatments (P < 0.01). 

In this analysis, rankings of cultivars within each experiment were the same as when each 

experiment was analyzed individually. 

When experiment was taken as random effect and the three experiments were combined, 

the estimated error for experiment (σ2 = 0.17) was smaller than the total unexplained 

variability (σ2 = 1.16). Thus we combined the data of three experiments and ranked the 

susceptibility of all five cultivars together. Rankings of cultivars treated with both low and 

high concentrations of botrytis conidia showed that ‘Freedom’ was the least susceptible 

cultivar among the five, followed by ‘Charlotte’ (Table 2). ‘First Red’ was more susceptible 

than ‘Forever Young’ at the high inoculation level while the reverse occurred with the low 

inoculation level. ‘Classy’ was the most susceptible cultivar of all. Rankings of cultivars that 

were untreated or water sprayed were not consistent from experiment to experiment.  

Since ‘Charlotte’ and ‘Freedom’ were used in all three experiments, we analyzed them 

separately and found that in addition to treatment not depending on the experiment (P = 0.16), 

the cultivar did not depend on any treatment (P = 0.24) nor experiment (P = 0.43). Both 

cultivar and treatment significantly affected (P < 0.01) botrytis rot symptoms. ‘Charlotte’ was 

more susceptible to botrytis than ‘Freedom’ in both low and high concentration of conidia 

inoculations. However, decay indices varied for the same cultivar under the same treatment 

from experiment to experiment. 
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3.2. Rose detached leaf assay 

For the detached leaf assay, cultivar was not significant (P > 0.05), experiment was 

significant (P < 0.01) and interaction between cultivar and experiment was significant (P < 

0.01). Consequently we analyzed the effect of cultivar within each experiment (Table 3). In 

experiment 1 (July, 2009), ‘Charlotte’ was the most susceptible cultivar and ‘Classy’ was the 

least susceptible. Lesion size of ‘Freedom’ and ‘Forever Young’, ‘Freedom’ and ‘Classy’ 

were significantly different. In experiment 2 (February, 2010), however, ‘Classy’ was the 

most susceptible cultivar and there were no significant differences between ‘Charlotte’ and 

‘First Red’, while ‘Forever Young’ was the least susceptible cultivar and not significantly 

different from ‘Freedom’. In the last experiment (March, 2010), only the lesion sizes of 

‘Classy’ and ‘Freedom’ were significantly different from ‘Classy’, which was the cultivar 

most susceptible to botrytis. Rankings of the five cultivars for susceptibility to botrytis were 

quite inconsistent from experiment to experiment (Table 3).  

 
4. Discussion 

The variability in the susceptibility of different rose cultivars to B. cinerea is of great 

interest to growers, plant breeders and the cut flower industry. The cut flower assay is a more 

reliable and therefore effective method when compared to the detached leaf assay for 

screening various rose cultivars for susceptibility to botrytis infection. 
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4.1. Rose cut flower assay. 
 

The conidia of botrytis isolates from rose infected flowers were effective in infecting the 

rose petals. The rose decay indices of all cultivars inoculated with 7000 conida/ml inoculum 

were significantly larger than those of either the not sprayed or the sprayed with de-ionized 

water treatments (Table 1). In addition, rose decay indices of all cultivars inoculated with 

7000 conida/ml inoculum were also significantly larger than those of not sprayed and 

sprayed with water except ‘Charlotte’ in experiment 2 and ‘Freedom’ in experiments 1 and 2, 

which indicates that the two cultivars can tolerate more conidia than the others. 

Of course, a natural inoculum of botrytis conidia or mycelia also occurred on the petals 

resulting in a decay index greater than 1 for several cultivars (Table 1). The contamination 

probably occurred during cut rose harvest, processing, storage and transport (Elad, 1988). 

The natural inoculum of botrytis was low and the susceptibility among the cultivars (Table 1) 

showed no difference. However, spraying botrytis conidia at both low and high 

concentrations resulted in significant differences in decay index among the cultivars 

indicating that the artificial inoculum was effective in distinguishing the susceptibility to 

botrytis of various rose cultivars.  

Although both concentrations of botrytis conidia were effective on roses, the 

effectiveness of either concentration of inoculum varied to specific cultivars. In experiment 1 

and 2, the decay indices for ‘Charlotte’ and ‘Freedom’ with 700 conidia/ml inoculum sprayed 

were not significantly different while they were significantly different with 7000 conidia/ml 

inoculum (Table 1). Only a high concentration of botrytis conidia was able to induce 

different responses from the two cultivars. In contrast, in experiment 1 and 3, the decay 
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indices of ‘Charlotte’ and ‘Forever Young’ were significantly different in 700 conidia/ml 

inoculum treatment while they could not be separated in the 7000 conidia/ml inoculum 

treatment (Table 1). A low concentration of botrytis conidia was necessary to separate these 

two cultivars. 

As expected, since the natural inoculum of botrytis is random, cultivar rankings for 

susceptibility to botrytis of cultivars varied within the un-sprayed and sprayed treatments 

with water changed between experiments (Table 2). This inconsistancy was reflected in the 

overall rankings of the cultivars within the un-sprayed and the sprayed with water treatments 

(Table 2). In contrast, rankings for susceptibility to botrytis of cultivars within either 700 

conidia/ml or the 7000 conidia/ml treatment were highly consistent, not only from 

experiment to experiment, but also from the two treatments within each experiment. This 

indicates our cut flower assay was effective and reliable in screening differences among rose 

cultivars in their susceptibility to botrytis. 

Analysis of only the data from ‘Charlotte’ and ‘Freedom’ strengthened the reliability of 

the cut flower assay. ‘Freedom’ was less susceptible to botrytis than ‘Charlotte’ for every 

treatment of all the experiments and a high concentration of conidia inoculum induced more 

severe symptoms on the petals. However, decay indices of the two cultivars in experiment 3 

were not significantly different. This variance might be due to the flowers being grown at 

different times (spring and summer), being sprayed with various fungicides at harvest and 

processing and collected from various farms with different growing conditions. It also 

explained the decay indices varied for same cultivar within same treatment among the three 

experiments. Nevertheless, the assay was still reliable for consistent botrytis inoculation from 



 28

experiment to experiment since treatment does not depend on experiments when analyzing 

cultivar within experiment. 

Several researchers have investigated susceptibility of the cut flowers of various rose 

cultivars to botrytis. Initially, Pie and Brouwer (1993) inoculated rose flowers with botrytis 

conidia and were able to differentiate susceptibility among the cultivars based on average 

number of lesions on 20 flowers per cultivar. Unfortunately, their results are difficult to 

interpret because no untreated controls were included for comparison. In our cut flower assay, 

we allowed the lesions to grow larger for better differentiation of symptoms and included 

un-sprayed and water sprayed controls for accurate comparisons.  

Hazendonk (1995) also inoculated rose flowers with botrytis conidia while rating 

symptom severity on lesion colonization of the petal. Of the twenty cultivars evaluated, 

Hazendonk (1995) was able to differentiate eighteen to either susceptible or less susceptible 

groups. However, further differentiation of cultivars within either group was not possible. In 

our flower assay, all the cultivars were differentiated based on the decay indices. 

Recently, a rose detached petal assay (Friedman et al., 2009) was reported to screen rose 

cultivars for botrytis susceptibility with conidia drop and the percentage of lesion size out of 

petal size was measured, transformed into scales and compared. Although the test was 

different from our cut flower assay because the petals were detached from the flowers, 

Friedman et al. (2009) were able to differentiate the cultivars. However, their experiments 

were repeated only once and four out of 12 cultivars treated with inoculum did not show 

consistency from experiment to experiment.  
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4.2. Rose detached leaf assay 
 

Results from the detached leaf assay were not as consistent as the flower assay. The 

effect of cultivar was highly dependent on the experiment and did not affect lesion size in 

experiment 3. Although significant differences occurred among the cultivars, the relative 

rankings of susceptibility to botrytis among the five cultivars used for the detached leaf assay 

were inconsistent from experiment to experiment. The inconsistency might be due to the use 

of uneven distribution of mycelia on the plate. Although the conidia inoculum was more 

controlled than the mycilia, previous attempts by spraying conidia on rose leaves failed to 

induce any infection (data not published). This might be due to the thick cuticle layers on 

rose leaves prevented the penetration of germ tubes from conidia. 

The relative rankings of susceptibility to botrytis among the cultivars of the detached leaf 

assay were also inconsistent with the rankings for the cut flower assay. The inconsistency 

between the two assays might be due to the different material source (spores versus mycelia) 

and treatments, different surface structures between leaves and flowers, and different plant 

defense gene expression and regulations between leaves and flowers. The difference between 

such assays is in agreement with the conclusion of Uchneat (1999) who found that floral 

resistance to botrytis was not correlated with foliar resistance. 

We did not find any reports for using a detached rose leaf assay for either mycelial or 

conidial inoculum. However, Stephen and Miguel (2007) used several assays to evaluate the 

lisianthus cultivars for botrytis resistance. One assay used detached leaves with mycelial disc 

inoculation, which did not yield significant differences among the twelve lisianthus cultivars. 
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In fact, they concluded that spore spray inoculation treatment was more reliable than the 

spore drop or mycelial inoculation treatment, which agrees with our results for rose. 

 
4.3. Variation of susceptibility to B. cinerea among the rose cultivars 
 

It is well known that differences in susceptibility to botrytis exist among the rose 

cultivars. ‘Freedom’ was the least susceptible cultivar with ‘Charlotte’ second most resistant. 

No rose cultivar was immune to botrytis. However, in many cases the lesions did not develop 

and coalesce into large necrotic areas. ‘First Red’ was reported to be susceptible to botrytis 

infection (Hazendonk et al., 1995), which is consistent with our flower assay results. ‘First 

Red’ and ‘Forever Young’ were susceptible to botrytis while ‘Classy’ was the most 

susceptible of the cultivars we compared. Lesions on the petals of these cultivars developed 

fast and covered the whole petal and the necrosis often spread to the receptacles, leading to 

the break down of flower head at the receptacle. Unfortunately, due to limited availability 

from the farms, ‘Classy’ was only tested once. Repeated experiments with 'Classy' will be 

necessary to provide more confidence in our analysis.  

The mechanism of the variations of susceptibility to botrytis among rose cultivars is still 

not clear. Pie and Brouwer (1993) concluded that differences in hyphal growth and 

penetration were not responsible for differences in susceptibility among the rose cultivars. 

Hammer and Evensen (1994) indicated that cuticle thickness of petals was also not related to 

the different susceptibility among the cultivars.  

Botrytis cinerea isolates have genetic and phenotypic diversities and three isolates from 

rose were found recently in Iran (Mirzaei et al., 2009). Since only one botrytis isolate was 
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used throughout the experiment, susceptibility of the five cultivars may change if subjected 

to a different isolate. However, regardless of botrytis source, the method of cut flower assay 

we describe will likely remain a reliable screen for evaluating cut rose flower botrytis 

susceptibility in the future. 

 

Literature Cited 
 
Carlson-Nilsson, B.U., 2001. Evaluation of rose species and cultivars for resistance to 

Marssonina rosae (Diplocarpon rosae). Acta Hort. 547, 413-417. 

Elad, Y., 1988. Latent infection of Botrytis cinerea in rose flowers and combined chemical 

and physiological control of the disease. Crop Prot. 7, 631-633. 

Friedman, H., Agami, O., Vinokur, Y., Droby, S., Cohen, L., Refaeli, G., Resnik, N., Umiel, 

N., 2010. Characterization of yield, sensitivity to Botrytis cinerea and antioxidant 

content of several rose species sutable for edible flowers. Scientia Hort. 123, 395-401. 

Hammer, P.E., Evensen, K.B., 1994. Differences between rose cultivars in susceptibility to 

infection by Botrytis cinerea. Phytopathology 84, 1305-1312. 

Hammer, P.E., Yang, S.F., Reid, M.S., Marois, J.J., 1990. Postharvest control of Botrytis 

cinerea Infections on cut roses using fungistatic storage atmospheres. J. Am. Soc. Hort. 

Sci. 115, 102-107.  

Hazendonk, A., ten Hoope, M., van der Wurff, T., 1995. Method to test rose cultivars on 

their susceptibility to Botrytis cinerea during the post-harvest stage. Acta Hort. 405, 

39-45. 



 32

Horst, R.K., Cloyd, R.A., 2007. Compendium of rose diseases and pests (St. Paul, Minn., 

USA: APS Press). 

Meir, S., Droby, S., Davidson, H., Alsevia, S., Cohen, L., Horev, B., Philosoph-Hadas, S., 

1998. Suppression of botrytis rot in cut rose flowers by postharvest application of 

methyl jasmonate. Postharvest Biol. Technol. 13, 235-243. 

Mirzaei, S., Goltapeh, E.M., Shams-Bakhsh, M., Safaie, N., Chaichi, M., 2009. Genetic and 

Phenotypic Diversity among Botrytis cinerea Isolates in Iran. J. Phytopathol. 157, 

474-482. 

Pie, K., Brouwer, Y.J.C.M., 1993. Susceptibility of cut rose flower cultivars to infections by 

different isolates of Botrytis cinerea. J. Phytopathol. 137, 233-244. 

Pie, K., De Leeuw, G.T.N., 1991. Histopathology of the initial stages of the interaction 

between rose flowers and Botrytis cinerea. European J. of Plant Pathology 97, 335-344. 

Redmond, J.C., Marois, J. J., MacDonald, J. D., 1987. Biological control of Botrytis cinerea 

on roses with epiphytic microorganisms. Plant Disease 71, 799-802. 

Uchneat, M. S., Spicer, K., Craig., R., 1999. Differential response to floral infection by 

Botrytis cinerea within the genus Pelargonium. HortScience 34, 718-720. 

U.S.D.A. National Agricultural Statistics Service., 2009. Floriculture Crops 2008 Summary. 

Sp Cr 6-1 (09). 

van Kan, J.A.L., 2005. Infection strategies of Botrytis cinerea. Acta Hort. 669, 77-90. 

Vrind, T.A., 2005. The botrytis problem in figures. Acta Hort. 669, 99-102. 

Wegulo, S.N., Vilchez, M., 2007. Evaluation of lisianthus cultivars for resistance to Botrytis 

cinerea. Plant Disease 91, 997-1001. 



 33

Wisniewska-Grzeszkiewicz, H., Wojdyla, A.T., 1996. Evaluation of rose cultivars to fungal 

diseases susceptibility. Acta Hort. 424, 233-236. 

 
 
 
 
 



 34

Table 1. Susceptibility of five different rose cultivars to Botrytis cinerea on the cut flower assay. Experiment was repeated three times 
 Experiment 1(March 2009)  Experiment 2 (April 2009)  Experiment 3 (July 2009) 

Treatment Cultivar Rating Z  Cultivar Rating  Cultivar Rating 
Not sprayed Charlotte 1.7 a*  Charlotte 1.6 a*  Charlotte 1.9 aa* 

 Freedom 1.3 a*  Freedom 1.0 a*  Freedom 1.0 aa* 
 Forever Young 1.6 a*  Classy 1.4 a*  Forever Young 1.0 aa* 
    First Red 1.8 a*  First Red 1.8 aa* 

Deionized water Charlotte 1.3 a*  Charlotte 1.0 a*  Charlotte 2.1 aa* 
 Freedom 1.0 a*  Freedom 1.0 a*  Freedom 1.0 aa* 
 Forever Young 1.9 a*  Classy 1.9 a*  Forever Young 1.0 aa* 
    First Red 1.1 a*  First Red 2.0 aa* 

700 conidia/ml inoculum Charlotte 3.0 b*  Charlotte 1.6 c*  Charlotte 3.8 b*a 
 Freedom 1.8 b*  Freedom 1.2 c*  Freedom 2.5 c*a 
 Forever Young 4.4 a*  Classy 5.5 a*  Forever Young 5.0 a*a 
    First Red 2.7 b*  First Red 4.4 ab* 

7000 conidia/ml inoculum Charlotte 5.6 a*  Charlotte 4.1 b*  Charlotte 4.9 ab* 
 Freedom 3.4 b*  Freedom 3.0 c*  Freedom 4.3 b*a 
 Forever Young 6.1 a*  Classy 6.9 a*  Forever Young 5.0 ab* 
    First Red 4.2 b*  First Red 6.0 a*a 

Significance         
Cultivar (C)  <0.01   <0.01   <0.01 
Treatment (T)  <0.01   <0.01   <0.01 
C*T  0.04   <0.01   NS 
Z Means of each column within each treatment followed by different letters were significantly different (P<0.05). Comparisons were made within treatment level. 
* Indicates treatments within each cultivar that were significantly different from water sprayed control at P<0.05. 
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Table 2. Rankings of the susceptibility to botrytis of five rose cultivars within treatment level from cut flower assay. 
Treatments: Not sprayed (NS), De-ionized water sprayed (DI), 700 conidia/ml inoculum sprayed (700), 7000 conidia/ml inoculum 
sprayed (7000). The rankings are based on the comparisons of the decay index.  The least susceptible cultivar (least decay index) 
within the treatment gets the highest ranking. 

 Rankings within each experiment  
 Experiment 1 Experiment 2 Experiment 3 Overall rankings 

Cultivar NS DI 700 7000 NS DI 700 7000 NS DI 700 7000 NS DI 700 7000
Freedom 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
Charlotte 3 2 2 2 3 1 2 2 4 4 2 2 4 3 2 2 
First Red     4 3 3 3 3 3 3 4 5 4 3 4 
Forever Young 2 3 3 3     1 1 4 3 2 2 4 3 
Classy     2 4 4 4     3 5 5 5 
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Table 3. Susceptibility of five different rose cultivars to Botrytis cinerea and the rankings on the detached leaf assay. Means of each column 
followed by different letters were significantly different (P<0.05). The rankings were based on the comparisons of the diameter of the lesions. The least 
susceptible cultivar (smallest lesion) had the highest rank. 

 Experiment 1  Experiment 2  Experiment 3 
Cultivar Lesion (cm) Ranking  Lesion (cm) Ranking  Lesion (cm) Ranking 
Freedom 3.63ab 4  2.87bc 2  3.02ba 1 
Charlotte 3.87aa 5  3.09ab 4  3.24ab 3 
First Red 3.14cd 2  3.05ab 3  3.53ab 4 
Forever Young 3.41bc 3  2.62ca 1  3.20ab 2 
Classy 3.00da 1  3.28aa 5  3.70aa 5 

         
Significance         
Cultivar <0.01   <0.01   NS  
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Figure 1. Botrytis symptoms on rose petals and leaves. A-H: decay indices 1-8 respectively. A-C: ‘Freedom’, D-G: ‘Forever 
Young’; H: ‘First Red’. Pictures were taken on Day 7. I: necrosis area on the ‘Freedom’ leaf. Picture was taken on Day 3. 
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Chapter Three 

 

Transformation of an elite rose cultivar (Rosa ‘Classy’) with 

ER-targeted, red-shifted GFPINT 
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Introduction 

Rose (Rosa hybrida) is one of the most important ornamental crops in the world. In 

2008, the total wholesale value of cut roses in the United States was 23.5 million dollars, 

which was led by California (U.S.D.A. National Agricultural Statistics Service, 2009). It 

is difficult and time-consuming to use conventional cross-breeding to develop roses with 

new desirable traits (Gudin, 2001), because the most important commercial rose cultivars 

are tetraploid or triploid (de Vries et al., 1996), highly heterozygous and sterile (Li et al., 

2002) and the gene pool is limited (Rout et al., 1999). In an alternative strategy, roses’ 

traits have been improved through genetic engineering. New traits include the 

development of blue-hued roses by transgenic expression of a viola flavonoid 

3’,5’-hydoxylase and iris dihydroflavonol 4-reductase (Katsumoto et al, 2007) and the 

development of roses that are resistant to black spot (Diplocarpon rosae) using a rice 

chitinase (Marchant et al., 1998). 

The introduction of foreign DNA into plants requires efficient regeneration and 

transformation protocols. For example, plant regeneration through embryogenesis is often 

preferable to procedures that rely on organogenesis, which has a higher probability for 

producing chimeric plants (Krasnyanski et al., 2009). Initial Rosa hybrida transformation 

was done by de Wit et al. (1990) using somatic embryogenesis and regeneration of 

plantlets from in vitro-grown leaf tissue of R. hybrida cvs. ‘Domingo’ and ‘Vicky Brown’. 

Subsequently it was found that the somatic embryos could also be obtained from the leaf 

tissue of R. hybrida cv. ‘Landora’ (Rout et al., 1991). It is now known that somatic 
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embryogenesis can be induced from a variety of explant sources that include leaves, 

stems (Rout et al., 1991; Estabrooks et al., 2007), petals (Murali et al., 1996), adventitious 

roots (Theo et al., 1996), petioles, and filaments (Burrell et al., 2006). Regeneration of 

Rosa hybrida through somatic embryogenesis had been achieved in many cultivars such 

as ‘Landora’ (Rout et al., 1991) and ‘Moneyway’ (Murali et al., 1996). However, 

regeneration of different rose cultivars utilized a wide range of explant sources for 

induction of somatic embryogenesis and the use of specific regeneration protocols. This 

had hindered the development of a universal cultivar-independent protocol for rose 

somatic embryo induction and regeneration (Marchant et al., 1996; Yokoya et al., 1996).  

Successful transformation of rose has been achieved using both particle bombardment 

(Marchant et al., 1998) and by Agrobacterium-mediated approaches (Korban et al., 2007). 

Somatic embryos of two garden rose cultivars ‘Heckenzauber’ and ‘Pariser Charme’ were 

transformed with an anti-fungal protein encoding gene using Agrobacterium strains 

EHA105 and GV2260 (Dohm et al., 2001). Agrobacterium strain GV3101 had been used 

to transform Rosa hybrida cv. Carefree Beauty (Li et al., 2002). Unfortunately, all of 

these protocols are limited to specific rose cultivars due to the high genotypic influence.  

Therefore, the modification of a protocol is necessary to transform a specific rose cultivar 

(Korban et al., 2007).  

To establish and test the efficiency of a specific transformation system, reporter genes 

are often used to identify gene expression while permitting transformed plant recovery. 

The Green Fluorescent Protein (GFP) gene from the jellyfish Aequorea victoria has been 
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used widely as reporter gene for gene expression (Chalfie et al., 1994). The primary 

advantage of GFP over other reporter genes is that no substrate is required and a high 

resolution imaging at a sub-cellular level is possible (Haseloff et al, 1997). Mankin and 

Thompson (2001) modified a soluble modified red-shifted (rs) GFP (David and Vierstra, 

1998) so it is targeted to the endoplasmic reticulum (ER). This ER-targeted rsGFP, which 

has improved fluorescence properties, also contains the PIV2 potato intron (Vancanneyt et 

al., 1990) to distinguish plant from agrobacterial expression. Bacteria can not process 

intron-containing mRNA. Here we have used the ER-targeted soluble modified 

red-shifted GFP containing the PIV2 intron (ERrsGFPINT) as our model transgene, which 

enables visualization and real-time analysis in living rose tissue.  

In preliminary studies, Krasnyanski et al. (2009) were able to induce somatic 

embryogenesis of 4 long stem elite rose cultivars including ‘Classy’, ‘Charlotte’, 

‘Freedom’ and ‘Forever Young’ from leaf explants. Putative transformants of ‘Classy’ 

were obtained through somatic embryogenesis and Agrobacterium-mediated 

transformation. The objective is to identify putative transformants and to optimize the 

transformation system by monitoring ERrsGFPINT expression and plant morphology. 
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Materials and Methods 

Plant materials 

Tissue culture, transformation and regeneration of Rosa ‘Classy’ were performed. The 

material and methods used to transform ‘Classy’ with pTN111 and pTN211 harboring 

Agrobacteria were the same as those described in Chapter Four. 

The Rosa ‘Classy’ transformants were grown in a glass-covered greenhouse with a 

21°C ± 1.9°C /13°C ± 1.7°C day/night cycle in 20 cm pots containing Fafard® 4P Mix 

(Conrad Fafard Inc., Agawam, MA, US) and fertilized with Osmocote® 14-14-14 (Scotts 

Inc., Marysville, OH, US). They were grown in full sun with no supplements. They were 

planted in the pots and placed in the greenhouse on March 19th, 2009 and the pictures 

used here were taken in September, 2010.  

 

Construction of the plant expression vectors pTN111 and pTN211 

The plant binary vector pTN111 (Fig. 2 A) was constructed as follows: The reporter 

cassette containing the CaMV35S ERrsGFPINT fragment, was isolated from pLMNC95 

(Mankin and Thompson, 2001) using HindIII and EcoRI. The reporter cassette was then 

inserted into pPZP211 (Hajdukiewicz et al, 1994), which contains the neomycin 

phosphotransferase (nptII) gene driven by CaMV35S. 

The plant binary vector pTN211 (Fig. 3 A) was constructed as follows: The nopaline 

synthase (nosP) promoter sequence was amplified from the binary vector pBI121 

(Clontech, CA) using a PCR forward primer 5’-GGG GGA ATT CTG CAG ATT ATT 
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TGG ATT GAG-3’ with a BglII site on the 5’ overhang and a reverse primer 5’GGA AAA 

GAT CTA ACA CTG ATA GTT TAA ACT GAA-3’ with an EcoRI site on the 5’ overhang. 

A 306 bp amplicon was sequence verified and inserted into an opened pPZP211 

(Hajdukiewicz et al., 1994) plasmid from which the 35S promoter sequence was removed 

by EcoRI and BglII double digestion. The reporter cassette, the CaMV35S ERrsGFPINT 

fragment, was isolated from pLMNC95 (Mankin and Thompson, 2001) using HindIII and 

EcoRI. The reporter cassette was then inserted into the modified pPZP211, which 

contains the neomycin phosphotransferase (nptII) gene driven by nosP. 

 

Rose genomic DNA extraction 

Young rose leaves (1-4 nodes from the tip) were collected and instantly frozen in 

liquid nitrogen. For PCR analysis, rose genomic DNA was extracted according to the 

protocol developed by Allen et al. (2006). Genomic DNA used for Southern blot 

hybridization was extracted described by Xu et al. (2004) with the following 

modifications: The weight of sample material and volume of buffers were reduced 

10-fold to accommodate the use of 2 ml Eppendorf® microcentrifuge tubes. 

Centrifugation was done at 9300×g for all of the steps and the samples were incubated at 

65°C in a rotating incubator for constant mixing. The DNA pellet was washed twice with 

70% ethanol (v/v). The RNA was removed by digestion with RNase A at 37°C for one 

hour. The tubes were then centrifuged at 9300×g for 10 minutes and the residual 10 μl 

supernatant was discarded. 
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PCR analysis  

A GeneAmp® PCR System 9700 (Perkin Elmer, USA) was used for all polymerase 

chain reactions. The polymerase chain reaction (PCR) was performed in a 20 μl volume 

(BioMixTM Red, Bioline Inc., MA, US) containing 100 ng template DNA from each of the 

putative transgenic line. A wild type plant was used as negative control and 1 ng from 

vector cassette was used as positive control. 

The ERrsGFPINT primer sequences 5’-TCAAGGAGGACGGAAACATC-3’ (sense) 

and 5’-AAAGGGCAGATTGTGTGGAC-3’ (anti-sense) were used to amplify a 234-bp 

fragment from the ERrsGFPINT coding region using amplification conditions of 94°C, 30 s; 

58°C, 45 s; 72°C, 1 min. The nptII primer sequences 

5’-AATATCACGGGTAGCCAACG-3’ (sense) and 

5’-AGACAATCGGCTGCTCTGAT-3’ (anti-sense) were used to amplify a 604-bp 

fragment from the nptII coding region using amplification conditions of 94°C for 30 s; 

56°C for 45 s; and 72°C for 1 min. 

 

Southern blot hybridization 

Ten μg of rose genomic DNA from each putative transformant and from a 

non-transformed control were digested with high concentration EcoRI (NEB, Ipswish, 

MA, US). The digested DNA was loaded onto a 1.5% agarose gel and run at 20V for 18 

hours in TAE buffer (Sambrook and Russell, 2001). A digoxigenin (DIG) labeled DNA 
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molecular marker VII (Roche, Mannheim, Germany) and a1-kb DNA ladder (NEB) were 

also included. Following electrophoresis, the DNA was denatured, neutralized and then 

transferred onto a HybondTM-N+ membrane (Amersham Biosciences, NJ, US) by 

capillary action using 10×SSC as buffer as described by Sambrook and Russell (2001). 

The DNA was then cross-linked to the nylon membrane using a UV StratalinkerTM 1800 

(Stratagene, CA, US) for 2 minutes. Probes homologous to the ERrsGFPINT and nptII 

genes were synthesized by PCR from the nptII: ERrsGFPINT cassette using PCR DIG 

Probe synthesis kit (Roche). The primers used for identifying transformants were also 

used to amplify the probes used for Southern blot analysis. Hybridization and detection of 

hybridized probe was according to the manufacturer's instructions for the DIG 

luminescent detection kit (Roche). Chemiluminescence signals from the hybridized 

probes were detected using X-ray film (Kodak) and the film was exposed to the blot for 

six hours. 

 

ERrsGFPINT expression 

To examine GFP expression, the abaxial surface of a leaflet tip was visualized using a 

Nikon® SMZ 1500 fluorescence microscope with a red-shift GFP filter set with 475 nm 

excitation and 510 nm emission detection. The images were collected using a Qimaging® 

camera connected to a MacIntosh G-5 computer equipped with Photoshop version CS-3. 
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Results 

PCR Analysis 

PCR analysis of the genomic DNA from all 17 kanamycin-resistant Rosa ‘Classy’ 

plants produced amplified bands of the correct size for the primers both corresponding to 

both the ERrsGFPINT and the nptII coding sequences. As shown in Fig. 1, the expected 

604-bp ERrsGFPINT band and 234-bp nptII band were found by in all nine pTN211 

transformed plants, indicating the presence of both the nptII and ERrsGFPINT transgenes 

in these plants. In addition, the genomic DNA from the control non-transformed Rosa 

‘Classy’ plant showed no PCR amplification band (Lane N, Fig. 1). Furthermore, all eight 

of the putative pTN111 transformants had both the 604-bp ERrsGFPINT band and 234-bp 

nptII band (data not shown). 

 

Southern blot analysis 

Following PCR analysis, genomic DNA from eight pTN111 transformants and eight 

pTN211 transformants was analyzed using Southern blot hybridization to estimate the 

transgene copy number and the complexity of the integration site(s). Analysis with both 

the DIG-labeled nptII and ERrsGFPINT probes showed the expected hybridization signals 

in both pTN111 and pTN211 transgenic plants while no signal was observed from 

non-transformed plant (Fig. 2 and 3). This confirms that both the nptII and the 

ERrsGFPINT transgenes are integrated into the rose genome. Based on the Southern blot, 

the insertion sites of the T-DNA were identical for all of the pTN111 transformants (Fig. 
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2), which indicates that each of these transgenic plants has the same integration site. 

However, a similar analysis of the pTN211 transformants shows three different patterns 

for T-DNA insertion sites (Fig. 3). The TN211-6, TN211-8 and the rest of TN211 lines 

represented 3 separate integration events as shown by both the nptII and ERrsGFPINT 

transgenes insertion patterns (Fig. 3).  

Since there is only one EcoRI restriction site on the T-DNA region, the minimum 

number of genes inserted into the genome could be estimated by the number of 

hybridization bands on the blot. There are at least three copies of nptII and two copies of 

ERrsGFPINT gene for all pTN111 transgenic plants (Fig. 2). For TN211 lines, TN211-6 is 

likely to have single copies for both of the nptII and ERrsGFPINT transgene linked on the 

T-DNA and integrated in the rose genome (Fig. 3). TN211-8 has multiple copies of the 

nptII and ERrsGFPINT transgenes (Fig. 3). TN211-1, 2, 3, 4, 5 and 7 had the same 

insertion patterns with at least eight copies of nptII and three copies of ERrsGFPINT (Fig. 

3), indicating that these lines are clonal derivatives of the same integration event.  

 

Visualization of ERrsGFPINT expression in transgenic rose leaves 

Expression of ERrsGFPINT was observed from the leaflet abaxial surface of all 

sixteen pTN111 and pTN211 transgenic roses (Fig. 4). There was no background green 

fluorescence signal from non-transformed plant (Fig. 4). Among the TN111 transgenic 

plants, ERrsGFPINT expression was found in all eight clonal lines (Fig. 4 A). Similarly, 

ERrsGFPINT expression was found in all the TN211 transgenic lines (Fig. 4 B). 
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Somaclonal variation in transgenic rose produced using somatic embryos 

Compared to the upright growth habit of non-transformed ‘Classy’, the pTN111 

transformants were the same (Fig. 5 A), however, the pTN211 transformants had a bushy 

growth habit (Fig. 5 B). Further analysis revealed that, although there was no apparent 

variation in the red color of the flowers, both flowers and leaves of pTN211 transformants 

were smaller (Fig. 5 D) compared to the wild type, while those from pTN111 

transformants were close in size to wild type (Fig. 5 C). There were also variations among 

the shapes of the flowers both in pTN111 and pTN211 transformants (Fig. 5 C and D). 

However, flowers from line TN111-7 resembled the wild type flower (Fig. 5 C). Finally, 

replacement of pistil (Fig. 5 E) with a leaf structure was common among all flowers from 

pTN211 transformants. 

 

Discussion 

Both the pTN111 and pTN211 transformants had stable integrated nptII and 

ERrsGFPINT genes as shown by PCR analysis and Southern hybridization. Expression of 

ERrsGFPINT gene was further confirmed using fluorescence microscopy. These data show 

that the transformation system works well for transforming the long stem elite rose 

cultivar ‘Classy’. Our transformation system will likely also work with other long stem 

elite rose cultivars. 

The minimum length of each integrated transgene regions possible within our T-DNA 
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region without being truncations are 2156 bp for CaMV35S : ERrsGFPINT , 1397 bp for 

CaMV35S:nptII and 1253 bp for nosP:nptII . In our transgenic roses, there were no 

indications for any truncation on any of the four blots (Fig. 2 and 3), which indicated that 

our estimation of transgene copy numbers is appropriate. Since analysis of TN111 

transgenic plants showed the same insertion patterns for both nptII and ERrsGFPINT, all of 

the transgenic TN111 plants were likely to be derived from the same somatic embryo.  

In contrast, there were three different transgene integration patterns found for the TN211 

transgenic plants representing at least three independent transformation events during 

transformation of the somatic embryos. However, our DNA gel blots also showed 

evidence of clonal derivatives, as TN211-1, 2, 3, 4, 5 and 7 had the same insertion pattern 

for both nptII and ERrsGFPINT transgenes. TN211-6 was likely to have single copy of 

nptII and ERrsGFPINT gene in the genome but qPCR would be necessary for confirmation. 

TN211-8 had several bands with strong signal intensity, complicating any estimation of 

transgene copy number. It was highly likely that concatemers of both genes exist in the 

genome of TN211-8 based upon the band intensities. Taken together our data suggested 

that the pTN211 binary vector was more effective for producing transformed roses than 

the pTN111binary vector since more individual events were produced by TN211. It 

should be noted that the pTN111 includes two CaMV35S promoters that drive nptII gene 

as well as the ERrsGFPINT transgene. It is well-known that when multiple CaMV35S 

promoters are used, the likelihood for gene silencing increases, which, in our case, would 

have resulted in an increased susceptibility to kanamycin.  
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Stable transgene expression is crucial for plant genetic transformation. However, gene 

silencing has been frequently observed in transgenic plants such as tobacco (Hobbes et al., 

1990). Since our transgenic rose plants were obtained without meiosis, gene silencing, 

which may be more likely in homozygous progeny, is less likely in primary hemizygous 

transformants (Meyer, 2000). In our experiment, ERrsGFPINT gene expression was 

observed for all sixteen transgenic lines (Fig. 4). Therefore, all the transformants did not 

suffer from gene silencing. However, the levels of ERrsGFPINT gene expression were 

difficult to tell since fluorescence was difficult to quantify. To determine if differences of 

ERrsGFPINT gene expression were occurring, quantification of the mRNA would be 

necessary. 

In addition to successful transformation, it is critical for a regenerated transformant to 

have a phenotype unaltered from the parent. Although a non-transformed regenerated 

control plant for estimation of somaclonal variation was not included, the variations in 

transgenic plants we saw were deemed likely due to somaclonal variation in contrast to 

variation due to a T-DNA insertion mutation. For example, while the T-DNA insertion 

patterns were different among three of the TN211 transgenic plants, the same phenotypic 

variation occurred. Such variation might be attributed to chromosomal abnormality or 

gene mutation induced or uncovered from tissue culture (Chatani et al., 1996). 

Somaclonal variation in rose associated with regeneration had been reported by Arene et 

al (1993) and the amount of somaclonal variation observed in various transgenic roses 

regenerated through somatic embryogenesis was low (Debener et al., 2009). As we had 
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only sixteen transgenic plants representing a total of 4 insertion events, more transgenic 

plants would be required to study the occurrence of somaclonal variation in elite red rose 

cultivars. In addition, embryogenic lines that were grown longer in culture were more 

likely to have somatic mutations in vitro (Kim et al., 2004). This could be why the TN211 

transgenic plants had more variation than the TN111 transgenic plants. While we have 

successfully transformed an elite rose cultivar, further tests will be required to determine 

the inheritance and the stability of transgene expression. In addition, somaclonal variation 

is undesirable and modifications such as the age of explant and minimizing the time in 

culture will be required to improve our procedure for general use.   
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Figure 1. PCR analysis of the nptII transgene (A) and ERrsGFPINT gene (B) in leaves 
from pTN211 transformed Rosa ‘Classy’. B, blank control; N, non-transformed plant; 
M, 100 bp molecular ladder; 1-9, putative transformed plants; P, vector cascade. 
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Figure 2. DNA gel blot hybridization of pTN111 transformed Rosa ‘Classy’.  
(A) Schematic of pTN111 containing nptII and ERrsGFPINT gene;  
(B) Southern hybridization of the nptII gene. Lanes 1 and 12 contain the DIG labeled molecular 
ladder; Lane 2 contains a negative non-transformed control; Lane 11 contains rose DNA spiked 
with an estimated 1 copy of pTN111 per haploid rose genome (positive control). Lanes 3-10 
contain DNA from TN111 transgenic lines 1-8 respectively.  
(C) Southern hybridization of the ERrsGFPINT gene. Lanes 1 and 12 contain the DIG labeled 
molecular ladder; Lane 2 contains a negative non-transformed control; Lane 11 contains rose 
DNA spiked with an estimated 1 copy of pTN111 per haploid rose genome (positive control). 
Lanes 3-10 contain DNA from TN111 transgenic lines 1-8 respectively. 
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Figure 3. DNA gel blot hybridization of pTN211 transformed Rosa ‘Classy’.  
(A) Schematic of pTN211 containing nptII and ERrsGFPINT gene;  
(B) Southern hybridization of the nptII gene. Lanes 1 and 12 contain the DIG labeled molecular 
ladder; Lane 11 contains a negative non-transformed control; Lane 2 contains rose DNA spiked 
with an estimated 1 copy of pTN211 per haploid rose genome (positive control). Lanes 3-10 
contain DNA from TN211 transgenic line 1-8 respectively.  
(C) Southern hybridization of the ERrsGFPINT gene. Lanes 1 and 12 contain the DIG labeled 
molecular ladder; Lane 11 contains a negative non-transformed control; Lane 2 contains rose 
DNA spiked with an estimated 1 copy of pTN211 per haploid rose genome (positive control). 
Lanes 3-10 contain DNA from TN211 transgenic line 1-8 respectively. 
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Figure 4. Expression of ERrsGFPINT in leaves of pTN111 (A) and pTN211 (B) transformed Rosa ‘Classy’. Upper row, visual light exposure 
(exposure time = 1s); lower row, blue light exposure (exposure time = 10s). 
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Figure 5. Phenotypic comparison of non-transformed and transformed Rosa ‘Classy’. A, comparison of plant growth habit of 
non-transformed and pTN111 transformed plants; B, comparison of plant growth habit of non-transformed and pTN211 transformed plants; C, 
comparison of non-transformed and pTN111 transformed flowers and leaves. From left to right: non-transformed plant, TN111-3, TN111-7, 
TN111-8. Leaves were collected 4 nodes from flower head. Flowers were collected 2 days after opening. D, comparison of non-transformed and 
pTN211 transformed flowers and leaves. From left to right: non-transformed plant, TN211-6, TN211-7, TN211-8. Collections of leaves and 
flowers are same with (C). E, comparison of non-transformed (up) and TN211-1 (down) stamen and pistils. 
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Introduction 

Rose (Rosa hybrida) is one of the most important ornamental crops in the world. In 

2008, the total wholesale value of cut roses in the United States was 23.5 million dollars, 

which was led by California (U.S.D.A. National Agricultural Statistics Service, 2009). 

Unfortunately, the ornamental value of the cut roses is often reduced by fungal diseases.  

Botrytis cinerea, also known as gray mold, is a widespread fungal pathogen that 

infects many fruits and ornamental crops, including roses (Redmond et al., 1987). B. 

cinerea has caused serious economic losses to both the potted rose and the cut rose 

industries (Vrind, 2005).  The damage occurs during various stages of plant growth and 

post-harvest, occurring during storage, transportation, and distribution (van Kan, 2005). 

Since the most important commercial rose cultivars are tetraploid or triploid (de Vries et 

al., 1996), the gene pool is limited (Rout et al., 1999), and it is difficult and 

time-consuming to use conventional cross-breeding to develop new disease resistant roses 

(Gudin., 2001).  

Pre-harvest sprays and postharvest dips of chemical fungicides to rose flowers has had 

limited effect in controlling botrytis (Meir et al., 1998) and new control strategies are 

being sought.  Recent advances in biotechnology and genetic engineering offer the 

potential for developing improved rose varieties with fungal resistance (Hutchinson et al., 

1992; Li et al., 2007; Rout et al., 1999).  

Many attempts have been made to enhance plant resistance to fungal pathogens 

through genetic engineering (Punja., 2001). For example, black spot (Diplocarpon rosae) 
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resistant rose have been obtained by introducing a rice chitinase gene using a biolistic 

transgene delivery system (Marchant et al., 1998). Enhanced resistance to B. cinerea in 

antimicrobial protein expressing geranium produced through agrobacterium-mediated 

transformation has also been reported (Bi et al., 1999).  

One alternative strategy that holds promise for developing broad-range fungus 

resistance in plants is to disrupt a critical step in the virulence pathway required for 

pathogenesis (Solomon et al., 2007). Mannitol, a 6-carbon sugar alcohol, is common and 

widely distributed in fungi (Lewis et al., 1967). Mannitol dehydrogenase (MTD), a 

mannose 1-oxidoreductase isolated from celery root, catalyzes the NAD-dependent 

oxidation of mannitol to mannose (Stoop et al., 1992; Williamson et al., 1995). There are 

several proposed roles for mannitol in fungal development and pathogenesis (Voegele et 

al, 2004). For example, mannitol is thought to quench the reactive oxygen species (ROS) 

that signal defense mechanism used by plant cells (Smirnoff et al., 1989). This, then, 

allows the fungus to establish an infection. In turn, the constitutive expression of MTD in 

tobacco enhances the resistance to Alternaria. alternata, a mannitol-secreting fungal 

pathogen (Jennings et al., 2002).  A final piece of evidence supporting the role of 

mannitol in establishing infection is that A. alternata mutants lacking the ability to 

produce mannitol also lose pathogenicity (Vélëz et al, 2008). Interestingly, MTD appears 

to be a PR-gene that is also induced in response to fungal infection or chemical inducers 

in plants such as arabidopsis and tobacco that do not produce mannitol (Williamson et al., 

1995; Jennings et al., 1998), and are part of the Pathogenesis Related response pathway in 
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Arabidopsis thaliana (Williamson et al., 1995).  

The goal of our study is to determine whether the transgenic expression of celery 

MTD can also be used to develop elite varieties of B. cinerea-resistant rose. In Chapter 

two I described the procedure we developed to transform Rosa ‘Classy’ using 

Agrobacterium strain GV3101 using a CaMV35S promoter driving an er-rsGFP-INT 

reporter gene. Here I describe initial experiments also that also use Agrobacterium strain 

GV3101 containing the CaMV35S promoter to drive a celery mannitol dehydrogenase 

cDNA (MTD) to transform the elite rose cultivars ‘Classy’ and ‘Charlotte’ using somatic 

embryogenesis protocol. 

 

Materials and Methods 

Establishing in vitro sterile stem stocks of Rosa ‘Classy’ and ‘Charlotte’  

 Rose stem cuttings (4-5 cm, with nodes, leaves were removed) were harvested from 

greenhouse-grown stocks, washed in soapy water for 10-15 min with constant stirring, 

and rinsed with tap water until no soap foam was observed. The washed cuttings were 

further cut into smaller segments (1-1.5 cm) with shoot buds in the middle and placed into 

a sterile beaker with 70% ethanol for 1 min. The ethanol was then replaced by 10% 

bleach and washed for 20 min with constant stirring. The bleach was then removed and 

the explants were washed three times with sterile de-ionized water. The washed explants 

were placed in liquid MS medium with 4% PPM (Plant Preservative Mixture TM, Caisson 

Laboratories, UT, USA) and 300 mg/L TimentinTM for 3-4 hours with constant stirring. 
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After the treatment, all explants were placed on shoot proliferation medium (RSP-6) 

supplemented with 1 ml/L PPM and 300 mg/L TimentinTM at 25°C with fluorescent light 

in a light/dark cycle of 16/8 hr. After eight weeks, the explants were examined for 

contamination and contamination free shoots were sub-cultured. The stem stocks were 

transferred to fresh medium (RSP-6) every month. 

   

Growth medium  

Callus induction media (RE and RE5):  

Callus induction (RE) medium was used for cv ‘Classy’ callus induction. RE medium 

contains MS basal salts with MS vitamins (Murashige and Skoog, 1962; Phytotechnology 

Laboratories, KS, USA) with the addition (final concentration) of 5.0 mg/L 2,4-D 

(2,4-Dichlorophenoxyacetic acid), 400 mg/L proline, 30 g/L sucrose, and 2.5 g/L gelrite 

(RPI Corp., Mt. Prospect, IL, US). The pH was adjusted (by adding 1M NaOH, same for 

the other media) to 5.6 - 5.8 prior to autoclaving. Callus induction (RE5) medium was 

used for cv ‘Charlotte’ callus induction. RE5 medium includes the same ingredients as 

RE, but the 2,4-D is reduced to 2.5 mg/L. 

Embryogenic callus induction medium (REP7): 

To induce embryogenic callus REP7 medium was used. REP7 contains MS basal salts 

with MS vitamins with the addition of 1.0 mg/L TDZ (thidiazuron), 400 mg/L proline, 30 

g/L sucrose and 2.5 g/L gelrite. The pH was adjusted to 5.6 - 5.8 prior to autoclaving. 
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Somatic embryos proliferation media (REP21 and REP20): 

Somatic embryos of cv ‘Classy’ were proliferated on REP21 medium, which contains 

MS basal salts with MS vitamins supplemented with 0.2 mg/L TDZ, 3.0 mg/L 2,4-D, 400 

mg/L proline, 30 g/L sucrose and 2.5 g/L gelrite. The pH was adjusted to 5.6 - 5.8. 

Somatic embryos of cv ‘Charlotte’ were proliferated on REP20 medium, which contains 

the same ingredients as REP21 with the 2,4-D and TDZ (Thidiazuron) concentrations 

reduced to 2.0 mg/L and 0.1 mg/L, respectively. 

Agrobacterium tumefaciens Growth: 

Strain GV3101 was grown in yeast extract peptone (YEP) broth, which contains 2% 

(w/v) peptone and 1% (w/v) yeast extract in deionized water. The media was 

supplemented with 100 mg/L spectinomycin and 25 mg/L gentamycin. 

Rose co-cultivation medium: 

The rose co-cultivation medium contains MS basal salts with MS vitamins 

supplemented with 1.0 mg/L 2,4-D, 0.2 mg/L TDZ, 30 g/L sucrose, 2.5 g/L glucose, 30 

mg/L Acetosyringone and 12 g/L agar. The pH was adjusted to 5.6 - 5.8. 

Selection medium for transformed somatic embryos (REP-17S): 

REP-17S medium contains MS basal salts with MS vitamins supplemented with 1.0 

mg/L 2,4-D, 0.2 mg/L TDZ, 400 mg/L proline, 30 g/L sucrose, 2.5 g/L gelrite, 100 mg/L 

kanamycin and 300 mg/L Timentin. The pH was adjusted to 5.6 - 5.8. 
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Rose shoot propagation medium (RSP4): 

RSP4 medium contains LS basal salts with LS vitamins (Linsmaier and Skoog, 1964; 

Phytotechnology Laboratories, KS, USA) was supplemented with 1.0 mg/L BA, 0.05 

mg/L NAA, 0.1 mg/ GA3, 100 mg/L kanamycin, 300 mg/L Timentin, 30 g/L sucrose and 

8.0 g/L agar. The pH was adjusted to 5.6 - 5.8. 

Rose rooting medium (RR5): 

RR5 medium contains half LS basal salts with LS vitamins supplemented with 50 

mg/L kanamycin, 300 mg/L Timentin, 10 g/L sucrose and 8 g/L agar. The pH was 

adjusted to 5.6 - 5.8. 

 

Embryogenic culture induction  

Healthy young leaves were collected from the sterile in vitro grown stem stocks by 

cutting at the petioles. To wound the leaves and for callus induction, small, deep cuts 

were made perpendicular to the central vein of the leaflet using a scalpel. Approximately 

ten cuts were made on each leaflet. The cut leaflets were placed onto RE and RE5 callus 

induction media and incubated in the dark at 25°C.  

Induced calli were transferred after 4 weeks onto REP7 embryogenic callus induction 

medium. The cultures were incubated in the dark at 25°C, and after eight weeks the 

cultures were examined for somatic embryo formation with a dissecting microscope. 

Somatic embryos were removed from the original tissue, transferred onto REP21 and 

REP20 somatic embryos proliferation medium, and incubated in the dark at 25°C. The 
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somatic embryos were separated and transferred onto fresh media every two weeks. The 

original tissue was also transferred biweekly to induce somatic embryos. The somatic 

embryos were proliferated until enough embryos were available for transformation. 

 

Agrobacterium-mediated transformation 

Agrobacterium tumefaciens strain GV3101 containing a pPZP211 binary vector based 

plasmid (Hajdukiewicz et al., 1994), which confers kanamycin-resistance along with a 

celery mannitol-dehydrogenase (Williamson et al., 1995) driven by a cauliflower mosaic 

virus (CaMV) 35S promoter (TN214) (kindly provided by Dr. Thanh-Tuyen Nguyen). 

One day before the transformation, 500 μl of an Agrobacterium permanent stock were 

inoculated into 2 ml of YEP medium containing 100 mg/L spectinomycin and 50 mg/L 

gentamycin. The culture was placed on rotary shaker at 220 rpm and incubated 17h 

(overnight) at 28°C. Two ml of the overnight culture was diluted with 20ml fresh YEP 

media containing 100 mg/L kanamycin and 50 mg/L gentamycin.  

The diluted culture was placed on the shaker at 220 rpm at 28°C for 4 hours and the 

cells were collected by centrifugation at 850×g for 30 min. The pellet was re-suspended 

in 20 ml of MS containing 30 g/L sucrose, 2.5 g/L glucose and 20 mg/L acetosyringone 

(4-hydroxy-3’,5’-dimethoxyacetophenone) and the culture was placed on the shaker at 

220 rpm at 28°C for 1 hour. Twenty ml of the culture was further diluted with 180 ml MS 

medium and the OD600 was adjusted to 0.1 - 0.2. The diluted culture and the somatic 

embryos, which had been sliced into small pieces, were mixed on a petri plate and 
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vacuum infiltrated (- 0.82 bar; 100kPs) for 15 minutes. Excess liquid was removed from 

the plate and the inoculated somatic embryos were transferred onto rose co-cultivation 

medium and incubated in the dark for 96 hours at 25°C. 

Somatic embryos were then collected and washed three times by shaking gently for 2 

minutes per wash in a solution of MS containing 300 mg/L timentin and 100 mg/L 

kanamycin. The washed embryos were then blotted on sterile paper towels and placed 

onto REP-17S selection medium. 

 

Selection and regeneration 

The inoculated somatic embryos were then incubated in the dark at 25°C, and 

kanamycin-resistant tissue was transferred biweekly onto fresh REP-17S selection media. 

After three to four months of selection and growth, the kanamycin-resistant somatic 

embryos were transferred onto rose shoot propagation medium RSP4 containing 100 

mg/L kanamycin and incubated under white fluorescence light at 25°C using a 16/8 h 

light/dark cycle. The kanamycin-resistant tissue was transferred biweekly. The cultures 

were transferred from plates to magenta boxes when shoot structures appeared. 

Shoot growth was continued five to six months until they were firm and filled the 

magenta box. Shoots were then excised at the base and transferred onto rose rooting 

medium RR5 to induce adventitious root formation. The rooting shoots were incubated at 

under white fluorescence light at 25°C with a 16/8 h light/dark cycle. 
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Plant recovery 

Adventitious roots formed after 5 to 6 months and putative transformants were 

transferred from rooting medium to cell packs containing Fafard® 4P Mix (Conrad Fafard 

Inc., Agawam, MA, US). The cell packs were placed in Intellus® environmental 

controllers (Percival Scientific, Inc., IA, USA) under white fluorescence light at 25°C 

using a 16/8 h light/dark cycle and high humidity. 

After three months of further growth, the plants were transplanted into 6.5 inch plastic 

pots and placed in a misting bed in the greenhouse with a 25°C /18°C day/night cycle for 

one month. The plants were then transferred to a glass-covered greenhouse at a 

21°C/13°C day/night temperature cycle and fertilized with Osmocote® 14-14-14 (Scotts 

Inc., Marysville, OH, US). 

 

  Results  

New transparent and white clusters of calli formed within 4 weeks following transfer 

of wounded rose leaves onto callus induction medium (Fig 1A). Upon transfer onto 

embryogenic callus induction medium, calli gradually browned and the remainder of the 

leaf yellowed (Fig 1B). Somatic embryos along with friable embryogenic calli formed on 

the top of the original calli (Fig 1C and D) after eight weeks. After two to three additional 

weeks, the somatic embryos grew larger (Fig 1E). The majority of the 

Agrobacterium-infected somatic embryos turned brown after two weeks on selection 

medium (Fig 1G); however, approximately 10% survived and proliferated.  
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Following exposure to white fluorescence light, the surviving embryos turned green 

within one week (Fig 1F). Many adventitious shoots formed on one cluster (Fig 1H), but 

only a few differentiated into normal shoots (Fig 1I). These were transferred into the 

magenta boxes to allow further growth. The selected shoots included five from ‘Classy’ 

and nine from ‘Charlotte’. The selected shoots were then transferred onto rooting media 

(RR5) to induce adventitious roots (Fig 1J). We found that all of the ‘Classy’ shoots were 

likely to have been escapes as they became yellow and died, while four ‘Charlotte’ shoots 

survived. The rooted 'Charlotte’ shoots were first transferred into small plastic cell 

containers and placed in a growth chamber for hardening under white fluorescence light 

at 25°C using a 16/8 h light/dark cycle (Fig 1K). Three putative transgenic 'Charlotte' 

survived the hardening process after one month and were eventually transferred into 6.5 

inch pots for continued growth in the greenhouse (Fig 1L). 

The three putative transformants were healthy, but had smaller leaves and thinner 

stems when compared with the wild type ‘Charlotte’ roses at the same growth stage (Fig 2 

A and B). The putative transformants also produced flowers that were smaller than the 

wild type flowers (Fig 2B) and the sepal showed variation of leaf like structure (Fig 2C), 

which was likely to be somaclonal. Nevertheless, the color and shape of the flower did 

not change when compared with the wild type flowers (Fig 2B). 
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Discussion 

We have successfully obtained putative transformants of Rosa ‘Charlotte’, which 

demonstrates that this elite long-stemmed rose cultivar is also transformable using 

Agrobacterium tumefaciens strain GV3101. Although our procedure produced three 

putative transformants, rose species are difficult to transform (Dohm et al., 2001). 

In the experiments described in this Chapter, we were able to produce putative MTD 

transformants of Rosa ‘Charlotte’, but not Rosa ‘Classy’. In contrast to the results shown 

in Chapter 3, the regenerating shoots of the putative MTD Rosa ‘Classy’ transformants 

died during the selection process. Our results here showed that Rosa ‘Charlotte’ 

transformation is possible. However, since the total number of putative transformants was 

only three, a clear comparison between the transformation efficiencies of the two cultivars 

was not possible. It is interesting that the number of somatic embryos generated from 

‘Charlotte’ was actually higher than the number of somatic embryos formed from ‘Classy’ 

in this experiment. Results from ongoing transformation studies, using a modified 

protocol and embryogenic callus instead of somatic embryos (Krasnyanski, unpublished), 

showed that Rosa ‘Classy’ transformants could be produced with efficiencies that appear 

to be greater than the efficiencies from our somatic embryo protocol. 

Several factors may have decreased the production of transformants in our 

experiments. Many regenerating somatic embryos produced abnormal shoots, which 

eventually aborted. It was also likely that, while normal adventitious shoot formation did 

occur, many shoots were escapes (Birch, 1997) and thus were sensitive to kanamycin. 
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This was perhaps a result of the fact that shoot growth was often at the top the 

regenerating callus with indirect contact to the selection medium. This would increase the 

likely-hood of escape from the selective effect of the kanamycin. When transferred onto 

the shooting propagation medium with direct contact to the kanamycin, the shoot escapes 

quickly died.  

As described in Chapter 3 for the somaclonal variation in ‘Classy’ transformants, the 

‘Charlotte’ transformants had also high levels of somaclonal variation in the sepals. Our 

observations were consistent with the idea that somaclonal variation might be an inherent 

problem found when somatic embryos were cultured for long periods of time. While it is 

beyond the scope of the present work, molecular analysis using PCR or DNA gel blots 

will be required to confirm whether the putative ‘Charlotte’ transformants are truly 

transformed. As for any transformant, additional study will be necessary to determine 

whether the expression of the mannitol dehydrogenase (MTD) transgene is stable. After 

stable MTD-expressing lines are identified our bioassay described in Chapter 2 can be 

used to evaluate whether the transgenic roses are resistant to botrytis. 
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Figure 1. Rosa ‘Charlotte’ tissue culture and regeneration after transformation. A: Calli induced from leaf. B: Calli turning brown on 
embryogenic callus induction medium. C: Somatic embryo generation. D: Embryogenic callus generation. E: Proliferating somatic embryo. F: 
Treated somatic embryos turning green when exposed to light. G: Treated somatic embryos on selection. H: Adventitious shoots formation on 
the callus. I: Regenerated shoots growing in magenta box. J: Adventitious root formation. K: Hardening the roses in the chamber. L: Roses 
grown in the greenhouse. 
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    Figure 2. Comparison of Rosa ‘Charlotte’ wild type and transformants with mannitol dehydrogenase. A: Whole plant comparison of 

5 months old wild type (left) and transformant (right) rose. B: Comparison of wild type (one on the left) and transformant (two on the 
right) leaf and flower. The flowers are 4 days old and the leaves are collected as the third leaf from the flower head. C: Leaf like 
structure on the sepal of the transformant flower.  
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Global gene expression change in response to bent neck of cut roses 
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Introduction 

Rose (Rosa hybrida) is one of the most important ornamental crops in the world. In 2008, 

the total wholesale value of cut roses in the United States was $23.5 million with California a 

leading state (U.S.D.A. National Agricultural Statistics Service, 2009). The general import 

value of rose cut flowers is even greater, at approximately $317 million in 2009 (U.S.D.A., 

Global Agricultural Trading System). Postharvest quality of cut roses affects their vase life 

and is vital for the profitability of the cut flower industry. However, the quality of cut roses is 

often reduced due to bent neck and petal bluing (Zieslin, 1989).  

Bent neck is a common postharvest problem in cut roses. The physical symptoms were 

bending of the peduncle due to loss of rigidity (Zieslin, 1989; van Doorn, 1989). Bent neck 

was primarily thought to be associated with the water balance of the cut flower (Mayak et al., 

1974). This was thought to be due to xylem occlusion, which might result in insufficient 

water uptake (Burdett, 1970). Bacteria in the vase water were thought to be responsible for 

the xylem occlusion and a number of associated strains had been identified (Put and Jansen, 

1989; de Witte et al., 1988; Robinson et al., 2007). Cavitation following bacterial occlusion 

further exacerbated the water deficit in the rose stem (Bleeksma et al., 2003). Bent neck was 

also related to peduncle fiber content and secondary thickening and lignification of peduncle 

vascular elements (Kesta et al., 1990; Bhattacharjee et al., 2005). Hormones, such as 

gibberellins and auxins, are also known to affect the growth and rigidity of the rose 

peduncles (Zieslin et al., 1989). The addition of antibiotic substances such as 

hydroxyquinoline citrate or toxic peptides such as Tachyplesin I into the vase water helps 

alleviate the water deficit and bent neck symptoms (Florack et al., 1996; van Doorn et al., 
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1990). 

 An additional problem that is especially associated with cut roses is petal bluing, which 

indicates the senescence of the cut flower (Halevy et al., 1979). The major pigment in red 

rose petal was the anthocyanin, cyanidin 3,5-diglucoside (Lindstrom et al., 1963). Petal 

bluing in rose was due to the co-pigment complex of cyanidin 3,5-diglucoside and quercetin 

and kampferol glycosides (Asen et al., 1971). As petals aged, the pH increased in the vacuole. 

This resulted from an increase in free cellular ammonia due to proteolysis (Marousky et al., 

1985). The resulting increase in permeability of the vacuole membrane and pH (Barthe et al., 

1993) then produced the petal bluing (Asen et al., 1971). Sucrose and other 

carbohydrate-based preservatives were effective in reducing petal bluing and prolonging the 

cut rose vase life (Kesta et al., 2007; Marousky et al., 1985; Halevy et al., 1979). 

 Although rose bent neck and petal bluing symptoms could be alleviated through various 

postharvest treatments, the basic underlying molecular responses are still not clear. Recent 

advances in genomics technology have made it possible to study flower senescence in detail 

at the molecular level. Wagstaff et al (2005) used cDNA microarrays to study the global gene 

expression change at different stages during Alstroemeria petal senescence. Gene expression 

profiles of iris and carnation flowers during senescing were also obtained and compared 

using cDNA microarrays (van Doorn et al., 2005). Very recently, high throughput 

deep-sequencing technologies have been used in global gene expression profiling (Goes da 

Silva et al., 2005; Li et al., 2010). Deep sequencing has a great advantage over microarray 

analysis because it is not dependent upon hybridization, which is a major limitation of 

microarrays, and allows expression analysis of an entire cDNA pool. This approach is 
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especially advantageous when studying gene expression in a genome that has not been 

sequenced, such as rose. Here our objective is to compare the global gene expression changes 

that occur between two cultivars of cut roses at different stages during bent neck and petal 

bluing using high throughput deep-sequencing technology. 

 

Materials and Methods 

Plant material and experiment design. 

Fresh cut rose flowers of two red cultivars ‘Forever Young’ and ‘Freedom’ were obtained 

from Sunburst Farms (Colombia, South America). Upon receipt, stems were cut to 45 cm and 

the foliage was removed from the bottom part of the stem. Thirty-six stems of each cultivar 

with uniform length, stem thickness and flower size were selected. Three stems of cut roses 

of the same cultivar were placed in one jar with 400 ml deionized water. The jars were placed 

on the bench in a controlled environment at 21°C with 12 hours light (20 - 40 μmol m-2 s-1) 

per day and humidity controlled between 40% - 60%.  

 Peduncles and petals from six stems of each cultivar were harvested 24 hours after the 

experiment was commenced (Fig. 3A). The samples were immediately snap-frozen in liquid 

nitrogen. The initial rose tissues were harvested as “normal” (Fig. 3A) and then the 

remaining stems were monitored for the appearance of peduncle bending and petal bluing. 

The peduncles collected upon initial loss of rigidity were classified as Bent Neck Stage 1 (Fig. 

3B) and flower heads bent perpendicular to the stem were classified as Bent Neck Stage 2 

(Fig. 3C). The petals were also collected when the symptoms of petal bluing occurred. The 

collected materials were stored at -70°C. 
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Total RNA extraction, cDNA library construction and purification. 

Total RNA from Rosa ‘Freedom’ and ‘Forever Young’ peduncles and petals from the 

aforementioned stages was extracted according to the manufacturer's instructions using a 

SpectrumTM plant total RNA kit (Sigma-Aldrich, St. Louis, MO, USA). The quality of the 

extracted RNA was examined on 1.5 % agarose gel stained with ethidium bromide and 

quantified using a Nanodrop® spectrophotometer ND-1000. 

The cDNA library for each stage was made using a TransPlex® complete whole 

transcriptome amplification kit (Sigma-Aldrich, St. Louis, MO, US). Following the 

manufacturer’s suggestion, cDNA library synthesis was followed by limited PCR 

amplification due to the poor initial cDNA yields. The quality of the cDNA library was again 

examined on a 1.5 % agarose gel stained with SYBR® Green I nucleic acid gel stain 

(Sigma-Aldrich) and quantified using a Nanodrop® spectrophotometer ND-1000. The cDNA 

libraries were further purified with a QIAquick® PCR purification kit (QIAGEN, Valencia, 

CA, USA) and again tested for quality of the purified cDNA and quantified using Nanodrop® 

spectrophotometer ND-1000. The 400-800 bp fragments of cDNA library were selected using 

QIAEXII® gel extraction kit (QIAGEN). Quality of the selected cDNA was evaluated using 

the same process as the previous step. 

 

cDNA library sequencing and data analysis. 

The cDNA library samples were sequenced on Illumina® (San Diego, CA, US) 

sequencing platform and all preparation and sequencing steps were conducted according to 
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the manufacturer's procedures provided for the Illumina® GAIIx sequencing system. The 

cDNA samples were end-repaired and adapters were added. The prepared samples were put 

into the flow cell with pre-filled reagents and placed into the cBot cluster generation system 

to generate clusters. After cluster generation, the flow cell, with pre-filled reagents, was 

placed in the Illumina® GAIIx system for sequencing. The read length was set to 2 × 75bp 

and samples were analyzed for 6-7 days. Sequencing results were obtained through the 

standard data collection and analysis software available for the sequencing system.  

The EST (Expression Sequence Tag) sequences were trimmed to eliminate a 23 bp 

degenerate dT sequences using CLC Genomics Workbench software (CLC bio, Denmark) 

and the ESTs were further trimmed to eliminate low quality reads (Phred quality score that 

was lower than 10) using the same software. The trimmed ESTs were used to perform de 

novo assembly using CLC software to obtain contigs. A contig is a continuous DNA 

sequence assembled from overlapping cloned fragments (Kendrew and Lawrence, 1994). The 

contigs were annotated by BLAST (Basic Local Alignment Search Tool) (Altschul et al., 

1990) against the Genbank nr (all non-redundant Genbank CDS; 

http://www.ncbi.nlm.nih.gov). 

 

Results 

Sample description and symptom onset  

The cut rose ‘Freedom’ showed bent neck and petal bluing symptoms sooner than 

‘Forever Young’, which was consistent with previous observations (Regina Ali, unpublished). 

‘Freedom’ showed symptom of Bent Neck Stage 1 in one week and symptom of Bent Neck 
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Stage 2 in two weeks. Although RNA was isolated from all ten sample groups of 'Freedom' 

and 'Forever Young' (bent neck and bluing), cDNA libraries were prepared from only seven, 

including: ‘Freedom’ healthy neck, ‘Freedom’ bent neck stage 1, ‘Freedom’ healthy petal, 

‘Freedom’ blue petal, ‘Forever Young’ healthy neck, ‘Forever Young’ bent neck stage 1 and 

‘Forever Young’ healthy petal. 

 

cDNA expression analysis 

The cDNA libraries of ‘Freedom’ healthy neck (group DHN) and ‘Freedom’ bent neck 

stage 1 (group DBN) were sequenced and produced 10,396,926 and 10,531,029 total ESTs 

respectively. After trimming for high quality reads with Phred (Ewing et al., 1998a,b) quality 

score greater than 10, the ESTs were reduced to 2,691,474 and 3,207,880 respectively. The 

ESTs were de novo assembled into 380 contigs for group DHN and 961 contigs for group 

DBN. All the contigs were annotated using Genbank nr. 

According to the annotations, the contigs were classified into three categories: higher 

plant, bacteria and other species. As would be expected, the higher plant category included 

the major proportion of the contigs in both groups (Fig. 1). In contrast, the bacteria category 

contributed only a small number for both the DBN and the DHN groups (Fig. 1). 

Within the higher plant category, the total number of contigs from the DHN and DBN 

groups was 277 and 784, respectively, with 125 overlapping contigs for each group (Fig. 2), 

which indicated a common set of genes expressed in both DHN and DBN. Interesting there 

were 152 DNH and 659 DBN contigs that were unique to the specific group, suggesting that 

major alterations in gene expression occurred during the onset of bent neck in 'Freedom'.  
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An initial summary of the overlapping contigs with the greatest expression abundance, 

according to the EST number, was performed to rank and compare the DHN and DBN 

groups (Table 1). Both the DHN and DBN samples had a large number of mitochondrial, 

chloroplast and ribosomal RNA sequences. However, the predominant EST found in the 

DBN sample had high homology to the glycine-rich protein A3 from Oryza sativa, which 

encoded a cell wall protein (Table 1) and was expressed nearly 800-fold higher than the 

transcript level that was present in the DHN sample (53,182 versus 68 ESTs). It is important 

to note that these values were not normalized, but a similar comparison of an EST identified 

as a Fragaria ananassa metallothionein-like mRNA was very similar in both DHN and DBN 

RNA, with 3,570 and 2,731 ESTs, respectively (Table 1). Meanwhile, the non-overlapping 

contigs that had most expression abundance were also ranked and compared (Table 2). The 

contigs were rich in ribosomal RNA for both groups. Examples of genes that were expressed 

specifically in the DBN sample included trehalose-6-phosphate synthase /phosphatase-like 

protein, β-xylosidase, a putative laccase, heat shock protein, and thioredoxin (Table 2). 

 

Discussion 

Cut stems of Rosa ‘Freedom’ were more susceptible to bent neck and petal bluing 

symptoms than those of Rosa ‘Forever Young’ (Regina Ali, unpublished). As peduncle 

bending and petal bluing increased the corresponding quality and quantity of the extracted 

RNA decreased. It was not possible to extract RNA from 'Forever Young' and 'Freedom' at 

bent neck stage 2 or from blue petals from 'Forever Young'. It is likely that the RNA in all of 

these samples was severely degraded, possibly due to a more advanced level of programmed 
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cell death (Xu and Hanson, 2000). 

The majority of the contigs were annotated to be higher plant sequences, especially in the 

Rosaceae family. The bacterial contigs were also expected since bacteria were likely growing 

on the peduncles (Put and Jansen, 1989). Contigs annotated from other species may have 

been due to either the occurrence of homologous sequences annotated from animal but not in 

plants or sample contamination (Rodrigue et al., 2009). The contamination was possibly 

resulted from library construction process (Hosono et al., 2003). However, it was difficult to 

address with complete confidence on contamination due to lack of reference genome 

(Rodrigue et al., 2009). The large number of contigs annotated as mitochondrion, chloroplast 

or ribosomal sequences was likely due to the procedure used to synthesize the cDNA, which 

relied on amplification with random primers. However, despite the presence of these 

sequences, comparison of the contigs of DHN group and DBN group revealed useful insight 

into the initiation of peduncle bending (bent neck) at the molecular level. 

For example, an increased level of expression of both β-galactosidase and β-xylosidase 

might be responsible for the rose peduncle flaccidity. Both β-galactosidase and β-xylosidase 

were found in strawberry fruit during ripening and were repressed by auxin (Trainotti et al., 

2001; Martinez et al., 2004). β-xylosidase could also be induced by ABA (Bustamante et al., 

2009). These two enzymes had been shown to be associated with softening of ripening 

strawberry fruits by degrading galactose and xylose, which were components of the cell wall 

(Trainotti et al., 2001; Martinez et al., 2004). Meanwhile, expression of β-xylosidase had 

been shown to be strongly associated with receptacle tissues of strawberry (Martinez et al., 

2004). No expression of β-xylosidase was detected in vegetative (root, leaf, stem) or 
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reproductive (sepal, petal, stamen) tissues (Martinez et al., 2004). In strawberry, auxin 

produced by achenes stimulated receptacle expansion during fruit development while it 

simultaneously inhibited fruit ripening (Given et al., 1988). As strawberry fruit ripened, 

reduced auxin level correlated with increased β-xylosidase expression and activity (Martinez 

et al., 2004; Bustamante et al., 2009). Therefore, β-galactosidase and β-xylosidase might 

contribute to the bent neck in rose by accelerating cell wall degradation at the peduncle. The 

highly expressed ESTs representing glycine-rich proteins in DBN also indicated cell wall 

degradation since it was part of a plant repair system of protoxylem (Ringli et al., 2001). 

Other genes that were more highly expressed in the DBN than in the DHN samples 

indicated that an increased level of water stress occurred. For example, trehalose-6-phosphate 

synthase /phosphatase-like protein, an indicator for water stress, was increased in DBN. 

Trehalose-6-phosphate synthase was induced by water stress due to drought (Zhao et al., 

2000) and helped enhance plants drought tolerance (Holmström et al., 1996). This was in 

agreement with previous research that insufficient water uptake due to xylem occlusion 

resulted in bent necks (Burdett, 1970). Meanwhile, stress resistance-related genes, such as 

genes coding for heat shock protein and thioredoxin, were also found to have higher 

expression in the DBN samples. Heat shock proteins help plants to survive under abiotic 

stress (Vierling, 1991), whereas, thioredoxin helps to protect cell against oxidative stress 

resulting from desiccation (Serrato et al., 2003). 

The DBN samples also had an increased expression of senescence or abscission-related 

genes, such as laccase. Expression of laccase can be induced by ethylene and is correlated 

with plant ethylene sensitivity (Ahmadi et al., 2009). 
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Our data were consistent with a model in which rose bent neck was likely to be due to an 

integrated effect of water stress and cell wall degradation of the peduncle. However, further 

analysis of the sequencing results, such as gene ontology classification according to function 

would be required to increase our understanding of how bent neck occurred and possible 

strategies for preventing it. The sequencing of the cDNA libraries of ‘Forever Young’ healthy 

and bent neck and ‘Freedom’ healthy and blue petals were still in process. A similar analysis 

would be performed once the data were obtained. 
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Figure 1. Classification of contigs into higher plant, bacteria, and other species 
categories. A, ‘Freedom’ healthy neck (DHN) contigs; B, ‘Freedom’ bent neck stage 1 (DBN) 
contigs. 
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Figure 2. Comparison of Freedom’ healthy neck (DHN) contigs and ‘Freedom’ bent 
neck stage 1 (DBN) contigs. Yellow area indicates non-overlapping contigs in DHN; Orange 
area indicates overlapping contigs of DHN and DBN; Pink area indicates non-overlapping 
contigs in DBN 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 100

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Rosa ‘Forever Young’ cut flower peduncle bending process. A, healthy neck 
(Peduncle was rigid); B, bent neck stage 1 (Peduncle initially showed flaccidity); C, bent 
neck stage 2 (Flower head bent perpendicular to the stem). 
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Table 1. Summary of top 24 overlapping contigs with the most abundant (No. of ESTs) expressed transcripts. 
 

‘Freedom’ healthy neck group (DHN)  ‘Freedom’ bent neck stage 1 group (DBN) 
Contig 
ID 

No. of 
ESTs 

Accession 
No. 

BLAST 
Annotation 

 Contig 
ID 

No. of 
ESTs 

Accession 
No. 

BLAST  
Annotation 

Contig 
208 

45862 FJ895894 
 

Chloroplast gene 
[Cynomorium songaricum] 

 Contig 
183 

53182 GQ848071 
 

KCG211E12 glycine-rich protein 
A3[Oryza sativa] 

Contig 
217 

18153 GQ983594 
 

26S ribosomal RNA gene  
[Viburnum opulus] 

 Contig 
666 

22744 GU363535 
 

Chloroplast sequence 
[Fragaria vesca] 

Contig 
178 

17683 GQ220323 
 

Mitochondrion sequence 
[Vitis vinifera] 

 Contig 
940 

15953 XM_00252
9348 

Signal recognition particle 
receptor alpha subunit 
[Ricinus communis] 

Contig 
188 

14542 GU363534 Mitochondrion sequence 
[Fragaria vesca] 

 Contig 
667 

9297 GU363534 Mitochondrion sequence 
[Fragaria vesca] 

Contig 
216 

13329 XM_00232
5593 

Predicted protein 
[Populus trichocarpa] 

 Contig 
659 

8885 EU024828 
 

Clone fosmid 11D02 sequence 
[Fragaria vesca] 

Contig 
218 

11838 XM_00231
7368 

Predicted protein 
[Populus trichocarpa] 

 Contig 
863 

6342 GQ220323 
 

Mitochondrion sequence 
[Vitis vinifera] 

Contig 
79 

7502 XM_00232
0978 

Predicted protein 
[Populus trichocarpa] 

 Contig 
609 

6320 AY935820 
 

26S ribosomal RNA 
[Prunus persica] 

Contig 
179 

5970 AB268587 NAD-dependent sorbitol 
dehydrogenase 
[Fragaria x ananassa] 

 Contig 
707 

3941 AJ278705 
 

Beta-galactosidase 
[Fragaria x ananassa] 

Contig 
184 

5017 GU363534 Mitochondrion sequence 
[Fragaria x ananassa] 

 Contig 
708 

3418 FJ422371 
 

18S ribosomal RNA 
[Rosa majalis] 

Contig 
69 

4747 XM_00228
4799 

Hypothetical protein 
LOC100246665 [Vitis vinifera] 

 Contig 
205 

3020 GU363535 
 

Chloroplast sequence 
[Fragaria vesca] 

Contig 
182 

4407 GU363535 
 

Chloroplast sequence 
[Fragaria vesca] 

 Contig 
149 

2997 EU024828 
 

Clone fosmid 11D02 sequence 
[Fragaria vesca] 

Contig 
272 

3570 AY860532 Metallothionein-like protein 
[Fragaria x ananassa] 

 Contig 
692 

2731 AY860532 Metallothionein-like protein 
[Fragaria x ananassa] 
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Table 1. (Continued) Summary of top 24 overlapping contigs with the most abundant (No. of ESTs) expressed transcripts. 
 

‘Freedom’ healthy neck group (DHN)  ‘Freedom’ bent neck stage 1 group (DBN) 
Contig 
ID 

No. of 
ESTs 

Accession 
No. 

BLAST 
Annotation 

 Contig 
ID 

No. of 
ESTs 

Accession 
No. 

BLAST  
Annotation 

Contig 
359 

3517 EU024828 
 

Clone fosmid 11D02 
[Fragaria vesca] 

 Contig 
145 

2372 GU363535 
 

Chloroplast sequence 
[Fragaria vesca] 

Contig 
95 

2821 AM467192 Whole genome shotgun 
sequence [Vitis vinifera] 

 Contig 
704 

2365 GU363535 
 

Chloroplast sequence 
[Fragaria vesca] 

Contig 
183 

2757 GU363535 
 

Chloroplast sequence 
[Fragaria vesca] 

 Contig 
694 

2247 GQ983594 
 

26S ribosomal RNA 
[Viburnum opulus] 

Contig 
248 

2172 GU363534 
 

Mitochondrion sequence 
[Fragaria vesca] 

 Contig 
712 

1875 AY860532 Metallothionein-like protein 
[Fragaria x ananassa] 

Contig 
264 

1995 GU363535 
 

Chloroplast sequence 
[Fragaria vesca] 

 Contig 
710 

1670 DQ185432 
 

Clone a11 defense-related 
mRNA [Rosa roxburghii] 

Contig 
256 

1221 AJ278705 
 

Beta-galactosidase 
[Fragaria x ananassa] 

 Contig 
886 

1297 XM_00229
9012 

Predicted protein 
[Populus trichocarpa] 

Contig 
249 

1064 DQ185432 
 

Clone a11 defense-related 
mRNA [Rosa roxburghii] 

 Contig 
262 

1274 EF119787 
 

MESSH-243 mRNA 
[Oryza meyeriana] 

Contig 
357 

970 L44142 
 

Duch. auxin-repressed mRNA 
[Fragaria x ananassa] 

 Contig 
700 

1263 EF157299 
 

Metallothionein-like protein 
MT1A [Salix matsudana] 

Contig 
243 

969 XM_00232
0414 

Predicted protein 
[Populus trichocarpa] 

 Contig 
663 

1242 EF148608 
 

Clone WS0134_N20 unknown 
mRNA [Populus trichocarpa] 

Contig 
244 

886 AY935820 
 

26S ribosomal RNA 
[Prunus persica] 

 Contig 
594 

1052 XM_00232
0414 

Predicted protein 
[Populus trichocarpa] 

Contig 
260 

827 Z86091 
 

TCTP protein 
[Fragaria x ananassa] 

 Contig 
696 

1045 AF061740 
 

Asparagine synthetase 
[Elaeagnus umbellata] 

Contig 
199 

772 EF119787 
 

MESSH-243 mRNA 
[Oryza meyeriana] 

 Contig 
872 

946 XM_00230
9242 

Predicted protein 
[Populus trichocarpa] 
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Table 2. Summary of top 24 non-overlapping contigs with the most abundant (No. of ESTs) expressed transcripts. 
 

‘Freedom’ healthy neck group (DHN)  ‘Freedom’ bent neck stage 1 group (DBN) 
Contig 
ID 

No. of 
ESTs 

Accession 
No. 

BLAST 
Annotation 

 Contig 
ID 

No. of 
ESTs 

Accession 
No. 

BLAST  
Annotation 

Contig 
238 

14014 DQ320658 
 

Xyloglucan endo- 
transglucosylase/hydrolase 2 
[Rosa x borboniana] 

 Contig 
870 

57073 GQ983577 
 

18S rRNA 
[Triplostegia glandulifera] 

Contig 
377 

13021 EU870437 
 

cinnamyl alcohol 
dehydrogenase 
[Leucaena leucocephala] 

 Contig 
722 

30246 AY428812 
 

26S large subunit rRNA 
[Quercus suber] 

Contig 
257 

10394 FM164946 
 

18S rRNA 
[Rosa eglanteria] 

 Contig 
586 

21120 EZ271288 
 

Contig14391 mRNA 
[Artemisia annua] 

Contig 
198 

5961 X58118 
 

26S rRNA 
[Fragaria x ananassa] 

 Contig 
664 

11277 DQ008735 
 

Small subunit rRNA 
[Pleea tenuifolia] 

Contig 
341 

4505 AF479099 
 

26S rRNA 
[Zelkova serrata] 

 Contig 
574 

10580 AY486104 
 

Beta xylosidase (Xyl1) 
[Fragaria x ananassa] 

Contig 
230 

4177 EZ260736 
 

Contig3839 mRNA 
[Artemisia annua] 

 Contig 
829 

9617 DQ122933 
 

26S rRNA 
[Passiflora multiflora] 

Contig 
119 

2833 BT033075 
 

Unknown protein (At1g30230)  
[Arabidopsis thaliana] 

 Contig 
147 

5848 GQ368599 
 

26S large subunit rRNA 
[Scouleria aquatica] 

Contig 
237 

2012 AM458891 
 

Genome shot gun sequence 
[Vitis vinifera] 

 Contig 
717 

5553 FJ947109 18S rRNA 
[Rosa mollis] 

Contig 
189 

1422 DQ185422 
 

Clone A6 defense-related 
mRNA [Rosa roxburghii] 

 Contig 
891 

4363 EU603403 
 

Putative laccase 
[Rosa hybrida] 

Contig 
192 

1049 AM483774 
 

Contig VV78X182226.9  
[Vitis vinifera] 

 Contig 
885 

4162 AY486104 
 

Beta xylosidase (Xyl1) 
[Fragaria x ananassa] 

Contig 
275 

1015 BT053310 
 

 Unknown mRNA 
[Medicago truncatula] 

 Contig 
672 

3161 AY635026 18S rRNA 
[Rosa multiflora] 

Contig 
292 

935 BT091432 
 

Unkown mRNA 
[Glycine max] 

 Contig 
578 

2655 EU603403 
 

Putative laccase 
[Rosa hybrida] 
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Table 2. (Continued) Summary of top 24 non-overlapping contigs with the most abundant (No. of ESTs) expressed transcripts. 
 

‘Freedom’ healthy neck group (DHN)  ‘Freedom’ bent neck stage 1 group (DBN) 
Contig 
ID 

No. of 
ESTs 

Accession 
No. 

BLAST 
Annotation 

 Contig 
ID 

No. of 
ESTs 

Accession 
No. 

BLAST  
Annotation 

Contig 
265 

934 AJ001444 
 

Putative metallothionein-like 
protein [Fragaria vesca] 

 Contig 
665 

2122 AF323593 
 

Thioredoxin H 
[Prunus persica] 

Contig 
209 

667 EF470293 
 

Aquaporin PIP1-2 mRNA 
[Gossypium hirsutum] 

 Contig 
723 

1927 EZ728350 
 

CL1Contig7366.Arhy mRNA 
[Arachis hypogaea] 

Contig 
276 

636 AC171532 
 

Genomic sequence 
[Medicago truncatula] 

 Contig 
693 

1772 AF061806 
 

Basic chitinase 
[Elaeagnus umbellata] 

Contig 
195 

584 EU024832 
 

Clone fosmid 14K06 
[Fragaria vesca] 

 Contig 
582 

1706 U82433 
 

Thymidine diphospho-glucose 
4-6-dehydratase 
[Prunus armeniaca] 

Contig 
295 

582 EZ264373 
 

Contig7476 mRNA  
[Artemisia annua] 

 Contig 
577 

1617 XM_00227
3740 

Hypothetical protein 
LOC100255427[Vitis vinifera] 

Contig 
268 

565 U82086 
 

Polyubiquitin (FUBI1)  
[Fragaria x ananassa] 

 Contig 
698 

1546 EU603403 
 

Putative laccase 
[Rosa hybrida] 

Contig 
185 

541 DQ320658 
 

Xyloglucan endo- 
transglucosylase/hydrolase 2 
[Rosa x borboniana] 

 Contig 
893 

1491 DQ438989 
 

Polyubiquitin 
[Malus x domestica] 

Contig 
290 

448 XM_00228
3014 

Hypothetical protein 
LOC100243583 [Vitis vinifera] 

 Contig 
161 

1391 AF161180 
 

Heat shock protein (Hsp2) 
[Malus x domestica] 

Contig 
307 

440 X52742 
 

Chlorophyll a/b binding protein 
[Nicotiana tabacum] 

 Contig 
602 

1252 XM_00227
1733 

Hypothetical protein 
LOC100259961[Vitis vinifera] 

Contig 
93 

401 XM_00229
8674 

Actin 1 (ACT1) 
[Populus trichocarpa] 

 Contig 
575 

1053 X67711 
 

Heat shock protein 70 
[Oryza sativa] 

Contig 
351 

362 XM_00227
3511 
 

Hypothetical protein 
LOC100249673 
[Vitis vinifera] 

 Contig 
5 

1050 EU603406 
 

Trehalose-6-phosphate synthase 
/phosphatase-like mRNA 
[Rosa hybrida] 

Contig 
180 

352 EF640663 
 

Unknown protein 
[Prunus dulcis] 

 Contig 
660 

931 DQ417209 
 

Iron-binding protein (Fer3) 
[Pyrus pyrifolia] 

 


