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ABSTRACT 
This review focuses on the expression patterns of genes involved in ethylene perception (ethylene receptors and signal transduction) and 
ethylene biosynthesis. Special emphasis is placed on 1-aminocyclopropane-1-carboxylate synthases (ACS) and their involvement in rose 
flower petal senescence. The role of ethylene in rose flower opening and petal senescence, including some cultivar-dependent variations, 
is well documented. Three full-length and a number of partial length ACS genes from Rosa hybrida L. have been analyzed and compared; 
and their differential expression patterns are consistent with the presence of an ACS multi-gene family in roses. As more full-length ACS 
genes from the Rosa multi-gene family are identified, a better picture of their differential regulation will emerge. These findings may 
allow for specific genetic manipulation of ACS gene(s) to enhance the vase-life of rose cut flowers and allow growers to reduce their 
losses during transportation. 
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INTRODUCTION 
 
For centuries roses have been prized by humans for their 
beautiful flowers. There is great variability for petal colors 
and fragrances, and roses continue to be one of the most im-
portant crops in the floriculture industry (reviewed in Gudin 
2000). They are used as cut flowers, potted plants, and gar-
den plants. With an annual retail sale value of well-over $10 
billion [extrapolated from a value of one billion euros for 
cut roses alone in 1999  in United States and European 
markets (Pemberton 2003)], cut roses/rose plants etc repre-
sent an important cash crop for growers. The genus Rosa is 
diverse and includes roughly 200 species and over 18,000 
cultivars (Gudin 2000). 

Additionally, rose petals serve as a source of fragrance 
in the cosmetic industry and as a natural flavoring agent in 
the food industry. Rose oil (or more popularly known as 
rose attar in the Middle East and India) is commercially the 
most valuable material derived from roses (5 ml sells for 
about $50), including rose water. There is hardly a house-
hold in the Middle East and India where rose attar is not 
used in day-to-day life. Roses and rose petals are also used 

widely as offerings in the temples and Gurdwaras and in a 
wide variety of ceremonial occasions in India and many 
other cultures. Rose petals (sometimes collected from the 
temples) are converted into a rose petal preserve or jam by 
mixing with honey or sugar which is popularly known as 
gulukand (derived from the word gulaab, which is the name 
for rose) in India. Many varieties of gulukands are available 
in the markets; their fragrance and taste vary with the vari-
ety of roses used. In the market place these formulations 
bring very high prices. They form a part of the herbal medi-
cine system widely practiced in India (known as Ayurvedic 
and Yunani systems of medicine). Because of their high 
commercial and aesthetic value, it is not surprising that 
roses have been subjected to intensive cross-breeding for 
centuries to develop new cultivars with attractive flower 
colors, desirable flower forms, better fragrance, and longer 
vase life (Krüssmann 1981; Gudin 2003). 

The purpose of colorful flowers in plants is to attract 
pollinators; once pollination is completed plants shed or 
senesce their petals. Many different forms of visual changes 
have been observed in flowers that include petal senescence 
or abscission and changes in floral scent emission. These 
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changes appear to be mediated by the phytohormone ethy-
lene (van Doorn 1997, 2002). In some species, e.g. Pelar-
gonium spp., petals abscise rapidly following pollination 
(Clark et al. 1997; van Doorn and Stead 1997; Fan et al. 
2007) and in others, such as carnation, orchid, and petunia, 
flower petals wilt within several days of pollination and this 
response is reproduced upon their exposure to exogenous 
ethylene (Reid et al. 1989; O’Neil et al. 1993; van Doorn 
1997; Bui et al. 1998; van Doorn 2002). The commercial 
value of flowers decreases dramatically after the first sign 
of flower wilting because it serves to indicate limited vase 
life. Therefore, approaches that slow the rate of flower senes-
cence are important to growers and have a great deal of pot-
ential to increase market value of cut flowers. Since ethy-
lene appears to play a critical role in flower senescence, it 
has been a major focus of research during the past 10-15 
years (reviewed in van Doorn 2002; Tanaka et al. 2005). 
These studies have largely focused on the regulation of 
ethylene biosynthetic pathways and, to a more limited ex-
tent, on the ethylene perception and signal transduction 
pathway as well (reviewed in Wang et al. 2004; Tanaka et 
al. 2005; Shibaya and Clark 2006). In the present review we 
focus on the studies being carried out on Rosa cultivars. 

The plant hormone, ethylene, plays an important role in 
flower senescence and is also involved in plant growth, 
development, and stress related processes including fruit 
ripening (reviewed in Sato and Theologis 1989; Matto and 
Suttle 1991; Abeles et al. 1992; Zarembinski and Theologis 
1994; Bleecker and Kende 2000; van Doorn 2002). Ethy-
lene synthesis in plants starts with the conversion of L-me-
thionine into S-adenosyl-methionine (S-AdoMet) by the en-
zyme S-adenosyl-methionine synthase. S-Ado-Met is trans-
formed into 1-aminocylcopropane-1-carboxylate (ACC) by 
ACC synthase (ACS) which is then converted into ethylene 
by ACC oxidase (reviewed in Yang and Hoffman 1984; 
Kende 1989) (Fig. 1). ACS catalyses the rate limiting step 
in the ethylene biosynthetic pathway (reviewed in Yang and 
Hoffman 1984; Bleecker Kende 2000) and is primarily re-
gulated at the level of transcription (reviewed in Rottmann 
et al. 1991; Bailey et al. 1992; Liang et al. 1992; Bleecker 
and Kende 2000; Chang and Bleecker 2004; Chen et al. 
2005). ACS is induced by a variety of factors which include 
germination, seedling growth, flowering, fruit ripening, and 
organ senescence and is also induced by a variety of exter-
nal factors including wounding, viral or fungal infection, 
chilling, and exposure to some chemicals (reviewed in 
Matto and Suttle 1991; Rottmann et al. 1991; Bailey et al. 
1992; Liang et al. 1992; Montgomery et al. 1993; Bleecker 
and Kende 2000; Chang and Bleecker 2004; Chen et al. 
2005; Fan et al. 2007). Ethylene induction requires de novo 
synthesis of this enzyme (Rothmann et al. 1991; Liang et al. 

1992). Due to the critical role of ACS in ethylene synthesis, 
ACS genes have been cloned from a wide variety of plant 
sources (reviewed in Matto and Suttle 1991; Bleecker and 
Kende 2000; Wang et al. 2004; Chang and Bleecker 2004; 
Chen et al. 2005; Fan et al. 2007). These studies have led to 
the conclusion that ACSs are encoded by a multigene fa-
mily in which each gene is differentially regulated in res-
ponse to internal and external signals (reviewed in Huang et 
al. 1991; Matto and Suttle 1991; Rottmann et al. 1991; 
Bailey et al. 1992; Liang et al. 1992; Itzhaki et al. 1994; 
Bleecker and Kende 2000; Chang and Bleecker 2004; 
Wang et al. 2004; Chen et al. 2005; Fan et al. 2007). 
 
ETHYLENE PERCEPTION 
 
In addition to regulated synthesis, ethylene in the cell is per-
ceived via a signal transduction pathway involving ethylene 
specific receptors. In the past decade a number of genes 
which form part of the components of the signal transduc-
tion pathway have been identified in Arabidopsis thaliana 
(L.) Heynh. using screening of mutants in the triple res-
ponse to ethylene in dark grown seedlings (Fig. 2; reviewed 
in Guo and Ecker 2004; Klee 2004; Chen et al. 2005). Ana-
lysis of these mutants suggests that ethylene is perceived by 
a family of membrane localized receptors. One of these 
genes, called ethylene response gene (ETR1), codes a histi-
dine kinase with homology to a sensor protein of the bacte-
rial two component system (Parkinson and Kofoid 1992; 
Chang et al. 1993). Expression of ETR1 in yeast has shown 
that it binds ethylene, thus supporting the notion that ETR1 
functions as an ethylene receptor. Since this initial discovery, 
a total of five ethylene receptor genes have been cloned 
from Arabidopsis. They are ETR1, ETR2, ethylene response 
sensor 1 (ERS1), ERS2, and ethylene insensitive 4 (EIN4) 
(Hua et al. 1995; Hua et al. 1998; Sakai et al. 1998). 

An analysis of the loss-of-function mutants in ETR1 has 
shown that receptors are negative regulators of the ethylene 
response (Hua and Meyeronitz 1998). These receptors ap-
pear to function through constitutive triple response1 gene 
(CTR1) which encodes a protein with sequence homology 
to the Raf family of serine/threonine protein kinase genes 
(first described in Rat fibroblasts) (reviwed in Guo and 
Ecker 2004). Loss-of-function mutations in CTR1 lead to a 
constitutive ethylene response, suggesting that CTR1 is a 
negative regulator of ethylene response (Kieber et al. 1993; 
Huang et al. 2003). EIN2 is the next component in the path-
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way. EIN2 is a single copy gene and loss-of-function muta-
tion in this gene results in loss of ethylene response. EIN2 
codes for an integral membrane protein with homology to 
Nramp metal transporter (Chen and Bleecker 1995; Roman 
et al. 1995). Two other proteins called EIN3 and Ethylene 
Response Factor (ERF1), localized in the nucleus (Chao et 
al. 1997), have been identified and participate downstream 
in the pathway. The primary target of EIN3 seems to be the 
ERF1 gene promoter (Solano et al. 1998). Recent studies 
show that levels of EIN3 protein increase rapidly in res-
ponse to ethylene, and the protein is rapidly degraded in the 
absence of ethylene (Guo and Ecker 2003). These results 
suggest that EIN3 and ERF1 are transcription factors that 
function as positive regulators in ethylene response (Fig. 2). 
 
Role of ethylene perception genes in rose flower 
senescence 
 
Using either probes or primers developed from Arabidopsis 
genes involved in signal transduction pathway, several re-
search groups have isolated components of the ethylene sig-
nal pathway from a number of ornamental plant species, 
such as ethylene receptors from roses (Müller 2000a, 2000b, 
2002, 2003), carnations (Shibuya et al. 2002), and Pelargo-
nium (Dervinis et al. 2000). Similarly, the EIN2 homolog 
from petunia and the EIN3 homolog from carnation (Waki 
et al. 2001), rose (Müller et al. 2003), and petunia (Ciardi et 
al. 2003) have been described. These studies suggest that 
the ethylene signal transduction pathway is, by-and-large, 
conserved in a variety of ornamental plant species. 

In miniature potted roses, two cultivars that exhibit dif-
ferent post-harvest characteristics were used by Müller et al. 
(2000a) to examine the role of ethylene receptor gene ex-
pression in determining differences in flower longevity. 
‘Vanilla’ has long lasting flowers and was compared with 
‘Bronze’, which has a shorter flower life, for levels of 
RhETR1 (similar to AtERS1) transcripts. Results showed 
that expression levels of RhETR1 were distinctly higher in 
‘Bronze’, suggesting that modulation of receptor levels may 
contribute to ethylene perception and sensitivity. Thus, 
short flower life in ‘Bronze’ expressing high levels of 
RhETR1 transcript may contribute to sensitivity to ethylene 
due to an increased number of receptors resulting in rapid 
flower senescence (Müller et al. 2000a, 2000b). 

Further expression analysis of RhETR2 and RhETR3 
(ETR2 clusters with AtETR1 and RhETR3 shows high se-
quence similarity to AtETR2 and AtERS2) revealed that they 
are differentially expressed in ‘Vanilla’ and ‘Bronze’. 
RhETR2 is constitutively expressed throughout flower de-
velopment in both cultivars, whereas RhETR3 expression 
increased in senescing flowers of short flower life ‘Bronze’, 
but remained at low levels in the long-lasting flowers of 
‘Vanilla’ (Müller et al. 2000a, 2000b). 

These studies on the differences in ethylene receptor 
gene expression in these two cultivars were further exten-
ded to other genes involved in the ethylene signal transduc-
tion pathway, including two CTR-like kinases that interact 
with the ethylene receptor and EIN3 transcription factor that 
serves as a positive response regulator of ethylene (see Fig. 
2). There was no apparent change in expression levels of 
EIN3 transcripts, which suggests stable constitutive expres-
sion of this gene in the two cultivars (Müller et al. 2003). 
On the other hand, two homologs of CTR genes from Rosa, 
called RhCTR1 and RhCTR2 isolated from petals, showed 
clear differences in the levels of transcripts. While RhCTR2 
was constitutively expressed during flower development in 
both cultivars, RhCTR1 expression increased during flower 
senescence and was more rapid and increased to higher 
levels in ‘Bronze’ than ‘Vanilla’ (Müller et al. 2000a, 
2000b). These studies suggest that increased ethylene syn-
thesis during senescence resulted in enhanced expression of 
RhCTR1. 

In separate studies, Ma et al. (2006) and Tan et al. 
(2006) also examined the role of the ethylene signal trans-
duction pathway in the sensitivity of two cut rose cultivars 

to ethylene perception, namely ‘Samantha’ and ‘Kardinal’. 
In ‘Samantha’, ethylene up-regulated the expression of 
ethylene receptor gene (ETR), but expression in ‘Kardinal’ 
was not affected. ETR is considered to be a negative regu-
lator in the signal transduction pathway. Therefore, up-regu-
lation of ETR after ethylene treatment, down regulates to 
ethylene sensitivity in ‘Samantha’, but not in ‘Kardinal’. 
Ethylene showed no significant change in the expression of 
the other two genes that operate downstream of ETR, namely 
CTR and EIN3 (Tan et al. 2006). 

Similarly, in a more extensive study on the expression 
of genes involved in ethylene perception in ‘Samantha’, Ma 
et al. (2006) observed up-regulation in ethylene receptor 
genes RhETR1 and RhETR3 and, similarly, expression of 
RhCTR1 and RhCTR2 was enhanced by ethylene. There 
was no change in expression of transcription factor genes 
EIN3-1 and EIN3-2. These results also suggest that ethylene 
regulates the opening of rose flowers through expression of 
two ethylene receptor genes (RhETR1 and RhETR3) and 
two CTR genes (RhCTR1 and RhCTR2). 

When it comes to ethylene perception and the signal 
transduction pathway, the studies of Müller et al. (2000, 
2003), Ma et al. (2006), and Tan et al. (2006) point to 
several important areas: 1) Ethylene receptor involvement 
in flower petal senescence is important and is cultivar de-
pendent with variable cultivar sensitivity. 2) They point to 
the need for additional work, because results in some ins-
tances are contradictory. While it makes sense in the studies 
with the miniature potted roses of short- and long-lived 
flower cultivars, the results with ‘Samantha’ and ‘Kardinal’ 
on exposure to exogenous ethylene are quite the opposite 
from what one would expect. These apparent contradictions 
may be due to our lack of sufficient understanding of the 
ethylene signaling process. Further research would be help-
ful in providing better rationale of these differences. 
 
Expression patterns of genes involved in ethylene 
biosynthesis and their relationship to rose flower 
senescence 
 
The opening and senescence of many types of flowers in-
cluding carnation, petunia, orchid, and roses appear to be 
correlated closely to ethylene production (Woltering and 
van Doorn 1988). Roses are generally considered ethylene 
sensitive (Reid et al. 1989) but this sensitivity can also be 
cultivar dependent (Yamamoto et al. 1994). In the past five 
to seven years, researchers have started to examine the role 
of ethylene in rose flower opening and in flower senescence. 
In a first report on the cloning of ACC synthase cDNA from 
‘Kardinal’ (Wang et al. 2004), we described stages of rose 
flower opening from Stage 1, tightly closed bud; Stage 2, 
partially opened bud; Stage 3, completely opened bud (se-
pals have moved away from petals); Stages 4-6, partially 
opened, but in progressive stages of flower opening; to 
Stage 7, opened flower; and finally Stage 8, fully opened 
flowers showing anthers with petals showing visual signs of 
senescence (Fig. 3). Based on research published since 
these researchers have, by and large, used these stages to 
study the role of exogenous ethylene or the involvement of 
ethylene biosynthetic gene expression on rose flowering 
and flower petal senescence (Ma et al. 2005, 2006; Tan et al. 
2006). Besides the short-lived ‘Bronze’ and the long-lived 
‘Vanilla’ among miniature roses (Müller et al. 2000), cut 
roses ‘Kardinal’ and ‘Samantha’ have served as model sys-
tems among the roses for studies on the role of ethylene in 
flower opening/senescence (Wang et al. 2004; Ma et al. 
2005, 2006; Tan et al. 2006). Using highly sensitive RT-
PCR to measure transcript levels, Wang et al. (2004) showed 
that the expression of RKacc7, now designated as RhACS1, 
correlated with the opening and senescence of flower petals 
(Fig. 4). We noted that this gene was also expressed at sig-
nificant levels in sepals that surround the petals at the bud 
stage (Wang et al. 2004) and at Stage 3 these sepals move 
away from the bud (Fig. 3). Therefore, it is likely that ethy-
lene released by sepals may not only start the process of 
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moving sepals away from tightly closed flower petals, but 
also provide a trigger for the induction of ACC synthase in 
petals. This may not only start the process of flower open-

ing, but may also be later responsible for flower senescence 
as it peaks when visible symptoms of flower petal senes-
cence are detected (Wang et al. 2004) (Figs. 3, 4). 

Using the same basic approach, Ma et al. (2005, 2006) 
investigated the differential response of flower opening in 
‘Samantha’ and ‘Kardinal’ to exogenous ethylene. While 
exogenous ethylene promoted flower opening in ‘Saman-
tha’, it inhibited flower opening in ‘Kardinal’. Ethylene 
treatment increased production of ACC and activities of 
ACC synthase and ACC oxidase in petals at an earlier stage 
(Stage 3) in ‘Samantha’; and in ‘Kardinal’ it increased much 
more dramatically but peaked in a later stage (Stage 4). 
Analysis of transcript levels of RhACS1 (our nomenclature 
or RhACS3 by Ma et al. 2005) assayed by Northern blot 
showed that expression of RhACS1 induced by ethylene 
correlated with the activities ACS synthase and ethylene 
production in both cultivars, which is consistent with our 
findings (Wang et al. 2004). There was a much more dra-
matic accumulation of RhACS1 mRNA in ‘Kardinal’ than in 
‘Samantha’. 

In addition to RhACS1 (RhACS3), two more RhACS 
genes were described by Ma et al. 2005. They are called 
RhACS1 and RhACS2, though they represent only partial 
sequences. To avoid confusion in this review, we shall 
designate RhACS1 and RhACS2 of Ma et al. (2005) as 
RhACS2 and RhACS3, respectively, reserving RhACS1 for 
the first full-length ACS gene (Wang et al. 2004). Using 
specific probes generated from these sequences, Northern 
blot analyses by Ma et al. (2005) showed that there were no 
detectable levels of RhACS2 transcript in the control, but 
ethylene treatment induced the accumulation of RhACS2 
transcript in Stages 4 and 5 in both cultivars. Further, woun-
ding induced the accumulation of RhACS2 transcript drama-
tically and strongly inhibited the expression of RhACS1, but 
had no detectable effect on RhACS3 expression. These re-
sults are consistent with the differential regulation of ex-
pression of these RhACS genes in the two Rosa cultivars 
suggesting clearly that RhACS1 may be involved in flower 
opening and flower senescence/wilting, whereas RhACS2 is 
involved in wounding and wilting. Wilting may be con-

Fig. 3 Stages of rose flowering. Stage 1 unopened bud, Stage 2 partially opened bud, Stage 3 completely opened bud, Stages 4-6 partially opened bud in 
progressive stages of flowering, Stage 7 opened flower, and Stage 8 fully-opened flower showing anthers. Reprinted from Wang D, Fan J, Ranu RS (2004) 
Cloning and expression of 1-aminocyclopropane-1-carboxylate synthase cDNA from rose (Rosa x hybrida). Plant Cell Reports 22, 422-429, with kind permission of Springer 
Science+Business Media, ©2004. 
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sidered a form of cell death, which may signal the induction 
of RhACS2. From the nature of induction of ACS genes in 
wilting, it appears that RhACS1 and RhACS2 may act in a 
cooperative fashion resulting in dramatic enhancement of 
ethylene production. 

In a similar study, Pan et al. (2005) observed a direct 
correlation between ethylene production, ACC synthase 
activity, and ACC synthase transcript accumulation with 
flower development (opening) and, to a degree, flower petal 
senescence. Similarly, ACC levels changed with ethylene 
production. This study did not identify the cultivar of Rosa 
hybrida L., therefore, it is difficult to compare these results 
directly with the results observed in ‘Samantha’ and ‘Kar-
dinal’ even though they are in general agreement with stu-
dies of Wang et al. (2004) and Ma et al. (2005, 2006). 

Müller et al. (2000b) examined transcript levels of the 
genes involved in ethylene biosynthesis in miniature potted 
roses of long (‘Vanilla’) and short lived (‘Bronze’) flowers 
and observed significant differences. The abundance of 
ACC oxidase transcript increased during latter stages of 
flower development in petals of both cultivars, but it was 
significantly higher in ‘Bronze’ than ‘Vanilla’. On the other 
hand, the ACC synthase transcripts increased during flower 
senescence in ‘Vanilla’, but remained at a low but constant 
level in ‘Bronze’ even though flowers senesced faster in 
‘Bronze’ suggesting that levels of ACC synthase did not 
restrict ethylene production. These results, taken together, 
point to differences both in the synthesis of ethylene and 
sensitivity to ethylene perception due to increases in the 
number of ethylene receptors in ‘Bronze’ versus ‘Vanilla’ 
(Müller et al. 2000). 
 
A REVIEW OF ROSE ACS GENES 
 
In a previous paper our group described cloning and the se-
quences of three full-length ACS genes from ‘Kardinal’ 
(Ranu et al. 2008) and a number of groups have also pub-
lished partial genemic/cDNA sequences (Müller et al. 
2000b; Ma et al. 2005; Mibus and Serek et al. 2005) or full-
length cDNA sequences (Wang et al. 2004) from Rosa 
(Table 1). As a part of this review, a comparison of ACS 
genes described by all groups and deposited with Genbank 
was performed to determine the similarities and differences 
between these rose ACS genes. From these analyses, seve-
ral points emerge. Our RhACS1 (EF584008) shares 100% 
amino acid sequence homology with a previously described 
cDNA (RKacc7, AY378152) and 100% sequence identity 
with a fragment of cDNA (AY0803738) described by Ma et 
al. (2005), suggesting that they are the same gene. These 
sequences of Ma et al. (2005) are derived from the last exon 
of our RhACS1. Our other two genes, RhACS12 and 
RhACS17, share 85 to 95% amino acid sequence homolo-
gies. All three full-length genes are clearly different based 
on differences in sequence length in each of the introns in 

these genes, in addition to the differences in the amino acid 
sequence. Moreover, promoter segments encompassing over 
1000 bp upstream of the start codon show little sequence 
similarities (Ranu et al. 2008). The four gene fragments iso-
lated by Mibus and Serek (2005) appear to be derived from 
the first and second exons covering amino acids 93-225 and 
their amino acid sequence identity varied from 39 to 46% 
when compared with RhACS1, RhACS12 and RhACS17, 
suggesting that they are derived from different genes. Simi-
larly, the other two genes described by Ma et al. (2005) 
show 42-46% sequence identity with our genes and appear 
to be derived from the second/third exon sequences. An 
overall picture that emerges from these analyses is that 
these represent a related, yet divergent multi-gene family. If 
we take into consideration all of these genes that are cata-
loged in Genbank, it constitutes a total of 9 genes. In the 
case of diploid Arabidopsis, a total of 12 different ACS 
genes (AtACS1-12) have been described (http://www. 
arabidopsis.org/); though not all of them are functional 
since gene AtACS3 is most likely a pseudogene and AtACS1 
encodes a nonfunctional ACS (Tsuchisaka and Theologis 
2004). Moreover, data from diploid Arabidopsis suggests 
that these isoforms of ACS genes are located on different 
chromosomes (http://www.arabidopsis.org/). Since many R. 
hybrida cultivars are tetraploid and generated through com-
plex interspecific hybridization, it is likely they carry multi-
ple copies of ACS genes. Based on the logic of this argu-
ment a number closer to 15 to 20 is within the range expec-
ted. In the course of time, independent evolutionary events 
would result in the divergence of these genes among the 
ACS gene family. This is clearly reflected in the observed 
gene structure differences within the three full-length ACS 
genes and their promoters (Ranu et al. 2008). This observa-
tion is also consistent with our previous results showing 
multiple DNA bands from Southern blots of genomic DNA 
using a full-length cDNA probe from ‘Kardinal’ (Wang et al. 
2004). 

 
In the future we will not only have complete sequences 

of additional ACS genes, but also full-length sequences of 
genes for which only partial sequences are currently known. 
Further studies on their expression patterns will provide a 
more complete picture of their role and expression under a 
variety of biotic and abiotic conditions. These findings may 
allow for specific genetic manipulation of ACS gene(s) to 
enhance the vase-life of rose cut flowers and also allow 
growers to reduce losses during transportation. 
 
CONCLUDING REMARKS 
 
In this review we have examined the relationship of the 
three full-length ACS genes from R. hybrida with other 
ACS genes described by several groups. In addition, we 
have attempted to summarize the studies which suggest a 
strong correlation between the role of ethylene in rose 
flower opening and petal senescence. These studies provide 
evidence that both the enhanced expression of at least one 
(at this point in time) ACS gene (RhACS1) and perhaps two 
(RhACS2) are required for flower opening and senescence. 
Also, a limited increased expression of ACC oxidase may 
be a contributing factor. Enhanced ethylene production is 
also coupled with increased ethylene perception which is 
suggested by the induction of some ethylene receptor genes 
(ETR), including those involved in the signal transduction 
pathway. Some of these changes are also cultivar dependent. 
These studies also point to differences between the effects 
of exposure of flowers to exogenous ethylene and endoge-
nous ethylene produced as a result of increased induction of 
ACS genes in various cultivars, e.g. ‘Samantha’ is much 
more sensitive to exogenous ethylene than ‘Kardinal’. Ex-
posure of ‘Kardinal’ to ethylene inhibits flower opening, 
whereas exogenous ethylene appears to enhance flower 
opening in ‘Samantha’ suggesting a direct involvement of 
endogenous ethylene in flower opening in ‘Kardinal’. 

As we move further into the Genomics Era and have the 

Table 1 Rosa hybrida complete and partial sequences of putative ACC 
synthase genes from the data of several laboratories. 
Gene name 
(Ranu Lab) 

Genomic size mRNA size Accession 
Numbera      

RhACS1 Full length 1,750 bp AY378152 
EF584008 

RhACS12 Full length  EF584009 
RhACS17 Full length  EF584010 
(Serek Lab)    
RhACS2 1346 bp 492 bp AY525066 
RhACS3 658 bp 378 bp AY525067 
RhACS4 937 bp 474 bp AY525068 
RhACS5 523 bp 375 bp AY525069 
(Gao Lab)    
RhACS1   AY061946 
RhACS2   AY803737 
RhACS3 Same asRhACS1  AY803738 

a The ACS genes of R .hybrida in NCBI Genbank database 
(http://www.ncbi.nlm.nih.gov) 
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complete sequence of the Rosa genome, it will be possible 
to develop genetic manipulation/modification programs that 
will be able to develop rose plants with individual as well as 
multiple desirable characteristics that would be difficult to 
do through traditional breeding alone. For instance, roses 
with a blue petal hue have recently been developed through 
genetic manipulation of the flavonoid biosynthetic pathway 
(resulting in the accumulation of delphinidin) (Katsumoto et 
al. 2007). Breeders can expect better tools that will allow 
specifically targeted breeding strategies (Ranu 2009) called 
designer breeding. This will save a lot of time for rose 
breeders as well as growers. A full picture of all the genes 
involved in ethylene biosynthesis and ethylene perception 
as well as signal transduction and their expression patterns 
will emerge. Growing bodies of information generated 
through this research can then be used for the benefit of 
breeders, growers, and consumers. 
 
ACKNOWLEDGEMENTS 
 
We gratefully acknowledge the secretarial help of Jessica Kellogg 
and research in the authors’ laboratory was supported by Tagawa 
Greenhouses, Inc. of Brighton, Colorado. 
 
REFERENCES 
 
Abeles FB, Morgan PW, Saltveit ME (1992) Ethylene in Plant Biology (2nd 

Edn), Academic Press, San Diego, 414 pp 
Bailey BA, Avni A, Li N, Mattoo AK (1992) Nucleotide sequence of the Nico-

tiana tabacum cv. Xanthi gene encoding 1-aminocyclopropane-1-carboxylate 
synthase. Plant Physiology 100, 1615-1616 

Bleecker AB, Kende H (2000) Ethylene: a gaseous signal molecule in plants. 
Annual Review of Cell and Developmental Biology 16, 1-18 

Bui AQ, O’ Neill SD (1998) Three 1-aminocyclopropane-1-carboxylate syn-
thase genes regulated by primary and secondary pollination signals in orchid 
flowers. Plant Physiology 116, 419-428 

Chang C, Kwok SF, Bleecker AB, Meyerowitz EM (1993) Arabidopsis ethy-
lene response gene ETR1-Similarity of product to two-component regulators. 
Science 262, 539-544 

Chao Q, Rothenberg M, Solano R, Roman G, Terzaghi W, Ecker JR (1997) 
Activation of the ethylene gas response pathway in Arabidopsis by the nuc-
lear protein ETHYLENE-INSENSITIVE3 and related proteins. Cell 89, 
1133-1144 

Chang C, Bleecker AB (2004) Ethylene biology. More than a gas. Plant Physi-
ology 136, 2895-2899 

Chen QG, Bleecker AB (1995) Analysis of ethylene signal-transduction kine-
tics associated with seedling-growth response and chitinase induction in 
wild-type and mutant Arabidopsis. Plant Physiology 108, 597-607 

Chen YF, Etheridge N, Schaller GE (2005) Ethylene signal transduction. 
Annals of Botany 95, 901-915 

Ciardi J, Barry K, Shibuya K, Nourizadeh S, Ecker J, Klee H, Clark D 
(2003) Increased flower longevity in petunia through manipulation of ethy-
lene signaling genes. In: Vendrell M, Klee H, Pech JC, Romojaro F (Eds) 
Proceedings of the NATO Advanced Research Workshop on Biology and Bio-
technology of the Plant Hormone Ethylene III, IOS Press, Amsterdam, The 
Netherlands, pp 370-372 

Clark DG, Richards C, Hilioti Z, LindIversen S, Brown K (1997) Effect of 
pollination on accumulation of ACC synthase and ACC oxidase transcripts, 
ethylene production and flower petal abscission in geranium (Pelargonium x 
hortorum L.H. Bailey). Plant Molecular Biology 34, 855-865 

Dervinis C, Clark DG, Barrett JE, Nell TA (2000) Effect of pollination and 
exogenous ethylene on accumulation of ETR1 homologue transcripts during 
flower petal abscission in geranium (Pelargonium x hortorum L.H. Bailey). 
Plant Molecular Biology 42, 847-856 

Eliot AC, Kirsch JF (2004) Pyridoxal phosphate enzymes: mechanistic, struc-
tural and evolutionary considerations. Annual Review Biochemistry 73, 383-
415 

Fan J, Wang D, Ranu RS (2007) Characterization and expression of 1-amino-
cyclopropane-1-carboxylate (ACC) synthase from geranium (Pelargonium x 
hortorum cv Sincerity). Journal of Plant Biochemistry and Biotechnology 16, 
87-96 

Gudin S (2000) Rose: genetics and breeding. Plant Breeding 17, 159-189 
Gudin S (2003) Breeding. Encyclopedia of Rose Science 1, 25-30 
Guo H, Ecker JR (2003) Plant responses to ethylene gas are mediated by 

SCFEBF1/EBF2-dependent proteolysis of EIN3 transcription factor. Cell 115, 
667-677 

Guo H, Ecker JR (2004) The ethylene signaling pathway: New insights. Cur-
rent Opinion in Plant Biology 7, 40-49 

Hua J, Chang C, Sun Q, Meyerowitz EM (1995) Ethylene insensitivity con-
ferred by Arabidopsis ERS gene. Science 269, 1712-1714 

Hua J, Meyerowitz EM (1998) Ethylene responses are negatively regulated by 
a receptor gene family in Arabidopsis thaliana. Cell 94, 261-271 

Huang Y, Li H, Hutchison CE, Laskey J, Kieber JJ (2003) Biochemical and 
functional analysis of CTR1, a protein kinase that negatively regulates ethy-
lene signaling in Arabidopsis. The Plant Journal 33, 221-233 

Huang PL, Parks JE, Rottmann WH, Theologis A (1991) Two genes en-
coding 1-aminocyclopropane-1-carboxylate synthase in zucchini (Cucubita 
pepo) are clustered and similar but differentially regulated. Proceedings of 
the National Academy of Sciences USA 88, 7020-7025 

Itzhaki H, Maxson JM, Woodson WR (1994) An ethylene-responsive enhan-
cer element is involved in the senescence-related expression of the carnation 
glutathione-S-transferase (GST1) gene. Proceedings of the National Academy 
of Sciences USA 91, 8925-8929 

Katsumoto Y, Fukuchi-Mizutani M, Fukui Y, Brugliera F, Holton TA, 
Karan M, Nakamura N, Yonekura-Sakakibara K, Togami J, Pigeaire A, 
Tao GQ , Nehra NS, Lu CY, Dyson BK, Tsuda S, Ashikari T, Kusumi T, 
Mason JG, Tanaka Y (2007) Engineering of the rose flavonoid biosynthetic 
pathway successfully generated blue-hued flowers accumulating delphinidin. 
Plant Cell Physiology 48, 1589-1600 

Kende H (1989) Enzymes of ethylene biosynthesis. Plant Physiology 91, 1-4 
Kieber JJ, Rothenberg M, Roman G, Feldmann K, Ecker JR (1993) CTR1, 

a negative regulator of the ethylene response pathway in Arabidopsis, en-
codes a member of the Raf family of protein kinases. Cell 72, 427-441 

Klee H (2004) Ethylene signal transduction: moving beyond Arabidopsis. Plant 
Physiology 13, 660-667 

Krussmann G (1981) The history of the modern garden rose. In: The Complete 
Book of Roses, Timber Press, Portland, pp 67-105 

Liang X, Abel S, Keller JA, Shen NF, Theologis A (1992) The 1-aminocyclo-
propane-1-carboxylate synthase gene family of Arabidopsis thaliana. Procee-
dings of the National Academy of Sciences USA 89, 11046-11050 

Ma N, Cai L, Lu WJ, Tan H, Gao JP (2005) Exogenous ethylene influences 
flower opening of cut roses (Rosa hybrida) by regulating the genes encoding 
ethylene biosynthesis enzymes. Science in China, Series C 48, 434-444 

Ma N, Tan H, Liu X, Li Y, Gao J (2006) Transcriptional regulation of ethylene 
receptor and CTR genes involved in ethylene-induced flower opening in cut 
rose (Rosa hybrida) cv. Samantha. Journal of Experimental Botany 57, 2763-
2773 

Mattoo AK, Suttle JC (1991) Plant Hormone Ethylene, CRC Press, Boca 
Raton, FL, 352 pp 

Mibus H, Serek M (2005) Easy PCR method to isolate unknown ACC synthase 
genes in ornamental plant species. Acta Horticulturae 682, 307-311 

Montgomery J, Goldman S, Diekman J, Margossian L, Fischer RL (1993) 
Identification of an ethylene-responsive region in the promoter of a fruit 
ripening gene. Proceedings of the National Academy of Sciences USA 90, 
5939-5943 

Müller R, Lind-Iversen S, Stummann BM, Serek M (2000b) Expression of 
genes for ethylene biosynthetic enzymes and an ethylene receptor in senes-
cing flowers of miniature potted roses. Journal of Horticultural Science and 
Biotechnology 75, 12-18 

Müller R, Owen, CA, Xue Z-T, Welander M, Stummann BM (2003) The 
transcription factor EIN3 is constitutively expressed in miniature roses with 
differences in postharvest life. Journal of Horticultural Science and Biotech-
nology 78, 10-14 

Müller R, Owen CA, Xue Z-T, Welander M, Stummann BM (2002) Charac-
terization of two CTR-like protein kinases in Rosa hybrida and their ex-
pression during flower senescence and in response to ethylene. Journal of 
Experimental Botany 53, 1223-1225 

Müller R, Stummann BM, Serek M (2000a) Characterization of an ethylene 
receptor family with differential expression in rose (Rosa hybrida L.) flowers. 
Plant Cell Reports 19, 1232-1239 

O’Neil SD, Nadeau JA, Zhang XS, Bui AQ, Halevy AH (1993) Interorgan 
regulation of ethylene biosynthetic genes by pollination. Plant Cell 5, 419-
432 

Pan H-C, Li J-H, Wang X-Z (2005) Involvement of ethylene and 1-amino-
cyclopropane-1-carboxylate synthase gene in regulation of programmed cell 
death during rose (Rosa x hybrida) flower development. Journal of Plant 
Physiology and Molecular Biology 31, 354-360 

Parkinson JS, Kofoid EC (1992) Communication modules in bacterial sig-
naling proteins. Annual Review ofGenetics 26, 71-112 

Pemberton HB (2003) Production and marketing. Encyclopedia of Roses 2, 
570-573 

Ranu RS (2009) Genomics, comparative genomics and designer plant breed-
ing: A new green revolution in the making. In: Kundurker PS, Srivastava GP, 
Mohan M, Vajpeyi M (Eds) Proceedings of the International Conference on 
Postharvest Technology and Value Addition in Cereals, Pules and Oilseeds, 
Indian Society for Agricultural Biochemists, Kanpur, India Publishers, pp 1-
13 

Ranu RS, Chakrabarti S, Volpe L-AM, Brown B, Wang D, Fan J (2008) 1-
aminocyclopropane-1-caboxylate (ACC) synthases of Rosa hybrida: analysis 
of genomic gene structure and cis-acting regulatory elements in their promo-
ters. Genes, Genomes and Genomics 2, 68-76 

Redman J, Whitcraft J, Johnson C, Arias J (2002) Abiotic and biotic stress 
differentially stimulate as-1 element activity in Arabidopsis. Plant Cell Re-

109



Role of ethylene in rose flower senescence. Ranu et al. 

 

ports 21, 180-185 
Reid MS, Evans RY, Dodge LL, Mor Y (1989) Ethylene and silver thiosul-

phate influence opening of cut rose flowers. Journal of the American Society 
of Horticulture Science 114, 436-440 

Roman G, Lubarsky B, Kieber JJ, Rothenberg M, Ecker JR (1995) Genetic 
analysis of ethylene signal transduction in Arabidopsis thaliana: Five novel 
mutant loci integrated into a stress response pathway. Genetics 139, 1393-
1409 

Rottmann WH, Peter GF, Oeller PW, Keller JA, Shen NF, Nagy BP, Taylor 
LP, Campbell AD, Theologis A (1991) 1-aminocyclopropane-1-carboxylate 
synthase in tomato is encoded by a multigene family whose transcription is 
induced during fruit and floral senescence. Journal of Molecular Biology 222, 
937-961 

Sakai H, Hua J, Chen QG, Chang C, Medrano LJ, Bleecker AB, Meyero-
witz EM (1998) ETR2 is an ETR1-like gene involved in ethylene signaling 
in Arabidopsis. Proceedings of the National Academy of Sciences USA 95, 
5812-5817 

Sato T, Theologis A (1989) Cloning the mRNA encoding 1-aminocyclopro-
pane-1-carboxylate synthase, the key enzyme for ethylene biosynthesis in 
plants. Proceedings of the National Academy of Sciences USA 86, 6621-6625 

Shibuya K, Clark DG (2006) Ethylene: Current status and future directions of 
using transgenic techniques to improve flower longevity of ornamental crops. 
Journal of Crop Improvement 18, 391-412 

Shibuya K, Nagata M, Tanikawa N, Yoshioka T, Hashiba T, Satoh S (2002) 
Comparison of mRNA levels of three ethylene receptors in senescing flowers 
of carnation (Dianthus caryophyllus L.). Journal of Experimental Botany 53, 
399-406 

Solano R, Stepanova A, Chao QM, Ecker JR (1998) Nuclear events in ethy-
lene signaling: A transcriptional cascade mediated by ETHYLENE-INSEN-
SITIVE3 and ETHYLENE-RESPONSE-FACTOR1. Genes and Development 
12, 3703-3714 

Tan H, Liu XH, Ma N, Xue JQ, Lu WJ, Bai JH, Gao JP (2006) Ethylene-
influenced flower opening and expression of genes encoding ETRs, CTRs and 
EIN3s in two cut rose cultivars. Postharvest Biology and Technology 40, 97-
105 

Tanaka Y, Katsumoto Y, Brugliera F, Mason J (2005) Genetic engineering in 
floriculture. Plant Cell, Tissue and Organ Culture 80, 1-24 

Tsuchisaka A, Theologis A (2004) Unique and overlapping expression patterns 
among the Arabidopsis 1-aminocyclopropane-1-carboxylate synthase gene 
family members. Plant Physiology 136, 2982-3000 

van Doorn W (2002) Effect of ethylene on flower abscission: a survey. Annals 
of Botany 89, 689-693 

van Doorn WG (1997) Effects of pollination on floral attraction and longevity. 
Journal of Experimental Botany 314, 1615-1622 

van Doorn WG, Stead AD (1997) Abscission of flowers and floral parts. 
Journal of Experimental Botany 48, 821-837 

Waki K, Shibuya K, Yoshioka T, Hashiba T, Satoh S (2001) Cloning of a 
cDNA encoding EIN3-like protein (DC-EIL1) and decrease in its mRNA 
level during senescence in carnation flower tissues. Journal of Experimental 
Botany 52, 377-379 

Wang D, Fan J, Ranu RS (2004) Cloning and expression of 1-aminocyclopro-
pane-1-carboxylate synthase cDNA from rose (Rosa x hybrida). Plant Cell 
Reports 22, 422-429 

Woltering EJ, van Doorn WG (1988) Role of ethylene in senescence of petals 
morphological and taxonomical relationships. Journal of Experimental 
Botany 39, 1605-1616 

Yamamoto K, Komatsu Y, Yokoo Y, Furukawa T (1994) Delaying flower 
opening of cut roses by cis-propenylphosphonic acid. Journal of the Japa-
nese Society of Horticulture Sciences 63, 159-166 

Yang SF, Hoffman NE (1984) Ethylene biosynthesis and its regulation in 
higher plants. Annual Review of Plant Physiology 35, 155-189 

Yip WK, Dong JG, Kenny JW, Thompsom GA, Yang SF (1990) Characteri-
zation and sequencing of the active site of 1-aminocyclopropane-1-carboxy-
late synthase. Proceedings of the National Academy of Sciences USA 87, 
7930-7934 

Zarembinski TI, Theologis A (1993) Anaerobiosis and plant growth hormones 
induce tow genes encoding 1-aminocyclopropane-1-carboxylate synthase in 
rice (Oryza sativa L.). Molecular Biology of the Cell 4, 363-373 

Zarembinski TI, Theologis A (1994) Ethylene biosynthesis and action: A case 
of conservation. Plant Molecular Biology 26, 1579-1597 

 
 

110


