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ABSTRACT 

 
The Asr gene is related to a number of functions, such as sugar regulation, stress induction, and fruit 

ripening in many plants, including tomato, potato, grape, pine, and rice. We used the promoter of the ci21A 
gene of potato, which belongs to the Asr family, to characterize the genetic expression of this gene in tomato 
and Arabidopsis. Particularly, there is known to be no Asr gene in Arabidopsis. In order to identify the spatial 
and temporal expression of the ci21A promoter, we used β-glucuronidase (GUS) as the reporter gene. The 
ci21A-GUS fusion gene was found to exhibit a very similar expression pattern in transgenic tomato and 
Arabidopsis. The distribution of GUS revealed that most of the expression appears in the sink organs of 
tomato and Arabidopsis. The expression pattern controlled by ci21A promoter helped us to clarify the role of 
the ASR protein in the developmental processes of plants. It also provided the possibility of applying this 
promoter in the expression of foreign genes in plants. The ci21A promoter could be suitable for various 
applications in different species. 
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Introduction 
 

Promoters play a critical role in regulating gene 
expression in specific tissues such as flowers and fruit 
in particular developmental stages, or in response to 
stress (Atkinson et al., 1998). The tissue-specific or 
stress-regulated promoter could potentially be used to 
improve agronomic properties or in the production of 
pharmaceutical and industrial substances. Analysis of 
the promoter that confers the spatial and temporal 
specificity of transgene expression demonstrates the 
characterization and function of a protein (Qu and 
Takaiwa,  2004). 

The Asr gene is known to function in response to 
abscisic acid (ABA), stress, and ripening in tomato 
(Iusem et al., 1993; Amitai-Zeigerson et al., 1994; 
Rossi and Iusem, 1994). The potato ci21A gene 
belongs to the Asr gene family and is highly 
homologous (90% identity/ 93% similarity) to the 
Asr1 gene of tomato. This gene has been isolated 

from potato (Solanum tuberosum) tubers stored at 4˚C 
(Schneider et al., 1997). The Asr gene has also been 
found in other species, including pummelo, pine, 
maize, rice, grape, and Ginkgo (Canel et al., 1995; 
Chang et al., 1996; Riccardi et al., 1998; 
Vaidyanathan et al., 1999; Çakir et al., 2003; Shen et 
al., 2005). All available data suggests that ASR 
proteins are encoded by small multigene families in 
tomato, loblolly pine, maize, and rice (Frankel et al., 
2006). In different species, Asr genes are expressed in 
various organs, such as the fruits of tomato and grape 
(Iusem et al., 1993; Çakir et al., 2003), the leaves, 
stems, and roots of pine and maize (Chang et al., 
1996; Riccardi et al., 1998), and the tubers of potato 
(Schneider et al., 1997). However, no Asr-like gene 
has been identified in the model plant Arabidopsis 
thaliana (Carrari et al., 2004). 

Distinct members of the Asr gene family may be 
expressed in different organs under different 
conditions and with different expression patterns 
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(Çakir et al., 2003). Most Asr genes are up-regulated 
under different abiotic stresses and during fruit 
ripening (Frankel et al., 2006). In potato, the 
transcripts of ci21A are present at the highest levels in 
cold-stored tuber and are not affected by ABA or salt, 
but are induced by drought in leaves. However, 
cold-induction of ci21A transcripts only occurs in 
tuber. The transcripts of ci21A increase gradually and 
reach their highest level after 14 days of cold storage 
(Schneider et al., 1997). Recent data has indicated 
that the ci21A gene influences glucose accumulation 
in potato tubers (Frankel et al., 2007). Cold-induced 
metabolic changes leading to the accumulation of 
sugars, resulting from starch-sugar interconversion, 
are typically observed in harvested potato tubers 
(Isherwood, 1973). The grape VvMSA gene, which 
belongs to the Asr gene family, is also induced by 
sucrose in grape berry cell cultures. The sugar 
induction of VvMSA is greatly enhanced by ABA. 
The highest amounts of VvMSA transcripts are found 
in fruit at the stages of setting and when they begin to 
ripen (Çakir et al., 2003). 

However, the promoter of Asr-related genes has 
not yet been analyzed in heterologous plants, 
especially in Arabidopsis, or applied in plant 
biotechnology. In this study, the promoter of the 
ci21A gene involved in sugar metabolism was 
examined by introducing it into tomato and 
Arabidopsis. The activity of a β-glucuronidase (GUS) 
reporter gene was monitored to allow characterization 
of the spatial and temporal expression patterns of 
ci21A promoter in different species. 
 
Materials and methods 
 
Plasmid construction and Agrobacterium-mediated 
transformation 

The promoter region of the potato ci21A gene 
(GeneBank accession no. U76670) was amplified 
from the genomic DNA of Solanum tuberosum L. var. 
Cardinal by primers 5’-tgcaagcttcatagcaaatctcgctcgc 
-3’ and 5’-ataggatccctcctcctccatcagatc-3’. The 5’ 
region of the ci21A gene (-1036 bp to +100 bp) was 
subcloned to vector pBluescript II KS and sequenced. 
The ci21A promoter was inserted into the HindIII / 
BamHI sites of vector pBI 221 upstream of the uidA 
gene to examine the expression of the fusion gene by 

transient assay. Thereafter, the obtained vector 
pBI221-P2 was digested with HindIII and EcoRI and 
subcloned into the binary vector pCAMBIA 1302 to 
yield the construct pCAM-P2-GUS carrying the 
β-glucuronidase reporter gene. This was transferred 
into Agrobacterium tumefaciens strain LBA4404 by 
electroporation. 

Cotyledons of Lycopersicon esculentum Mill. cv. 
Ailsa Craig from seven to ten day-old seedlings were 
cut into three pieces, placed upside down on the 
preculture Murashige and Skoog (MS) medium 
(Murashige and Skoog, 1962) (MS salts, 1x Nitsch 
vitamin, 3% sucrose, 0.1 mg/l α-naphthaleneacetic 
acid, 1.0 mg/l benzylaminopurine, 100 µM 
acetosyringone, 0.8% agar, pH 5.8) and incubated in 
the dark for two days before inoculation with A. 
tumefaciens. The explants were immersed in bacteria 
culture (OD600 = 0.6 ~ 1.0) for 60 minutes at room 
temperature, blotted on sterile tissue papers, and 
cultivated in preculture medium for two days. The 
cotyledon explants were then washed in liquid 
preculture medium containing 200 mg/l timentin 
(ticarcillin/clavulanic acid, DUCHEFA) for 20 
minutes, blotted, and transferred to the shooting 
medium (MS salts, 1x Nitsch vitamin, 3% sucrose, 2 
mg/l zeatin, 10 mg/l hygromycin, 200 mg/l timentin, 
0.8 % agar, pH 5.8). Explants were grown at 26˚C 
with a 16 h light/8 h dark photoperiod under 
fluorescent light. Regenerated shoots were transferred 
to a root-inducing medium (MS salts, 1x Nitsch 
vitamin, 3% sucrose, 10 mg/l hygromycin, 200 mg/l 
timentin, 0.8% agar, pH 5.8). 

Arabidopsis thaliana Columbia was grown in 
controlled environment chambers at 22°C, with a 
day/night cycle of 16 h/8 h. A. tumefaciens strain 
LBA4404 harboring pCAM-P2-GUS was grown, 
pelleted, and resuspended in 80~100 ml inoculation 
medium (1/2 MS salts, 1x vitamin, 5% sucrose, 10 
mM MgCl2, 0.01% Silwet L-77) to OD600 
approximately 0.8. The foral dip transformation 
method was used to generate transgenic Arabidopsis 
as described by Clough and Bent (1998). T0 seeds 
were harvested and selected in an MS medium with 
hygromycin (MS salts, 1x vitamin, 1% sucrose, 20 
mg/l hygromycin, 20 mg/l timetin, 0.8% agar). T1 and 
T2 transgenic plants expressing ci21A-GUS construct 
were also selected in an MS medium with 
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hygromycin. T3 homozygous plants were used for 
fluorometric assay. All transgenic lines in this study 
were confirmed by polymerase chain reaction (PCR), 
southern blotting, and northern blotting. 
 
Histochemical GUS staining and fluorometric assays 

To enable a GUS in situ assay, the plant tissues 
were vacuum-infiltrated with X-gluc solution (1mM 
5-bromo-4-chloro-3-indolyl-β-D-glucuronic acid in a 
reaction buffer composed of 100 mM sodium 
phosphate, pH 7.0, 10 mM ethylenediaminetetraacetic 
acid (EDTA) disodium salt dihydrate, 0.1% Triton 
X-100, 0.5 mM potassium ferricyanide, 0.5 mM 
potassium ferrocyanide) for ten minutes, incubated at 
37˚C for one hour, and kept at room temperature 
overnight. The chlorophyll was removed by 95% 
ethanol and the plant tissues were preserved in 70% 
ethanol. 

For fluorometric analysis, plant tissues were 
homogenized in a GUS extraction buffer consisting of 
0.1 M sodium phosphate (pH 7.8), 2 mM EDTA, 1% 
Triton X-100, 1 mM dithiothreitol, 0.1% bovine 
serum albumin (BSA) and 8.5 mM phenylmethane- 
sulphonylfluoride (PMSF), and centrifuged at 9,500 g 
for four minutes. The supernatant was used for an 
enzyme assay with 4-methylumbelliferyl-β-D- 
glucuronic acid (MUG) as a substrate. The reaction 
product, 4-methylumbelliferone (4-MU), was 
measured fluorometrically with a Bio-Rad VersaFluor 
fluorometer. GUS activity was calculated as pmole 
4-MU per minute per microgram of protein. Protein 
concentrations of the plant extracts were determined 
with Bradford reagent (Bradford, 1976). 
 
Results 
 
Patterns of GUS expression in vegetative tissues 

In transgenic tomato, the expression of the 
ci21A-GUS construct was observed in the mesophyll 
cells, the vein of the leaf (Fig. 1a), and the vascular 
bundle of the petiole. GUS expression was also 
detected in root parenchyma cells, root hairs, and the 
root cap (Fig. 1b). As the vegetative organs matured, 
GUS activity was seen to decrease, and the 
expression areas were restricted to the veinlet and 
vein of the leaf and the vascular cylinder of the root. 

 
 
Figure 1. The expression pattern of a ci21A promoter: 
GUS in vegetative organs. a Tomato leaf (bar 1 mm); G: 
guard cells. b Tomato root (bar 0.1 mm); VC: vascular 
cylinder. c Arabidopsis leaf (bar 1 mm). d Arabidopsis 
roots (bar 1 mm). e Arabidopsis root tip (bar 0.1 mm) 
 

The expression pattern of the ci21A-GUS 
construct in Arabidopsis was similar to that seen in 
tomato. In immature vegetative tissues of transgenic 
Arabidopsis, GUS expression was found in mesophyll 
cells and the vascular tissue of leaves, and in 
parenchyma cells and the vascular cylinder of the root 
(Figs. 1c, d). When the leaves matured, GUS 
expression was only detected in the trichomes, guard 
cells, veins, and mid rib of the leaves. In mature roots, 
GUS expression was restricted to the vascular 
cylinder and root cap (Fig. 1e). We observed that 
GUS activity was continuously detected in trichomes 
and guard cells at different developmental stages in 
both tomato and Arabidopsis (Fig. 2). 
 
GUS expression pattern in reproductive organs 

The ci21A promoter not only directed the GUS 
gene to express in leaves and roots, but also in 
reproductive organs. GUS expression was observed in 
the sepal and pistil of transgenic tomato, whereas no 
GUS activity was detected in the petal and anther. In 
the sepal, GUS expression was only found in 
grandular trichomes. Furthermore, no GUS activity 
was seen in pollen grains. In the pistil, GUS 
expression was evident in the stigma and the inner 
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Figure 2. Expression of a ci21A promoter: GUS fusion in 
different cell types. a Trichomes in sepal of tomato (bar 
0.1 mm). b Guard cells in petiole epidermis of tomato (bar 
0.1 mm). c Trichomes in lower epidermis of mature 
Arabidopsis leaf (bar 1 mm). d Guard cells in lower 
epidermis of mature Arabidopsis leaf (bar 0.1 mm) 
 
layers of ovary but not in the style (Fig. 3a). 

The distribution of transgene expression within 
the reproductive tissues of Arabidopsis was also 
detected in the sepal and pistil, but not in the anther, 
petal, and pedicel (Fig. 3b). In the pistil region, GUS 
expression was observed in the style, excluding the 
stigma. This is a different GUS expression to that 
seen in the pistil of transgenic tomato. GUS activity 
was also observed in the silique of transgenic 
Arabidopsis, whereas no reporter expression was 
found in the ovules and seeds. In immature silique, 
GUS activity was found in the pericarp and vascular 
bundle of the peduncle, with the exception of the 
replum (Fig. 4a). When the silique had matured, GUS 
expression was only detected in the guard cells of the 
pericarp (Fig. 4b). 
 
Decrease of ci21A-GUS expression with age 

Large amounts of ci21A-GUS expression were 
detected in young leaves, roots, and fruit, while very 
low amounts were present in mature leaves and roots. 
Interestingly, the maturation of Arabidopsis siliques 
also reduced the expression of ci21A-GUS fusion (Fig. 
4). To evaluate the activity of the ci21A promoter in 
Arabidopsis, GUS expression levels were determined 

 
 
Figure 3. The expression pattern of a ci21A promoter: 
GUS fusion in flowers. a Tomato (bar 1 mm). b 
Arabidopsis (bar 1 mm) 
 

 
 
Figure 4. Expression of a ci21A promoter: GUS fusion in 
immature and mature organs of Arabidopsis. a Immature 
silique (DAP 7; bar 1 mm). b Mature silique (bar 1 mm); 
b-1 Guard cells in the epidermis of a mature silique (DAP 
14; bar 0.1 mm). c Immature leaves (bar 1 mm). d Mature 
leaf and root (bar 1 mm)  
 
in leaves, from 18-day-old seedlings to the flowering 
stage, at seven-day intervals. The results of 
fluorometric assay were consistent with the 
histochemical analysis. A comparison of GUS 
activity levels at different developmental stages of 
transgenic Arabidopsis indicated a gradual decrease 
in GUS activity as the seedlings matured. As shown 
in Fig. 5, the highest levels of GUS activity were 
detected in the leaves and roots of 18-day-old 
seedlings. GUS activity in the leaves of 18-day-old 
seedlings reached more than 2,400 pmole of 4-MU 
per min per mg of protein. Interestingly, the GUS 
activity in roots was even higher, reaching more than 
6,400 pmole of 4-MU per min per mg of protein in 
18-day-old seedlings. The levels of GUS expression 
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decreased very quickly with inflorescence emergence 
(26-day-old, Boyes et al., 2001). The difference 
between expression levels at different stages of leaf 
growth was up to 20-fold. Our results also showed 
that the GUS activity in roots was three to six times 
greater than in leaves at different growth stages. 
 

 
Figure 5. A comparison of GUS activity in transgenic 
Arabidopsis of different ages. Data are presented as mean 
value ± S.D. of the GUS activities. 
 
Discussion 
 

The expression patterns of the ci21A-GUS 
transgene in tomato and Arabidopsis were found to be 
very similar. The two exceptions were in its 
expression in the pistils and fruit. Our results 
demonstrated that the ci21A-GUS construct was 
highly expressed in sink organs such as young leaves, 
young roots, and immature fruit. However, as the 
organs matured, the expression of ci21A-GUS was 
restricted to the vascular bundles, especially in the 
phloem region. In flower, ci21A-GUS fusion was 
only expressed in the sepal and pistils of both tomato 
and Arabidopsis. However, ci21A-GUS expression 
was observed in the stigma of tomato, while in 
Arabidopsis, it was observed in the style. This 
difference is probably due to the discrepancy between 
the stigma structure and function of tomato and 
Arabidopsis. Tomato (Solanaceae) has a wet stigma, 
which is covered with surface cells that often lyse to 
release a viscous secretion containing proteins, lipids, 
polysaccharides, and pigments. The exudate is 
produced in the cells of the secretory zone of the 

stigma and is secreted at pistil maturity 
(Heslop-Harrison 1977, 1981). Arabidopsis 
(Cruciferae), in contrast, has a dry stigma with many 
large papillae covered by a primary cell, a waxy 
cuticle, and a proteinaceous pellicle. It produces no 
exudate (Sanchez et al., 2004). The ripening process 
of the Arabidopsis silique is facilitated by senescence 
of the mature carpel tissue, followed by separation of 
the valve to facilitate seed dispersal. In contrast to 
Arabidopsis, tomato undergoes a ripening process and 
its developmental alterations influence its appearance, 
texture, flavor, and aroma in order to attract 
seed-dispersing organisms (Giovannoni, 2004). 
Recent data has shown that the Asr gene might be 
involves in sugar transportation and accumulation 
(Çakir et al., 2003; Frankel et al., 2007). These 
differences between tomato and Arabidopsis were 
probably the reason for the differential expression of 
ci21A-GUS in tomato and Arabidopsis. 

The results of a histochemical analysis showed 
that GUS activity in mature Arabidopsis leaves was 
lower than in young leaves. This result was confirmed 
by fluorometric assay. The GUS activity of transgenic 
Arabidopsis decreases with age. These data were 
consistent with previous studies of the Asr1 gene in 
tomato leaves (Gilad et al., 1997). Large amounts of 
ci21A-GUS expression were detected in the young 
leaves and roots of transgenic Arabidopsis. In early 
stages of development, a leaf will function as a sink. 
As the leaf approaches maximum size and its growth 
rate slows, it will gradually switch over to a net 
exporter. Roots, stem tissues, and developing fruit are 
examples of organs and tissues that normally function 
as sinks. Thus, ci21A behaves as a 
development-regulative gene and shows sink 
organ-preferential expression. The ci21A gene shares 
a similar pattern of expression with the grape Asr 
gene, VvMSA, and the monosaccharide transporter 
gene, VvHT1. These genes are not only glucose 
inducible but also sucrose inducible during the 
ripening of grape. The sink-specific behavior of the 
VvHT1 gene under sugar control in cell culture is in 
accord with its sink organ-preferential expression in 
whole plants (Büttner and Sauer, 2000; Atanassova et 
al., 2003; Çakir et al., 2003; Vignault et al., 2005). In 
addition, the results of histochemical staining showed 
that ci21A-GUS was expressed in the guard cells of 
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different organs. Hite et al. (1993) reported that guard 
cells are carbohydrate sinks, rather than source. 
Carrari et al. (2004) have suggested the possibility 
that the physiological meaning of the ASR protein is 
as a regulator of sugar traffic in fruit. Our results also 
suggest that the ci21A gene could be involved in 
modulating cell sugar traffic. 

In summary, we demonstrated the spatial and 
temporal expression of the ci21A-GUS construct. The 
ci21A promoter was found to direct GUS expression 
in transgenic Arabidopsis and tomato to the same 
organs and at the same developmental stages, except 
in the fruit and pistil. The differences in expression in 
these transgenic plants seem to be due to the natural 
differences in the growth and development of the two 
plants. Moreover, the expression of the ci21A 
promoter has both tissue-specificity and temporal 
specificity. Based on the expression pattern of the 
ci21A promoter, it would seem that this promoter has 
a potential application in plants as bioreactors. In 
addition, the ci21A promoter would be a useful tool 
for transgenic molecular breeding in tomato, tomato 
homologous plants, Arabidopsis, and Arabidopsis 
homologous plants; for example, in the manipulation 
of CBF (Thomashow et al., 2001; Hsieh et al., 2002; 
Lee et al., 2003) to enhance cold resistance, or to 
improve biomass production. 
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摘    要 

 
在蕃茄、馬鈴薯、葡萄、松樹及水稻的研究中，Asr基因的功能被推測與醣分代謝、逆境調控及果

實成熟有關。 然而，在已完成解碼的阿拉伯芥基因組中，卻不存有Asr與其相似基因。 為進一步探討

Asr基因的生理功能，本研究選殖馬鈴薯Asr基因家族中ci21A基因的啟動子序列，並將其與報導基因

(β-glucuronidase；GUS)連結，再將此重組基因分別轉殖於阿拉伯芥與蕃茄植株中，藉著追蹤報導基因

的表現，可瞭解ci21A啟動子控制基因表現的情形。 本研究的實驗結果顯示，報導基因在阿拉伯芥與

蕃茄轉殖株內的表現情形相似，最顯著表現於積儲器官部位。本研究的結果不僅有助於釐清ASR蛋白

質在植物發育過程所扮演的角色，也證明ci21A啟動子具有在其他植物基因工程方面被應用的潛力。 
 
關鍵詞：馬鈴薯、ci21A 啟動子、Asr 基因家族、蕃茄、阿拉伯芥、積儲器官 
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