
ABSTRACT 

LU, JIANLI. Gene Expression Regulation by the 5' Regulatory Sequences of the Rice rubi3 

Gene in Transgenic Rice Plants. (Under the direction of Dr. Rongda Qu.) 

Plant biotechnology has found extensive applications in agricultural production, 

environmental protection, and molecular farming.  A promoter of known expression pattern 

and regulation mode is of primary importance for these applications in that it helps tailor 

transgene expression in plants. The promoter of the rice polyubiquitin gene rubi3 was 

isolated in our laboratory. In transient assays, its expression was strongly enhanced by its 5’ 

UTR intron and further elevated to a high level by sequences from the coding region of the 

rubi3 gene. In this thesis research, I analyzed the expression pattern of the rubi3 promoter, 

and studied the effects of its 5’UTR intron as well as the first 27 bp of the rubi3 coding 

sequence on its expression pattern and strength in transgenic rice plants. 

The expression pattern of the rubi3 promoter was studied by using both GUS and GFP as 

reporter genes to obtain more reliable information. Histochemical GUS localization and 

GFP visualization revealed that the rubi3 promoter, with its 5’ UTR intron, was active in all 

the tissues and cell types examined, suggesting that it is a constitutive promoter although 

the expression levels among the tissues were not uniform. Its activity was especially strong 

in root apical meristems, leaf mesophyll cells, embryos, and parenchyma cells in the 

vascular system, including the vascular cylinders of roots and the vascular bundles of 

stems.   



The 5’UTR intron substantially enhanced the expression level of the rubi3 promoter 

without altering its expression pattern, but the magnitude of enhancement showed profound 

difference among various tissues. The increase in GUS enzyme activity was 3.1-fold in leaf, 

23.6-fold in root, and 48-fold in callus tissue. Differential enhancement was also observed 

in other tissues of the GUS transformants and in the GFP transgenic plants. For example, 

enhancement was higher in embryos and aleurone layers, but obviously lower in stigma 

tissues. This report is the first one to demonstrate the tissue-dependency of intron-mediated 

enhancement of gene expression (IME) in stably transformed monocot plants.  

Moreover, differential enhancement was also found in different tissues at GUS mRNA 

level. The increase was 4.2-fold in leaf, 11.1-fold in root, and 12.1-fold in callus tissue. 

Further analysis broke down the enhancement effects of the rubi3 5’ UTR intron into a pre-

translational phase and a translational phase. The intron enhanced GUS gene expression 

mainly by elevating mature mRNA level in all the three tissues examined, suggesting that it 

stimulated GUS gene expression primarily at the pre-translational phase. However, the 

magnitude of enhancement in GUS activity was different from that at mRNA level, 

suggesting that the intron affected GUS gene expression at the translational phase as well.  

A fusion of the first 27 bp of the rubi3 coding sequence to the GUS gene further enhanced 

GUS activity over that conferred by the intron-containing rubi3 promoter without changing 

its expression pattern. The magnitude of the enhancement by this sequence also varied by 

tissue types. Analysis indicates that the enhancement effect took place completely at the 

translational phase without affecting mRNA accumulation.  



The results suggest that the 5’ regulatory sequences of the rice rubi3 gene, including the 

promoter, the exon 1, the 5’ UTR intron, and the exon 2 sequence, can be combined to 

direct strong and constitutive transgene expression in transgenic monocot plants. The 

observation also helps gain insight on the mechanisms of gene expression regulation, 

especially IME, in monocot plants. 
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INTRODUCTION 

Plant biotechnology is creating new opportunities in agricultural production, environmental 

protection, and molecular farming.  A properly designed transgene construct can help to 

tailor transgene expression in plants by altering the expression strength, timing, and 

location. In this process, the promoter plays a pivotal role in controlling transgene 

expression. In addition, plant gene promoter studies help us gain insights into how the 

complex life activities of an organism are regulated at molecular levels throughout its life 

cycle.  

The study of plant gene promoters 

The promoter of a gene is a DNA sequence normally located upstream of the transcribed 

region. Transcription factors and RNA polymerase recognize a promoter by its structural 

features and associate with it to initiate transcription. A eukaryote promoter often has a 

modular structure, i.e., it is composed of a variety of cis-elements, each of which has 

special sequence information that is recognized by a corresponding trans-acting factor. 

Transcription factors bound to these modules or other factors form a transcription initiation 

complex with RNA polymerase. In this process, the newly formed complex positions RNA 

polymerase at the transcription initiation site and activates transcription (Lewin, 2000). In 

the late 1980’s and early 1990’s, a series of studies from Chua’s group characterized the 

combinatorial regulation of transcription in plants using CaMV 35S promoter as a model



 system (Benfey and Chua, 1990). Subsequent studies found groups of cis-acting DNA 

sequence elements present in the promoters of diverse plant genes and their corresponding 

trans-acting factors (Benfey and Chua, 1990). Researchers defined their functions and 

interactions in the regulated gene expression in different plant tissues, and in response to 

developmental cues and biotic or abiotic signals (Sessa et al., 1995) . The synergistic effects 

between individual promoter elements and their binding with transcription factors were also 

put into the network of signal transduction pathways in some studies (Ezcurra et al., 2000).  

The activity of a promoter can be characterized at the mRNA and/or protein level of the 

gene it controls. The most common approach to study activity of a plant promoter, 

however, is to fuse the promoter to a reporter gene, such as the β-glucuronidase (GUS) 

(Jefferson et al., 1987), the luciferase (LUC) (Steiner, 1992), the chloramphenical acetyl 

transferase (CAT) (Gorman et al., 1982), or  the green fluorescent protein (GFP) gene 

(Haseloff and Amos, 1995), and monitor the expression of the reporter gene product in 

stably transgenic plants. By this approach, the expression pattern of a promoter can be 

analyzed qualitatively and/or quantitatively in plant tissues, and its expression pattern in 

response to certain environmental conditions can be characterized by exposing the 

transgenic plants to those conditions. Since the generation of transgenic plants usually takes 

several months or even longer, evaluation of a promoter activity is often conducted by 

transient gene expression analysis. In this approach, the promoter/reporter fusion construct 

is introduced into cultured protoplasts, suspension cells, or various plant tissues, and the 

transient expression of the reporter gene is generally analyzed in 24-48 hrs after DNA 

delivery when the expression is at the highest level. Transient expression assays are often 

 

2



used to compare the relative strength of various promoters in a plant species. But, with 

transient assays, it is difficult to study promoters of genes that are developmentally 

regulated, tissue-specifically expressed, or require induction. In some cases, transient assays 

can also provide an estimation of the tissue-specificity of a promoter in certain plant 

species, if the plant tissues used in the experiment are competent to receive the delivered 

DNA and suitable to assay the reporter gene. A reporter gene is mostly assayed by the 

enzyme activity of the protein it encodes. Antigen-antibody reactions can also be employed 

for detection of its expression by western blot or ELISA.  

The activity of a promoter can also be examined at the mRNA level. The expression of a 

gene driven by a promoter can be detected by northern hybridization analysis. Ribonuclease 

protection assays (RPAs) and reverse transcriptase-polymerase chain reaction (RT-PCR) 

can be used to detect low level mRNAs. In combination with laser capture microdissection, 

these techniques can quantify mRNA from a group of cells or even a single cell 

(http://www.mcg.edu/Core/Labs/lcm/). The expression pattern of a gene can also be 

analyzed at the mRNA level by the in situ hybridization technique (Cox and Golberg, 

1988).  

Important promoters used in plant transformation 

The availability of a wide variety of promoters that differ in their expression pattern and 

expression level is of primary importance for a successful agricultural biotechnology 

program. Over the years, a broad spectrum of promoters has been isolated from numerous 

plant species. While promoters that confer tissue-specific or temporal expression have 
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found their use in targeted transgene expression, promoters that drive high, constitutive 

expression are more typically used in plant transformations to produce high levels of a 

transgene product. 

The cauliflower mosaic virus (CaMV) 35S promoter is the most commonly used promoter 

for constitutive expression (Odell et al., 1985). Histochemical studies using the GUS 

reporter gene indicate that it functions in both dicot and monocot plants and drives high 

level transgene expression in nearly all tissues of transgenic dicot plants (Benfey and Chua, 

1990). Hence, it is the most used promoter in dicot crop biotechnology applications as well 

as in molecular studies of dicot species. However, the activity of the CaMV 35S promoter 

in monocots is much lower than that in dicots (Battraw and Hall, 1990; Last et al., 1991; 

McElroy et al., 1991; Schledzewski and Mendel, 1994).  

The major promoters used in monocot transformation are mostly derived from the ubiquitin 

and actin genes of monocot origin. Ubiquitin is one of the most highly conserved proteins 

known. It plays important roles in cellular processes such as protein turnover, chromatin 

structure, cell cycle control, DNA repair, and response to heat shock and other stresses 

(Callis, 1995). Many plant polyubiquitin genes and their promoters have been studied  

(Callis et al., 1990; Binet et al., 1991; Christensen et al., 1992; Norris et al., 1993; 

Garbarino and Belknap, 1994; Genschik et al., 1994; Rollfinke and Pfitzner, 1994; Park et 

al., 1998; Xia and Mahon, 1998; Wei et al., 1999; Wang et al., 2000; Streatfield et al., 

2004) . One of the most often used promoters in monocot transformation is the maize 

polyubiquitin 1 gene promoter (Ubi1). The promoter itself is 976 bp long. The Ubi1 5’-
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UTR intron (1010 bp) strongly enhances its own and other promoter’s activities. It was 

reported that the intron enhanced GUS gene expression conferred by the CaMV 35S 

promoter by 71-fold in bombarded maize suspension culture cells (Vain et al., 1996). In 

maize protoplasts, chloramphenical acetyl transferase (CAT) expression driven by the Ubi1 

promoter was more than 10-fold higher than that from the CaMV 35S promoter. However, 

the Ubi1 promoter does not have good activity in dicot plants. In tobacco protoplasts, CAT 

activity directed by the Ubi1 promoter (including its intron) was less than one-tenth of that 

from the 35S promoter (Christensen et al., 1992). The maize Ubi1 promoter has been very 

successfully used in monocot transformation (Christensen et al., 1992; Weeks et al., 1993; 

Wilmink et al., 1995; Bhattacharjee et al., 1997; Hill-Ambroz et al., 2001). In rice, its 

expression was strong in young roots and lateral roots, but weak in root hairs. Its activity 

was noticeable in the stomata and vascular system of leaves (Cornejo et al., 1993). Similar 

results were observed in transgenic wheat using the GUS gene (Rooke et al., 2000). In 

general, the maize Ubi1 promoter had strong activity in young tissues of monocot species, 

and its activity seemed to correlate to mitotic activity of the cells (Takimoto et al., 1994). 

Two rice polyubiquitin promoters were isolated from rice genes RUBQ1 and RUBQ2 

(Wang et al., 2000). Both were active in all rice tissues, including leaf, panicle, root, and 

shoot apex. Expression of the RUBQ2 promoter was substantially higher in roots than that 

of the RUBQ1 promoter. In transient assays in rice suspension cells, GUS activity directed 

by the RUBQ1 and RUBQ2 promoters was 10 to 15-fold greater than that of the CaMV 35S 

promoter, and 2 to 3-fold greater than that conferred by the maize Ubi1 promoter, 

respectively. In stably transformed rice plants, GUS expression levels from the RUBQ1 or 
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RUBQ2 promoters were 8- to 35-fold higher, respectively, than that of the 35S promoter 

(Wang and Oard, 2003). Notably, in the results mentioned above, constructs using the 

RUBQ1 and RUBQ2 promoters included their respective 5’ UTR introns and encoded a 

fusion protein, composed of the first 15 amino acids of the ubiquitin, a linker of 11 amino 

acids followed by the GUS protein. 

Strong constitutive promoters could be derived from actin genes. Actin is present in nearly 

every plant cell as a fundamental cytoskeletal component. The promoter from the rice actin 

1 gene Act1 has been developed for use in cereal transformation (McElroy et al., 1991; 

Zhang et al., 1991). The Act1 promoter, including its 5’ UTR intron, confers relatively 

strong constitutive expression in rice. In transient GUS expression assays in rice 

protoplasts, the rice Act1 promoter was reported to be approximately 5 to 10 times stronger 

than the maize Adh1 promoter (McElroy et al., 1990). Histochemical localization using the 

Act1-GUS gene construct demonstrated that the promoter was active in virtually all tissues 

of the transgenic rice plants throughout development with the exception of xylem (Zhang et 

al., 1991).  

Recent technological advance in genomics, transcriptomics, and proteomics, and the 

availability of bioinformatics tools will greatly facilitate the isolation and characterization 

of plant promoters, and rapidly increase our knowledge of gene expression and their 

regulation. New promoters of known expression patterns will be invaluable tools in plant 

biology research and in plant biotechnology.  
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Intron-mediated enhancement of gene expression 
 

Introns are intervening sequences present in the primary transcript but absent in the mature 

mRNA following their splicing. Most eukaryotic genes contain one or more (and 

sometimes dozens of) introns. Their functions include alternative splicing to increase the 

coding capacity of genes and exon shuffling to facilitate protein evolution (Rose, 2004). In 

the late 1970s, it was demonstrated for the first time that intron-containing and intronless 

versions of otherwise identical genes showed dramatically different expression levels in 

animal cells. It is now known that introns can augment gene expression in organisms as 

diverse as nematodes, insects, yeast, mammals, and plants.  In plants, this effect has been 

termed intron-mediated enhancement (IME) of gene expression (Mascarenhas et al., 1990).  

Many plant introns are capable of IME (Clancy and Hannah, 2002). Typically, IME can 

elevate gene expression 2- to 10-fold or, in some cases, more than 100-fold in plants (Maas 

et al., 1991; Zhang et al., 1994), and its effect is usually greater in monocots than dicots. 

However, the phenomenon of IME is not universal and unconditional. Some plant introns 

have been shown unable to enhance expression, which include the bean phaseolin gene 

intron (Chee et al., 1986), maize Hsp81 intron 1 (Sinibaldi and Mettler, 1992), GapA1 

intron 2 (Donath et al., 1995),  and Adh1 intron 9 (Mascarenhas et al., 1990). Furthermore, 

those known effective in IME are usually limited to certain conditions.  
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Factors influencing intron-mediated enhancement of gene expression 

The extent of intron-mediated enhancement of gene expression depends on many factors, 

including the characteristics of the intron used, its location in the transcript, the nature of 

other sequences in the construct, and the cell-type and species in which the construct is 

expressed.  

Although a wide range of introns from one species can promote enhancement of gene 

expression in another, the effects of some introns on IME may vary from species to species. 

In a transient expression experiment, the intron 1 from the maize Shrunken-1 (Sh1) gene 

enhanced CAT gene expression in rice and maize protoplasts approximately 100-fold but 

inhibited the reporter gene expression in tobacco protoplasts (Maas et al., 1991). Vain et al. 

(1996) compared the effects of 5 maize introns, 1 rice intron, and 1 petunia intron on the 

expression of GUS gene driven by the CaMV 35S promoter in embryogenic maize and 

bluegrass suspension cultures. Each of the introns was inserted between the promoter and 

the reporter gene, and transient GUS expression was measured after particle bombardment. 

Half of the introns tested, including the maize Adh1-S intron 1 and Sh1 intron 1, rice Act1 

intron 1 and petunia chsA intron, affected GUS gene expression differently in bluegrass and 

maize. Previous studies have shown that monocots and dicots are different in intron 

recognition and splicing (Goodall and Filipowicz, 1991), and some of the reported results 

may be due to poor splicing of monocot introns in dicot plants. Moreover, dicot species 

may also differ in pre-mRNA processing (Simpson and Filipowicz, 1996).  
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The magnitude of the enhancement in gene expression mediated by various introns could be 

quite different. Dugdale et al. tested the maize Ubi1 intron, maize Adh1 intron 1, rice Act1 

intron and the sugarcane rbcS intron for their elevating effects on the banana bunchy top 

virus DNA-6 promoter (BT6.1) in banana embryogenic cells (Dugdale et al., 2001). The 

rice Act1 and maize Ubi1 introns enhanced transient GUS activity by about 300-fold and 

100-fold, respectively. The sugarcane rbcS intron stimulated expression about ten-fold, 

whereas the adh1 intron 1 had no significant effect. In another study, intron-containing and 

intronless bean phaseolin genes with their native promoters were used to transform tobacco 

via Agrobacterium (Chee et al., 1986). The results suggested that the introns of the bean 

phaseolin gene did not enhance transgene expression in tobacco. As discussed above, many 

introns do sponsor IME. Thus, it seems whether an intron enhances gene expression and 

how much it enhances primarily depend on the inherent nature of the individual introns.  

The degree of enhancement on gene expression exerted by an intron can be influenced by 

its position in the transcript. In a transient expression assay in maize Black Mexican Sweet 

(BMS) cells and protoplasts, each of the three introns from the maize nuclear RpoT gene 

was separately inserted into the coding sequence of the firefly luciferase reporter gene at 

+165, +885 and +1304 bp. Although all introns tested were correctly spliced, only one of 

them (RpoT-i4) inserted at nucleotide +165 resulted in a significant and reproducible 

increase in luciferase expression (Bourdon et al., 2001). In an assay in transgenic 

Arabidopsis plants, TRP1 gene intron 1 and UBQ10 gene intron 1 were tested individually 

at six positions within the coding sequences of the GUS gene driven by the TRP1 promoter 

and two locations at the 3’ UTR. Their ability in IME decreased with distance from the 5’ 
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end of the gene, although both of them were efficiently spliced from all locations within the 

coding region (Rose, 2004). Several studies have shown that introns capable of augmenting 

expression from near the 5’ end of a gene greatly diminished this ability when inserted in 

the 3’ UTR (Callis et al., 1987; Mascarenhas et al., 1990; Clancy et al., 1994; Snowden et 

al., 1996; Jeon et al., 2000; Rose, 2002). These observations indicated that IME depends on 

the position of an intron within a gene construct.   

In some experiments, IME was reported to be affected by the exon sequences flanking the 

intron. For instance, Adh1 exon sequences adjoining the Sh1 first intron elevated the CAT 

reporter gene expression in maize protoplasts above the level observed with the Sh1 first 

intron alone (Clancy et al., 1994). Luehrsen and Walbot (1991) found that the maize Adh1-

S gene intron 1 and actin gene intron 3 mediated enhancement of transient gene expression 

in cultured maize cells, and flanking exon sequences influenced the degree of enhancement 

and the efficiency of intron splicing.   As an extreme example of bordering exons affecting 

IME, inclusion of the rice salT intron into the 5' UTR of the CAT, bar and GFP genes only 

elevated expression of the CAT gene in maize cells, indicating that IME by the salT intron 

was gene-dependent (Rethmeier et al., 1997). An approximately 100 nt sequence element at 

the 5’ end of the CAT coding sequence was found to interact with the salT intron 

(Rethmeier et al., 1998), and might be responsible for the observed gene-dependent 

enhancment. 

The magnitude of enhancement in gene expression mediated by an intron can vary with 

tissue type as well.  This has been documented in dicotyledonous cell cultures and stable 
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transgenic plants. For example, removal of the leader intron from a translational fusion 

between the 5’ region of the potato sucrose synthase gene Sus3-65 and the GUS gene 

increased the reporter gene expression in tobacco pollen by more than 100-fold but reduced 

expression in vascular tissue of anthers (Fu et al., 1995). Moreover, removing the leader 

intron from a similar construct of Sus4-16 reduced the GUS activity in potato tubers by 8-

fold, but only 4-fold in roots (Fu et al., 1995). Deleting the Arabidopsis ENR-A gene first 

intron caused a loss of GUS gene expression in young developing leaves, but increased 

root-specific expression by about 4- to 5-fold in transgenic tobacco plants (de Boer et al., 

1999). Similarly, the introns located within the 5’-untranslated regions of the two 

Arabidopsis replacement histone H3 genes were shown to increase GUS gene expression 

driven by the endogenous histone H4 promoter to different extents in distinct tissues in 

transgenic Arabidopsis plants. The enhancement was 4.5-fold and 9-fold in roots and 

leaves, respectively, but no elevation was found in meristem tissue (Chaubet-Gigot et al., 

2001). This tissue-dependent enhancement of gene expression mediated by introns has 

rarely been studied in monocots.  In transient assays in maize, it was shown that the intron 1 

of maize Adh1 gene, placed at the 5’ UTR of a LUC gene construct using the CAMV 35S 

promoter, stimulated the reporter gene expression to various degrees in different tissues: 

44.1-fold in protoplasts isolated from aleurone, 16.5-fold in endosperm protoplasts, but 

only 3.4-fold in BMS suspension cells (Gallie and Young, 1994). 

Some introns were found to affect the tissue-specific expression pattern of the genes. 

Removal of the 5’ UTR intron from the tobacco polyubiquitin gene Ubi.U4 promoter 
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abolished GUS activity in tobacco mature tissues, but did not affect expression in actively 

dividing cells (Plesse et al., 2001).  

Mechanisms of intron-mediated enhancement of gene expression 

Although whether or not an intron causes enhancement of gene expression or to what 

degree an intron augments expression depends on numerous factors, some common themes 

have been shown to exist in IME caused by various introns, suggesting a common 

mechanism underlying the phenomenon in various organisms. Since introns stimulate gene 

expression in various organisms, studies on IME in animals mayl help shed light on the 

understanding of IME in plants.  

Intron-mediated enhancement of gene expression exhibits several common characteristics 

in plants. The increase in expression caused by introns is usually apparent at the level of 

mRNA accumulation (Callis et al., 1987; Dean et al., 1989; Rethmeier et al., 1997; Rose 

and Last, 1997; Rose, 2002; Wang et al., 2002). Nevertheless, the half-life of mRNAs from 

the intronless or intron-containing genes have been reported to be the same (Nash and 

Walbot, 1992; Rethmeier et al., 1997). Moreover, introns must be located within the 

transcribed sequences and in their normal orientation to stimulate expression (Callis et al., 

1987; Mascarenhas et al., 1990; Clancy et al., 1994).  

The augmentation mediated by introns has been related to their recognition and/or removal 

by the splicing machinery (Sinibaldi and Mettler, 1992; Clancy and Hannah, 2002). Thus, 

the structural features that identify an intron and/or participate in splicing was suggested to 
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be involved in IME.  However, another report stated that splicing per se might be neither 

necessary nor sufficient for the enhancement effect of introns. Deletion experiments with 

the first intron of the Arabidopsis PAT1 gene indicate that the splicing machinery is 

required but splicing per se is not necessary for the intron to stimulate mRNA 

accumulation. In the same study, five different introns were tested in the exact same context 

for their stimulation effect on mRNA accumulation from the PAT1:GUS fusion. Although 

all were spliced with greater than 98% efficiency, the TCH3 intron had very little effect on 

mRNA accumulation, demonstrating that splicing is not sufficient for IME (Rose, 2002).  

U-richness of introns has been found to strongly influence splice site recognition and 

splicing efficiency in plants (Goodall and Filipowicz, 1989; Luehrsen and Walbot, 1994; 

Merritt et al., 1997; Ko et al., 1998). A U-rich 35-bp region from the 1028-bp first intron of 

the maize Sh1 gene was found to mediate maximum levels of expression but was not 

required for efficient splicing, while many other sequences in the intron were dispensable 

(Clancy and Hannah, 2002). Several other reports also indicated that large deletions can be 

made within introns without decreasing the enhancement effect or splicing efficiency 

(Luehrsen and Walbot, 1994; Rose and Beliakoff, 2000). Rose found a correlation between 

the degree of IME and the U-richness in the derivatives of the PAT1 intron 1 (Rose, 2002). 

It was suggested that IME may depend on proteins similar to a nuclear protein, UBP1, that 

binds U-rich sequences within an intron and affects splicing and mRNA accumulation 

(Gniadkowski et al., 1996; Lambermon et al., 2000). Despite the progresses made in the 

past two decades, the mechanism of IME in plants is still poorly understood. 
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A line of evidence from studies of IME in animal and plant cells suggested a complicated 

mechanism in which intron and its splicing may enhance gene expression at various levels 

such as transcription, pre-mRNA processing, mRNA export, and translation (Le Hir et al., 

2003). A fraction of the enhancement may be at the transcription level. With nuclear run-on 

and direct image analysis, Furger et al. (2002) demonstrated that deletion of the 5’ splice 

site from the mammalian HIV-1 minigene or removal of the introns from the yeast genes 

DYN2 and ASC1 caused considerable decrease in nascent transcript levels, suggesting that 

splicing signals directly enhance transcription. It was observed in an in vitro assay that 

introns enhanced transcript elongation in mammalian cell extracts (Fong and Zhou, 2001). 

However, previous reports performed in dicots did not observe significant effects in nuclear 

run-on experiments (Dean et al., 1989; Rose and Last, 1997; Rose and Beliakoff, 2000).  

Studies in animal cells also pointed to a protein complex, called the exon junction complex 

(EJC), which binds RNA upon splicing and may have a positive effect on gene expression 

at various steps. During splicing, proteins of the exon junction complex are deposited on the 

mRNA 20-24 nt upstream of the 5’ splicing sites of introns (Dreyfuss et al., 2002). Earlier 

reports claimed some EJC proteins promoted the nuclear export of the spliced mRNA by 

interacting directly with an export factor, and some remained associated with the mRNA in 

the cytoplasm (Le Hir et al., 2001; Luo et al., 2001; Strasser and Hurt, 2001). Wiegand et 

al. (2003) showed that intron splicing by itself did not boost gene expression without the 

formation of EJC. However, they did not observe enhancement of nuclear export by EJC. 

Tethered EJC components SRm160 or RNPS1 enhanced the expression of the intronless 

mRNAs but not of the spliced mRNAs. Splicing and RNPS1 tethering are shown to act in 
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the same steps to augment mRNA processing and translation (Wiegand et al., 2003). In 

another study, compared with otherwise identical mRNAs not made by splicing, the spliced 

mRNAs enhanced more cytoplasmic polysome binding and increased translational 

efficiency. Tethering the EJC proteins Y14, Magoh, and RNPS1 to an intronless reporter 

mRNA stimulated translation by a similar mechanism, i.e., promoting mRNA-polysome 

association (Nott et al., 2004).  Together, these data support a model that the EJC may be 

primarily responsible for the intron-mediated enhancement of gene expression in animal 

cells. Although putative proteins with high amino acid sequence homology with some of 

the animal EJC proteins have been identified in Arabidopsis (Pendle et al., 2005),  whether 

EJC plays a major role in IME in plants is yet to be known.  

The rice rubi3 gene promoter 

Recently, a rice polyubiquitin gene designated as rubi3 has been isolated in our laboratory 

(Sivamani and Qu, 2006). Its 5’-regulatory region is composed of an 808 bp promoter, a 67 

bp non-coding exon (exon 1), and an 1140 bp intron within the 5’-untranslated region (5’ 

UTR). The 5’ UTR intron is immediately followed by an open reading frame of 1140 bp 

(exon 2) which encodes a pentameric polyubiquitin. In transient assays with bombarded 

rice suspension cells, the promoter containing the 5’ UTR intron conferred approximately 

20-fold higher GUS gene expression than an otherwise identical intronless construct, 

indicating that the 5’ UTR intron confers strong intron-mediated enhancement on gene 

expression. Moreover, the rubi3 5’ UTR intron enhanced GUS enzyme activity directed 

from an intronless rice Act1 promoter and a rice histone H3A promoter by 8 to 9-fold.   
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In an effort to increase the strength of the rubi3 promoter, a construct composed of the 

rubi3 promoter, its 5’ UTR intron, and a rubi3 ubiquitin monomer coding sequence fused to 

the GUS reporter gene in frame was found to generate approximately 4-fold higher GUS 

enzyme activity when compared with an otherwise identical construct lacking the ubiquitin 

monomer. The ubiquitin monomer fusion construct produced a protein identical to the 

native GUS enzyme as judged by immunoblot analysis, indicating the fused ubiquitin 

monomer was cleaved by a ubiquitin specific protease inside the cells after translation of a 

fusion protein.  When the ubiquitin coding sequence used in the fusion with the GUS gene 

was reduced to 27 and 9 nucleotides from the translation start codon, their augmentation on 

GUS activity remained almost unchanged (Sivamani and Qu, 2006). However, the fusion 

proteins yielded from those constructs are not expected to be trimmed by the ubiquitin-

specific proteolytic enzymes in plants (Hondred et al., 1999), which is undesired when an 

authentic protein is to be produced. Therefore, the third nt of the AUG codon in the first 9 

nt sequence used for fusion was mutagenized, so that translation would start from the 

authentic AUG codon of the GUS gene. Thus, a construct carrying a mutated 9 nt fusion 

sequence was generated, which produced GUS enzyme activity that was 5-fold greater than 

the intron-containing native rubi3 promoter and 2.2-fold higher than the maize Ubi1 

promoter (Sivamani and Qu, 2006).  

Objectives of this study 

Monocot plants are of great economic importance, and the magnitude of IME has been 

shown to be relatively high in this class. However, IME has not yet been studied at the 
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whole plant level in monocots, which include all cereal crops and important turf/forage 

grasses. Moreover, the rubi3 gene promoter and the enhancement by its 5’ UTR intron and 

exon 2 sequences have been mainly studied by transient expression assays using suspension 

cells, and the rubi3 expression pattern in various plant tissues is not clear. Therefore, the 

objectives of this Ph.D. thesis study are: 

1. Study the expression pattern of the rubi3 gene promoter (including its 5’ UTR 

intron) in transgenic rice plants in order to assess its application in agricultural 

biotechnology, and investigate whether the intron and/or the exon 2 sequence alters 

the rubi3 promoter expression pattern; 

2. Investigate IME by the rubi3 5’ UTR intron and the further enhancement by the 

exon 2 sequence in various tissues of the transgenic rice plants. 
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Figure 1. Structures of the T-DNA regions of plasmids used in rice transformation. 
All T-DNAs are contained in binary vector pCAMBIA1300.  LB, left border; RB, 
right border; P, promoter; T, terminator or polyadenylation signal; E1, exon 1; E2, 
exon 2; HPT, hygromycin phosphotransferase; GUS, β-glucuronidase; GFP, 
sGFP(S65T); NOS, nopaline sythase; 35S, CaMV 35S; Ubi1, maize Ubi1. Probing 
regions and restriction sites used in Southern blotting of T0 transgenic plants are 
also shown.  
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MATERIALS AND METHODS 
 

Plasmid construction 

1.  Plasmids using GUS as the reporter gene 

The E. coli GUS gene encoding β-glucuronidase (Jefferson et al., 1987) was used as a 

reporter gene in most of the experiments. The plasmid pRESQ4 from Dr. E. Sivamani 

contains the GUS expression cassette composed of the rubi3 promoter, its 5’-UTR exon and 

intron, GUS coding sequence with a 20 bp stretch of non-coding leader sequence, and NOS 

terminator in the pUC119 backbone (Sivamani and Qu, 2006). A 4147 bp EcoRI fragment 

from pRESQ4 was inserted into the EcoRI site of the binary vector pCAMBIA1300 (NCBI, 

accession AF234296) resulting in the plasmid pJLU2 (Figure 1).  

The plasmid pPSRG30 made by Dr. P. Samadder has an identical expression cassette to that 

in pRESQ4 except that the rubi3 5’ UTR intron was removed (Sivamani and Qu, 2006). It 

was constructed to generate mRNA of the same sequence as the spliced mRNA from 

pRESQ4. A 546 bp SnaBI and BstEII fragment from pPSRG30 was used to replace a 1681 

bp SnaBI and BstEII fragment in pJLU2 to obtain plasmid pJLU7, which has the GUS 

expression cassette of pPSRG30 in the pCAMBIA1300 backbone (Figure 1).  

The plasmid pRESQ36 made by Dr. E. Sivamani harbors the GUS expression cassette 

composed of the rubi3 promoter, its 5’ UTR exon and intron, the 27 nucleotides encoding 

the first 9 amino acids of the rubi3 gene fused in frame with the GUS coding sequence, and 

the NOS terminator in the pUC119 backbone (Sivamani and Qu, 2006). A 672 bp SnaBI 

and BglII fragment from pRESQ36 was used to replace a 661 bp SnaBI and BglII fragment 
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in pJLU2. The resultant plasmid, pJLU6, contains the same GUS expression construct of 

pRESQ36 in the pCAMBIA1300 backbone (Figure 1).  

The plasmid pRESQ29 contains the cassette comprising the maize polyubiquitin gene Ubi1 

promoter, its 5’ UTR intron, the GUS coding sequence, and the NOS terminator in the 

pUC119 backbone (Sivamani and Qu, 2006). A 4135 bp HindIII fragment containing the 

GUS expression cassette in pRESQ29 was inserted into the HindIII site in the binary vector 

pCAMBIA1300, yielding plasmid pJLU5 (Figure 1).  

2. Plasmids using GFP as the reporter gene 

A green fluorescent protein (GFP) gene sGFP(S65T) was also used in the experiments to 

analyze the expression pattern of the rubi3 gene promoter in transgenic rice plants. The 

sGFP(S65T) is a  synthetic gene encoding GFP with serine at position 65 substituted by 

threonine. It has an exitation peak at 490 nm and has provided up to 100-fold brighter 

fluorescent signals than the original jellyfish GFP in plants (Chiu et al., 1996).  The plasmid 

pRTL2-sGFP contains sGFP(S65T) with a 6x histidine tag coding sequence inserted in 

frame at the N-terminus of the GFP coding sequence (Sit et al., 1998). The following 

primers were used to clone the sGFP(S65T) gene from pRTL2-sGFP with FailSafe™ PCR 

kit (Epicentre, Madison, WI). 

FsGFP:  5’GACCCGGGCCATGGGATCGATGCATCATC3’ 
                         SmaI 

RsGFP:  5’GGAGCGAGCTCTTACTTGTACAGCTCGTCCATGC3’ 
                                  SacI 
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Restriction sites SmaI and SacI were added to the 5’ and 3’ end of the sGFP(S65T) gene, 

respectively, to facilitate gene construction and to make the sGFP(S65T) gene constructs 

have the same flanking sequences as the GUS gene in the corresponding plasmids. The 

PCR product was cloned into the TA cloning vector pCR® 2.1 from Invitrogen (Carlsbad, 

CA) to generate pJLU8. 

A 757 bp SmaI and SacI fragment from pJLU8 containing the sGFP(S65T) sequence was 

ligated with pPSRG30 and pRESQ4 digested with both SmaI and SacI, respectively, to 

replace the GUS genes, resulting in plasmids pJLU10, and pJLU11. 

A 1905 bp EcoRI fragment from pJLU10 was inserted into the EcoRI site in the binary 

vector pCAMBIA1300. The resulted plasmid, pJLU12, contains the intronless rubi3 

promoter, sGFP(S65T), and NOS terminator in the pCAMBIA1300 backbone (Figure 1). 

Similarly, a 3045 bp EcoRI fragment from pJLU11 was ligated into EcoRI linearized binary 

vector pCAMBIA1300 to generate pJLU13, which contains the rubi3 promoter, its 5’-UTR 

intron, sGFP(S65T), and NOS terminator in the pCAMBIA1300 backbone (Figure 1). 

pJLU13 and  pJLU12 would have identical mRNA sequence after intron splicing.   

All the gene fragments obtained by PCR were verified using sequencing analysis by the 

DNA Sequencing Facility at Iowa State University (Ames, IA). All the constructs made for 

the experiments were validated by restriction digestions and transient expression assays. 
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Transformation of Agrobacterium tumefaciens 

The freeze-thaw method (An et al., 1988) was applied in the transformation of A. 

tumefaciens. The plasmid DNAs of pJLU2, pJLU5, pJLU6, pJLU7, pJLU12 and pJLU13 

were used separately to transform A. tumefaciens strain EHA105 (Hood et al., 1993) 

harboring the plasmid pToK47, which contains an extra copy of the virB, virC and virG 

genes (Jin et al., 1987). The EHA105(pToK47) colonies containing the respective plasmids 

were selected by antibiotic selection, and the presence of the plasmids derived from 

pCAMBIA1300 which contains the hygromycin B resistant hpt gene was confirmed by 

PCR amplification of the hpt gene from DNAs extracted from those strains. Expression of 

GUS or GFP from those strains was confirmed using bombardment of Taipei309 callus 

with DNA extracts from the respective strains followed by GUS staining or fluorescent 

microscopic examination of the bombarded callus after overnight. The Agrobacterium 

strains carrying the above-described plasmids were designated as ETJ2, ETJ5, ETJ6, ETJ7, 

ETJ12, and ETJ13, respectively, and used for transformation of rice (Oryza sativa L.). 

Callus induction and maintenance 

Mature seeds of rice cultivar Taipei 309 were manually dehusked, immersed in 75% 

ethanol for 2 min, followed by sterilization in 50% Clorox® bleach (Clorox, Oakland, CA) 

for 45 min on an agitator set at 125 rpm.  The treated seeds were then rinsed in autoclaved 

ddH2O for 5 times.  

LS2.5 medium was used for callus induction and maintenance. The medium contains LS 

basal medium (Linsmaier and Skoog, 1965) (Caisson Laboratories, Sugar City, ID) 
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supplemented with 2.5 mg/l 2,4-dichlorophenoxyacetic acid (2,4-D), 3% (w/v) maltose, and 

0.8% phytagar. The pH value was adjusted to 5.8 before autoclaving. The sterilized seeds 

were spread on LS2.5 medium in petri dishes with about 10 seeds per dish, and kept at 

28±1°C in the dark for 14 d for callus induction. The scutellum-derived calli were then 

detached, transferred to fresh LS2.5 medium, and maintained under the same conditions for 

another period of 14 d. All the chemicals were purchased from Sigma (St. Louis, MO) 

unless otherwise specified. 

Preparation of Agrobacterium cultures 

A. tumefaciens strains ETJ2, ETJ5, ETJ6, ETJ7, ETJ12, and ETJ13, were grown in YEP 

medium (An, 1988; An et al., 1988) containing 5 mg/l tetracycline, 20 mg/l rifampicin and 

50 mg/l kanamycin. To initiate growth of the Agrobacterium strains for rice transformation, 

a loopful of Agrobacterium was scraped from the glycerol stock, and spread onto 30 ml 

solid YEP medium gelled with 1.5% (w/v) agar. The plates were grown at 28±1ºC for 2-3 d 

before the inoculation of liquid culture.  To initiate liquid cultures, a loopful of the bacteria 

collected from 2-3 d old colonies on the solid YEP medium was inoculated into 20 ml 

liquid YEP supplemented with the above antibiotics, in a 125 ml Erlenmeyer flask. Cultures 

were grown overnight (225 rpm, 28±1ºC, dark) to an OD595 of 1.0-1.5, and diluted with the 

liquid YEP medium to an OD of 0.4. Acetosyringone (Aldrich, Milwaukee, WI) and Silwet 

L-77 (OSi Specialties, Inc., Danbury, CT) were added into the diluted cultures to the final 

concentrations of 100 μM and 200 μl/l, respectively, to facilitate infection. The bacterial 

culture was then ready for transformation experiments.  
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Agrobacterium-mediated transformation of rice 

Transformation of Taipei 309 with A. tumefaciens was performed according to 

Azhakanandam et al. (2000) with modifications. Four-week-old embryogenic calli were 

sub-cultured for 3 d on fresh LS2.5 medium, and immersed in the bacterial culture for 20 

min. The calli were drained to remove excessive bacteria, and then cultured on LS2.5 

medium supplemented with 100 μM acetosyringone at 28±1ºC in the dark for 3 d co-

cultivation. After co-cultivation, calli were transferred and cultured for 5 d on LS2.5 

medium with 250 mg/l cefotaxime to inhibit the growth of the Agrobacterium, followed by 

selection on a LS2.5 medium, supplemented with 50 mg/l hygromycin B (hyg B) and 250 

mg/l cefotaxime, for a total of 28 d with a sub-culture after the first 14 d. After selection, 

the calli actively growing on the selection medium were transferred to the regeneration 

medium composed of MS basal medium (Caisson Laboratories), 5% (w/v) maltose, 1% 

(w/v) phytagar, 2 mg/l 6-benzylaminopurine, 50 mg/l hyg B, and 250 mg/l cefotaxime. 

Calli were cultured at 28±1ºC in the dark for 10 d on the medium, then transferred to the 

same medium, but with the phytagar concentration reduced to 0.8% (w/v), and incubated 

under a 16 h photoperiod at 25ºC in a CU-32L lighted incubator (140 μmolm-2s-1, Percival, 

Boone, IA).  After 3-4 weeks, shoots were separated from the callus tissue and transferred 

to glass jars with 50 ml aliquots of shoot multiplication medium, which had the same 

composition as the regeneration medium but with 0.2% (w/v) phytagel as the gelling agent, 

and grown for 2-3 weeks. Rooting of the shoots were induced in the rooting medium, which 

had the same components of the multiplication medium but with the 5% (w/v) maltose 

replaced by 3% (w/v) sucrose and was supplemented with 1.5 mg/l α-naphthaleneacetic 
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acid (NAA). After 4 weeks in the rooting medium, the plantlets were transferred to soil 

(Metro-Mix® 360, Sun Gro, Bellevue, WA) in flats covered with transparent lids for better 

survival. The lids were gradually opened after 1 week and eventually removed after 2 

weeks.  

Growing of rice plants 

After 2 weeks of hardening, plants were transplanted to sterilized topsoil in plastic pots of 

20 cm in diameter placed in trays filled with nutrient solution in a walk-in growth chamber 

at the North Carolina State University Phytotron. Environmental factors were set as 

follows: 30°C light period temperature, 25°C dark period temperature, 11.5 hrs of light 

period/day, ca. 575 μmolm-2s-1 of light intensity, and ca. 50% of relative humidity. The 

trays were replenished with a nutrient solution provided by the Phytotron 

(http://www.ncsu.edu/phytotron/manual.pdf) every other day. 

Real-time PCR assay of transgenic plants 

After verifying GUS reporter gene expression, the transgene copy number of the GUS 

transformants was determined from genomic DNA by quantitative real-time PCR (Ingham, 

2001), courtesy of Syngenta Biotechnology, Inc. (Research Triangle Park, NC).   

Southern blot analyses 

Genomic DNA was extracted from leaves of the transgenic plants as described (Dong and 

Qu, 2005). About 1 g of young leaf tissue from each plant was used for DNA extraction. 

Ten μg of genomic DNA from each plant was digested with HindIII or BamHI overnight 
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for plants transformed with ETJ2, ETJ6, ETJ7, ETJ12, or ETJ13. Genomic DNA from non-

transformed rice cv Taipei 309 was used as negative control. For the reconstitution of 

positive control, non-transgenic Taipei 309 genomic DNA was spiked with 85 pg of 

pRESQ4 plasmid DNA (for GUS constructs) or 140 pg of pJLU13 plasmid DNA (for GFP 

constructs). Restricted DNAs were separated on a 1% (w/v) agarose gel and blotted to the 

Hybond-N+®nylon membrane (Amersham Biosciences Corp., Piscataway, NJ) with upward 

capillary transfer mediated by 0.4 M NaOH according to the manufacturer’s instructions. 

The genomic DNA blot was probed with a fragment of the GUS coding sequence or the 

intact GFP coding sequence amplified by PCR. The 799 bp fragment of GUS gene was 

generated using the primers:  

GUS-1F: 5’CAACGAACTGAACTGGCAGA3’ and  

GUS-1R: 5’TTTTTGTCACGCGCTATCAG3’.   

The 768 bp fragment containing the GFP gene was produced by PCR with the primers used 

to subclone the GFP gene from the plasmid pRTL2-GFP as described above. PCR products 

were labeled with [α-32P]dCTP (Amersham) using the Primer-It II® random primer labeling 

kit (Stratagene, Cedar Creek, TX) according to the manufacturer’s instructions. 

Hybridization and washing of filters were performed according to the instructions by 

Amersham. Washed filters were exposed to Kodak BioMax MS film (Eastman Kodak, 

Rochester, NY). 
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Callus induction from T0 transgenic plants 

To study the reporter gene expression in callus tissue, young infloresences of about 1 cm in 

length were taken from T0 transgenic plants. Excised inflorescences were sterilized with 

the leaf sheath on in 50% Clorox® for 12 min, unwrapped, cut into about 2 mm pieces, and 

cultured on LS2.5 medium to induce callus formation. Induced callus lines were sub-

cultured on fresh LS2.5 medium every two weeks before use.   

Northern blot analyses 

Northern blotting was used to analyze the expression level of a transgene at the level of 

RNA accumulation. Leaf and root tissues were taken from plants at the same 

developmental stage. The morphological markers used for this stage were that the flag leaf 

was still enclosed in the second leaf with its collar about 4 cm below that of the second leaf 

and the young panicle on main stem was about 1 cm in length. For RNA extraction, about 

0.1 g of leaf tissue was excised from young flag leaf; about 1.6 g of root tissue was taken 

from fresh roots near the tip of the root system; and about 0.4 g of callus tissue was 

collected from the culture. Total RNAs were isolated with TRIzol® Reagent (Invitrogen) 

according to the manufacturer’s instructions, and were quantified on an Ultraspec 2000 

spectrophotometer (Pharmacia). One percent (w/v) MOPS agarose gels (Sambrook et al., 

1987) were used to separate denatured total RNAs with a loading amount of 10 μg from 

leaf, 20 μg from root, and 30 μg from callus. After electrophoresis, the gels containing EtBr 

were imaged. Separated RNAs on the gel were then blotted onto the Hybond-N+® nylon 

membrane. The probes used in the hybridization were the same as those used in the 
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Southern blotting. Hybridization was performed in 1X Denhardt’s buffer for 16 h at 65°C 

after pre-hybridization for 2 h. Filters were washed for 15 and 40 min each with 2XSSC 

and 0.1% SDS low stringency washing solution at room temperature followed by 30 min at 

68°C with 0.1X SSC and 0.1% SDS high stringency washing solution. Washed filters were 

exposed to storage phosphor screen (Amersham Biosciences) for 24 h and the exposed 

screens were scanned with a Storm™ 840 Imaging system (Amersham Biosciences) to 

generate images. Images captured from RNA gels and storage phosphor screen were 

quantified with ImageQuant 5.0 software (Molecular Dynamics, Sunnyvale, CA). The 

signal intensity for each sample on the RNA gel images was used to represent the loading 

amount of the sample. And, the signal intensity for each sample on the RNA filters, after 

normalization with the loading amount, was used to represent the steady state mRNA level 

in the sample.   

Histochemical localization of GUS gene expression 

To identify the cells or tissues expressing the GUS gene, samples were taken from T0 

transgenic and control plants at various developmental stages. Leaf, root, and stem samples 

were collected at early panicle development stage, using the same morphological markers 

as that used in sampling for Northern blotting. Flower organs were collected before 

heading, when the tip of the panicle was just above the collar of flag leaf. Seed samples 

were collected at waxy stage during seed maturation. Plant tissues were sectioned by free 

hand-cut or with a VIBRATOME® Series 1000 sectioning system (Technical Products 

International, Inc., St. Louis, MO). Sections were then incubated overnight for 16 hrs at 
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37°C in GUS assay buffer (Jefferson et al., 1987). The reaction was stopped by replacing 

the GUS assay buffer with 70% ethanol. Green tissues were further incubated in 70% 

ethanol for 5 hrs at 37°C with changing of the 70% ethanol every hour to remove the 

chlorophyll. Sections were kept in 70% ethanol at 4°C before micrographs were taken. Low 

magnification images were generated and recorded using a Nikon SMZ-U dissecting 

microscope coupled to a Nikon E995 digital camera (Nikon Instruments Inc., Melville, NY, 

USA). For photography at high magnification, specimens were mounted in ddH2O on 

microscopic slides, and were examined using a Nikon Eclipse E400 microscope. Images 

were recorded with a QImaging® Micropublisher 5.0 RTV color CCD camera (Burnaby, 

BC, Canada). Images for the same type of tissues were taken under identical settings. 

MUG assay of GUS enzyme activity 

Fluorometric quantification of GUS enzyme activity in transgenic plants was performed 

according to the method described by Gallagher (Gallagher, 1992).  Leaf and root samples 

were collected at early panicle development stage, using the same morphological markers 

as described in sampling for Northern blotting. For extraction of the total proteins from 

different tissues, 2 leaf discs of 31.7 mm2 each taken from the emerging flag leaf, ca. 34 mg 

of fresh root tissue from near the tip of the root system, and ca. 40 mg of callus tissue 

induced from T0 transgenic plants were grounded with 1 ml extraction buffer respectively. 

Total protein concentration was determined with the Bio-Rad Protein Assay reagent 

according to the microtiter plate protocol recommended by the manufacturer (Bio-Rad 

Laboratories, Hercules, CA). Absorbance of the binding reaction was measured using a 
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Fluostar® set at Absorbance mode (BMG Labtech, Inc., Duhram, NC).  Before setting up 

the MUG assay reaction, original extracts were diluted according to the constructs of their 

source plants.  The dilution factors were 1X, 3X, 5X, and 5X for original extracts from 

intronless (pJLU7), intron-containing (pJLU2), intron-containing plus 27 nt of exon 2 

(pJLU6), and maize Ubi1 promoter (pJLU5) plants, respectively. For MUG assay reaction, 

10 μl of each of the diluted extracts was mixed with 130 μl MUG assay buffer containing 

MUG and incubated at 37°C for 20 min. Fluorescence from MUG assay reactions was 

quantified with the same Fluostar® but set at Time-Resolved Fluorescence mode. GUS 

activities were measured with diluted protein extracts and expressed in pmol MU released 

per min per mg total protein. Three replicate assays were performed for each sample.  

Visualization of green fluorescent protein in transgenic plants 

Visualization of GFP expressed in transgenic plants was conducted at the Cell and 

Molecular Imaging Facility at North Carolina State University. Fresh samples were taken 

from various developmental stages as described in histochemical localization of GUS 

expression. For each type of tissue, the settings of the microscopic system were adjusted so 

that the fluorescence signals from samples should not saturate, and, for most cases, the 

signal from control should not exceed the background. If the control tissue showed strong 

autofluorescence, the settings were adjusted to only ensure that the fluorescence signals 

from samples should not saturate. Images for the same type of tissues were taken using the 

same settings. 
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At high magnification, GFP was visualized with a Leica TCS SP confocal laser scanning 

system attached to an inverted Leica DM IRBE microscope (Leica Microsystems, Wetzlar, 

Germany). Manually sectioned specimens were mounted in ddH2O on microscopic slides 

just before examination on the microscope with a 20x NA 0.7 dry lens or a 40x NA 1.25 oil 

immersion lens, respectively. GFP was excited with an argon laser at 488 nm and emission 

was collected from 500 to 553 nm. Differential Interference Contrast (DIC) images were 

recorded simultaneously and compared with the fluorescence images to locate the cells or 

tissues that give off fluorescence.  

At low magnification, GFP was visualized using a Leica MZ FLIII dissecting microscope 

coupled with a Hamamatsu (Bridgewater, NJ) Cooled Color CCD Camera  (C5810) 

connected to a computer system. The GFP 3 filter set (excitation 470±20 nm, dichroic 495 

nm, emission 525 ±25 nm) was used for imaging. The light source used was an HBO 100 

W mercury lamp. A bright field image was taken for each fluorescent image to identify the 

cells or tissues that fluoresce by comparison of the two images. 

Statistical analyses 

Linear regression, ANOVA and t-test were performed using the software package SAS® 9.1 

(SAS Institute Inc., Cary, NC). 
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RESULTS 

The 5’ regulatory sequence of a rice polyubiquitin gene, rubi3, has been studied using a 

transient expression system in our laboratory (Sivamani and Qu, 2006). The 5’ UTR intron 

strongly enhanced the rubi3 promoter activity (about 20 fold), and a short exon 2 sequence 

further boosted the expression about four-fold. The strong enhancement makes the rubi3 

regulatory sequences an excellent system to further study gene expression regulation, 

particularly the IME, in monocot plants. My thesis study was to investigate the expression 

strength and pattern(s) of the rubi3 promoter and its regulation by the 5’ UTR intron and 

the exon 2 sequence in stably transformed rice plants. The study would help gain insights 

on the intron and exon enhanced gene expression in monocots at the whole plant level, and 

shed light on the mechanisms behind the observed enhancement. It will also provide critical 

information regarding the potential application of the rubi3 5’ regulatory sequence in 

transgenic grass crops.    

Agrobacterium-mediated transformation of rice  

Reporter genes are commonly used in the study of gene expression and regulation. The E. 

coli uidA (GUS) gene, encoding β-glucuronidase, is commonly used as a reporter gene in 

plant biology studies because of the simplicity in assaying the enzyme activity (Jefferson et 

al., 1987). The GUS gene was used in this study to quantify the effects of the gene 

expression regulatory elements, as well as to determine the expression patterns of the rubi3 

gene promoter. The green fluorescent protein (GFP) gene, originally isolated from jellyfish 

Aequorea victoria, was also used as a reporter gene (Chalfie et al., 1994) in the study to  
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Table 1. Agrobacterium-mediated transformation of rice cultivar Taipei 309 
Estimated 
transgene copy no. 
by real-time PCRaPlasmid Feature 

No. of callus 
pieces  in co-
cultivation 

No. of 
independent 
regenerants 

No. of 
independent 
regenerants used 
in real-time PCR 1 1 or 2 ≥2 

pJLU2 rubi3 P +rubi3 I 
+GUS 512 30 28 8 8 12 

pJLU7 rubi3 P-rubi3 I 
+GUS 415 22 21 12 4 5 

pJLU6 rubi3 P+rubi3 I 
+27 nt +GUS 409 26 26 13 1 12 

pJLU5 Ubi1 P+Ubi1I 
+GUS 403 23 21 10 2 9 

pJLU13 rubi3 P +rubi3 I 
+GFP 407 4 - 3 - 1 

pJLU12 rubi3 P-rubi3 I 
+GFP 421 6 - 4 - 2 

a The transgene copy number of GFP transgenic plants were estimated by Southern blotting. 
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confirm the rubi3 promoter expression pattern obtained by the GUS reporter gene. In a 

preliminary study, we tested the emission intensity of a collection of various versions of the 

GFP gene by transient assays and found that the synthetic sGFP(S65T) gene (Chiu et al., 

1996) generated the highest fluorescent signal (data not shown). Thus, the sGFP(S65T) 

gene was chosen for further study.  

In order to study the effect of the rubi3 intron on gene expression in transgenic rice plants, 

the rubi3 promoter, with or without its 5’ UTR intron, was used to drive the expression of 

the GUS and the sGFP(S65T) reporter genes.  In addition, the rubi3 promoter, with its 5’ 

UTR intron, was used to control expression of an in-frame fusion between the first 27 

nucleotides (nt) of the rubi3 exon 2, which encodes the N-terminal 9 amino acids (aa) of the 

ubiquitin monomer, and the GUS coding sequence to examine the effect of the 27 nt exon 2 

sequence on gene expression enhancement. For comparison, the maize Ubi1 gene promoter 

(including its 5’ UTR intron), a strong promoter widely used in monocot transformation, 

was also used to drive GUS expression. The above-mentioned expression cassettes were 

inserted into the polylinker region of the binary vector pCAMBIA1300 to generate 

plasmids (Figure 1) for Agrobacterium-mediated transformation of rice.   

The rice cultivar Taipei 309 was transformed to generate stable transgenic plants. Table 1 

lists the number of transgenic plants obtained from each gene construct. More than 100 

independent transgenic plants were generated from GUS gene constructs, with at least 22 

plants from each construct. The number of GFP transgenic plants is relatively small, with 4 

from intron-containing construct pJLU13 and 6 from intronless construct pJLU12. The  
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Figure 2. Southern-blot analysis of select transgenic plants.  Ten micrograms of 
genomic DNAs from leaf extracts were digested with BamHI (for pJLU6 
transformants) or HindIII (for other transformants), and hybridized with 32P-labeled  
GUS or GFP probe depicted in Figure 1. Transgenic plants for the respective 
plasmids are indicated; –CK, negative control, genomic DNA from non-
transformed rice cv Taipei 309; +CK, positive control, non-transgenic Taipei309 
genomic DNA spiked with 85 pg of pRESQ4 plasmid DNA (for GUS constructs) 
or 140 pg of pJLU13 plasmid DNA (for GFP constructs) and restricted with the 
respective enzymes. 
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transformation efficiencies of the GUS gene constructs (ranging from 5.3-6.4%) were 

remarkably higher than those of the GFP constructs (1.0% and 1.4%, respectively). 

The copy number of a transgene in a plant genome could affect transgene expression level. 

Single copy transgene integration is preferred in this study because its expression is more 

stable. Moreover, data collected from single-copy transgenic plants would eliminate the 

effects by the transgene copy number when comparing the expression levels from different 

constructs. Transgenic rice plants for the four GUS constructs were first analyzed with real-

time PCR to assay their transgene copy number (Table 1). Plants with a transgene copy 

number of 1 or (1 or 2) by real-time PCR were further analyzed by Southern blotting to 

confirm their transgene copy number (Figure 2). In this experiment, the copy numbers of 

integrated GUS genes assayed by the two different methods were consistent, indicating 

real-time PCR is an effective method for estimating transgene copy number. Because a 

small number of transgenic plants were generated for the GFP constructs, they were directly 

analyzed with Southern blotting for copy number estimation. Finally, between 7 and 10 

independent, single-copy transgenic plants were identified for each GUS gene construct, 

while 3 or 4 such plants were identified for each GFP construct. Only transgenic plants with 

a single-copy transgene were used in further studies. 
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Figure 3. GUS enzyme activity in leaf and root of single-copy T0 transgenic rice 
plants, and in callus induced from young inflorescences of those plants. Total protein 
extracts were incubated with MUG reaction buffer for 20 min, and GUS activities 
were presented as nmoles of MU released per min per mg of total protein. Numbers of 
plant lines used in the assays are indicated under the columns corresponding to the 
constructs. No callus was  induced for pJLU5 plants. Solid columns, plants 
transformed by pJLU7; columns filled with horizontal lines, pJLU2; columns with 
grids, pJLU6; open columns, pJLU5; bars, standard errors. 
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Section I 

Gene expression enhancement mediated by the 5’ UTR intron and 

the exon 2 sequences of the rice rubi3 gene in transgenic rice plants 

Enhancement of the GUS activity by the 5’ UTR intron and the first 27 bp coding 

sequence of the rubi3 gene  

GUS enzyme activities were determined by MUG assays (Figure 3). Although only single- 

copy transgenic plants were used, independent transgenic plants from the same construct 

still showed considerable variation in expression level, indicating a substantial position 

effect of transgene insertion on its expression. Nevertheless, significant differences in GUS 

activity were observed between plants transformed with different constructs.  

The intron-containing and intronless constructs generated significantly different GUS 

enzyme level in leaf (p=0.048), root (p=0.00025), and callus tissue (p=0.008). Numerically, 

the rubi3 intron enhanced its promoter activity, on average, by 3.1-fold in leaves, 23.6-fold 

in roots, and 48-fold in the callus tissue. These results demonstrated that the magnitude of 

enhancement on GUS gene expression mediated by the rubi3 5’ UTR intron was tissue 

dependent. Notably, the GUS activities conferred by the intron-containing rubi3 promoter 

were comparable (within 2.5 fold) among leaf, root and callus tissues, with expression 

being the highest in the root and the lowest in callus. But, the GUS activities of the 

intronless construct in the leaves were 6- fold greater of those in the roots and 30-fold 

higher than the ones in callus. Therefore, the variation in the magnitudes of enhancement  
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Figure 4. GUS mRNA accumulation in leaf and root of single-copy T0 transgenic 
rice plants, and in callus induced from young inflorescences of those plants. A. Total 
RNA extracts from each type of tissue from plants transgenic for pJLU7, pJLU2, and 
pJLU6 were simultaneously size-fractionated on two identical 1% MOPS agarose 
gels and transferred to the same nylon membrane so that hybridization with 32P-
labeled GUS probe and washing were performed under the same conditions. The 
GUS signals for each tissue, corrected for differences in loading and control, were 
normalized by assigning the average of pJLU2 as 1. No comparison between 
different tissues is intended.  Lanes were aligned for each transgenic event. CK, non-
transformed Taipei309. B. Graphic presentation of the normalized mRNA levels. 
Solid columns, plants transgenic for pJLU7; open columns, pJLU2; columns with 
horizontal lines, pJLU6; bars, standard errors. 
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among the tissues was mainly caused by the different expression levels of the intronless 

rubi3 promoter among the tissues.  

Moreover, in-frame fusion of the first 27 bp of the exon 2 to the GUS coding sequence 

further elevated GUS activity over that conferred by the intron-containing rubi3 promoter. 

The average enhancement was 2.8-fold in leaves, 3.7-fold in roots, and 5.4-fold in callus. 

Statistically, the enhancement in GUS expression level by the exon 2 sequence was highly 

significant in the three major tissues tested (leaf, p=0.0015; root, p=1.88×10-6; and callus, 

p=2.14×10-7). Compared with the profound difference in the magnitude of enhancement 

mediated by the rubi3 intron in these tissues, the stimulation on GUS activity sponsored by 

the exon 2 sequence showed less variation among the three tissues. Numerically, transgenic 

rice plants from this construct had greater GUS activity than those from the maize Ubi1 

promoter construct in both leaf and root tissues. In leaf, the expression from the 27 nt fusion 

gene construct is significantly greater than that from the Ubi1 promoter (p=0.044), 

numerically, the former is about 50% higher than the latter. However, the difference in 

expression level between the two constructs was not significant in root (p=0.63).  

Enhancement effect on mRNA accumulation by the 5’ UTR intron and the first 27 bp 

coding sequence of the rubi3 gene  

GUS gene expression in the single-copy T0 transgenic plants was also studied by 

measuring its mRNA accumulation (Figure 4). Leaf and root tissue samples were taken at 

the same developmental stage as in the MUG assays.  To make the data comparable among 

the constructs containing various regulatory elements, total RNAs isolated from the same 
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tissue of plants containing different expression cassettes were managed to be blotted to the 

same membrane after their simultaneous separation on two identical gels so that they were 

subjected to the same treatment during hybridization, washing and subsequent steps. Due to 

this design and the capacity of our transferring device, the number of samples for Northern 

analysis was limited to 6 plants randomly chosen from those used in MUG assay for each 

construct. Images of RNA gels were obtained to record the loading amount for each sample, 

and images of washed radioactive RNA blots for each tissue were generated on a Storm™ 

840 Imaging system using storage phosphor screens as media to capture the radioactivity. 

The signal intensity for each sample on the images of RNA blots, after correction for the 

loading amount of the sample on the RNA gel, was used to represent the steady state 

mRNA level in the sample. The images of the RNA blot and RNA gel, and the normalized 

mRNA levels for each sample are shown in Figure 4A for each tissue. Figure 4B is a 

graphic presentation of the mRNA levels for each tissue. 

As shown in Figure 4B, the rubi3 5’ UTR intron significantly enhances steady state mRNA 

level in leaf (p=0.042), root (p=0.009), and callus (p=0.001). Numerically, the increase is 

4.2-fold in leaf, 11.1-fold in root, and 12.1-fold in callus. Stimulation of mRNA 

accumulation is a characteristic of intron-mediated enhancement (IME) of gene expression. 

The data clearly indicates that the magnitude of enhancement in mRNA level sponsored by 

rubi3 intron varies with tissue type. Conversely, fusion of the first 27 nt of rubi3 coding 

sequence to GUS gene did not affect GUS mRNA accumulation in leaf (p=0.932), root 

(p=0.997), and callus tissue (p=0.766), implying a mechanism different from IME 

underlying its increment in GUS enzyme activity. 
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Figure 5. Contribution of pre-translational and translational phases to the enhancement 
of GUS enzyme activity in leaf and root of single-copy T0 transgenic rice plants, and in 
callus induced from young inflorescences of those plants. A, the rubi3 5’UTR intron; B, 
the leading 27 nt of the rubi3 ubiquitin coding sequence. Bars filled with wavy lines, 
pre-translational effect; Bars filled with divots, translational effect. A value at 1 
indicates no enhancement effect. 
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Contribution of translational processes to the increased GUS activity  

The magnitude of elevation in GUS enzyme activity (Figure 3) and mRNA accumulation 

(Figure 4) is remarkably different for the rubi3 intron and the 27 nt exon 2 sequence across  

all tissue types examined. This suggests that the enhancement took place in 2 phases, a pre-

translational phase that caused increases in steady state mRNA amounts, and a translational 

phase (including co-translational and/or post-translational processes) that increased GUS 

enzyme activity per unit mRNA molecule. Figure 5 is an analysis on the contribution of 

pre-translational and translational phases to the final enhancement in GUS activity in 

different tissues by the intron and exon sequence. 

Analysis in Figure 5A indicates that the rubi3 intron affects GUS activity mainly by 

increasing steady state mRNA level, but it can also change the translational yield of mRNA 

molecules to further influence the final GUS protein level. As discussed above and shown 

here, the magnitude of pre-translational effects exerted by the rubi3 intron depended on 

tissue type, with stronger effects taking place in callus and root tissues, and weaker ones in 

leaf. While the translational enhancement varied to some extent in the root (2.1-fold) and 

callus (4-fold) tissues, no such enhancement was observed in leaf tissue, where a slight 

decrease at the translational phase might have occurred.  

Figure 5B shows that, unlike the rubi3 intron, the 27 bp exon 2 sequence did not boost 

mRNA accumulation, and enhancement was solely at the translational phase. The 

magnitude of the enhancement caused by the exon 2 sequence again varied by tissue type: 

5.9-fold in callus, 3.7-fold in root, and 3-fold in leaf.  
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Section II 

Expression pattern of the rice rubi3 promoter and the effects of the rubi3 5’ UTR 

intron and exon 2 sequences on its expression in transgenic rice plants 

The β-glucuronidase encoded by the GUS gene is often used as a reporter because of its 

high sensitivity and convenience in assays. But when used as an indicator for expression 

pattern studies, the reporter could produce artifacts caused by diffusion of the soluble 

indoxyl product into a neighboring tissue and formation of the insoluble indigo by 

oxidation and dimerization in that tissue (Mascarenhas and Hamilton, 1992). On the other 

hand, green fluorescent protein (GFP) as a reporter can be visualized directly in living plant 

cells, which makes it ideal for localization of gene expression. However, some plant tissues 

produce autofluorescence that may interfere with the fluorescence from GFP, rendering it 

unreliable to report the expression pattern in those tissues. In this study, both GFP and GUS 

were used as reporter genes to accurately assess the expression pattern of the rubi3 

promoter and its derivatives.  

Five independent, single-copy T0 transgenic plants (as described in Section I) were 

randomly chosen for each GUS-expressing gene construct (pJLU2, 6, and 7) to characterize 

their expression pattern by histochemical assay. Since only a small number of transgenic 

plants were obtained for GFP constructs, all of the single-copy GFP T0 transformants were 

used in this study, i.e., 3 plants for pJLU13 and 4 for pJLU12. Because of segregation in T1 

progeny, sample number was increased for seeds and pollen for all the plants studied. At  
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 Figure 6. Expression of GFP in single-copy transgenic rice plants.  

Columns 1 and 4, plants transgenic for pJLU13; columns 2 and 5, plants transformed by 
pJLU12; columns 3 and 6, non-transgenic Taipei 309.   GFP images on the same row of the 
first 3 columns and second 3 columns were captured under the same settings, with DIC or 
bright field images taken simultaneously.  

Panels: a-c, root tip, bar=100 μm; d-f, young root, bar=100 μm; g-i, very young leaf, 
bar=50 μm; j-l, mature leaf surface, bar=100 μm; m-o, stem inside, bar=150 μm; p-r, stem 
surface, bar=150 μm; s-u, stigma, bar=150 μm; v-x, ovary section, bar=150 μm; y-aa, 
pollen, bar=20 um; ab-ad, pollen sac, bar=150 μm; ae-ag, seed, bar=1.5 mm; ah-aj, seed 
coat and endosperm, bar=50 μm; ak-am, scutellum and endosperm, bar=150 μm; an-ap, 
embryo, bar= 0.5 mm.  

Labels: al; aleurone layer; am, apical meristem; co, cortex; ed, epidermis; em, embryo; es, 
endosperm; mp, mesophyll cells; pc, procambium; pd, protoderm; ps, pericarp and seed 
coat; sc, scutellum; si, stigma; sy, style; vb, vascular bundle. 
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Figure 6. (continued) 
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 Figure 7. Expression of GUS in single-copy transgenic rice plants.  

Columns 1 and 4, plants transformed by pJLU7; columns 2 and 5, plants transgenic for 
pJLU 2; columns 3 and 6, plants transformed by pJLU6.   GUS images on the same rows of 
the first 3 columns and second 3 columns were captured using the same settings.  

Panels: a-c, root tip, bar=100 μm; d-f, root cortex and epidermis, bar=50 μm; g-i, root 
vascular cylinder, bar=50 μm; j-l, leaf blade, bar=100 μm; m-o, leaf mesophyll and 
bullyform cells, bar=50 μm; p-r, leaf epidermis, bar=50 μm; s-u, leaf stomata, bar=50 μm; 
v-x, leaf vascular bundle, bar=50 μm; y-aa, stem, bar=500 μm; ab-ad, stem vascular bundle, 
bar=50 μm; ae-ag, stem cortex, bar=50 μm; ah-aj, stem epidermis, bar=50 μm; ak-am, 
flower parts, bar=1 mm; an-ap, ovary, bar=200 μm; aq-as, pollen, bar=50 μm; at-av, pollen 
sac wall, bar=50 μm; aw-ay, seed, bar=2mm;  az-bb, embryo, bar=500 μm; bc-be, pericarp 
and endosperm, bar=100 μm; bf-bh, scutellum and endosperm, bar=200 μm.   

Labels: al; aleurone layer; am, apical meristem; an, anther; be, vascular bundle sheath 
extension; bf, bulliform cells; bs; vascular bundle sheath; co, cortex; cp, coleoptile; cr, 
coleorhiza; ed, epidermis; em, embryo; ep, epiblast; es, endosperm; fi, filament; mp, 
mesophyll cells; ov, ovary; pc, procambium; pd, protoderm; pl, plumule; ps, pericarp and 
seed coat; ra, radicle; sc, scutellum; si, stigma; st, stomata; sy, style; vb, vascular bundle; 
vc, vascular cylinder; xd, exodermis. 
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least 16 seeds and hundreds of pollen grains collected from each of the T0 sample plants 

were used to observe the expression patterns of the reporter genes. Presented in this section 

are representative patterns of expression in the vegetative and reproductive tissues of rice 

plants transformed with the GUS and GFP containing constructs noted above.  

The expression pattern of the rubi3 promoter in transgenic rice plants   

The rubi3 promoter, with its 5’-UTR intron, was able to drive reporter gene expression in 

all the tissues and cell types in the transgenic rice plants, but the expression levels were not 

uniform among the tissues. Columns 1 and 4 of Figure 6 and columns 2 and 5 of Figure 7 

illustrate its activity when controlling expression of GFP and GUS genes, respectively. A 

combined analysis of these results provides more reliable information regarding the 

promoter expression patterns. 

In root tips, the strongest expression of GFP was found in the apical meristem, the 

protoderm, and the border region of the procambium. The expression in root caps and 

inside the procambium was medium, and the expression in the cortex was relatively weak 

(Figure 6a). In young roots of both GFP and GUS plants, the rubi3 promoter conferred 

strongest expression in several layers of cells centered by the endodermis and the pericycle. 

Expression was strong in the exodermis and 2-3 layers of the cortical cells next to it. 

Expression was also strong in the central region of the vascular cylinder mainly due to the 

strong expression in the parenchyma cells in phloem and xylem.  The central region of the 

cortex showed relatively weak expression (Figure 7e and h; and Figure 6d). In leaves, the 

strongest expression appeared in the mesophyll cells (Figure 7k, n, q, t and w; and Figure 

 

51



6g and j).  Expression in vascular bundle sheath, bundle sheath extension, bulliform cells, 

stomata, epidermis, trichomes and parenchyma cells in the vascular bundle was also strong. 

But, GUS staining was not as intense in the collenchymatous region between the epidermis 

and the vascular bundle sheath extension.  

In stems, the vascular bundles exhibited the strongest GUS and GFP reporter activities 

mainly due to the high expression in the parenchyma cells within it, especially those 

surrounding the xylem vessels (Figure 6m and p; and Figure 7z and ac). Expression in the 

cortex tissue was strong too (Figure 7af). The epidermis tissue showed less intense 

expression than other tissues in both GFP and GUS plants (Figure 6p; and Figure 7ai). 

In flowers of both GUS and GFP transformants, the strongest expression was found in the 

ovary, with the top and bottom part of it being most intense (Figure 6v; and Figure 7al and 

ao). The expression in pollen was much stronger than that in the pollen sac wall (Figure 6y 

and ab; Figure 7ar and au). Non-transgenic pollen grains had autofluorescence (Figure 6aa), 

but the GFP expression conferred by the rubi3 promoter was much stronger than the 

autofluorescence (Figure 6y), demonstrating a strong activity of the rubi3 promoter in the 

pollen grains. Filament, anther, and style showed strong expression of both the GFP and 

GUS genes (Figure 6s and ab; and Figure 7al and au). The inner side of the pollen sac 

showed very weak autofluorescence (Figure 6ad), which did not interfere with the strong 

fluorescence from the GFP (Figure 6ab). Expression in the stigma tissue was not as intense, 

but its vascular tissue gave strong expression (Figure 6s; and Figure 7al). 
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In seeds, expression of GUS and GFP genes in the embryos was the most prominent, with 

the expression in pericarp, seed coat, and aleurone layer being strong, and that in 

endosperm weak (Figure 6ae, ah, and ak; and Figure 7ax, bd, and bg). Inside the embryos, 

the strongest expression was found in the plumule, radicle, coleoptile and coleorhiza tissues 

(Figure 7ba; and Figure 6an). Expression in the scutellum was also strong, and that in the 

epiblast was less intense than in other tissues (Figure 6an; and Figure 7ba). It was not clear 

whether the light GUS staining on the surface of the endosperm was an artifact (Figure 7ax, 

ba, bd, and bg). However, the weak expression of GFP in the endosperm provided more 

reliable evidence and confirmed that the rubi3 promoter did have a weak activity in the 

endosperm (Figure 6ah and ak). Seed pericarp had considerable autofluorescence (Figure 

6aj), but it was weaker when compared to the fluorescence from the GFP expression 

(Figure 6ah).    

The ability of the rubi3 promoter to drive GFP and GUS expression in virtually all the 

tissues and cell types examined in the transgenic rice plants indicates that it is a constitutive 

promoter.  

The effects of the 5’-UTR intron on the activity of the rubi3 promoter 

Columns 2 and 5 of Figure 6 and columns 1 and 4 of Figure 7 illustrate the expression of 

GFP and GUS genes driven by the intronless rubi3 promoter (pJLU7 and 12). Compared 

with the expression conferred by the rubi3 promoter containing its 5’-UTR intron (pJLU2 

and 13), the expression conditioned by the intronless rubi3 promoter was quantitatively 

weaker but qualitatively similar, i.e., the 5’ UTR intron enhanced the expression level of the 
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rubi3 promoter but did not alter its expression pattern (Figure 6, columns 1 and 4; and 

Figure 7, columns 2 and 5). However, the degree of the enhancement in expression strength 

varied with tissue types.   

In root tips and young roots, the expression of GFP and GUS driven by the intron-

containing rubi3 promoter is much stronger than that conferred by the intronless promoter 

(compare b vs a, and e vs d in Figure 6; and a vs b, d vs e, and g vs h in Figure 7). This is in 

agreement with the quantification results of the GUS mRNA and enzyme levels in roots, 

where a 23.6-fold difference at enzyme level and an 11.1-fold difference at mRNA level 

were found between the intron-containing and intronless constructs (Section I). A similar 

phenomenon was observed in embryos (Figure 6, an vs ao; and Figure 7, ax vs aw, and ba 

vs az), aleurone layers (Figure 6, ah vs ai; and Figure 7, bd vs bc), pollen grains (Figure 6, y 

vs z; and Figure 7, ar vs aq) and the inner areas of ovaries (Figure 6 v vs w; and Figure 7 ao 

vs an).  

The expression levels between constructs with and without the 5’ UTR intron did not differ 

very much in the leaf tissues, as reflected in Figure 6 (h vs g, and k vs j) and Figure 7 (j vs 

k, m vs n, p vs q, and s vs t). The observation is consistent with the analysis in Section I, 

where the GUS RNA and enzyme assays indicated a relatively strong expression of the 

intronless rubi3 promoter, and the intron-mediated enhancement was only a few fold 

higher.  Another example was the expression in stigma tissue that was clearly shown in 

plants using the GFP constructs (Figure 6, s vs t), where the expression levels from the two 

constructs did not appear to differ substantially.   

 

54



This tissue-dependent enhancement in expression level by the rubi3 5’ UTR intron was also 

observed in the anther and the pollen grains. In plants using the intronless rubi3 promoter, 

GFP expression in the pollen was much weaker than that in the anther tissue, while in 

plants having the intron-containing rubi3 promoter the pollen showed much higher 

expression than the anther tissue (Figure 6, ac vs ab). Similar phenomenon was observed 

with GUS plants (data not shown).  

The effect of the 27 bp exon 2 sequence on the activity of the rubi3 promoter 

Columns 3 and 6 in Figure 7 exhibit the expression of the GUS gene fused with the first 27 

nt of the rubi3 exon 2 sequence (construct pJLU6).  Compared to the intron-containing 

rubi3 promoter, the expression patterns of the GUS fusion construct in transgenic plants 

were similar but the expression was stronger in the corresponding tissues (Figure 7, column 

3 vs. 2, and column 6 vs. 5), suggesting that the fusion of the ubiquitin coding sequence did 

not change the expression pattern but did increase GUS enzyme activity throughout the 

plant. This is also consistent with the observation reported in Section I that the fusion 

enhanced GUS activity levels.  

The difference in GUS expression level are more profound in roots (Figure 7, c vs b, f vs e, 

and i vs h) than in leaves (Figure 7, l vs k, o vs n, r vs q, and u vs t), indicating that the 

fusion enhanced GUS enzyme level more in roots than in leaves. Similar results were 

obtained when analyzing the quantification of GUS enzyme activity in Section I. 
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DISCUSSION 

Intron-mediated enhancement (IME) of gene expression has been observed in plants for 20 

years. Despite some progress made through intensive studies, the mechanism of IME in 

plants is still poorly understood. IME is generally more profound in monocots than in dicot 

plants for unknown reasons. However, so far almost all the IME studies in monocots have 

been based on transient assays using callus, suspension cells, or protoplasts (Callis et al., 

1987; Luehrsen and Walbot, 1991; Maas et al., 1991; Clancy et al., 1994; Xu et al., 1994; 

Donath et al., 1995; Kohler et al., 1996; Vain et al., 1996; Bourdon et al., 2001; Clancy and 

Hannah, 2002; Fiume et al., 2004). How IME works at the plant level in monocots is 

largely unknown. To our knowledge, this is the first effort to study IME in stably 

transformed monocot plants. 

The rice rubi3 promoter and its associated regulatory sequences have been characterized in 

our laboratory in a transient expression system using rice suspension cells. Its 5’ UTR 

intron strongly enhances the activity of the promoter and various lengths of the exon 2 

sequences further boost the expression to a level higher than the maize Ubi1 promoter, a 

standard in cereal/grass transformation (Sivamani and Qu, 2006).  The observation implies 

that the enhanced rubi3 promoter may have a wide application in genetic transformation of 

monocot plants. The rubi3 5’ regulatory sequences would also provide an excellent 

experimental system for studies on IME and the enhancement by the exon sequences in 

monocot plants. In this project, we obtained transgenic rice plants using relevant gene 
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constructs to study the IME and the exon sequence effects on reporter gene expression at 

plant level, to determine the expression pattern of the rubi3 promoter, and to investigate 

whether the intron and the exon sequences would alter the expression pattern.   

Genetic transformation, especially when particle bombardment or protoplast transformation 

is used for DNA delivery, often results in the integration of multiple copies of a transgene 

into the plant genome. While transgene expression level is believed to increase with 

transgene copy number when the copy number is low, multiple copies of the same 

transgene in a plant genome often leads to homology-dependent gene silencing which 

greatly reduces expression (Meyer and Saedler, 1996; Butaye et al., 2005). Furthermore, 

rearrangement of transgene DNA causes complex integration patterns in which the structure 

of the transgene construct is altered. Expression from such integration would no longer 

represent that from the original construct. However, Agrobactrium-mediated transformation 

is often thought to lead to simple integration patterns with defined borders. To minimize the 

interfering effects of transgene copy number and DNA rearrangement, we used 

Agrobacterium-mediated transformation and chose only single-copy transgenic plants for 

the study. Even with all these precautions, considerable variations among plants 

transformed with the same gene construct were still observed in the study.  The variation 

may represent position effect (Dean et al., 1988; Blundy et al., 1991; Peach and Velten, 

1991; Mlynarova et al., 1994), i.e., the position within the rice genome into which the 

reporter constructs integrated, on transgene expression . However, because of the profound 

enhancement by the intron and the exon sequences to the rubi3 promoter as well as a 

relatively large sample number (7-10 transgenic plants per construct) used in the analysis, 
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significant or highly significant differences in GUS mRNA levels and enzyme activities 

between the gene constructs were still observed.  

This study demonstrated that the rice rubi3 promoter, together with its exon 1 and the 5’ 

UTR intron, had strong expression in leaf, root and callus tissues of the transgenic rice 

plants. In-frame fusion of the first 27 nt of the rubi3 exon 2 to the GUS gene further 

enhanced the expression to a level which is above the activity of the maize Ubi1 promoter 

in leaves and similar to the Ubi1 promoter in roots (Figure 3). The study in general 

confirmed the previous observations from a transient expression system using rice 

suspension cells (Sivamani and Qu, 2006). It also revealed new features of IME and exon 

sequence-enhanced expression in monocots at plant level. 

An interesting observation from this study is that the magnitude of enhancement mediated 

by the 5’ UTR intron differed substantially among the tissues. The increase in GUS enzyme 

activity was 3.1-fold in leaf, 23.6-fold in root, and 48-fold in callus tissue (Figure 3). 

Various degrees of enhancement were also clearly observed in other tissues of GUS 

transformants and in GFP transgenic plants. For example, enhancement was higher in 

embryos and aleurone layers, but obviously lower in stigma tissues (Figure 6 and 7). Tissue 

dependency of IME was reported in transient gene expression assays in maize protoplasts 

isolated from different tissues when IME effects of the maize Adh1 gene intron 1 was 

studied (Gallie and Young, 1994). Similar observation was also made in transgenic 

Arabidopsis plants with the 5’ UTR introns of the two replacement histone H3 genes 

(Chaubet-Gigot et al., 2001). This report is the first one to demonstrate tissue-dependent 
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IME effects in stably transformed monocot plants. We furthered the above studies by 

breaking down the tissue-dependent enhancement effect of the rubi3 5’-UTR intron into 

two phases, a pre-translational phase and a translational phase, and found out that its effects 

in each of the two phases vary with the tissue type (Figure 5). In animal cell studies, IME 

has been attributed to factors in the splicing machinery and EJC complex, which influence 

gene expression at various levels, including transcription, processing of the pre-mRNA, 

export of the mRNA, translation, and cellular localization of the mRNA (Nott et al., 2004). 

Although these factors have not been identified and associated with IME in plants, this 

study, the recent research in our laboratory (Samadder, personal communication), and 

studies in dicots (Rose, 2004) did indicate at least some of these regulatory levels are 

involved in IME in plants. The tissue-dependency of IME observed in these studies implies 

that the abundance of the factors involved in IME might vary among tissue types. It also 

suggests that conclusions obtained from studies on IME using cell cultures as material may 

not accurately reflect the characteristics of IME in various plant tissues, which justifies the 

study of IME at plant level.  

Our analysis on the enhancement effects by the rubi3 5’ UTR intron indicates that it 

enhanced GUS gene expression mainly by elevated mature mRNA level in all the three 

tissues examined, and it also enhanced translational yield to a considerable degree in root 

and callus, but not in leaf (Figure 5). Because of the extremely low expression levels of the 

intronless construct in the root and callus tissues, the estimated GUS mRNA levels by 

phosphor imaging of Northern blots might not be very accurate. Further analysis by real-

time reverse-transcriptase PCR is needed to have a more precise estimation of IME at 
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mRNA levels in these tissues. However, differences between the elevations at mRNA levels 

and at enzyme activity levels by IME were previously reported in both monocot and dicot 

plants. The second and sixth intron of maize Adh1 gene produced increases in enzyme 

activity in maize protoplasts that were approximately three times greater than the elevation 

in mRNA (Mascarenhas et al., 1990). Other introns have also been shown to enhance 

protein accumulation beyond mRNA accumulation, which include the first intron of the 

maize Sh1 gene (Clancy and Hannah, 2002), and the first introns of the Arabidopsis TRP1 

and UBQ10 genes (Rose, 2004).  These studies suggest that introns can affect translational 

processes. Some supporting evidence for this hypothesis comes from animal cell studies. 

Matsumoto et al. (1998) demonstrated that an intron in Xenopus laevis oocytes enhanced 

translational yield but did not affect the mRNA level in the cytoplasm, suggesting a 

separate pathway for the intron’s influential effect on translation. Moreover, in mammalian 

cells, EJC components deposited on mRNA enhanced translational yield per mRNA 

molecule by stimulating mRNA polysome association (Nott et al., 2004).  

 In contrast to the enhancement by the rubi3 5’ UTR intron, the fusion of the first 27 bp of 

the rubi3 coding sequence to the GUS gene further enhanced GUS activity without 

affecting mRNA accumulation, indicating that the enhancement effect of the exon 2 

sequence took place solely at the translational level. The magnitude of the enhancement by 

the exon 2 sequence also varied by tissue type (Figure 5B).  Our current investigation does 

not exclude the possibility that the addition of the 9 aa to the N-terminus of the GUS 

protein may enhance the catalytic activity of the enzyme. However, it is unlikely based on 

another report from our laboratory. In a transient assay in rice suspension cells, a construct 
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with a mutated first 9 nt sequence of the ubiquitin coding sequence (which would yield the 

authentic GUS protein) produced a similar enhancement effect as the construct containing 

the first 27 bp of ubiquitin coding sequence (Sivamani and Qu, 2006), suggesting that the 

fusion of the 9 aa might not considerably alter the catalytic activity of the GUS enzyme. On 

the other hand, changes in the context of the translation initiation codon of the mRNA may 

alter the translational efficiency and, thus, the accumulation level of the GUS enzyme. A 

quantitative western analysis to compare the amount of the GUS protein produced from the 

fusion construct and the intron-containing rubi3 promoter would help answer the question. 

We have analyzed the expression pattern of the rubi3 promoter using both GUS and GFP as 

reporter genes. Since GUS tends to cause artifacts (Mascarenhas and Hamilton, 1992) and 

some plant tissues have autofluorescence, the two reporter gene approach provides more 

reliable information regarding the promoter expression pattern. Histochemical GUS 

localization and GFP visualization revealed that the rubi3 promoter, with its 5’ UTR intron, 

was active in all the tissues and cell types examined, suggesting that it is a constitutive 

promoter although the expression levels among the tissues are not uniform. Its activity was 

especially strong in root apical meristem, leaf mesophyll cells, embryos, and parenchyma 

cells in the vascular system, including the vascular cylinder of roots and the vascular 

bundles of stems. By comparing the expression patterns of the various gene constructs in 

transgenic plants, we concluded that the 5’ UTR intron or the exon 2 sequence did not alter 

the expression pattern of rubi3 promoter while enhancing its activity. 
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This study has characterized the activities of the intron-containing and the intronless rice 

rubi3 promoters, and the enhancing effect of the first 27 nt of the rubi3 coding sequence on 

reporter gene expression in transgenic rice plants. We have demonstrated that the 5’ 

regulatory sequences of the rubi3 gene had strong and constitutive expression in transgenic 

rice plants. The results suggest wide applications of these sequences in monocot 

transformation. The study also revealed that the rubi3 5’-UTR intron enhanced expression 

mostly at the pre-translational level, and both pre-translational and translational 

enhancements by the intron were tissue dependent. In contrast, the enhancement by the 

exon 2 sequence was translational, and, again, varied by tissues. The observation helps gain 

insight on the mechanisms of gene expression regulation, especially IME, in monocot 

plants. 
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	The activity of a promoter can be characterized at the mRNA and/or protein level of the gene it controls. The most common approach to study activity of a plant promoter, however, is to fuse the promoter to a reporter gene, such as the β-glucuronidase (GUS) (Jefferson et al., 1987), the luciferase (LUC) (Steiner, 1992), the chloramphenical acetyl transferase (CAT) (Gorman et al., 1982), or  the green fluorescent protein (GFP) gene (Haseloff and Amos, 1995), and monitor the expression of the reporter gene product in stably transgenic plants. By this approach, the expression pattern of a promoter can be analyzed qualitatively and/or quantitatively in plant tissues, and its expression pattern in response to certain environmental conditions can be characterized by exposing the transgenic plants to those conditions. Since the generation of transgenic plants usually takes several months or even longer, evaluation of a promoter activity is often conducted by transient gene expression analysis. In this approach, the promoter/reporter fusion construct is introduced into cultured protoplasts, suspension cells, or various plant tissues, and the transient expression of the reporter gene is generally analyzed in 24-48 hrs after DNA delivery when the expression is at the highest level. Transient expression assays are often used to compare the relative strength of various promoters in a plant species. But, with transient assays, it is difficult to study promoters of genes that are developmentally regulated, tissue-specifically expressed, or require induction. In some cases, transient assays can also provide an estimation of the tissue-specificity of a promoter in certain plant species, if the plant tissues used in the experiment are competent to receive the delivered DNA and suitable to assay the reporter gene. A reporter gene is mostly assayed by the enzyme activity of the protein it encodes. Antigen-antibody reactions can also be employed for detection of its expression by western blot or ELISA.  
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