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Summary
Introns are often added to transgenes to increase expression, although the mechanism through

which introns stimulate gene expression in plants and other eukaryotes remains mysterious.

While introns vary in their effect on expression, it is unknown whether different genes respond

similarly to the same stimulatory intron. Furthermore, the degree to which gene regulation is

preserved when expression is increased by an intron has not been thoroughly investigated. To

test the effects of the same intron on the expression of a range of genes, GUS translational

fusions were constructed using the promoters of eight Arabidopsis genes whose expression was

reported to be constitutive (GAE1, CNGC2 and ROP10), tissue specific (ADL1A, YAB3 and

AtAMT2) or regulated by light (ULI3 and MSBP1). For each gene, a fusion containing the first

intron from the UBQ10 gene was compared to fusions containing the gene’s endogenous first

intron (if the gene has one) or no intron. In every case, the UBQ10 intron increased expression

relative to the intronless control, although the magnitude of the change and the level of

expression varied. The UBQ10 intron also changed the expression patterns of the CNGC2 and

YAB3 fusions to include strong activity in roots, indicating that tissue specificity was disrupted by

this intron. In contrast, the regulation of the ULI3 and MSBP1 genes by light was preserved when

their expression was stimulated by the intron. These findings have important implications for

biotechnology applications in which a high level of transgene expression in only certain tissues is

desired.

Introduction

Since the discovery of introns in the late 1970s, considerable

effort has been devoted to understanding their functions. In

addition to increasing the coding capacity of the genome via

alternative splicing (Graveley, 2001), introns can regulate gene

expression in a variety of ways. Introns, and the act of their

removal by the spliceosome, can influence many other stages of

mRNA metabolism, including transcription, polyadenylation of

the pre-mRNA, nuclear export, translation and mRNA decay

(Chang et al., 2007; Le Hir et al., 2003). In many cases, the

mechanisms through which introns could affect mRNA levels are

at least partially understood. Such mechanisms include enhancer

elements or promoters located within introns (Morello et al.,

2006; Vitale et al., 2003), physical interactions between splicing

and transcription or polyadenylation factors (Das et al., 2007;

Kornblihtt et al., 2004; Lin et al., 2008; Minvielle-Sebastia and

Keller, 1999), and the actions of exon junction complex proteins

that are deposited on the mRNA during splicing and have

subsequent roles in nuclear export, translation and mRNA

surveillance (Le Hir et al., 2001; Maquat, 2004; Wiegand et al.,

2003). In other cases though, the means through which some

introns increase gene expression remain obscure.

One poorly understood stimulatory effect of introns on gene

expression is intron-mediated enhancement (IME), which has

been observed in many diverse eukaryotes (Duncker et al., 1997;

Ho et al., 2001; Palmiter et al., 1991; Xu and Gong, 2003) and

has been examined in depth in plants (Callis et al., 1987; Clancy

and Hannah, 2002; Fiume et al., 2004; Mascarenhas et al.,

1990; Rethmeier et al., 1997; Rose, 2002, 2008; Rose and Last,

1997). The properties shared by a majority of the introns tested

to date demonstrate that the mechanism of IME must be

different from that of enhancer elements. Unlike classical

transcriptional enhancers, stimulating introns must be transcribed

and located near the start of the gene to elevate expression

(Rose, 2004). Furthermore, the sequences required for IME are

dispersed throughout stimulatory introns and have an additive

effect (Rose et al., 2008), whereas enhancers involve discrete

sequences with boundaries that can be defined by deletions

(Itzhaki et al., 1994; Twell et al., 1991). The sequences respon-

sible for IME have not been clearly defined but are most

abundant in introns near the start of transcription, a property

that forms the basis of the IMEter algorithm that predicts the

stimulating ability of introns (Rose et al., 2008). The need to be

transcribed and the promoter proximity requirement for IME

suggest that introns could increase mRNA accumulation by

stimulating transcriptional elongation and thereby raise the

probability of generating a full-length stable transcript. If that is

the case, any type of gene regulation that operates prior to

processive elongation should be preserved when the expression

of a gene is increased by an intron. For example, a gene whose

expression is regulated by the presence of a transcription factor
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only in certain tissues should be unaffected by introns in those

cells in which transcription never initiates.

The issue of whether or not the regulation of a gene is

preserved when expression is stimulated by an intron is relevant

to biotechnology. For example, a high level of expression of Bt

toxin in maize roots may be necessary to increase resistance to

western corn rootworm, while very low expression in kernels of

the same plants would be desirable to minimize the amount of

foreign proteins in the parts of the plant that are ingested.

Therefore, methods to boost protein production in a tissue-

specific manner may be preferable to those that cause a

widespread or indiscriminate increase in transgene expression.

The effect of introns on the tissue-specific expression of several

plant genes has been examined, with variable results. Reporter

gene fusions to the Arabidopsis thaliana AGL42 gene (At5

g62165) are not expressed without that gene’s first intron, while

fusions that contain the intron are expressed only in the four to

seven cells that form the quiescent centre of the root meristem

(Nawy et al., 2005). An intron involved in a much broader pattern

of expression is found in a profilin-encoding gene in Arabidopsis.

The profilin gene PRF2 (At4g29350) is expressed in most

vegetative tissues, while the expression of PRF5 (At2g19770) is

limited to pollen. The PRF2 first intron not only stimulates the

expression of a PRF5:GUS fusion, it expands the pattern of PRF5:

GUS expression to most tissues to resemble that of the PRF2 gene

(Jeong et al., 2006). Intronless promoter:GUS fusions involving

the tomato LeSUT1 sucrose transporter gene are expressed at

very low levels, while those containing all three introns from this

gene are active in phloem, guard cells and trichomes at levels

more consistent with other measures of expression (Weise et al.,

2008). Each of the introns has a different function in controlling

expression. In these and other examples, it appears as if the

information that regulates the locations in which a gene is

expressed resides within the intron more than the promoter, and

the term intron-dependent spatial expression (IDSE) was formu-

lated to describe this property (Giani et al., 2009).

To investigate whether the same intron can stimulate the

expression of a variety of genes and to see whether the regulation

of gene expression changes upon the inclusion of an intron, we

inserted the first intron from the Arabidopsis UBQ10 gene into

GUS translational fusions constructed with the promoters of eight

genes. In addition to stimulating the expression of the UBQ10

gene (Norris et al., 1993), the UBQ10 intron increases TRP1:GUS

mRNA accumulation more than 12-fold in single-copy transgenic

Arabidopsis (Rose, 2002) and is one of the most thoroughly

studied causes of IME in plants (Parra et al., 2011; Rose, 2004;

Rose et al., 2008).

The eight test genes were chosen because their expression had

been analysed previously using GUS fusions as well as RNA blots

or reverse transcription followed by PCR (RT-PCR), they repre-

sented several different types of regulation, and all were active in

leaves. Three of the genes, GAE1 (At4g30440), CNGC2 (At5

g15410) and ROP10 (At3g48040), are expressed constitutively

throughout leaves (Kohler et al., 2001; Molhoj et al., 2004;

Zheng et al., 2002). Another three genes were reported to be

expressed in a tissue-specific manner: ADL1A (At5g42080) in

trichomes (Kang et al., 2003), YAB3 (At4g00180) in the abaxial

surfaces of leaves (Kumaran et al., 2002) and AtAMT2 (At2

g38290) in the vasculature (Sohlenkamp et al., 2002). The

expression of the final two genes is regulated by light, with both

MSBP1 (At5g52240) and ULI3 (At5g59920) expressed more

highly in the light than in the dark (Suesslin and Frohnmeyer,

2003; Yang et al., 2005). The GAE1 and ULI3 genes lack introns,

while the other genes contain between one and fifteen, of which

only the first introns of MSBP1, ADL1A and ROP10 have IMEter

scores predictive of stimulating capabilities (Rose et al., 2008).

Here, we report that for all eight genes, the UBQ10 intron

increased expression relative to the intronless control, as did all

three of the endogenous introns that have high IMEter scores.

The UBQ10 intron changed the expression patterns of two genes

(CNGC2 and YAB3) but not the light regulation of the ULI3 and

MSBP1 genes. These results suggest that stimulatory introns are

likely to increase the expression of most genes in biotechnology

applications and that the intron used for this purpose should be

chosen carefully because it may override the tissue specificity of

promoters.

Results

To ask whether genes differ in their response to the same

stimulating intron, and to determine whether or not the

regulation of a gene is maintained when its expression is elevated

by an intron, a series of GUS translational fusions were

constructed with the promoters of eight genes (Table 1). For

each of the intronless ULI3 and GAE1 genes, two GUS fusions

were constructed, one of which lacked introns while the other

contained the 304-nt UBQ10 intron positioned after codon 9. For

all the other genes, three fusions were made that differ only in

that one contains the gene’s endogenous first intron, one lacks

introns, and one has the gene’s first intron replaced by the

UBQ10 intron 1 at precisely the same location. The fusions are

designated by the name of the gene from which the promoter

was isolated, followed by [en i], [no i] or [ub i] to indicate the

endogenous intron, no intron or the UBQ10 intron, respectively.

The mature mRNAs generated from the [ub i] and [no i]

constructs for each gene should be identical, but these will

both differ from the [en i] mRNAs at the one to five nucleo-

tides changed to create the PstI site used to insert the UBQ10

intron. These changes conceivably could influence the expression

of the [en i] constructs or alter the activity of the GUS enzymes

they encode relative to those made from the [ub i] and [no i]

fusions.

The approach used to analyse transgenic plants containing

each of the fusions depended on the nature of the regulation

expected for each promoter. For genes whose expression was

reported to be constitutive, the aim was to accurately measure

the level of expression with or without an intron. To minimize

line-to-line variation due to copy number differences, at least 36

transformants containing each fusion were screened by genomic

DNA blots to identify single-copy lines (Figure S1), and expression

was measured in homozygous populations of T3 plants by RNA

blot, quantitative real-time PCR (qRT-PCR) and enzyme assay.

Even though the number of single-copy lines obtained was low

(1–3 lines for most constructs, Table 2), prior work with TRP1:

GUS fusions indicate that single-copy lines yield very consistent

results, with less variation in expression between independent

single-copy lines containing the same construct than between

biological replicates of the same line (Rose et al., 2008). For

fusions made with promoters from tissue-specific or inducible

genes, the purpose was to determine whether the intron changed

the pattern of expression or the response to light. The tissues in

which the GUS gene was active were detected by histochemical

staining of at least 16 independent T2 lines for each construct in

which the transgene copy number was undetermined but whose
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segregation pattern indicated a single locus of insertion. In

practical terms, a GUS fusion was considered to be expressed only

in tissues that showed detectable histochemical staining,

although it is possible that the gene was transcribed at a very

low level in tissues that lacked staining. Light regulation was

examined using duplicate sets of several T2 lines, with one set

maintained in continuous light and the other set grown in the

light and then subjected to darkness for several days.

Constitutive genes

The GAE1 gene encodes a UDP-D-glucuronate 4-epimerase that

is involved in the synthesis of pectin precursors (Molhoj et al.,

2004). In single-copy lines, the GAE1[ub i]:GUS construct

generated 4.3 � 0.2-fold more GUS mRNA and 6.5 � 0.8 times

more GUS enzyme activity than did the GAE1[no i]:GUS fusion

(Table 2 and Figure S2). These quantitative data are consistent

with the histochemical staining observed in multiple lines of

unknown copy number containing these constructs (Figure 1a).

This indicates that the GAE1 promoter was responsive to the

stimulating effects of the UBQ10 intron.

CNGC2 is a member of a large family of genes in Arabidopsis

that encode cyclic nucleotide-gated ion channels (Kohler et al.,

2001). The GUS enzyme activity in single-copy CNGC2[ub i]:GUS

plants was approximately ten times higher than in the lines with

the endogenous intron or no intron (Table 2), although the

enzyme activity in the CNGC2[no i]:GUS and CNGC2[en i]:GUS

lines was difficult to measure accurately because it was near the

limit of detection, which is approximately 0.05 nmol product/min/

mg protein. Quantitative RT-PCR analysis indicated that the

endogenous and UBQ10 introns increased GUS mRNA levels

1.5-fold and 8.7-fold, respectively, relative to the intronless

control. Histochemical staining confirmed that the data obtained

from the single-copy lines are representative of most transfor-

mants containing these fusions (Figure 1b). These results indicate

that the UBQ10 intron, but not the first CNGC2 intron, stimulated

the expression of CNGC2:GUS fusions.

Even though CNGC2 was selected for its broad and constitutive

expression in leaves, this gene does show some tissue specificity.

Previous CNGC2:GUS fusion and RNA blot analysis clearly

demonstrate that this gene is inactive in root tissue (Kohler et al.,

2001). Consistent with these findings, none of the 32 lines

analysed that contain the CNGC2[en i]:GUS or CNGC2[no i]:GUS

fusions showed any GUS activity in the roots (Figure 2d), even

after prolonged staining. However, replacing the endogenous

intron with the UBQ10 intron created a fusion that was strongly

expressed in root tissue in all but one line (which had no GUS

activity in any tissue, suggesting a damaged GUS gene) of the 16

tested (Figure 1b). Therefore, inclusion of UBQ10 intron 1 not

only increased CNGC2:GUS expression, but also changed the

spatial pattern of expression to include roots.

ROP10 encodes a plasma membrane–localized member of the

Rop subfamily of Rho GTPases that plays a role in abscisic acid

signalling in Arabidopsis (Zheng et al., 2002). The GUS enzyme

activity in all seven single-copy ROP10[no i]:GUS lines obtained

Table 1 Genes tested in this study

Gene Intron count Intron 1 length (nt) Intron 1 IMEter score* References

GAE1 (At4g30440) 0 – – (Molhoj et al., 2004)

CNGC2 (At5g15410) 7 378 6.7 (Kohler et al., 2001)

ROP10 (At3g48040) 7 325 18.9 (Zheng et al., 2002)

ADL1A (At5g42080) 15 367 30.6 (Kang et al., 2003)

YAB3 (At4g00180) 6 108 0.5 (Kumaran et al., 2002)

AtAMT2 (At2g38290) 4 79 3.4 (Sohlenkamp et al., 2002)

ULI3 (At5g59920) 0 – – (Suesslin and Frohnmeyer, 2003)

MSBP1 (At5g52240) 1 774 33.7 (Yang et al., 2005)

*Calculated with the online version of IMEter 1 (http://korflab.ucdavis.edu/cgi-bin/web-imeter.pl).

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure 1 Histochemical staining of plants transgenic for GUS fusions to

the promoters of constitutive genes (a–c), tissue-specific genes (d–f) or

light-regulated genes (g and h) that contain the endogenous first intron

(en i), no intron (no i) or the UBQ10 intron (ub i). Sixteen independent lines

were tested for each construct, and each well of the plates shown

contains four to six kanamycin-resistant T2 plants from a single line. Plants

grown for 14 days in continuous light were incubated at 37 °C in staining

solution for the following amount of time: (a) GAE1 lines, 2 h; (b) CNGC2

lines, 4 h; (c) ROP10 lines, 5 h; (d) ADL1A lines, 2 h; (e) YAB3 lines, 3 h; (f)

AtAMT2 lines, 24 h; (g) ULI3 lines, 1.5 h; (h) MSBP1 lines, 1.75 h.

Plant Biotechnology Journal © 2013 Society for Experimental Biology, Association of Applied Biologists and Blackwell Publishing Ltd, Plant Biotechnology Journal, 1–9

The response of eight genes to a stimulating intron 3



was below the limit of detection for the assay. However, lines

containing fusions with either the endogenous ROP10 first intron

or the UBQ10 intron had moderate GUS activity that gave

similar patterns of histochemical staining (Figure 2c). The UBQ10

intron had a stronger effect, as the GUS activities in the ROP10[ub

i]:GUS lines were approximately triple those in the ROP10[en i]:

GUS lines (Table 2). Consistent with the enzyme data, qRT-PCR

revealed that GUS mRNA levels in the ROP10[ub i]:GUS lines were

three times higher than those in the ROP10[en i]:GUS plants, and

that the ROP10[no i]:GUS fusion generated less than one-fiftieth

Table 2 Expression of constructs with constitutive promoters

Promoter Intron Single-copy lines

GUS enzyme activity*

(Ave � S.D.)

Relative mRNA accumulation†

(Ave � S.D.)

GAE1 None 3 2.2 � 0.6 1.0 � 0.4

UBQ10 1 14.3 � 2.5 4.3 � 0.2

CNGC2 Endog. 2 0.04 � 0.03 1.5 � 0.1

None 3 0.05 � 0.03 1.0 � 0.4

UBQ10 1 0.4 � 0.05 8.7 � 0.6

ROP10 Endog. 2 0.39 � 0.08 63 � 10

None 7 nd‡ 1.0 � 0.1

UBQ10 2 1.2 � 0.5 200 � 32

*Units = nmol MU/min/mg protein, n = at least three biological replicates of each line.

†Relative to the average for the intronless control with the same promoter, determined by qRT-PCR.

‡nd = Not detectable.

(a) (b) (c)

(d) (e)

(f) (h)(g)

(j)(i) Figure 2 Histochemical staining of

representative individual plants transgenic for

GUS fusions to the promoters of constitutive

genes (a-d), tissue-specific genes (e-h) or light-

regulated genes (i and j) that contain the

endogenous first intron (en i), no intron (no i) or

the UBQ10 intron (ub i). The images in (d) and (e)

are higher magnifications of the plants shown in

(b) and (f), respectively. Scale bars indicate 1 mm.
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as much GUS mRNA as either intron-containing construct. These

findings indicate that the expression of ROP10 is strictly intron

dependent and that the first intron from either ROP10 or UBQ10

can fulfil the intron requirement.

Tissue-specific genes

The ADL1A gene encodes a dynamin-related protein, a large GTP

binding protein involved in membrane trafficking (Kang et al.,

2003). This gene was selected as a tissue-specific gene on the

basis of the reported expression of an intronless ADL1A:GUS

translational fusion in developing trichomes but not other leaf

tissues (Kang et al., 2003). The intronless ADL1A[no i]:GUS fusion

that we made differed from the original construct in that the

promoter fragment contains an additional 111 nt at its 3′ end
comprising the remainder of exon 1 and 12 nt from the start of

exon 2. Expression of the ADL1A[no i]:GUS was low in most lines

examined (Figure 1d), although five of 16 lines showed some

histochemical staining in trichomes. In contrast, lines containing

either the ADL1A[en i]:GUS or ADL1A[ub i]:GUS fusions showed

strong GUS activity throughout leaves and roots (Figures 1d

and 2g). Histochemical staining and enzyme assays indicate that

the ADL1A and UBQ10 introns stimulate expression to approx-

imately the same degree. As was the case for the ROP10 gene,

these results demonstrate that ADL1A expression is intron

dependent and that either the endogenous first intron or the

UBQ10 intron confers expression in multiple tissues.

The YAB3 gene encodes a presumptive transcription factor in

the YABBY family of genes that specify abaxial cell fate and are

asymmetrically expressed in lateral organ primordial (Siegfried

et al., 1999). Plants in which a gene-trap Ds transposable

element that contains GUS is inserted into the first exon of the

YAB3 gene demonstrate GUS staining in the abaxial surfaces and

margins of emerging leaves (Kumaran et al., 2002). To determine

whether the UBQ10 intron disrupts the tissue-specific regulation

of YAB3, we performed histochemical staining of plants con-

taining the YAB3:GUS fusions. The YAB3[en i]:GUS and YAB3[no

i]:GUS constructs gave similar results, with low to moderate

expression in leaves and just the tips of roots in some lines

(Figure 2e,f). We were unable to demonstrate convincingly that

staining in young leaves of these lines was limited to abaxial

surfaces and margins. However, an obvious effect on expression

in different tissues was apparent in plants containing YAB3[ub i]:

GUS fusions, which, in addition to having much higher levels of

GUS activity in leaves than did plants with the other YAB3

constructs (Figure 1e), also showed strong GUS activity through-

out roots (Figure 2e). Therefore, inclusion of the UBQ10 intron

changed both the amount and the spatial pattern of YAB3 gene

expression.

The product of the AtAMT2 gene is a high-affinity ammonium

transporter that is expressed in many tissues (Sohlenkamp et al.,

2002). In leaves, previous AtAMT2 promoter:GUS fusion

studies suggest that expression is limited to the vasculature

(Sohlenkamp et al., 2002). All three of the fusions we con-

structed are expressed at very low levels and in only a fraction of

the transformants obtained. None of the T2 lines transformed

with either AtAMT2[no i]:GUS or AtAMT2[en i]:GUS showed

appreciable GUS activity after 24 hours at 37 °C in histochemical

stain (Figure 1f). Microscopic examination revealed weak stain-

ing in leaves of a few individual plants from seven of 16 AtAMT2

[no i]:GUS lines and three of 16 AtAMT2[en i]:GUS lines. The

number of lines containing AtAMT2[ub i]:GUS that had any plants

displaying GUS activity (11 out of 16 lines tested), and the

histochemical staining in those GUS-positive lines, was higher

than in the AtAMT2[no i]:GUS and AtAMT2[en i]:GUS transfor-

mants (Figures 1f and 2h). This suggests that the UBQ10 intron

stimulated AtAMT2:GUS expression, but even with this intron,

expression was so weak that these constructs could not be further

analysed.

Light-regulated genes

Plants containing a T-DNA insertion in the ULI3 gene are less

sensitive than wild-type plants to the inhibition of hypocotyl

growth normally caused by ultraviolet-B light (Suesslin and

Frohnmeyer, 2003). The ULI3 gene is expressed more highly in

the light than in the dark. To determine whether the

expression of this intronless gene could be increased by an

intron, and whether its light regulation is preserved, multiple

independent transformants containing either ULI3[no i]:GUS or

ULI3[ub i]:GUS were grown in two conditions. Plants grown

either in the light for 10 days, or in the light for 7 days

followed by 3 days in darkness, were subjected to qRT-PCR

analysis and histochemical staining (Figures 3a and S3). In each

of the lines tested for both constructs, the dark treatment

caused similar reductions in the level of mRNA from the GUS

gene and the endogenous ULI3 gene (Figure 3a). Lines

containing ULI3[ub i]:GUS demonstrated more GUS activity

than in the ULI3[no i]:GUS lines in both growth conditions

(Figure S3). Therefore, the UBQ10 intron stimulated ULI3:GUS

expression without disrupting its differential expression in

response to different light conditions.

The MSBP1 gene encodes a membrane steroid-binding protein

with a putative negative role in regulating cell elongation (Yang

et al., 2005). Expression of the MSBP1 gene and an MSBP1:GUS

fusion are suppressed in the dark, particularly in hypocotyls.

Transgenic plants containing MSBP1[en i]:GUS or MSBP1[ub i]:

GUS grown in continuous light showed comparable levels and

patterns of GUS histochemical staining, and for both constructs,

the staining was greater than in the MSBP1[no i]:GUS lines

(Figures 1h and 2i). Quantitative RT-PCR using mRNA isolated

from plants grown for 9 days in the light or 6 days in the light

followed by 3 days in darkness revealed that expression of all

three MSBP1:GUS fusions declined in response to dark treatment

by an amount similar to that of the endogenous MSBP1 gene in

the same lines (Figure 3b). Therefore, the light regulation of the

MSBP1 gene was preserved even when its expression was

increased by either intron.

Splicing efficiency

Incomplete or inaccurate splicing of the intron in any of the GUS

fusions tested would negatively affect the amount of enzyme

produced because in every case the retained intron is located

within coding sequences and contains in-frame stop codons that

would disrupt translation. To estimate the splicing efficiency of

the UBQ10 and endogenous introns, RT-PCR using primers that

flank the intron was performed on total RNA from representative

lines containing each construct except those made with the

AtAMT2 promoter. Control PCR reactions with genomic DNA as

the template served as positive controls and size markers for the

location of RT-PCR products derived from unspliced or accurately

spliced mRNA. As shown in Figure 4, the vast majority of RT-PCR

product detected in all lines was the size expected for product

derived from accurately spliced mRNA. In addition to the bands

representing unspliced and fully spliced mRNA, a few faint bands

were visible in the RT-PCR products from the ADL1A[ub i]:GUS,
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ADL1A[en i]:GUS and MSBP1[ub i]:GUS lines, indicating a small

amount of splicing involving alternative 5′ or 3′ splice sites. In no

case did the combined amount of product from unspliced or

aberrantly spliced mRNA exceed 20% of the total RT-PCR product

detected. This indicates that the UBQ10 intron was spliced from

the seven locations tested with an efficiency comparable to that

of the endogenous introns (in the genes that have them) at the

same position.

Discussion

For all eight of the genes tested, the expression of promoter:GUS

fusions was increased to various degrees by the UBQ10 intron.

The promoters tested are quite diverse in terms of the level of

expression they drive, the type of regulation they confer, the

number of introns in the genes they control, and the functions of

the products of those genes. This suggests that the expression of

most, if not all, genes will be elevated by the addition of this

stimulatory intron. The observation that constructs with promot-

ers from the naturally intronless GAE1 and ULI3 genes were

stimulated by the intron indicates that there is not a functional

distinction between the promoters of intron-containing and

intronless genes.

However, the degree to which expression was increased by the

same intron varied substantially between promoters for the

constitutive constructs whose expression was measured in single-

copy lines. The increase in mRNA accumulation relative to the

intronless control ranged from less than fivefold for the GAE1

constructs to more than 150-fold for the ROP10 fusions. This

variation mostly reflects large differences in the expression of the

intronless constructs, some of which are expressed at extremely

low levels. The GUS enzyme activity in lines with constructs that

contain the UBQ10 intron ranged from <0.5 nmol MU/min/mg

protein for the CNGC2 [ub i]:GUS fusions to more than 10 nmol

MU/min/mg protein in GAE1 [ub i]:GUS lines. For comparison,

the UBQ10 intron increases TRP1:GUS mRNA levels more than

12-fold and generates GUS enzyme activity in those lines of

28 nMoles MU/min/mg protein (Rose et al., 2008). Therefore, the

level to which expression was increased by the UBQ10 intron, and

the degree to which expression changed relative to the intronless

control, varied substantially depending on the promoter used.

Three of the endogenous introns tested also had significant

effects on gene expression, specifically those from the ADL1A,

MSBP1 and ROP10 genes. In every case, these introns had high

IMEter scores (30.6, 33.7 and 18.9, respectively), while the

introns from the AtAMT2, CNGC2 and YAB3 genes had low

scores (3.4, 6.7 and 0.5, respectively) and had little or no

influence on expression. This is further validation of the

effectiveness of the IMEter in predicting the stimulating ability

of introns (Rose et al., 2008).

The results obtained with the GUS fusions we created differed

considerably from those previously reported in two cases. The

expected trichome-specific expression of ADL1A:GUS fusions and

expression of AtAMT2:GUS fusions in leaf vasculature were not

observed. One plausible explanation for the discrepancies is that

the additional sequences at the 3′ end of the promoters we used

could affect expression, either through regulatory elements in the

DNA or RNA, or by the fusion of protein domains to the amino

terminus of the GUS enzyme that could alter activity. Another

significant factor could be the absence of introns in most of the

original studies. For example, the first intron of ADL1A clearly has

a major effect on ADL1A:GUS expression, and fusions that

contain the intron probably give a more accurate reflection of

where and to what levels the ADL1A gene is normally expressed.

A widespread pattern of ADL1A expression is more consistent

with the severe mutant phenotype and the known localization of

the ADL1A protein at the cell plate of dividing cells (Kang et al.,

2003) than is expression only in trichomes, which are nonessential

and do not divide.

The presence of the UBQ10 intron clearly had a major effect on

the expression of the CNGC2 and YAB3 constructs in roots but

did not disrupt the light-controlled regulation of the MSBP1 and

ULI3 genes. This suggests that the tissue specificity and light

regulation of these genes operate in fundamentally different

ways, although the mechanistic basis for the regulation of these

genes remains unknown.

The ability of the UBQ10 intron to stimulate strong expression

in any tissue where the corresponding intronless construct

appears completely inactive is difficult to reconcile with a model

of IME in which introns boost expression by promoting transcript

elongation, and suggests a mechanism that operates earlier in the

transcription cycle. The intronless fusions for the ROP10,

AtAMT2, CNGC2 and YAB3 genes show no evidence of any

expression in some or most tissues, suggesting that in those

tissues there is no basal level of transcription that the intron could

(a)

(b)

Figure 3 The effects of dark treatment on mRNA levels in lines

containing ULI3:GUS fusions (a) or MSBP1:GUS fusions (b). The intron

present in each construct is indicated above and the mRNA being

measured is shown below each set of bars. Plants were grown in

continuous light for nine (b) or ten (a) days (Light), or in the light for six (b)

or seven (a) days followed by 3 days in darkness (Dark). The amount of

mRNA relative to a ubiquitin standard was determined by qRT-PCR and is

shown relative to the amount of mRNA in plants of the same line grown in

continuous light (mean for all lines + standard deviation).

Plant Biotechnology Journal © 2013 Society for Experimental Biology, Association of Applied Biologists and Blackwell Publishing Ltd, Plant Biotechnology Journal, 1–9

Shahram Emami et al.6



render more processive. A more plausible way in which introns

could cause expression in tissues where an otherwise identical

intronless fusion is not expressed is by activating transcript

initiation. This would require that introns exert an effect over a

distance of a few hundred base pairs prior to being transcribed.

While this ability is reminiscent of an enhancer element, the

UBQ10 intron does not fit the classical definition of an enhancer

because it has more stringent location requirements for affecting

expression (Rose, 2004) and the intron sequences involved are

redundant and dispersed (Rose et al., 2008). Consistent with

evidence that the mechanism of IME operates at the DNA level

(Rose et al., 2011), stimulating introns might create a localized

chromatin conformation that facilitates transcription initiation,

either by affecting nucleosome spacing or through histone

modification. Similarly, an intron-associated change in chromatin

structure could keep RNA polymerase II molecules active that

would otherwise become poised or paused, assembled onto

the template but stationary (Kim et al., 2005; Margaritis and

Holstege, 2008; Radonjic et al., 2005).

An intriguing possibility is that the tissue specificity of some

genes could be determined by the introns they contain, although

the mechanistic details of how an intron could activate expression

in some tissues but not others remain to be determined. When

introns from genes that are expressed in most tissues, such as

UBQ10, PRF2, or the replacement histone H3 genes At4 g40030

and At4 g40040, are inserted into other genes they confer a

similar broad pattern of expression that apparently overrides the

tissue specificity or cell cycle dependence of those genes

(Chaubet-Gigot et al., 2001; Jeong et al., 2006). The AtAMT2

gene seems to be an exception in that its expression remains

limited even when it contains the UBQ10 intron (Figure 2h). The

removal of an intron from the potato Sus3 gene (Fu et al., 1995),

the tomato sucrose transporter LeSUT1 gene (Weise et al., 2008),

and rice alpha- and beta-tubulin genes (Giani et al., 2009; Jeon

et al., 2000) changes the pattern of expression, suggesting that

those introns exert some control over tissue specificity. There are

no published reports in which the ability of introns to regulate

tissue specificity has been tested by inserting an intron from a

gene whose expression is clearly restricted to certain tissues into

another gene to see whether the intron is sufficient to determine

tissue specificity. A tissue-specific stimulatory intron could be a

versatile way to maximize transgene expression in pertinent

organs while avoiding unnecessary or undesirable expression in

other tissues.

Experimental procedures

Construction of gene fusions

All plants used in this study were Arabidopsis thaliana ecotype

Columbia (Col-0). Promoters were isolated by PCR amplification

from genomic DNA using a Phusion high-fidelity DNA polymerase

(New England Biolabs, Ipswich, MA) and a primer that introduced

a KpnI site at the 5′ boundary used in the previously published

expression studies. The exception is the YAB3 gene, for which the

original gene fusions did not have a 5′ boundary because they

were created by insertion of a gene trap into the chromosome.

For the intronless ULI3 and GAE1 genes, the other primer

converted nucleotides 22–27 of coding sequences into a PstI site

and introduced an XbaI site after nucleotide 39. For all other

genes, the downstream primer introduced an XbaI site after

10–12 nt of the second exon, and a second amplification with the

cloned original PCR product as template and a primer long

enough to bridge exons one and two was used to delete the

intron and convert the last six nucleotides of exon 1 into a PstI

site. Table S1 lists the primers used and Table S2 contains their

sequences. All amplified regions were sequenced in their entirety

to confirm the absence of mutations. The AtAMT2 promoter

included 1056 nucleotides upstream of the start codon, while the

remaining seven promoters were between 1.5 and 2.3 kilobases

in size. The amount of additional sequence at the 3′ end of the

promoters in our constructs compared to those previously

published ranged from 3 nt for the ROP10 constructs to 324 nt

for the AtAMT2 gene, plus the intron in the fusions that contain

them. The UBQ10 intron was inserted into the PstI sites, and the

(a) (b) (c) (d)

(e) (f) (g)

Figure 4 Analysis of splicing efficiency in

constructs made with the promoters of

constitutive genes (a–c), tissue-specific genes (e

and f) or light-regulated genes (d and g) that

contain the endogenous intron (en i, see Table 1

for sizes), no intron (no i) or the 304-nt UBQ10

intron (ub i). Gel blots of PCR products derived

from reverse-transcribed RNA (R) or genomic DNA

(D) templates using primers that flank the intron

were hybridized with a GUS probe. The numbers

indicate the expected size (in nt) of the products

derived from genomic DNA or unspliced mRNA,

and from either intronless constructs or accurately

spliced mRNA (marked with asterisks).
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XbaI sites were used to make translational fusions with GUS,

which were inserted as KpnI fragments into a binary vector for

Agrobacterium-mediated transformation into plants by floral dip

(Clough and Bent, 1998).

Identification of single-copy transgenic lines

For each GAE1, CNGC2 and ROP10 construct, 36 kanamycin-

resistant T1 plants (from seeds produced by the Agrobacterium-

treated plants) were allowed to self-pollinate and 100 of their T2
progeny were tested for Kanamycin resistance. Those lines that

gave a 3 : 1 resistant to sensitive ratio suggestive of a single site

of insertion were screened by hybridizing blots of genomic DNA

digested with either BamHI, PstI or HindIII with a 32P-labelled GUS

probe. For lines where all three restriction enzymes indicated a

single-copy insertion (Figure S1), the T3 seeds produced by several

T2 individuals were separately screened for resistance to Kana-

mycin to identify those homozygous for the transgene. All of the

single-copy lines isolated were analysed and given equal weight in

calculations. All materials are available upon request.

GUS enzyme activity

The GUS enzyme activity in crude leaf extracts of 3-week-old

homozygous T3 transgenic plants was measured using the

substrate 4-methylum-belliferyl-ß-D-glucuronide (Gold BioTech-

nology, St. Louis, MO) as described (Jefferson et al., 1987). Protein

content was determined with a dye-binding assay (Bio-Rad,

Hercules, CA) using BSA as a standard. Histochemical staining

for GUS activity was performed on plants grown for 14 days on

PNS agar medium (Haughn and Somerville, 1986). Plants were

harvested into 100 mM sodium phosphate pH 7, 0.1% Triton

X-100, 10 mM EDTA, which was replaced with the same buffer

containing 0.5 mg/mL 5-bromo-4-chloro-3-indoxyl-ß-D-glucuro-

nide (Gold BioTechnology, St. Louis, MO). The plants were

incubated at 37 °C until colour developed, rinsed with water

and soaked in ethanol to remove chlorophyll. Plants mounted on

slides were illuminated from beneath over a brown background

and photographed with a Leica DFC500 camera on a Leica MZ16F

microscope (Leica Microsystems, Buffalo Grove, IL).

Reverse transcription plus polymerase chain reaction

To estimate splicing efficiency, 1 lg of DNAse-treated total RNA

was reverse transcribed using random hexamer primers, and one-

tenth of the resulting cDNA was subjected to 25 cycles of PCR

with one gene-specific primer and one primer homologous to

sequences near the 5′ end of GUS as listed in Table S1. One-fifth

of the total product of these reactions and controls performed

using the same primers but with genomic DNA as the template

were separated by agarose gel electrophoresis and blotted to

GeneScreen Plus (PerkinElmer, Waltham, MA). The filters were

hybridized with a radiolabeled 111-nt fragment from the 5′ end
of GUS made by PCR with primers OAR37 and OAR94, exposed

to a PhosphoImager screen, and the signal intensity from each

band was measured using ImageQuant 5.2 software (Molecular

Dynamics, Sunnyvale, CA).

For quantitative real-time PCR, DNAse-treated RNA was reverse

transcribed and amplified using the SuperScript III Platinum SYBR

green One-Step qRT-PCR kit (Invitrogen, Grand Island, NY) in a

Bio-Rad CFX96 thermocycler. Expression of the fusions with the

CNGC2, GAE1 and ROP10 promoters in single-copy lines was

calculated as GUSmRNA accumulation (as detected using primers

OAR59 and OAR97) relative to an ubiquitin standard (primers

UBC9F and UBC9R). The response to dark treatment of MSBP1:

GUS fusions or the endogenous MSBP1 gene, relative to the

ubiquitin standard, was measured using primer pairs MSB1F and

OAR29 or MSB1F and MSB1R, respectively. Similar experiments

with ULI3:GUS fusions and the ULI3 gene were performed with

primers ULI3_5U and OAR37 or ULI3_5U and OAR196.
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