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ABSTRACT

The variation of expression pattern exhibited by a transgene as a result of random integration, known
as position effect, is, among other mechanisms, a particular challenge to reverse genetics. We present a
strategy to counteract position effect in Arabidopsis thaliana by flanking the transgenes with the gypsy
insulator from Drosophila melanogaster. In addition, Suppressor of Hairy-wing [Su(Hw)], the binding
protein of the gypsy insulator, was coexpressed. Results indicated that the gypsy insulators could efficiently
improve the expression levels of reporter genes driven by various kinds of promoters by 8- to 13-fold.
Coexpression of the Su(Hw) protein led to a more uniform expression level of transgenes, as the
coefficient of variation of expression levels was reduced further. The gypsy-Su(Hw) system enhanced
expression levels, but did not alter the specificity of promoter activities, as experimentally evidenced by
the promoters of the PIN and the AFB gene families. Interestingly, the gypsy insulator was also able to
improve the expression of a selectable marker gene outside the insulated region, which facilitated the
screen of transformants. Our system will likely decrease the number of lines that experimenters need to
create and examine for a given transgene by contributing to relatively high and precise expression of
transgenes in plants. Certain features of the gypsy insulator in Arabidopsis also provide new perspectives
on the insulator field.

GENETIC engineering has become a routine
technique for studying gene function and regula-

tion of complex physiological networks. In plant trans-
genesis, the transgene is usually integrated randomly
into the host genome. The expression level of the trans-
gene may vary among independent lines due to a num-
ber of factors including the transgene copy number, RNA
silencing, and transgene insertion site (Butaye et al.
2004; De Bolle et al. 2007; De Paepe et al. 2009). The
variation of transgene expression has complicated phe-
notype characterization and necessitates the analysis of
multiple transgenic lines.

Recent studies have identified sequence-specific
mRNA decay by post-transcriptional gene silencing
(PTGS) as the major cause in the variation of the
expression level of transgenes driven by strong pro-
moters in plants. RNA silencing was triggered if the

transcript level of a transgene surpassed a gene-specific
threshold (Schubert et al. 2004). Improperly termi-
nated, unpolyadenylated mRNA from transgene tran-
scriptions generated by 39 readthrough was subjected
to RNA-DEPENDENT RNA POLYMERASE6 (RDR6)-
mediated RNA silencing (Luo and Chen 2007).

Variation of transgene expression induced by the copy
number and the homology-based PTGS could be mini-
mized by several approaches (Butaye et al. 2005).
Screening for single-copy T-DNA transformants greatly
enriches for stable and high transgene expression
because PTGS is thought to be particularly triggered by
multiple, complexly arranged copies of transgenes (De

Buck et al. 2004; Nagaya et al. 2005). In addition, the use
of PTGS mutant backgrounds as the target of trans-
formation has been proven to be of high value for a stable
and high expression level of transgenes (Butaye et al.
2004; De Bolle et al. 2007). Recently, it has been shown
that the CRE/loxP recombination system is capable of
resolving complex T-DNA loci into single T-DNA inserts
and producing a high frequency of single-copy T-DNA
transformants (De Buck et al. 2007; De Paepe et al. 2009).

The variation of transgene expression induced by the
insertion site itself is known as position effect. The
surrounding host chromatin structure as well as the
negative and positive regulatory elements in adjacent loci
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are implicated in mediating position effects (Kellum

and Schedl 1991; Peach and Velten 1991; Gelvin and
Kim 2007). Although a great deal is known about position
effects in Drosophila, there is conflicting evidence as to
whether or not they exist in plants (Matzke and Matzke

1998; De Buck et al. 2004; Nagaya et al. 2005). It has been
suggested that pronounced position effects should never
be detected in stable transformants that have undergone
antibiotic selection, as negative position effects should
also suppress the expression of the resistance marker
(Kim et al. 2007). However, several lines of evidence have
suggested that position effects should exist in plants. As
in Drosophila, large-scale enhancer trapping using trans-
genes equipped with minimal promoters has provided a
powerful approach for identifying tissue- and stage-
specific gene expression in Arabidopsis (Campisi et al.
1999; Laplaze et al. 2005; Liu et al. 2005). Many of the
proteins required for the machinery of the position
effects are conserved from Drosophila to Arabidopsis
(Henderson and Jacobsen 2007). Genome-wide trans-
poson tagging revealed location-dependent effects on
transcription and chromatin organization in Arabidopsis
(Rosin et al. 2008). An example of a position effect that is
associated with the reversal of epigenetic silencing has
recently been documented in maize (Singh et al. 2008).

Genes subjected to reverse genetic studies may have
very subtle phenotypes that are masked by ‘‘noise’’ from
the position effect and fall beneath the threshold of
detection. In promoter analysis, position effects can be
substantially deleterious if the expression of the re-
porter gene is influenced by particular spatial and
temporal factors.

Various techniques have been developed to overcome
the confounding potential of position effects. The
ability of matrix attachment regions (MARs) to anchor
DNA to the nuclear matrix has made MARs interesting
candidates as transgene boundary elements in animals
(Stief et al. 1989; Namciu et al. 1998; Sgourou et al.
2009) and plants (Spiker and Thompson 1996;
Holmes-Davis and Comai 1998; Halweg et al. 2005).
Several models have been proposed to explain the
function of MARs. The loop-domain model suggested
that MARs could induce transgenes to form independent
loops that create protective environments for them
(Spiker and Thompson 1996). Another model suggested
that MARs could inhibit transcriptional read-out and
thus prevent RNA silencing of transgenes (Mlynarova

et al. 2003).
MARs have not been widely applied in animal and

plant transgenesis. They often consist of long DNA
fragments that are not amenable to processing via the
traditional recombinant DNA systems. The limited
knowledge about protein factor(s) that interact with
MARs precludes their wide application in transgenesis
(De Bolle et al. 2007). Furthermore, while MARs have
been used in conjunction with the 35S CaMV promoter
in plants to achieve high-level expression of transgenes,

it is unclear whether MARs could guarantee the precise
expression of transgenes driven by other promoters.
Two recent reports revealed negative results of MARs in
plant transgenesis (De Bolle et al. 2007; Li et al. 2008).

Insulators are another type of DNA boundary elements
that have been attractive candidates for protection
against positional effects (Bell et al. 2001; Gerasimova

and Corces 2001). One type of insulator element is
thought to establish independent domains that block
enhancer–promoter communication whereas a second
type is postulated to create a barrier against the spread of
heterochromatin. Some insulators are composite ele-
ments with separable activities, while others employ a
single mechanism to confer both properties (Kuhn and
Geyer 2003; Gaszner and Felsenfeld 2006). Insulators
that have been well studied in transgenic animals include
the gypsy and scs/scs9 insulators from Drosophila (Barolo

et al. 2000; Sarkar et al. 2006; Markstein et al. 2008) and
the b-globin HS4 insulator from chicken (Wang et al.
2009).

The gypsy insulator, originally identified from the
gypsy retrotransposon, is one of the best-characterized
insulators (Gdula et al. 1996; Bell et al. 2001; Kuhn and
Geyer 2003). Studies have revealed that it contains a
cluster of binding sites for the Suppressor of Hairy-wing
[Su(Hw)] protein, a zinc-finger DNA-binding protein
(Harrison et al. 1993; Gaszner and Felsenfeld 2006).
The gypsy insulator is believed to regulate gene expres-
sion by establishing higher-order domains of chromatin
structure and blocking the interference of nearby
enhancers or repressors (Gaszner and Felsenfeld

2006; Bushey et al. 2008).
In a pioneering study, the insulator element ArsI

(arylsulfatase) from sea urchin (Hemicentrotus pulcherri-
mus) was shown to suppress variations of transgene
expression in cultured tobacco cells (Nagaya et al.
2001). However, reports concerning the exploitation of
insulators in plant transgenesis are limited. Here, we
have introduced the gypsy insulator and its binding
protein Su(Hw) into Arabidopsis. The transgenic vec-
tors were constructed using GATEWAY technology
based on a site-specific recombination cloning system.
We found that the gypsy insulators improved the
expression level of transgenes driven by various pro-
moters. The gypsy-Su(Hw) system reduced position
effects and mediated the specificity of promoter activ-
ities. Our strategy can be used to guarantee high and
precise expression of transgenes in plants. Certain
features of the gypsy insulator in Arabidopsis also
provide new perspectives on the insulator field.

MATERIALS AND METHODS

Materials: All transgenic experiments used accession
Columbia-0 of Arabidopsis thaliana provided by the Arabidopsis
Biological Resource Center (ABRC).
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Chemicals and original vectors: Clones that contained
sequences of Su(Hw) and the gypsy insulator of Drosophila
were purchased from the Drosophila Genomics Resource
Center. GATEWAY-compatible destination vectors (Karimi

et al. 2002) for promoter analysis (pHGWFS7) and over-
expression (pH7FWG2.0, pK7WG2D.1) were ordered from
the Department of Plant Systems Biology, VIB-Ghent Univer-
sity (Ghent, Belgium). The vector pAVA319 contained a
translation leader (TL) and was obtained from ABRC. The
TOPO cloning and LR reaction kits were purchased from
Invitrogen (http://www.invitrogen.com).

Construction of entry vectors: Entry vectors for promoter
analysis of Silent Information Regulator 2 (SIRT2), the Pinform
(PIN) gene family, and the Auxin Receptor F-box (AFB) gene
family and for overexpression of Su(Hw) were constructed
using the pENTR/D-TOPO kits. The PCR primers for con-
struction of entry vectors are listed in the supporting
information, Table S1. Each entry clone was confirmed by
DNA sequencing.

Construction of destination vectors containing insulators:
The gypsy insulator (395 bp) was amplified from the pH-
Stinger vector (Barolo et al. 2000), with primers indicated in
Table S1. First, one copy of the gypsy insulator, named I2, was
inserted at the SacI/SpeI sites of pHGWFS7 to obtain
pHGWFS7-I2. Then, pHGWFS7-I2 was divided into a long
and a short fragment by AatII digestion. Another gypsy
insulator with BstXI sites introduced at both ends was inserted
in the AatII site of the long fragment. This transition vector was
ligated to the short fragment of pHGWFS7-I2 to produce the
pGYPSY vector with gypsy insulators flanking both sides of the
EGFP-GUS reporter gene (Figure 1B). The TL from the vector
pAVA319 was cloned into pGYPSY at the SacII site to produce
the pGYPSY-TL vector (Figure 1C). Finally, we inserted the
Su(Hw) overexpression cassette, driven by the 35S CaMV
promoter, into the SacI/XhoI site of pGYPSY and pGYPSY-TL to
obtain pGYPSY-Su(Hw) and pGYPSY-TL-Su(Hw) (Figure 1, D
and E). The PCR primers used for the construction of
destination vectors are listed in Table S2.

Construction of expression vectors: The LR reaction was
conducted to generate different expression vectors. The
system contains entry vectors of interest, their corresponding
destination vectors, and the LR recombinant enzyme.

Transformation and selection of transformed plants: The
selected expression vectors were transformed into Agrobacte-
rium tumefaciens (GV3101) via electroporation. Arabidopsis
plants were transformed using the vacuum infiltration method
of Bechtold et al. (1993). Seeds collected from infiltrated
plants were cultured on B5 medium containing hygromycin
(12 mg/L) or kanamycin (30 mg/L). To estimate the number
of transgene integration loci in the T1 generation, about 100–
150 seeds were plated on a hygromycin medium to determine
the segregation of the selectable marker gene HPT (hygromycin
phosphotransferase). Transgenic lines whose progeny showed
Mendelian characteristics (3:1 segregation, x2 test) were
termed ‘‘single-locus lines’’ (Forsbach et al. 2003). The
single-locus lines were then subjected to Southern blot analysis
to reveal the single-copy lines. Genomic DNA was digested by
SacI and hybridized with the HPT probe. The DNA probe was
labeled and detected using the DIG High Prime DNA Labeling
and Detection Starter Kit II (Roche Diagnostics). During the
development of the gypsy-Su(Hw) system in Arabidopsis,
single-copy lines were used for the quantitative analysis of
the promoter activities of SIRT2, 35S, PIN1, and PIN2. During
the extension of the gypsy-Su(Hw) system in Arabidopsis,
single-locus lines were used for the qualitative analysis.

Seed germination and plant growth measurement: Arabi-
dopsis seeds were surface-sterilized and cultured aseptically on
9-cm petri dishes containing Gamborg’s B5 medium with 1%

(w/v) sucrose and 1% (w/v) agar. The plates were maintained
at 4� for 2 days and then transferred to a culture room (23�,
100 mm m�2�s�1 irradiance with a 16-hr photoperiod, 30–40%
relative humidity). After 6 days, the plates were digitally
photographed. Root and hypocotyl length was measured using
magnified images. Statistical analyses of the data were per-
formed using Microsoft Excel and Student’s t-test.

Histochemical GUS staining and quantitative analysis: Six-
day-old seedlings containing the reporter gene GUS
(b-glucuronidase) were collected and stained at specific times
at 37� in X-glucuronide (5-bromo-4-chloro-3-indolyl-b-d-
glucuronic) dissolved in 10 mm EDTA, 1 mm potassium
hexacyanoferrate, 0.1% Triton X-100, and 100 mm phosphate
buffer, pH 7.0. The GUS images were examined under a
Nikon Eclipse 80i microscope with DXM1200 CCD camera
and EclipseNet software (http://www.laboratory-imaging.
com). Quantitative GUS activity was measured through
the detection of the cleavage of 4-methylumbelliferyl-b-d-
glucuronide (MUG) into 4-methylumbelliferon by fluoromet-
ric assay and calculated as nanomoles of 4-methylumbelliferon
per minute and per milligram of total soluble proteins
(Jefferson et al. 1987). The protein extraction solution
contained 100 mm PBS, pH 7.0, 10 mm EDTA, 10 mm

b-mercaptoethanol, 0.1% Triton X-100, and 140 mm PMSF.
Protein concentrations were determined by methods de-
scribed by Bradford (1976). The GUS reaction solution
contained 1 mm MUG in the protein extraction solution. The
reaction was carried out in 37� for 20 min. Fluorescence was
measured using a spectrofluorophotometer (RF-5301PC,
Shimadzu) at 460 nm with excitation at 355 nm.

Enhanced green fluorescent protein visualization: En-
hanced green fluorescent protein (EGFP) fluorescence and
differential-interference-contrast images were visualized using
a fluorescent microscope (Nikon Eclipse 80i). Band-pass
filter sets for EGFP (excitation at 460–500 nm, emission at
510–550 nm) were used. Seedlings were mounted in water.

RESULTS

Construction of T-DNA vectors consisted of gypsy
insulators: To counteract position effects in the trans-
genesis of Arabidopsis, T-DNA destination vectors con-
taining gypsy insulators of Drosophila were constructed.
The procedure has been detailed in materials and

methods, and the schematic overview of these vectors is
illustrated in Figure 1. The original vector for promoter
analysis, pHGWFS7, employed a fused EGFP and GUS as
its reporter gene and the HPT driven by the nopaline
synthase promoter (NOS) as its selectable marker
(Figure 1A; Karimi et al. 2002). In the pGYPSY vector,
the expression cassette of the GUS-EGFP gene was
located between the two gypsy insulators, whereas the
expression cassette of the hygromycin marker gene was
outside the insulated region (Figure 1B), with the
intention of reducing the effects of the enhancers of
the selectable marker gene on the promoters under
analysis. On the basis of the pGYPSY vector, the pGYPSY-
TL vector was constructed to include a translation
leader to the reporter gene in anticipation of the benefit
to the expression of the fusion protein (Figure 1C).
Su(Hw) is the binding protein of the gypsy insulator, and
it is critical to efficient activity in Drosophila (Kuhn and
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Geyer 2003). To explore the function of Su(Hw) in
Arabidopsis, a Su(Hw) overexpression cassette driven by
the 35S CaMV promoter was introduced into pGYPSY
and pGYPSY-TL vectors, resulting in two vectors
pGYPSY-Su(Hw) and pGYPSY-TL-Su(Hw) (Figure 1, D
and E).

The gypsy insulator boosted the expression of re-
porter genes with different promoters in Arabidopsis:
The SIRT gene family encodes nicotinamide adenine
dinucleotide (NAD1)-dependent protein deacetylases
evolutionarily conserved from Archaebacteria to humans
(Hunt et al. 2004). Arabidopsis has two SIRT homologs:
AtSIRT1 (AT5G55760) and AtSIRT2 (AT5G09230). We
aimed to study the expression pattern of AtSIRT2 using
promoter reporter vectors pHGWFS7-SIRT2 (the con-
trol) and pGYPSY-SIRT2 (including the gypsy insulators).
Single-copy and homozygous transgenic lines were stud-
ied using histochemical staining and quantitative analy-
sis. In the GUS staining assay, results demonstrated that
the expression level of b-glucuronidase in transgenic
lines without the gypsy insulators varied among the lines
tested even after staining for 15 hr, which presented a
substantial technical challenge to interpreting results

and limited its efficacy as a reporter system (Figure 2A).
In contrast, when the gypsy insulator was introduced, the
staining pattern was more reproducible among the lines,
and the threshold of detection was reached in only 3 hr
(Figure 2B; Figure S1). A quantitative fluorometric assay
revealed that GUS activities in transgenic lines with
insulators were 10.20 6 0.71-fold higher than in the
uninsulated ones (Figure 2C, n ¼ 15).

To examine whether the effectiveness of the gypsy
insulator was dependent on the type of promoter,
various well-characterized promoters were tested. The
35S CaMV promoter remains the most frequently used
promoter in plant transformation. The PIN1 promoter
drives an auxin efflux carrier gene important for proper
embryogenesis, vascular bundle formation, and many
other developmental processes, while the PIN2 pro-
moter drives another auxin efflux carrier gene that
affects gravitropism of Arabidopsis roots (Paponov et al.
2005). The 35S CaMV promoter is constitutive, the PIN1
promoter is tissue-specific, and the PIN2 promoter is
tissue-specific and inducible. Quantitative analysis of
the 35S, PIN1, and PIN2 promoter activities alone or in
the presence of insulators revealed that the magnitude
of improvement by the gypsy insulators was 9.41 6 0.58,
8.13 6 0.56, and 13.7 6 0.69, respectively (Figure 2C).
These data suggested that the gypsy insulator might
improve the expression of reporter genes driven by
different types of promoters.

The variability of transgene expression was further
reduced by coexpression of Su(Hw): The gypsy in-
sulator contains 12 binding sites for Su(Hw), a protein
factor proven to be pivotal for proper insulation
function in Drosophila (Gdula et al. 1996; Bell et al.
2001; Kuhn and Geyer 2003). However, there is no
homolog of Su(Hw) in the Arabidopsis genome. Hence,
we investigated the effects of Su(Hw) coexpression
upon the efficacy of the gypsy insulator in the trans-
genesis of Arabidopsis.

Initially, we overexpressed the Su(Hw)–EGFP fusion
construct in conjunction with the 35S promoter (Figure
3A) to verify the subcellular localization of the Su(Hw)
protein in Arabidopsis. As shown in Figure 3B, EGFP
fluorescence was detected in the nucleus, indicating
that the localization pattern of Su(Hw) protein in plant
was identical to that observed in Drosophila (Harrison

et al. 1993).
We then investigated the role played by Su(Hw) in two

different modes of expression. In the cis expression
mode, the T-DNA contained a promoter analysis region
and a Su(Hw) overexpression cassette [pGYPSY-
Su(Hw), Figure 1D]. In the trans expression mode,
one T-DNA contained a promoter analysis region with
hygromycin resistance as the selection marker (pGYPSY,
Figure 1B), while the other T-DNA contained a Su(Hw)
overexpression cassette with kanamycin resistance as
the selection marker (Figure 3A). In the latter case,
homozygous Arabidopsis plants overexpressing Su(Hw)

Figure 1.—Schematic overview of the promoter analysis
vectors used in this study. The positions and relative orienta-
tions of the selectable marker gene hygromycin phosphotransfer-
ase (HPT) and the reporter gene EGFP-GUS are shown with
respect to the right border (RB) and the left border (LB)
of the T-DNA regions. The ccdB region was expected to be
replaced by a promoter sequence by a LR reaction of the
GATEWAY system. (A) The pHGWFS7 vector (Karimi et al.
2002). (B) pGYPSY harbors gypsy insulators (GY) at both ends
of the EGFP-GUS expression cassette based on the pHGWFS7.
(C) pGYPSY-TL with a translation leader (TL) inserted into
pGYPSY. (D) pGYPSY-Su(Hw) with an overexpression cassette
of Su(Hw), the binding protein of the gypsy insulator, inserted
into pGYPSY. (E) pGYPSY-TL-Su(Hw) with a Su(Hw) overex-
pression cassette inserted into pGYPSY-TL.
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were generated first and provided the transgenic back-
grounds for the second transformation.

Four classes of transgenic lines (n ¼ 15 each) were
created for promoter analysis of AtSIRT2. As shown in
Figure 3C, the GUS activities for uninsulated lines
(pHGWFS7-SIRT2) were lower and more variable than
that observed for the insulated lines (pGYPSY-SIRT2).

The variation of GUS activities was reduced when the
Su(Hw) protein was overexpressed in the cis [pGYPSY-
Su(Hw)-SIRT2] or the trans modes [pGYPSY-SIRT2
plus 35STSu(Hw)] (Figure 3C). The coefficient of
variation (standard deviation/mean 3 100%) for GUS
activities of the four classes of transgenic lines was
95.1%, 31.8%, 21.3%, and 19.0%, respectively, indicat-
ing that the gypsy insulator acting with the Su(Hw) was
able to reduce the coefficient of variation by approx-
imately fivefold.

The gypsy-Su(Hw) system does not alter the specific-
ity of promoter activities of the PIN and AFB gene
families: The above results demonstrated that the gypsy
insulator and its binding protein Su(Hw) were able to
boost the expression of transgenes and reduce the
variability of the expression of transgenes in Arabidop-
sis. We next sought to determine whether this system
altered the specificity of plant promoter activities.

There are eight members of the PIN family encoding
auxin efflux carriers that are crucial to polar auxin
transport (Blilou et al. 2005). We constructed a set of
promoter analysis vectors for this gene family, from PIN1
to PIN8, using the pGYPSY-TL-Su(Hw) construct, where
the gypsy insulators flanked the transgenes and the
Su(Hw) protein was expressed in the cis manner. In 6-
day-old seedlings, GUS activity in cotyledon, hypocotyl,
lateral root, and primary root and EGFP signal in root
tips were examined (Figure 4A). As expected, transgene
expression variability was minimal among different
transgenic lines for all eight promoters, which facili-
tated the comparison of expression patterns of the
different promoters. In root tips, PIN1 was strongly
expressed in vascular tissue, whereas PIN2 was expressed
in the outer cortical cells and epidermis cells. PIN3 was
transcribed in the vascular cells and notably at the
basal end of the provascular cells. PIN4 was restricted
to the vascular cells and principally to the quiescent
center and auxin peak region. PIN7 was present in
the vascular cells and was strongly expressed in the
columella cells. PIN6 was weakly expressed in pro-
vascular cells, whereas PIN5 and PIN8 were undetect-
able in root tips (Figure 4B).

The TIR1/AFB gene family encodes proteins related
to auxin responses (Dharmasiri et al. 2005a). As a
subunit of the E3 ubiquitin ligase SCFTIR1, TIR1 func-
tions as a receptor for plant hormone auxin. After
binding of auxin to TIR1, ubiquitination and degrada-
tion of AUX/IAA proteins, a class of transcriptional
repressors in auxin signaling, is triggered (Dharmasiri

et al. 2005b; Kepinski and Leyser 2005). Using the gypsy-
Su(Hw) system, we generated a set of promoter analysis
lines for the TIR1/AFB gene family.

The expression patterns of the TIR1/AFB gene
family members during certain stages of embryogene-
sis were examined. As shown in Figure 5A, at the late
heart stage, the TIR1 promoter exhibited a stronger
expression pattern in shoot primordium than in root

Figure 2.—The gypsy insulator improved the expression of
reporter genes with different promoters. (A) Histochemical
GUS staining indicated the promoter activity of Silent Informa-
tion Regulator 2 (AtSIRT2) in transgenic lines lacking the gypsy
insulators (pHGWFS7-SIRT2). The expression level varied
among the lines tested, even after staining for 15 hr. Six lines
are shown. (B) Histochemical GUS staining indicated the pro-
moter activity of AtSIRT2 in transgenic lines including the
gypsy insulators (pGYPSY-SIRT2). The staining pattern was less
variable (staining for 3 hr). Six lines are shown. (C) Quanti-
tative GUS assay of promoter activities of AtSIRT2, 35S cauli-
flower mosaic virus (CaMV), Pinform1 (PIN1; auxin efflux
carrier), and Pinform2 (PIN2) in transgenic lines with (using
vector pGYPSY) or without (using vector pHGWFS7) the gypsy
insulators. The GUS activity was calculated as nanomoles of
4-methylumbelliferone per minute per milligram of protein.
Each value was the mean of 15 single-copy transgenic lines.
Error bars represent standard deviation.
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primordium. In contrast, at the torpedo stage, it
exhibited a stronger expression in root primordium
than that in shoot primordium. At the mature embryo
stage, TIR1 was strongly expressed throughout the
whole embryo. AFB1 was expressed in the provascular
bundle at the mature embryo stage, and its expression
at the heart and torpedo stages was low. In contrast,
AFB2 was highly expressed in precotyledons from the
heart stage to the mature embryo stage. At the late
heart and torpedo stages, AFB3 promoter produced
striking EGFP signal in shoot primordium and pro-
vascular bundles, while at the mature embryo stage, its
expression was more widespread, similar to that ob-
served for the TIR1 promoter. For both AFB4 and AFB5
promoters, weak signals on the paraxial side of two
precotyledons at the torpedo stage were detected
(Figure 5A).

We then examined the expression patterns of these
TIR1/AFB genes in 6-day-old seedlings using GUS stain-
ing (Figure 5B). For all six promoters, variation of
expression pattern among different transgenic lines was
less detectable, which indicated that position effects were
largely reduced. Taking advantage of higher intensity
signals and lower variation, the more subtle differences
in expression features of TIR1/AFB genes in the cotyle-
don, hypocotyl, lateral root, mature root region, and root
tip were readily discernible (Figure 5B).

The gypsy insulator improved the expression of a
selectable marker gene outside the insulated region:
The expression cassette of the hygromycin marker was
outside the insulated region, although its NOS promoter
was adjacent to one of the insulators (Figure 1B). We
observed an improved hygromycin resistance in trans-
genic plants with the gypsy insulators. To characterize
the hygromycin resistance capacity, we measured the
primary root length of 6-day-old seedlings. Data in-
dicated that the mean values of root length for trans-
genic lines with or without insulators were similar when
germinated on medium without antibiotics (with insu-
lators: 2.25 6 0.09 cm, n¼ 19; without insulators: 2.26 6

0.11 cm, n ¼ 19; Figure 6A). However, as seedlings
grown in antibiotic-containing medium, the root length
for the insulated lines (1.45 6 0.23 cm, n ¼ 19) was on
average threefold greater than that measured for the
uninsulated lines (0.47 6 0.32 cm, n ¼ 19, Figure 6A).
Root length of transgenic lines without insulators
fluctuated more greatly than their counterparts in
response to antibiotic exposure: the coefficient of
variation for uninsulated and insulated lines was
68.1% and 15.8%, respectively.

To rule out the possibility that increased hygromycin
resistance in insulated transgenic lines was due to activities
of the AtSIRT2 promoter, we introduced a protein coding
sequence of At1g68450 (a VQ-domain-containing protein

Figure 3.—Variability of reporter gene expres-
sion driven by AtSIRT2 (Silent Information Regula-
tor 2) promoter was reduced when Su(Hw) was
expressed in a cis or a trans manner. (A) Sche-
matic for the vectors that overexpress the
Su(Hw)TGFP fusion and the Su(Hw) proteins.
(B) Nuclear localization of the Su(Hw)TGFP
fusion in the hypocotyls of 6-day-old transgenic
seedlings. (C) Comparison of GUS activities in
four classes of transgenic lines: pHGWFS7-SIRT2,
the control; pGYPSY-SIRT2, with the gypsy insula-
tors; pGYPSY-Su(Hw)-SIRT2, the Su(Hw) protein
coexpressed in the cis mode; and pGYPSY-SIRT2
plus 35STSu(Hw), the Su(Hw) protein coex-
pressed in the trans mode. The coefficient
of variation of each treatment is indicated.
The GUS activity was calculated as nanomoles
of 4-methylumbelliferone per minute per milli-
gram of protein. Each value was the mean of 15
single-copy transgenic lines. Error bars repre-
sent standard deviation.
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with unknown function). Results for pHGWFS7-
At1g68450 and pGYPSY-At1g68450 constructs are
shown in Figure 6B. Again, when seedlings were grown
on antibiotic-free medium, the root length of transgenic

lines with insulators was similar to that of uninsulated
ones (with insulators: 2.24 6 0.16 cm, n ¼ 19; without
insulators: 2.23 6 0.14 cm, n ¼ 19), but exhibited an
approximately threefold difference on antibiotic-
infused medium (with insulators: 1.39 6 0.26 cm, n ¼
19; without insulators: 0.48 6 0.28 cm, n ¼ 19). All data
considered, the gypsy insulator improved the expression
of a selectable marker outside the insulated region.

DISCUSSION

To overcome position effects in the transgenesis of
Arabidopsis, we adopted the gypsy insulator of Drosoph-
ila together with its binding protein Su(Hw) in Arabi-
dopsis. The transgenic vector system described here has
several features. First, previous approaches using animal
MARs or insulators to create transgenic plants have
focused on cis-acting elements only. Our transgenic
vectors have been combined with relevant cis-acting
elements with their cognate trans-acting factors. Second,
previous studies dealt with strong promoters and were
concerned with the expression level only. Our goal was
to maximize the expression level and also the specificity
of promoter activities. Finally, the GATEWAY high-
throughput system was employed, allowing for the
construction of T-DNA vectors with high speed and
reliability.

We found that, in Arabidopsis, the gypsy insulators
were able to boost the expression of reporter genes
driven by various kinds of promoters, such as AtSIRT2,
35S, PIN1, and PIN2, by �8- to 13-fold (Figure 2). To

Figure 4.—The gypsy-Su(Hw) system did not alter the spec-
ificity of promoter activities of the Pinform (PIN; auxin efflux
carrier) gene family. Promoter analysis lines for this gene fam-
ily were generated using the pGYPSY-TL-Su(Hw) construct
where the gypsy insulators flanked the transgenes and the
Su(Hw) protein was expressed in a cis manner. (A) The
GUS staining pattern in cotyledon (CO), hypocotyl (HY), lat-
eral root (LR), mature root (MR), and root tip (RT) of 6-day-
old transgenic seedlings. (B) The EGFP fluorescence images
for the expression patterns of the PIN family promoters in
root tips of 6-day-old Arabidopsis seedlings.

Figure 5.—The gypsy-Su(Hw) system facili-
tated the examination of the promoter activities
of the Transport Inhibitor Response 1/Auxin Receptor
F box (TIR1/AFB) gene family. Promoter analysis
lines for this gene family were generated using
the pGYPSY-TL-Su(Hw) construct in which the
gypsy insulators flanked the transgenes, and the
Su(Hw) protein was expressed in a cis manner.
(A) The EGFP images of the expression pattern
of the TIR1/AFB gene family during embryogen-
esis at the late heart (LH), torpedo (TO), and
mature embryo (ME) stages. (B) The GUS im-
ages of the expression pattern of the TIR1/AFB
gene family in cotyledon (CO), hypocotyl
(HY), lateral root (LR), mature root (MR), and
root tip (RT) of 6-day-old seedlings.
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ensure proper function of the gypsy insulator in Arabi-
dopsis, the Su(Hw) protein was overexpressed in a cis
or trans manner (Figure 3A). Interestingly, the Su(Hw)
co-expression led to a more uniform expression level of
a transgene, as the coefficient of variation of observed
expression levels was reduced further (Figure 3C), but
not to a general increase in the expression level.

We also found that the gypsy-Su(Hw) system reduced
position effect but did not alter the specificity of promoter
activities of the PIN and the TIR1/AFB gene family
(Figures 4 and 5). Promoter reporter lines and immuno-
cytochemical analysis data for PIN1, PIN2, PIN3, PIN4, and
PIN7 have been previously documented (Blilou et al.
2005), as has TIR1, AFB1, AFB2, and AFB3 (Dharmasiri

et al. 2005a). During the writing of this article, the
expression pattern of PIN5 was reported (Mravec et al.
2009). Our results for the promoter activities of the PIN

and the AFB gene families were in agreement with the
published data. This suggested that the gypsy insulators
did not act as tissue-specific or time-specific enhancers
directly and that they were applicable to precise gene
expression in Arabidopsis. The enhanced gene expres-
sion properties and the specificity of promoter activities
make our transgenic approach a promising candidate
technique for effective plant reverse genetics.

The mechanism mediating the function of the gypsy
insulator has not yet been completely elucidated, but
several models have been proposed in Drosophila. The
transcriptional model and the structural model are two
of the most discussed models (Kuhn and Geyer 2003;
Gaszner and Felsenfeld 2006; Bushey et al. 2008).
The former emphasized the competition between
insulators and enhancers/repressors, and the latter
stressed the formation of a chromatin loop with the
help of insulators. In addition, the gypsy insulator is
believed to facilitate the assembly of the transcriptional
complex to improve the expression of transgenes in
Drosophila (Golovnin et al. 2005). As insulators are
known to block both the repressive and the activating
influences of the surrounding environment, the perva-
sive boosting effects of gypsy insulators observed in
Drosophila transgenesis suggest that, on balance, trans-
genes in Drosophila are under repressive influences
(Markstein et al. 2008).

In Drosophila, the Su(Hw) protein is necessary for
chromatin loop formation and enhancer/repressor
blockage (Gerasimova and Corces 2001; Kuhn and
Geyer 2003). In Arabidopsis, the gypsy insulators
themselves can reduce transgene variations efficiently
by minimizing those transgenic lines with low-level
expression (Figure 2). These findings implied that an
Arabidopsis protein was binding to the gypsy insulator
and was providing insulator activity. However, expres-
sion of the Su(Hw) protein had some effects. The
variability in transgene expression among individual
lines was reduced further (Figure 3C). Perhaps the
Su(Hw) protein of Drosophila acted as a better insulator
protein than the Arabidopsis counterpart. Since there is
no homolog of Su(Hw) in the Arabidopsis genome,
further investigation using the yeast one-hybrid
technique to identify the putative protein factor(s)
recruited by the gypsy insulator promises to clarify the
mechanism. A better understanding of these processes
would provide a new perspective on the function of the
gypsy insulator and enhance the insulator field in
general.

The chromatin loop model cannot explain all of the
findings from our studies. The insulator improved the
expression of a selectable marker gene, although its
expression cassette was not located between the two
insulators (Figure 6). It would be helpful to know if
protection by the insulators represents a block of a
spread of silencing or some other effect of the gypsy
insulators as discussed below.

Figure 6.—Transgenic plants with gypsy insulators ex-
hibited improved hygromycin resistance. The promoter anal-
ysis vectors pHGWFS7 (control) and pGYPSY (with gypsy
insulators) included a hygromycin resistance marker.
Single-locus transgenic lines were cultured on hygromycin
(Hyg) or control (B5) medium. (A) Comparison of
pGYPSY-SIRT2 with pHGWFS7-SIRT2. Silent Information Regu-
lator 2 (SIRT2) is a promoter sequence of AT5G09230. (B)
Comparison of pGYPSY-At1g68450 with pHGWFS7-
At1g68450. At1g68450 is a protein-coding sequence of the
corresponding gene. The root lengths of 6-day-old seedlings
were measured. Each treatment was carried out on 19 trans-
genic lines. Error bars represent standard deviation.
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Position-effect variegation is a well-documented con-
cept in Drosophila, but very little is known about it in
Arabidopsis, where the 35S promoter of virus origin has
been extensively employed in transgenesis. The varia-
tion of the expression level of a transgene driven by this
strong and constitutive promoter has been attributed
largely to a gene-specific RNA-silencing mechanism
(Schubert et al. 2004; Luo and Chen 2007). The
impact of position effects on the variation of the
expression pattern of a transgene driven by a tissue- or
stage-specific plant promoter was less documented.
Here, we show that, similar to that in Drosophila, the
gypsy insulator, together with its binding protein
Su(Hw), facilitate high and precise expression of trans-
genes in Arabidopsis. Since we had not directly detected
the epigenetic status of the transgenes with and without
the gypsy insulators, interpretations other than the
shielding of position effects could not be excluded.
The gypsy insulator upstream from the promoter region
of transgenes might facilitate the assembly of the
transcriptional complex, as suggested in Drosophila by
Golovnin et al. (2005). Increasing evidence suggests
that insulators have evolved from promoters (Raab and
Kamakaka 2010). The gypsy insulator downstream from
the terminator region of transgenes might ensure
correct termination of reporter transcripts, because it
was documented that RNA silencing triggered by
mRNA 39 readthrough was a major cause of reduced
expression of transgenes in plants (Luo and Chen

2007). However, terminator activity for the gypsy in-
sulator was recently tested in Drosophila, where it was
found not to function (Silicheva et al. 2010). It is also
possible that transgenes with gypsy insulators integrated
in distinct genomic regions that might be more permis-
sive to gene expression. Further work is required to
address these questions.
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FIGURE S1.—The expression pattern of  AtSIRT2 (Silent Information Regulator 2, a putative NAD+-dependent 

protein deacetylase)as revealed by GUS ( -glucuronidase) staining. For promoter analysis, a T-DNA vector 

pGYPSY containing gypsy insulators was used. Six-day-old Arabidopsis seedlings grown in dark and light were 

stained for 3 h and then photographed. 
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TABLE S1 

Oligonucleotide primers used for construction of entry vectors 

Sequence name Primers 

(up/dn) 

Nucleotide sequence (5’-3’) 

                (up/dn)  

 Su(Hw)-N 

 

 Su(Hw)-over 

SIRT2 

(AT5G09230) 

  

35S CaMV 

 

PIN1 

(AT1G73590) 

  PIN2 

(AT5G57090) 

  PIN3 

(AT1G70940) 

  PIN4 

(AT2G01420) 

PIN5 

(AT5G16530) 

PIN6 

(AT1G77110) 

 PIN7 

(AT1G23080) 

PIN8 

(AT5G15100) 

    Su-N-up 

    Su-N-dn 

    Su-o-up 

Su-o-dn 

    SIRT2p-up 

SIRT2p-dn 

35S-up 

35S-dn 

PIN1p-up  

PIN1p-dn 

PIN2p-up 

PIN2p-dn 

PIN3p-up 

PIN3p-dn 

PIN4p-up 

PIN4p-dn 

PIN5p-up 

PIN5p-dn 

PIN6p-up 

PIN6p-dn 

PIN7p-up 

PIN7p-dn 

   PIN8p-up 

PIN8p-dn 

caccatgagtgcctccaaggagag 

agctttctcttgttcgcctacag 

caccatgagtgcctccaaggagag  

tcaagctttctcttgttcgccta 

aactgcaggagaacaaaatcgacgtatg 

catgccatggaagcctaataaatcgcag 

caccatctctctcgtaaacgcatcc 

tctcgcacctgagacttttcaacaaagggt 

caccaccgaatagagaagccaagca 

agagagagggaagagagagaag 

cacctggaaagtagtgaagtggcca 

gagagagaaagaagaagaaa 

caccgtttaagccaccagtagccatc 

aagcaacggtgtcggaggaagaag 

caccgagagcctcatgaaggagag 

gtgggttttggagtttagtgagaaga 

caccgaatgaatgaatgagagaa 

ggttttatcagaaaaaatagaaatgt 

caccaaatctacgttttgccaattaatc 

ctttttctttgcctcttcttcttct 

cacccaagagggataaaccgac 

ttttgagtgtggaaaccgttaaggaa 

cacccgcttttttttttctattttttctt 

tgaaaacaacatggtagatatcgagc 
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 TIR1 

(AT3G62980) 

AFB1 

(AT4G03190) 

 AFB2 

(AT3G26810) 

AFB3 

(AT1G12820) 

 AFB4 

(AT4G24390) 

AFB5 

(AT5G49980) 

   TIR1p-up 

TIR1p-dn 

AFB1p-up 

AFB1p-dn 

AFB2p-up 

AFB2p-dn 

AFB3p-up 

AFB3p-dn 

AFB4p-up 

AFB4p-dn 

AFB5p-up 

AFB5p-dn 

caccttcatcaatcgcattatatatat 

tgcggccaaataacctcgagatctc 

caccgaattacgatcaacaaaacg 

agtgagagagagagaggggggaag 

caccccatctaacaaacgatataagtc 

tgaagaagattgatgagagaggaga 

cacctacgaattaatcgagatggaa 

gaacagaggaattgacttcaagctt 

caccagagagaaagaggaaaggca 

atccagaatttatgagctcaggtgc 

cacctacgaattaatcgagatggaa 

gaacagaggaattgacttcaagctt 
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TABLE S2 

Oligonucleotide primers used for construction of destination vectors 

 

Sequence name Primers 

(up/dn) 

Nucleotide sequence (5’-3’) 

             (up/dn)  

In1  

 

In2 

 

TL 

    In1-up 

In1-dn 

In2-up 

In2-dn 

TL-up 

   TL-dn 

actcatccagacgtctggactagtcacgtaataagtgtgcgttgaa 

tttattccacacgtgtggaagcttaattgatcggctaaatggtatg 

taatgagctctactcgagcacgtaataagtgtgcgttgaa 

cgcgtctagacaagatctaattgatcggctaaatggtatg 

aaagttgcagtggccgggcccctatcgttcgtaaatggtga 

ccagagctctgggtcacgtaataagtgtgcgttgaa 

 


