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Abstract. This study aimed at determining whether
transgene expression variability is observed in single-
copy T-DNA plants and whether it can be correlated with
the T-DNA integration position. Among a population of
135 Arabidopsis thaliana transformants, selected on the
basis of antibiotic resistance marker expression, 21 sin-
gle-copy T-DNA transformants were identified and char-
acterized. In 19 of these 21 lines, 35S-b-glucuronidase
transgene expression, measured in two subsequent gener-
ations, was similar. This observation means that the in-
tra-transformant variability was as high as the inter-trans-
formant variability. Integration into an intergenic or genic
region, into an exon or intron, in sense or antisense ori-
entation, did not result in differential transgene expres-
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sion. Remarkably, single-copy transformants were not al-
ways the highest expressers, implying that low transgene
expression is not always induced by multicopy transfor-
mants. In only 2 of the 21 single-copy plants was the
transgene expression more than 20-fold lower. However,
characteristics of the insertion position in one of these
lines did not differ significantly when compared to high-
expressing lines. In the remaining line, methylation of the
transgene was clearly demonstrated. In conclusion,
screening for single-copy T-DNA transformants greatly
enriches for stable and high transgene expression, be-
cause the integration position is not a major determinant
of transgene expression variability in Arabidopsis.
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Over the past 20 years, Agrobacterium tumefaciens-me-
diated transformation of mono- and dicotyledonous
plants has become a useful tool both for basic research
and for many commercial breeding programs [1–5]. For
example, the use of transgenic plants for the production
of high-value proteins is becoming increasingly impor-
tant [6]. Transgene loci obtained after A. tumefaciens
transformation are considered to be less complex than
those obtained after direct gene transfer, but integration
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of multiple T-DNA copies into direct and inverted repeats
is fairly common [7–12]. In plants, these repeated trans-
genes have been correlated with transgene expression
variability and induction of transgene silencing [8, 13–
17]. Although repetitiveness is an important feature in the
induction of silencing, single-copy transgenes can be si-
lenced, either by the influence of trans-acting mecha-
nisms or by the neighboring heterochromatic DNA, the
so-called ‘position effect’ [18–23].
Currently, strategies are being developed to diminish the
influence of the chromatin environment on transgenes
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and/or to limit the number of transgene copies in plants.
One approach, employed in rice and tobacco, is to inte-
grate the transgene at a fixed chromosomal position
through site-specific recombination [20, 24]. In rice, the
transgene is expressed at a more or less consistent level
[24], whereas in tobacco, nearly half the insertions show
variability of transgene expression [20]. Furthermore,
Srivastava et al. [25] demonstrated successful resolution
of a complex integration pattern into a single-copy trans-
gene using the Cre/lox recombination system. Another
approach is to protect the transgene from the influence of
the local chromatin environment by the addition of matrix
attachment regions (MARs) [17, 26, 27]. However, the
functional relevance of MARs for stabilizing transgene
expression remains controversial [21, 28]. Finally, by us-
ing Arabidopsis thaliana post-transcriptional gene silenc-
ing mutants as a genetic background for transgene ex-
pression analysis, Butaye et al. [29] showed that these
mutants confer a significantly higher transgene expres-
sion level, which is stably maintained in consecutive gen-
erations.
To date, the correlation between integration position and
transgene expression has not been examined. This study
investigated whether the transgene expression level in
single-copy T-DNA transformants resulted from the sin-
gle T-DNA integration itself or whether it was influenced
by the integration position within the genome. The aim
was to determine whether selecting solely for single-
copy T-DNA transformants results in transgenes with
high and stable expression. An additional aim was to es-
tablish whether the integration position or purely the
presence of a single T-DNA copy is more important for
stable expression. To discriminate between the two pos-
sibilities, the b-glucuronidase (GUS) accumulation lev-
els were determined in a population of 100 transfor-
mants. Subsequently, the correlation between the T-DNA
integration position and GUS accumulation levels was
analyzed in 21 single-copy Arabidopsis T-DNA transfor-
mants.

Materials and methods

Constructs and strains
For the construction of the plasmids pK2L610 (K),
pH610 (H), pHsb610 (Hsb), and pSingleGus (Ksb), the
reader is referred to De Buck et al. [11, 30]. The K and
Ksb T-DNAs had the kanamycin resistance gene under
control of the nopaline synthase (nos) promoter, whereas
this promoter drove the hygromycin resistance gene in the
H and Hsb T-DNAs (fig. 1). All T-DNAs harbored the gus
gene under control of the cauliflower mosaic virus pro-
moter (P35S). The pK2L610 and pH610 plasmids con-
tained borders in the natural octopine context with inner
and outer border regions, and the pHsb610 and pSingle-

Gus plasmids possessed the outer border regions only
[30].

Generation of transgenic plants
Two main groups of transgenic plants were analyzed.
From the group of CK2L transformants, obtained after
root transformation of A. thaliana (L.) Heynh. (C24 eco-
type) harboring the K T-DNA from pK2L610 (CK trans-
formants [31]), only the transformants with a single K
T-DNA [32] were retained. The other group of F transfor-
mants was obtained from five different floral dip (F) ex-
periments of Arabidopsis (ecotype Columbia) with an A.
tumefaciens strain that contained either the K, the H, the
Hsb, or the Ksb T-DNA. The floral dip procedure was per-
formed as described by Clough and Bent [33]. Seeds of
the dipped plants were harvested and sown for selection
on K1 medium supplemented with kanamycin (50 mg l–1)
or hygromycin (20 mg l–1). Because 25 mg of Arabidop-
sis seeds correspond to approximately 1000 seeds, the
number of seeds and the transformation frequency were
approximated. A segregation ratio analysis to obtain the
number of T-DNA loci was performed as described else-
where [10]. T1 plants are defined as plants grown from
seeds harvested from primary transformants obtained af-
ter Arabidopsis floral dip or root transformations.

Plant DNA preparation and DNA gel blot analysis
DNA of Arabidopsis leaf material was prepared as de-
scribed previously [10] and the gus, neomycin phospho-
transferase (npt), and hygromycin phosphotransferase
(hpt) probes according to De Buck et al. [11]. Per lane,
1 µg of Arabidopsis DNA was loaded. A non-radioactive
system (GeneImages random prime-labeling module and
GeneImages CDP star detection module; Amersham Bio-
Sciences, Little Chalfont, UK) was used to label and de-
tect the DNA.

T-DNA fingerprinting analysis and characterization
of the T-DNA/plant junctions
The T-DNA copy number in the different lines was iden-
tified by the T-DNA fingerprint technique [32]. From
each transgenic line, a T-DNA fingerprint was generated
with MseI- and BfaI-digested DNA as template. Subse-
quently, in the single-copy lines, the sequence of the
T-DNA/plant junction was determined after amplifica-
tion [34]. Homology between the amplified junction and
the T-DNA plasmid was screened by pairwise sequence
alignment [34], whereas homology between the T-DNA
junction fragment and the Arabidopsis genome was de-
termined with the BLAST algorithm [35] against the Ara-
bidopsis database (http://www.arabidopsis.org/BLAST
[36]). The T-DNA-surrounding target sequences were an-
alyzed with the MARSCAN software to determine the
presence of MAR recognition signatures (MRSs) [37].
These MRSs are composed of two degenerate sequence
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motifs situated in close proximity to each other. The
MARSCAN software specifically searches for the pres-
ence of these two sequence motifs. The integration sites
of the Ksb T-DNAs into F2Ksb5 and F2Ksb18 were not
positioned, because the border regions could not be am-
plified.

Determination of GUS activity by fluorimetric 
measurement and histochemical staining
Three or 6 weeks after sowing on selective medium, three
rosette leaves of each T1 or T2 plant were harvested and
ground in 100 µl buffer containing 50 mM phosphate
buffer (pH 7), 10 mM b-mercaptoethanol, 10 mM
Na2-EDTA, and 0.1% Triton X-100. The mixture was
centrifuged (15,000 g) twice at 4 °C for 10 min to remove
insoluble material. GUS activity, expressed as units of
GUS protein relative to the total amount of soluble ex-
tracted protein (U GUS protein mg–1) was determined as
described elsewhere [15, 38].

Two-week-old plants (five per transformant) were stained
with GUS staining buffer (0.1 M sodium phosphate
buffer, pH 7, 10 mM EDTA, 0.5 mM K3Fe(CN)6, 0.5 mM
K4Fe(CN)6, 0.5 g/l 5-bromo-4-chloro-3-indolyl-b-D-glu-
curonide in dimethylsulfoxide, and 1% dimethylsulfox-
ide) for 18 h. Tissues were cleared in 90% ethanol.

Results

Determination of GUS activity in a population 
of transgenic plants obtained after floral-dip 
transformation
Four T-DNAs, containing the same chimeric 35S-gus-
3¢nos gene (fig. 1) were used to obtain five series of
transgenic plants after floral-dip transformation (see
Materials and methods). In experiment F, A. tumefaciens
strains containing either the K or H T-DNA (fig. 1) were
used, resulting in FK and FH transformants. In experi-

Figure 1. Schematic outline of the different T-DNAs. The different T-DNAs are presented with indication of the transgenes, i.e., kanamycin
and hygromycin resistance genes, and the gus reporter gene. The 25-bp RB and LB repeats are represented as vertical black lines. The K and
H T-DNAs contained the repeats in a natural octopine T-DNA context, whereas in the Hsb and the Ksb T-DNAs, the inner flanking regions of
these borders were replaced by a random sequence. The K T-DNA was present in the CK2L, FK, and F2K transformants, the H T-DNA in the
FH transformants, and the Ksb and Hsb T-DNAs in the F2Ksb and F2Hsb transformants. The MAR recognition sequences (MR) are: MR1,
5¢cgttactatcgtattt3¢; MR2, 5¢aataacaa3¢; MR3, 5¢gttactatcgtatttt3¢; and MR4, 5¢aataacaa3¢. The extents of the gus, nptII, and hpt probes are in-
dicated by the white bars 1, 2, and 3, respectively, below the T-DNAs. Abbreviations: 3¢nos, 3¢ end of the nopaline synthase gene; 3¢ocs, 3¢ end
of the octopine synthase gene; E, EcoRV; gus, b-glucuronidase gene; hpt, hygromycin phosphotransferase gene; IL, inner left border region;
IR, inner right border region; L, recognition site of Cre recombinase; LB, left border; MR, MAR recognition sequence; nptII, neomycin phos-
photransferase gene; P35S, cauliflower mosaic virus 35S promoter; Pnos, nopaline synthase gene promoter; RB, right border.
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ment F2, strains containing the K, Hsb or Ksb T-DNAs
were used, resulting in F2K, F2Hsb and F2Ksb transfor-
mants (fig. 1). In this manner, a total of 100 transfor-
mants were selected: 21 FK, 31 FH, 13 F2K, 17 F2Ksb,
and 18 F2Hsb transgenic plants (table 1). The floral-dip
transformation frequencies varied between 0.08 and
0.1% (table 1; see Materials and methods), which was
low compared with the 0.5–3% obtained by Clough and
Bent [33].
To evaluate the transgene expression in a population of
transformants, GUS activity was measured in five T1
progeny plants of all 100 self-fertilized segregating pri-
mary transformants (see Materials and methods). Fig-
ure 2A shows the GUS activity in 3-week-old T1 plants
for 100 different transformants. Figure 2B–E displays
the activity levels in five T1 plants from transformants
with the same T-DNA from the various floral-dip exper-
iments. At the moment of testing, locus, copy number,
and zygosity of the T-DNA insert(s) were not known. To
classify transformants with low, ‘normal’, or high GUS
activity, we chose the arbitrary limit of 140 U GUS mg
protein–1 based on previous results obtained with the
same 35S-gus expression cassette [15]; the amount of
GUS mg protein–1 from identical gus transgenes in an in-
verted repeat (line KH15) was lower than 20 U and in-
creased to a value higher than 140 U after one gus trans-
gene had been deleted from the inverted repeat (derived
deletion line KH15d6) [15]. With this criterion, the pop-
ulation of transformants could be divided into three ma-
jor groups. In the first group, representing 23% of the
transformants, transgene expression was high in all T1
plants. The variation observed between progenies of
every transformant in this category may be caused by
different zygosity of the insert or different T-DNA copy
numbers per seedling. In the second group, representing
42% of the transformants, all five seedlings had low
transgene expression. In the last group, consisting of the
remaining 35%, high transgene expression was observed
in some, but not all, T1 plants. Again, different copy
number and T-DNA configuration per seedling or the zy-
gosity of the insert are a likely explanation for this dif-
ference. The comparable expression profiles of the sub-

populations of transformants with a different T-DNA
(fig. 2B–E) containing the same chimeric 35S-gus-
3¢nos gene at a similar position and orientation implies
that the various components of the different T-DNAs do
not influence the transgene expression.

Identification of the single-copy T-DNA 
transformants in a population of transgenic plants
To analyze the extent of variation in transgene expres-
sion, single-copy T-DNA transformants in the different
populations of transgenic plants were selected both by
DNA gel blot analysis and by T-DNA fingerprinting (see
Materials and methods). A segregation ratio analysis of
the progenies of 100 transformants revealed the presence
of the T-DNA(s) in one or multiple loci (data not shown).
One or more T-DNAs integrated at one single locus were
found in 12 FK, 18 FH, 9 F2K, 8 F2Ksb, and 11 F2Hsb
transgenic plants (table 1). All these single-locus plants
were screened by DNA gel blot analysis for single left and
right T-DNA/plant junction fragments with the methyla-
tion-insensitive enzyme EcoRV (fig. 1). To visualize the
right border (RB) and left border (LB) T-DNA/plant junc-
tions, the gus and nptII (for K and Ksb) or hpt (for H and
Hsb) probes were used (fig. 1). Multiple right and left
T-DNA/plant DNA junction fragments showed that the
majority of the transformants obtained after floral-dip
contained multiple integrated T-DNAs (data not shown).
The transformants with only one left and one right
T-DNA/plant hybridizing junction were further character-
ized with two additional enzymes (SphI and HindIII for
FH and FK/F2K, and SphI and NheI for F2Hsb and
F2Ksb transformants) in combination with the same
probes (data not shown). In this manner, one FK, two FH,
two F2K, two F2Ksb and four F2Hsb single-copy T-DNA
transformants could be identified (table 1). Transformant
FH48 was not retained because no signal was obtained
for the RB region, probably because of a truncation event.
The frequency with which single-copy transformants
were obtained after floral dip transformation varied be-
tween 4.8% and 22%, which is much lower than the 52%
single-copy T-DNA transformants obtained after Ara-
bidopsis root transformation [32].

Table 1. Number of transgenic plants and single-copy transformants after floral-dip transformation.

Floral Seeds Transformants Single-locus Single-copy Name of single-copy
dip (frequency) transformants (%)a transformants (%) transformants

FK 27,012 21 (0.078%) 12/19 (63%) 1/21 (4.8%) FK24
FH 31,080 31 (0.099%) 18/27 (67%) 2/31 (6.4%) FH33, FH48
F2K 16,172 13 (0.080%) 9/11 (82%) 2/13 (15%) F2K3, F2K16
F2Ksb 21,096 17 (0.080%) 8/13 (61%) 2/17 (12%) F2Ksb5b, F2Ksb18b

F2Hsb 21,720 18 (0.083%) 11/16 (69%) 4/18 (22%) F2Hsb20, F2Hsb21,
F2Hsb22, F2Hsb31

a For some transformants, the locus number could not be determined.
b The integration position could not be localized due to technical problems fingerprinting the borders.



Figure 2. GUS activity analysis in populations of transgenic plants. The entire population of 100 transformants (A) consisted of 21 FK and
13 F2K transformants (B), 31 FH transformants (C), 17 F2Ksb transformants (D), 18 F2Hsb transformants (E), and 11 single-copy trans-
formants (F). GUS activity was measured in leaves of five different 3-week-old T1 plants per transformant. The single-copy transformants
are boxed and transformants marked with an asterisk had high transgene expression in all five T1 seedlings (indicated by different sym-
bols). The transformants are ordered based on their highest expressers. The GUS activity levels are given as units GUS mg–1 of total solu-
ble protein and plotted on a logarithmic scale.
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Characterization of the T-DNA integration position 
in the single-copy transformants
To correlate the level of transgene expression in
single-copy T-DNA plants with characteristics of the ge-
nomic sequences flanking the T-DNA, the integration po-
sitions of single-copy T-DNAs were analyzed in 8 identi-
fied single-copy transformants (as described above) and
in 11 single-copy T-DNA CK2L lines, which contained
the K T-DNA (fig. 1) [31, 32]. The sequences of LB and
RB T-DNA/plant junctions were characterized (see Mate-
rials and methods [34]), and by alignment with the Ara-
bidopsis genome sequence, the exact integration position
of the T-DNAs on the different chromosomes could be es-
tablished (table 2, fig. 3; see Materials and methods). In
10 of the 19 transformants, both LB and RB T-DNA/plant
junctions could be positioned and the target deletion upon
T-DNA integration could be calculated. Comparison with
the annotation data [39] allowed us to determine whether
the integration took place within a gene, in an exon, in an
intron, or in an intergenic region. The AT percentage and
the presence of tandemly repeated DNA sequences were
assayed by analyzing 300 bp of the neighboring plant
DNA of the T-DNA insert. Additionally, 3000 bp plant
DNA bordering the T-DNA insert was also examined for
the presence of MARs or MAR-like sequences (see Ma-
terials and methods).
Of the 19 single-copy transformants, seven T-DNAs were
integrated into chromosome 1, three into chromosome 2,
three into chromosome 3, two into chromosome 4, and
two into chromosome 5 (table 2, fig. 3). For two transfor-

mants, as recently observed by Forsbach et al. [40], the
LB and RB mapped to two different chromosomes. For
transformants FH33 and CK2L129, the LB and RB re-
gions were fused to sequences of chromosomes 4 and 1,
and 1 and 2, respectively. This fusion may be caused by
(i) a translocation of chromosome arms upon T-DNA in-
tegration, (ii) a translocation of a segment of DNA from
its original site of insertion into a new location, or (iii) a
replication-mediated copying of genetic information
from another chromosome.
Nine of the single-copy T-DNAs were integrated into an
intergenic region (FH33, F2K3, F2K16, F2Hsb31,
CK2L6, CK2L7, CK2L102, CK2L107, and CK2L129)
and ten within a transcribed annotated gene of which
seven were in an exon (FK24, F2Hsb22, CK2L36,
CK2L72, CK2L94, CK2L111, and CK2L148) and three
were in an intron (F2Hsb20, F2Hsb21, and CK2L70)
(table 2). In four (FK24, F2Hsb20, F2Hsb21, and CK2L 72)
and five (F2Hsb22, CK2L36, CK2L70, CK2L94, and
CK2L148) transformants, the gus gene was oriented in
antisense and sense orientation relative to the transcrip-
tion orientation of the endogenous gene, respectively. The
AT content of the neighboring plant DNA varied between
40% and 75% and did not significantly differ from that
of the T-DNA border regions (41–67%). The T-DNAs of
six transformants (FH33, F2Hsb20, CK2L94, CK2L102,
CK2L111, and CK2L129) were integrated close to MAR
sequences. In addition, two sequences of 8 and 16 bp in
the 3¢ocs region of the kanamycin selection marker in
both the K and Ksb T-DNAs (fig. 1) were identified when

Figure 2. (continued)
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screening for the presence of a bipartite sequence element
associated with MAR sequences [37]. Vector backbone
sequences were linked to the LB and RB T-DNA repeats
in transformants F2K3 and F2K16, respectively (table 2).
Finally, the flanking T-DNA sequences in transformant
CK2L107 aligned with clone F21A14, which was located
in the neighborhood of the 5S RNA repeat and lay di-
rectly next to the centromere (fig. 3). The distance be-
tween the T-DNA insertion position and the centromeric
region was estimated to be 217 kb.
In conclusion, the integration position was unambigu-
ously determined for 19 of the 21 single-copy T-DNAs.

Nine of them integrated into an intergenic region and 10
within a transcribed annotated gene (table 2). Further-
more, all 19 single-copy T-DNAs integrated into euchro-
matin and none of them had tandemly repeated DNA se-
quences in the flanking regions.

Determination of the GUS activity in 21 single-copy
T-DNA transformants
Before the transgene expression variability among the 21
different single-copy transformants was assayed, the vari-
ation in GUS activity caused by experimental factors was
determined. The differences in GUS activity using three

Table 2. Overview of the T-DNA integration positions in single-copy T-DNA Arabidopsis plants.

Plant Chromosome Target clone Target AT (%) MAR Intergenic Sense
deletiona region or or
(bp) in a gene antisense

(exon or orientationb

intron)b

FK24 1 F2D10, At1g20830 12 62 (LB/RB) no exon antisense

FH33c 1 and 4 F14M19 (LB), ND 74 (LB), +2146 (LB), intergenic –
AP2 contig (RB) 75 (RB) +2, 190 and

1874 (RB)

F2K3d 1 T4K22 ND 72 (RB) no intergenic –

F2K16d 2 F14B2 ND 74 (LB) no intergenic –

F2Hsb20 4 F8B4, At4g32490 ND 52 (LB) yes intron antisense

F2Hsb21 2 F13A10, At2g46530 ND 63 (RB) no intron antisense

F2Hsb22 5 F12B17, At5g10460 ND 60 (LB) no exon sense

F2Hsb31 4 L23H3 ND 75 (RB) no intergenic –

CK2L6 5 4F5A18 11,317 72 (LB), no intergenic –
65 (RB)

CK2L7 1 MQM1 51 68 (LB/RB) no intergenic –

CK2L36 3 F12P19, At1g65880 14 62 (LB/RB) no exon sense

CK2L70 1 F5E6, At3g06530 11 57 (LB/RB) no intron sense

CK2L72 3 T18A20, At1g53800 103 58 (LB/RB) no exon antisense

CK2L94 1 F4F15, At3g52030 39 61 (LB/RB) yes exon sense

CK2L102 3 F14J22 23 68 (LB/RB) yes, 2 intergenic –

CK2L107 1 F21A14 83 40 (LB/RB) no intergenic –

CK2L111 1 F14J16e ND 58 (LB), no (LB), yes (RB) exon ND
64 (RB)

CK2L129c 1 and 2 F2I9f(LB), ND 67 (LB), yes (LB), no (RB) intergenic –
T22J18 (RB) 70 (RB)

CK2L148 2 T30B22, 29 60 (LB/RB) no exon sense
At2g47430

a When both left and right T-DNA/plant junction positions could be determined, the target deletion upon T-DNA integration was calculated.
b For the T-DNAs that were integrated into a gene (exon or intron), the orientation of the T-DNA (sense or antisense) relative to the plant
endogenous gene was determined.
c The integration position of these transgenic lines was characterized on the basis of the results of different clones. For transformant
CK2L129, the LB and RB regions were fused to sequences of chromosomes 2 and 1, respectively, whereas for transformant FH33, to se-
quences of chromosomes 4 and 1, respectively.
d Vector backbone sequences were detected at the LB region in F2K3 and at the RB region in F2K16.
e In CK2L111, both RB and LB regions were localized in clone F14J16. The integration of the RB occurred in At1g55930 (position 70573).
However, for the LB region, sequence analysis revealed that the insertions could have occurred at two positions with the same probability,
namely on 93,801 or 88,146. Therefore, neither the integrated LB region nor the target deletion could be positioned exactly.
f The LB region of CK2L129 integrated into At2g01430 and the RB region into At1g22650.
ND, not determined.
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independent measurements of protein extract ranged
from a factor of 1.6 to a factor of 2.75 (data not shown).
The variation in average expression of a sample can also
be characterized by the coefficient of variation [CV=
(standard deviation/average)¥100%], which ranged from
23 to 51%.
In tobacco [20] and petunia [41], variation in transgene
expression was observed between leaves of the same
plant and even within an individual leaf. Therefore, we
also investigated whether the single-copy lines had the
same pattern of spatial expression by using histochemical
GUS staining on 2- and 3-week-old seedlings (fig. 4 and
data not shown). In all lines, except F2Hsb20/5, F2Ksb
18/1, and the silenced line KH15 [15], the GUS staining
was homogeneous (fig. 4 and data not shown). The lines
F2Hsb20/5, F2Ksb18/1, and the control line KH15,
which exhibited low GUS activity, had a non-uniform gus
staining (figs 4, 5). To determine whether this variation in
staining was also reflected in the quantitative gus mea-
surements, GUS activity was measured in different leaves
of a silenced (KH15) and a non-silenced (CK2L7) trans-
formant and compared with that obtained when a mixture

of all leaves or only three leaves per plant were used to
make the protein extract (table 3). In each case, a 2.1- to
3-fold difference in GUS activity between the individual
leaves was observed, which equals a CV ranging from
24.85 to 43.95%. Such a CV is comparable to that for ex-
perimental errors, notwithstanding the great variation in
histochemical GUS staining between the leaves of the
KH15 plant. This result indicates that, especially for
plants that were silenced [15], the intensity of GUS stain-
ing is not necessarily a good measure for GUS activity.
When a mixture of all leaves of one plant was compared
to a separate mixture of three leaves, the GUS activity
was very analogous to that in the individual leaves; there-
fore, the results obtained in this analysis were not sub-
jected to the random chance of selecting a leaf that had
high or low expression.
To monitor the variability of transgene expression in sin-
gle-copy T-DNA transformants of Arabidopsis, GUS ac-
cumulation levels were measured in five T1 and T2 plants
derived from the 21 single-copy transformants (fig. 5A,
B). For each plant, homozygosity or hemizygosity for the
T-DNA insert was determined.

Figure 3. Distribution of the T-DNA insertions on the five chromosomes of the Arabidopsis genome. Centromeres and telomeres are indi-
cated in vertical black boxes. The name of each T-DNA insertion is given in bold and grey boxes represent rDNA repeats. For each inser-
tion, the sequence clone is mentioned.
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In eight transformants obtained after floral dip, GUS ac-
tivity was high, varying from 420 to 6800 U GUS mg pro-
tein–1 in both the T1 and T2 generation (fig. 5A, B). Low
GUS activity, below 10 U GUS mg–1, was observed in the
two remaining transformants, F2Ksb18 and F2Hsb20
(fig. 5A). All T1 and T2 F2Ksb18 plants had a low ex-
pression phenotype. Molecular analysis with the methy-
lation-sensitive enzyme TaeI showed that in this line, the
gus-coding sequences and more downstream sequences
were strongly methylated (data not shown). In transfor-
mant F2Hsb20, low GUS activity was observed in the T1
and in some, but not all, T2 plants (fig. 5B). In this trans-
formant, no methylation in the transcribed region could
be detected (data not shown).
In parallel with the F transformants, 11 single-copy
CK2L transformants, obtained after root explant trans-
formation, were analyzed for their GUS accumulation in
3-week-old T1 plants (fig. 5C) and in 6-week-old T2
plants (fig. 5D). In all T1 progenies of the 11 transfor-
mants, high GUS activity was measured. Consistent and
even higher expression was found for almost all transfor-
mants in the next generation (fig. 5B). None of the lines
exhibited either promoter methylation or methylation in
the transcribed sequences (data not shown).
To determine the variation based on physiological and en-
vironmental factors (intra-transformant variability), GUS
activity was measured in isogenic homozygous T2 plants
(fig. 5B, D). For the F transformants, the GUS activity lev-

els of T2 plants of the same transformant differed from
1.6-fold (FH33/4) to 2.7-fold (F2Hsb31/3) (except for
transformant F2K16/5, which had a 6.6-fold difference)
(fig. 5B). The CV for the five isogenic plants in the seven
homozygous lines ranged from 18.5 to 47.22%. Similar re-
sults were obtained for the CK2L T2 plants with a 1.2-fold
(CK2L7/5 and CK2L111/4) to 2.5-fold (CK2L 70/1) dif-
ference or a CV varying between 9.08 and 39.73% (fig.
5D). These results indicate that the intra-transformant vari-
ability overlaps with the experimental variation.
In this context, the variability of GUS activity levels
among the different transformants, the inter-transformant
variability, can be considered. The average GUS activity
in the homozygous F transformants varied between
1227 U GUS mg protein–1 (FK24/1) and 4468 U GUS mg
protein–1 (F2Hsb31/3), which represents a 3.6-fold differ-
ence, whereas in the CK2L transformants, it varied from
1620 U GUS mg protein–1 (CK2L111/4) to 3236 U
GUS mg protein–1 (CK2L94/2). Thus, the intra-transfor-
mant and inter-transformant variabilities are in the same
range and comparable. These results suggest that the in-
tegration position has no major influence on the expres-
sion level of a 35S-driven transgene in a single-copy Ara-
bidopsis transformant.

Transgene expression in a population of multicopy
versus single-copy T-DNA plants
Figure 2F summarizes the GUS activity in 3-week-old
plants of single-copy T-DNA transformants obtained after

Figure 4. Histochemical GUS staining in 2-week-old seedlings. All
single-copy T-DNA transformants that showed high GUS activity,
such as FH33/1 and CK2L-94/2, were uniformly stained blue,
whereas in transformants displaying low GUS activity (F2Hsb20/5,
F2Ksb18/1, and the silenced plant KH15), a patchy pattern was ob-
served. For both Col0 and C24 (data not shown), no blue staining
was detected.

Table 3. Comparison of GUS activity levels measured in different
leaves of silenced (KH15) and non-silenced (CK2L7) transfor-
mants.

Samplea KH15b CK2L7b

Leaf a 2.4 284

Leaf b 1.1 315

Leaf c 2.3 278

Leaf d 1.5 391

Leaf e 0.8 186

Leaf f NA 236

Leaf g NA 220

Three leaves of 4 467
one plant in one extract

All leaves of 1.65 ND
one plant in one extract

For the individual leaves of KH15, the mean value ± SD was 1.62 ±
0.7. For the individual leaves of CK2L7, the mean value ± SD was
273 ± 68. The CV was 43.95% for KH15 and 24.85% for CK2L7.
NA, not analyzed, because this KH15 had only five leaves; ND, not
determined.
a Three different sample types were compared. A sample was made
from only one leaf (leaf a–g), from a mixture of three leaves per
plant, or from all leaves of one plant.
b GUS activity is expressed as units GUS protein relative to the to-
tal amount of soluble extracted protein (U GUS mg protein–1).
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Figure 5. GUS activity analysis in the T1 and T2 generation of the single-copy T-DNA transformants. The FH, FK, F2K, F2Hsb, and F2Ksb
transformants in the T1 (A) and T2 (B) generations and CK2L single-copy T-DNA transformants in the T1 (C) and T2 (D) generations are
presented. In the T1 generation, GUS activity was measured in leaves of five 6-week-old T1 F plants (A) or 3-week-old T1 CK2L plants
(C) per transformant. In the next generation, homozygosity (Ho) or hemizygosity (He) of the T-DNA insert was determined for each plants
except for those marked by ND. In the T2 generation (B, D), GUS activity was measured in the leaves of five 6-week-old plants per trans-
formant. Plants that were homozygous for the T-DNA insertions and those derived from a heterogeneous seed stock are represented by grey
and white bars, respectively. The GUS activity levels are given as units GUS mg–1 of total soluble protein.

floral dip (see above). The majority of single-copy T-DNA
transformants had a high and stable transgene expression.
In contrast, 78 of the 100 transformants (fig. 2A) con-
tained progeny plants with low transgene expression, con-
firming earlier observations that screening for single-copy
T-DNA plants enriches for plants with high and stable
transgene expression. However, not only single-copy
plants exhibited high and stable expression. Progeny
plants of 15 other transformants (asterisk in fig. 2B–E)
also had high GUS activity, often even higher than in sin-
gle-copy transformants. Six of these transformants
(FK31, FK22, FK1, FK12, FH14, and F2Ksb24) had two
T-DNAs at one locus, two had three or more T-DNA
copies integrated at one locus (FK29 and FH38), and two
contained T-DNAs at two different loci (FH29 and F2K1)
(data not shown).

Discussion

Over the last 15 years, many studies have been devoted to
the analysis of transgene expression in transgenic plants.
Both variability and absence or strong reduction of trans-
gene expression in a significant number of transformants
are two obvious features described in the literature [42].
Because transgene repeat configuration and T-DNA
arrangements are strongly correlated with the induction of
gene silencing, screening for single-copy T-DNA transfor-
mants in a transgenic population may enrich for transfor-
mants with stable and high transgene expression [8]. To
date, research has focused on the correlation between
transgene expression and locus structure [8, 13–15, 43],
and not integration position. Consequently, our study
aimed at determining the transgene expression variability
in different single-copy T-DNA transformants and at as-
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sessing the impact of the integration position. Transgene
expression was measured in a population of 100 transfor-
mants with single and multiple T-DNA copies integrated
into one or several loci. In 78% of the transformants, low
expressers were observed in one or more of the five ana-
lyzed T1 plants. From this population, 10 single-copy
transformants were obtained. In addition, 11 single-copy
CK2L transformants, obtained previously [31], were ana-
lyzed. Only 2 of the 21 single-copy transformants (9%)
displayed low transgene expression in at least one of the
five assessed plants per transformant. In the 19 transfor-
mants with high GUS activity, variation in gus expression
was observed by a factor of 2 and 3.6, for CK2L and F
transformants, respectively. Experimental errors and in-
tra-transformant variability ranged from 1.6- to 2.7-fold
(and even 6.6-fold). This value should be taken into ac-
count when assessing the inter-transformant variability.
Based on this result, one can conclude that the integration
position has a minor effect on transgene expression. The
very low transgene expression in 2 of the 21 single-copy
lines suggests that still unidentified characteristics of the
integration position or other events during transformation
can, at a low frequency, induce transgene silencing. The
large difference in frequencies (9% compared to 78%) of
low expression in single-copy versus multicopy T-DNA
transformants shows that screening for single-copy

T-DNA transformants strongly enriches for transformants
with a stable and high transgene expression. In addition,
the variation in transgene expression observed in various
populations of transgenic plants is largely due to homol-
ogy-dependent gene-silencing mechanisms that are trig-
gered at a high rate in multicopy transformants [8, 29].
The literature shows that, even in single-copy T-DNA
plants, many factors are responsible for the induction of
low transgene expression. Beside the T-DNA integration
position itself, linkage to repetitive sequences [44], the
presence of neighboring highly methylated sequences
[45], and the absence of MAR sequences near the inte-
gration site [26] are implicated as causative factors for the
induction of low transgene expression. Additionally, an
abrupt change in AT content [19] and the presence of vec-
tor backbone sequences [46] may reduce transgene ex-
pression. However, the present study did not provide evi-
dence for a correlation with any of these factors.
High expressing single-copy T-DNAs were inserted ran-
domly into the Arabidopsis genome (fig. 3, table 2). Nine
of these T-DNAs integrated into intergenic regions and 10
within transcribed annotated genes (table 2). Of those in-
serted into annotated genes, seven inserted into exons and
three into introns (table 2). The inserted gus genes were
oriented both in antisense and sense orientation relative to
the transcriptional orientation of the endogenous genes,

Figure 5 (continued)



based on four and five transformants, respectively (table
2). Therefore, opposite transcription, resulting from the
different orientation of transgene and endogenous genes
does not greatly influence transgene expression nor does
it induce gene silencing in single-copy T-DNA transfor-
mants.
In both transformants F2K3 and F2K16, in which vector
backbone sequences are linked to the LB and RB, respec-
tively, high and stable transgene expression was ob-
served. Consequently, our results are in agreement with
those of Meza et al. [47] and Kunz et al. [48], who
demonstrated that binary vector sequences have no nega-
tive influence on transgene expression.
Transformants that possessed a T-DNA in the proximity
of an endogenous MAR sequence (CK2L94, CK2L102,
CK2L111, CK2L129, and FH33) did not differ in their
expression profiles from those that did not (e.g., CK2L6,
CK2L7, F2Hsb22, and F2Hsb31). Therefore, it is not
possible to conclude whether integration in close proxim-
ity to endogenous MAR sequences is necessary for high
transgene expression.
Finally, transgenes in Drosophila melanogaster, when in-
tegrated in the vicinity of heterochromatin, are known to
become silenced by heterochromatization, a process
called position effect variegation [49]. This heterochro-
matin silencing, acting as a global silencing mechanism,
involves large-scale modifications of chromatin structure
[50]. Of our work, the T-DNA in CK2L107 (fig. 3) in-
serted in the proximity of a centromere (fig. 3). However,
transgene expression did not differ from that observed in
the other high-expressing transformants. A single-copy
gus transgene, integrated into pericentromeric hete-
rochromatin, was recently reported to be stably expressed
[40]. In parallel, integration in the vicinity of heterochro-
matic regions and the presence of moderately repetitive
retroelement remnants do not necessarily result in low
transgene expression [48]. However, these observations
should be considered with caution because transfor-
mants, described in this analysis, were recovered based
on the expression of the selectable marker, which lies on
the same T-DNA. In addition, the Arabidopsis genome,
when compared to other species, has a low amount of het-
erochromatic DNA [51]. In contrast to Arabidopsis,
one-third of the D. melanogaster genome consists of cen-
tric heterochromatin [52]. The low number of heterochro-
matic regions in Arabidopsis may be one of the reasons
why position effects were not observed.
In conclusion, we show that the position, and especially
the T-DNA insertion within a gene instead of between
genes, does not necessarily contribute to the transgene
expression variability observed in single-copy transgenic
Arabidopsis plants. Additionally, single-copy transfor-
mants are not always the highest expressers and multi-
copy transformants do not always trigger gene silencing.
Of the 23 high expressers in the F population, only 8 were

single-copy transformants and the remaining harbored
multiple T-DNAs integrated into one or multiple loci. In-
deed, high GUS activity was found in all seedlings of a
significant number of transformants with two or even
three integrated T-DNAs. On the other hand, the presence
of more than two T-DNA copies, both under hemizygous
or homozygous conditions, was recently reported to trig-
ger silencing [43]. Therefore, the relationship between
high copy number and low transgene expression seems to
be far more complex than previously recognized. 
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