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Abstract In many annual plant species, transgene inac-
tivation occurs most often when multiple incomplete/
complete copies of the transgene are present in a
genome. The expression of single-copy transgene loci
may also be negatively influenced by the flanking plant
DNA and/or chromosomal location (position effect). To
understand transgene silencing in a long-lived tree sys-
tem, we analyzed several wild (Populus tremula L.) and
hybrid (P. tremula L. x P. tremuloides Michx.) aspen
lines transgenic to the ro/C phenotypical marker system
and grown under in vitro, greenhouse and field condi-
tions. The morphological features of the 35S-ro/C gene
construct were used to screen lines with altered trans-
gene expression, which was later confirmed by Northern
experiments. Molecular analyses of hybrid aspen re-
vealed that transgene inactivation was always a conse-
quence of transgene repeats. In wild non-hybrid aspen,
however, multiple-insertion-based altered or loss of rolC
expression was observed only in three out of six lines
showing transgene inactivation. Sequencing analysis re-
vealed AT-rich patches at the transgene flanking ge-
nomic regions of some of the wild aspen transgenic lines.
One wild aspen line showing variable ro/C expression
revealed characteristic integration of the transgene into
genomic regions containing a high AT content (85% or
more). In the remaining two wild aspen transgenic lines
unstable for rolC expression, single-copy integration and
non-AT-rich or repeat-free transgene flanking regions
were found. A partial suppression of ro/C was observed
in some plants of one of the field-grown wild aspen
transgenic lines. In the other wild aspen transgenic line
an additional mutant phenotype along with transgene
inactivation was found. This indicates that the host
genome has some control over expression of a transgene,
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and the possible role of AT-rich regions in defense
against foreign DNA.
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Introduction

The insertion of foreign DNA into a plant genome may
lead to alterations in its structure, which may have effect
on host and/or transgene expression. Epigenetic trans-
gene inactivation may occur when multiple copies of a
transgene are present in a genome, which is frequently
associated with promoter methylation (Hobbs et al.
1990, 1993; Kilby et al. 1992; Assad et al. 1993; Matzke
et al. 1994; Mette et al. 1999). Transgene silencing of
multiple transgene copies seems to result from the in-
teractions between homologous sequences, and is
therefore termed homology-dependent gene silencing
(HDGS). The expression of single-copy transgene loci
may also be negatively influenced by the flanking plant
DNA and/or chromosomal location (Kooter et al.
1999). The actual molecular processes responsible for
the epigenetic gene inactivation in plants have not been
elucidated yet, in part because several potential silencing
mechanisms seem to co-exist in most of the cases ana-
lyzed (Cerutti et al. 1997).

Stable expression of transgene(s) is important for
commercial use of genetic transformation in long-lived
tree species as well as for ecological risk-assessment
studies. However, analysis of the instable/stable trans-
gene expression in trees is more problematic than in crop
plants (Fladung et al. 1997). To our knowledge, little is
known about the silencing of transgenes in forest trees
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(Fladung 1999). Trees having extended vegetative phases
and genomes which are undisturbed by human manip-
ulations offer an unique opportunity to study and
understand the molecular mechanisms of transgene
inactivation which may remain unnoticed in short-term
annual crops.

In this report, transgenic wild and hybrid aspen car-
rying a morphologically visible 35S-ro/C gene construct
(Fladung et al. 1997) were analyzed to establish a mo-
lecular basis for instable/stable transgene expression.
The structure of integrated transgenes and the flanking
genomic sequences were analyzed in different aspen
transgenic lines characterized by stable and unstable
rolC expression.

Materials and methods

Plant materials, transformation, cultivation
and morphological analysis

A leaf-disc co-cultivation methodology was used for the Agro-
bacterium-mediated binary vector transformation of two wild non-
hybrid aspen [Populus tremula L.: ‘Braunall’, Kamez (Saxon),
Germany; ‘W52, Tapian, Russia] clones, and one hybrid aspen
‘Esch5’ (P. tremula L. clone ‘Braunall’ x P. tremuloides Michx.
Clone ‘Tur 141’: Woodstock, N. H., USA) clone (Fladung et al.
1997). The plasmid pPCV002-CaMVC carries the chimeric rolC
gene from the Ri-plasmid of Agrobacterium rhizogenes under the
control of the 35S-promoter of the cauliflower mosaic virus (Spena
et al. 1987).

Transgenic plants propagated in vitro were transferred to, and
cultivated in, a greenhouse under natural daylight conditions
(Fladung et al. 1997; Fladung 1999). Aspen plants transgenic for
the 35S-rolC construct are characterized by a reduction in plant
height associated with shortened internodes, smaller leaves, and
lower chlorophyll contents in leaves, as also described in transgenic
tobacco and potato (Spena et al. 1987; Fladung 1990; Fladung et al.
1996, 1997). For the present study, 15 hybrid aspen-based trans-
genic lines and 16 lines regenerated from the wild aspen (Fladung
et al. 1997) were cultured in vitro and monitored for visible rolC
expression. All the Esch5 hybrid aspen-based transgenic lines were
transferred to the greenhouse. Four Esch5-based lines namely,
Esch5:35S-rolC#1, #3, #5, and #16, Southern blotted to contain a
single rolC copy (Fladung et al. 1997) were transferred to the field.
Similarly, five wild aspen transgenic lines (out of the seven lines
that could survive long-term in vitro culturing) were transferred to
the greenhouse. The lines transferred were: W52:35S-rolC#2, #9,
and #3; and Braunall:35S-ro/C#5, and #2. Only two wild aspen
transgenic lines (W52:35S-rolC#2 and Braunal1:35S-rolC#2) were
field-planted (Fladung and Muhs 1999). The transgenic plants were
compared to non-transformed control plants for the morphological
expression of the rol/C gene during their continuous growth for
5-6 years in the greenhouse and the field.

Analyses of DNA and RNA, determination of T-DNA repeats,
and promoter methylation

Extraction of genomic DNA and total RNA from leaves for
polymerase chain reaction (PCR), Southern and Northern analy-
ses, enzymatic restriction of DNA, electrophoresis, and blotting of
DNA and RNA onto Biodyne A membranes (Pall Europe, Ports-
mouth, UK) were done as described by Fladung et al. (1996, 1997).
The non-radioactive digoxigenin (DIG) system used for pre-hy-
bridization and hybridization utilizing DIG-dUTP-labeled purified
rolC in Southern and Northern experiments has been described

previously (Fladung and Ahuja 1995; Fladung et al. 1997; Fladung
1999).

Determination of T-DNA repeats was done using the reverse
primer PCR (rpPCR) method (Kumar and Fladung 2000a) which
utilizes different primer pairs oriented in opposite directions in the
construct (Fig. 4A) so that no amplification is possible in the case
of single-copy integration. However, amplification products will be
obtained when the transgene is integrated in the form of multiple
repeats (Fig. 4B). Additional primer pairs were used to detect
formation of inverted transgenes repeats (Fig. 4C).

Transgene promoter methylation was studied by restriction of
approximately 1 pg of genomic DNA with the methylation-sensi-
tive enzymes Hpall or Mspl, which are differentially sensitive to
internal cytosine methylation at the sequence CCGG. The suit-
ability of the isoschizomeric pair Hpall/Mspl for PCR-based de-
tection of promoter methylation at a key position has recently been
reported (Fu et al 2000; Kumar and Fladung 2000a). The restric-
tion reactions were performed in a 10-pl volume, using manufac-
turer’s buffer (Roche Molecular Biochemicals, Mannheim,
Germany), incubated overnight at 37 °C to ensure complete di-
gestion when the restriction site is not methylated. The restricted
DNA was subjected to PCR amplification using primers specifically
designed to amplify the promoter region, positive amplification
indicating methylation of the promoter at the restriction site. For a
positive control, a primer pair was added for the amplification of a
small genomic region that had no restriction site for the enzymes
used (Kumar and Fladung 2000a).

Sequencing of T-DNA repeat junctions and genomic regions
flanking the transgene

Inverse-PCR was performed as described previously (Fladung
1999) to amplify DNA regions flanking the right and left borders of
the T-DNA of transformed aspen lines. The amplified fragments
from the T-DNA repeat junctions and inverse-PCR were purified
using the High Pure PCR Product Purification Kit (Roche
Molecular Biochemicals) according to the manufacturer’s recom-
mendations. Sequencing of the purified fragments was done in a
PCR reaction using the ABI PRISM Dye Terminator Cycle Se-
quencing Ready Reaction Kit (Perkin-Elmer, Foster City, Calif.,
USA) as described previously (Fladung 1999). Unless stated oth-
erwise, the flanking genomic sequences of 500 base pairs (bp) ad-
jacent to the left and right T-DNA borders were analyzed. The
percent A +T base content (% AT) was calculated for the genomic
sequences obtained. The genomic regions having more than a 70%
AT value have been described as AT-rich (Gallie 1998). In this
report, the regions of minimum length 50 bp having an AT value of
85% or more were marked and the sequence arrangement of av-
erage AT value (60-65%) with some patches (50 bp or more) of 70—
80% was termed “‘normal’ nucleotide distribution.

Results

Regeneration, cultivation and morphological analyses
of transgenic wild/hybrid aspen

We have previously reported (Fladung et al. 1997) that
by using Agrobacterium tumefaciens strain LBA4404,
only the hybrid aspen clone Esch5 could be successfully
regenerated on kanamycin-containing medium and no
regeneration could be obtained in any of the wild aspen
clones. Although, transgenic wild aspen plants were
obtained using the GV3101 strain, the regeneration
frequency was low except for the clone W52 for which
an improved transformation method was used (Fladung
et al. 1997). Further, despite the higher initial



transformation success in the W52 wild aspen clone, a
high subsequent in vitro mortality was observed.

Under in vitro conditions, long-term (5-6 years)
morphological observations of ro/C expression have so
far revealed a stable ro/C phenotype in all the 15 hybrid
aspen transgenic lines. Among 16 wild aspen transgenic
lines, only seven lines could survive during the long-term
in vitro culturing. Morphological reversions with
incomplete/complete suppression of rolC phenotypic
expression were observed in some of the in vitro-main-
tained wild aspen transgenic lines. In the first year of in
vitro cultivation, the phenotypic features of the trans-
genic line W52:35S-rolC#9 were comparable to those of
the control plants (Fladung et al. 1997). Other wild
aspen transgenic lines (WS52:35S-rolC#2, WS52:35S-
rolC#12) showed variation in rol/C expression after
4-5 years of in vitro cultivation.

Major alterations in rolC expression in most of the
transgenic lines, however, were observed after transfer
from in vitro conditions to greenhouse or field. Incom-
plete/complete suppression of transgene expression was
observed in three Esch5-based transgenic lines
(Esch5:35S-rolC#1, Esch5:35S-rolC#2 and Esch5:35S-
rolC#12) out of the 15 lines transferred to the
greenhouse. Among five wild aspen transgenic lines
transferred to the greenhouse, three lines (Bra-
unall:35S-rolC#5, WS52:35S8-rolC#9 and #3) were
observed with altered or reverted transgene expression.
Two of the field-planted transgenic lines, one each from
hybrid and wild aspen (Esch5:35S-rolC#1 and Bra-
unall:35S-rolC#2, respectively) showed variable trans-
gene expression. We did not observe any transgene
inactivation in the other three field-grown hybrid aspen
lines (Esch5:35S-rolC#3, #5, and #16). Similarly, unal-
tered morphological ro/C features were found in the one
remaining field-planted wild aspen transgenic line
(W52:35S8-rolC#2) — the line which showed variable in
vitro transgene expression. However, only a limited
number of aspen transgenic lines could be transferred to
the field and the possibility of other lines turning out to
be unstable after field transfer is not ruled out.

Reversion of the ro/C phenotype to wild type in the
line Esch5:35S-ro/C#1 has already been reported
(Fig. 1A; Fladung 1999). The phenotypically visible rolC
expression in two other hybrid aspen-based transgenic
lines (Esch5:35S-rolC#2 and Esch5:35S-rolC#12) de-
creased gradually over a period of 3-4 years of cultiva-
tion in the greenhouse. Subsequently, the transgene
expression was completely suppressed after 4-5 years
and the phenotypes of these lines are presently compa-
rable to the control plants. The loss of ro/C expression
seemed to be stable in these lines and the plants, once
reverted, maintained the changed features in the fol-
lowing years (Table 1). A similar stable complete rol/C
suppression was also observed in the two WS52-based
wild aspen transgenic lines (W52:35S-rolC#9 and
WS52:35S-rolC#3). Leaves of the line W52:35S-rolC#3,
however, were found to be morphologically different
both from the control and ro/C phenotype (Fig. 1B).
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Compared to the lines showing completely suppressed
rolC phenotypes, the alterations in morphological ex-
pression of the transgene were more complex and vari-
able in the other wild aspen-based transgenic lines
(W52:358-rolC#2, Braunall:35S-rolC#2 and Bra-
unall:35S-ro/C#5). The transgenic line Braunall:35S-
rolC#5 frequently showed reverted shoots with large
internodes and large leaves (Fig. 2A) and, interestingly,
re-reversion back to the rolC phenotype (data not
shown). Incomplete ro/C suppression in some plants of
the transgenic line Braunal1:35S-ro/C#2 has, so far, only
been observed under field conditions. The altered plants
from this transgenic line showed morphological features
different from both the control and rolC phenotype

Fig. 1A, B Morphological reversion in wild (Populus tremula) and
hybrid (P. tremula X P. tremuloides) aspen transformed with the
rolC gene. A An example of variable ro/C expression (see also
Table 1) in an unstable aspen transgenic line showing phenotypic
reversion in a side branch (with large leaves). The rest of the plant
shows the rolC phenotype. This figure represents the situation
observed in the transgenic lines Braunall:35S-rol/C#5 and
Esch5:35S-rolC#1 (Fladung 1999). B Comparison of a wild-type
leaf (right), a leaf from transgenic line W52:35S-rolC#3 (middle),
and leaves from Esch5 hybrid aspen-based transgenic line
(Esch5:35S-rolC#3) showing a stable ro/C phenotype (left). Note
the glossy phenotype of the leaf from the transgenic line W52:35S-
rolC#3
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Table 1 RolC expression and transgene structure in different transgenic lines of wild (Populus tremula) and hybrid (P. tremula x

P. tremuloides) aspen

Wild/hybrid aspen Transgenic line Southern analysis® T-DNA structure Promoter RolC phenotypic
(rpPCR)® methylation® expression
Hybrid aspen Esch5:35S-rolC#3, One copy No repeat NM rolC type
#4, #5, #16
Esch5:35S-rolC#1 One copy Inverted repeat M Variable
(one incomplete)
Esch5:35S-rolC#2 Two copies Direct repeat M Reverted
(both complete)
Esch5:35S-rolC#12 Two copies Direct repeat M Reverted
(both complete)
Wild aspen W52:35S-rolC#9 One copy Direct repeat M Reverted
(one incomplete)
W52:35S-rolC#12° Two copies Direct repeat M Variable
(both incomplete)
W52:35S-rolC#2 One copy No repeat NM Variable
W52:35S-rolC#3 One copy No repeat NM Reverted®
Braunal1:35S-rolC#2 One copy No repeat NM Altered
Braunall:35S-rolC#5  Two copies Inverted repeat M Variable

(one incomplete)

From Fladung et al. 1997 (rolC probed)

"Kumar and Fladung 2000a

‘Cytosine methylation at the sequence CCGG (Kumar and
Fladung 2000a); M methylated, NM not methylated

4Variable indicates rolC expression is suppressed only in one or two
branches/leaves of a plant; Reverted indicates rolC expression is

(Fig. 2A, B). The length and width of the leaves col-
lected from the reverted plants were in between those of
the control and 35S-ro/C phenotype (Fig. 2A). However,
the length/width ratio of the reverted leaves was
comparable to that of the control plants (Fig. 2B). The
reverted morphological expression was confirmed by
Northern experiments, which clearly showed very weak
rolC-specific transcripts from the leaves of reverted
plants grown under field conditions. The ro/C-specific
transcript was, however, present in leaves collected from
the plants maintained in the greenhouse and from rolC-
expressing plants in the field (Fig. 3). The change in ro/C
expression was most variable in the transgenic line
W52:35S-rolC#2; moreover, the suppression was
observed only in the leaves of in vitro cultures and was
reversible in the subsequent subculturing. We have, so
far, not observed any appreciable morphological change
in this transgenic line under greenhouse or field
conditions.
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completely suppressed in the whole plant; Altered indicates
incomplete rolC suppression in the whole plant

°No plant transferred to greenhouse or field

"Alteration in rolC expression observed in in vitro cultures only
£Additionally mutant phenotype

Number and structure of integrated transgenes,
and their promoter methylation

The data pertaining to Southern analysis of different
transgenic lines analyzed in the present study are shown
in Fig. 4E and summarized in Table 1. A number of
transgenic lines were identified showing the insertion
of one copy of the rolC gene. Interestingly, all the

Fig. 2A, B Length and width measurements of aspen leaves
collected from the altered (B2-2 large, see also Table 1) and rol/C-
expressing (B2-2 small) plants of transgenic line Braunall:35S-
rolC#2 compared to leaves from a non-transformed control
(Braunall). A The leaves collected from the altered plants are
smaller in length and width compared to the leaves from the
control plants. However, the reverted leaves are larger when
compared to the leaves collected from the rol/C-expressing
transgenic plants. B The length/width ratio of leaves from the
reverted transgenic plants is comparable to the ratio of leaves
collected from the control plants

2

Length/Width Ratio
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Fig. 3 Northern analysis of RNA (upper part) extracted from 35S-
rolC-expressing small leaves growing in greenhouse and field, and
large leaves from field-grown plants with altered ro/C expression in
the transgenic aspen line Braunall:35S-ro/C#2. Total RNA was
probed with DIG-labeled ro/C. No signal was observed in the non-
transformed aspen (Co), and a very weak signal was obtained in the
large leaves collected from the field-grown plants showing altered
rolC expression. Mr DIG-labeled DNA molecular weight marker 11
(Roche Molecular Biochemicals, Mannheim, Germany)

transgenic lines observed to contain two rolC copies in
Southern experiments were found positive to transgene
repeat analysis using rpPCR (Table 1; Fig. 4E and F,
lanes 8 and 9, respectively). It implies that in transgenic
aspen lines where more than one T-DNA copy is inte-
grated, in most cases it is in linked form (Kumar and
Fladung 2000b). Surprisingly, two transgenic lines
(Esch5:35S-rolC#1 and W52:35S-rolC#9) observed by
Southern blotting to harbor a single rol/C copy were also
found to contain incomplete T-DNA repeats (Fig. 4E
and F, lanes 2 and 7, respectively). The sequencing of the
T-DNA repeat junctions confirmed the rpPCR results
for the repeat formation. Figure 5 shows the structures
of the integrated T-DNA(s) in the transgenic lines
containing direct repeats. In the transgenic lines
Esch5:35S-r0lC#1 and Braunall:35S-rolC#5, amplifi-
cation fragments were obtained (Fig. 4F, lanes 1 and 8,
respectively) using primer pair 2+ 3 (Fig. 4C), which
were shorter than the size expected for a complete in-
verted repeat (Fig. 4C). No amplification was obtained
with other primer pairs used to detect direct or inverted
repeats in these two transgenic lines. These observations
indicated a truncated inverted repeat formation and the
sequencing of the repeat junctions confirmed this notion.
The sequencing results revealed that the left border of
the complete T-DNA copy was linked to the neomycin
phosphotransferase II gene (nptll) and the nopaline
synthase promoter (pnos) of the second copy (data not
shown) in the transgenic lines Esch5:35S-rolC#1 and
Braunall:35S-rolC#5, respectively, with the deletion of
35S-rolC and the pg5-Amp™ (ampicillin resistance) gene.
The structure of the integrated transgenes in the line
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Esch5:35S-ro/C#1 was also described previously (Fla-
dung 1999). The transgenic line Braunall:35S-rolC#5
showed an incomplete inverted repeat lacking ro/C in
rpPCR analysis (Fig. 4F, lane 8) and two bands in ro/C-
probed Southern analysis (Fig. 4E, lane 8). Therefore,
two independent transgene integration sites exist in this
transgenic line and one site contains an incomplete
inverted repeat.

The unstable expression of the rolC gene on the basis
of morphological screenings has already been reported
in the transgenic aspen line Esch5:35S-rolC#1, which
was observed to contain an inverted incomplete T-DNA
repeat adjacent to the left border (Fladung 1999). In
four so far stable ro/C-expressing lines, simple structured
single-copy transgene insertion loci without methylation
of the Hpall/Mspl promoter site were found (Fig. 5B,
Table 1). As a further demonstration of the T-DNA
repeat-related gene silencing, a direct incomplete/com-
plete T-DNA repeat was observed in each of the two
different independent hybrid aspen-based transgenic
lines (Esch5:35S-rolC#2 and #12) (Table 1, Fig. 4F).
Similarities between the integrated T-DNAs structures
(Fig. 5C, D) indicate that transgene silencing in these
two unstable transgenic lines of the hybrid aspen clone is
due to the complex repeated T-DNA. Incomplete
T-DNA repeats were also observed in three wild aspen-
based transgenic lines (W52:35S-rolC#9, #12 and
Braunal1:35S-rolC#5) observed with altered ro/C mor-
phological expression (Fig. 4F, and Fig. SE, F). The
promoter methylation analysis indicated that at least
one of the 35S-promoters was methylated at the Hpall/
Mspl site in the wild and hybrid aspen transgenic lines
containing T-DNA repeats (Table 1). Surprisingly, in
three other wild aspen-based transgenic lines showing
variable rolC phenotype (W52:35S-rolC#2, #3 and
Braunall:35S-rolC#2) the T-DNA structures were
found to be as simple as in the hybrid aspen-based stable
lines (Fig. 5B). Thus, despite the single-copy integration,
these transgenic wild aspen lines showed altered rolC
expression under in vitro, greenhouse or field conditions
(Table 1).

Sequencing analysis of genomic DNA flanking
transgene

The analysis of T-DNA flanking genomic regions in the
different wild and hybrid aspen transgenic lines in gen-
eral revealed an average AT value of 60—65%. However,
regions (50 bp or more in length) with a 70-80% AT
value were frequently observed in most of the lines an-
alyzed. In this report, the sequence arrangement of an
average AT value of 60-65% with some patches of
70-80% is termed a ‘“‘normal” nucleotide distribution.
In three hybrid aspen-based transgenic lines (Esch5:35S-
rolC#3, #4 and #5), which were marked as stable, this
“normal” nucleotide distribution was found over
T-DNA flanking genomic regions (Fig. 6). One hybrid
aspen transgenic line (Esch5:35S-rol/C#16) which, so far,
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is also classified as morphologically stable was, however,
found to be flanked by short AT-rich regions (90% and
93%, respectively) on left and right borders (Fig. 6).
Among wild aspen transgenic lines, a 260-bp left border
flanking genomic sequence (out of 275 bp analyzed) of
the line W52:35S-rolC#2 was found to have an 88% AT
value. Similarly, the transgenic line W52:35S-rol/C#9 was
also flanked by AT-rich regions (about a 180-bp region
with a 96% AT value) on the left T-DNA borders
(Fig. 6). Three short AT-rich regions (> 50 bp length)
with an 86-92% AT value were also observed in one of
the right border flanking genomic regions of the trans-
genic line Braunall:35S-rol/C#5. However, we did not
observe any AT-rich or DNA-repeat regions in the
transgenic lines Braunall:35S-rolC#2 and WS52:35S-
rolC#3, which showed partial ro/C suppression in some
of the field-grown plants and a mutant phenotype in the
greenhouse, respectively. Hence, despite the single-copy
transgene and non-AT-rich or repeat-free flanking

<

Fig. 4A-F T-DNA of vector pPCV002; and representative PCR,
Southern, and rpPCR (Kumar and Fladung 2000a) analyses for
different transgenic aspen lines. A Schematic diagram showing the
T-DNA region with left (LB) and right (RB) borders of vector
pPCV002 containing the 35S-ro/C gene inserted between EcoR1 (E)
and HindlIIl (H) sites used for the aspen transformation in this
study. The neomycin phosphotransferase Il gene (nptII), which is
controlled by the nos promoter (pnos) encoding resistance to
kanamycin, is located at the right border and the promoter of gene
5 (pg5) and ampicillin resistance gene (Amp™) are at the left border
of the construct. The numbers (/-6) represent the locations of
different primers used to determine possible transgene repeat
formation and the arrowheads indicate their respective directions
(5-3"). B A direct T-DNA complete repeat formation in head-to-
tail integration. Amplification products of expected sizes using five
primer pairs (1+2, 1+5, 1+3, 2+6, and 2+4) will confirm the
presence of a complete T-DNA direct repeat. C An inverted T-
DNA repeat formation in tail-to-tail orientation, which can be
detected using three primer pairs (2+ 5, 2+ 3, and 5+ 3). Similarly,
an inverted repeat in head-to-head orientation may be determined
by another set of primer pairs (1 +6, 1 +4, and 6 +4). D-F Lanes
1-9 Transgenic lines Esch5:35S-rolC#1, #3, #5, #16, Braunal1:35S-
rolC#2, W52:35S-rolC#2, W52:35S-rolC#9, Braunal1:35S-rolC#5,
and Esch5:35S-rolC#2, respectively. M Molecular weight marker 11
(Roche Molecular Biochemicals, Mannheim). C Non-transformed
aspen control. D Amplification of the ro/C gene using primer pair
5+ 6. Fragments of correct size were amplified in nine transgenic
lines. PCR products were analyzed on a 1.5% agarose gel.
E Southern blot analysis of genomic DNA extracted from the
same nine independent aspen transgenic lines. The genomic DNA
was digested with the restriction enzyme EcoRI and hybridized to
DIG-labeled rolC probe. F rpPCR analysis of the nine aspen
transgenic lines. Fragments amplified using primer pair 1+ 3 for
the direct transgene repeats (see B) in W52:35S-rolC#9 (lane 7) and
Esch5:35S-rolC#2 (lane 9) are shown. Amplifications were obtained
using primer pair 2+3 for the inverted repeats in tail-to-tail
orientation (see C) in the transgenic lines Esch5:35S-rolC#1 (lane 1)
and Braunall:35S-rolC#5 (lane 8). No amplification was obtained
in other transgenic lines shown in this figure using different primer
pairs to detect direct or inverted repeats. Amplified fragments of
less than expected sizes in lanes 1, 7, and 8 suggest that at least one
of the T-DNA copies is incomplete in the transgenic lines
Esch5:35S-rolC#1, W52:35S-rolC#9 and Braunall:35S-ro/C#5.
The band of approximately 100 bp in all the lanes indicates the
positive control amplified using aspen genomic primers

regions, both of these transgenic lines are showing al-
tered or reverted ro/C morphological expression. Simi-
larly, flanking genomic regions of 80% AT value were
also found in three, hybrid aspen-based transgenic lines
(out of three analyzed) transformed with rbcS-ro/C and
35S-Ac-rolC gene constructs (data not shown). Howev-
er, rolC expression in these lines was restricted only to
the leaves and morphological instability/stability was
not as conspicuous as in 35S-ro/C transgenic lines.

Discussion

In this report, we utilized the ro/C gene as a morpho-
logical marker to study the variable transgene expression
in wild/hybrid aspen transgenic lines. The transgenic
lines were monitored for visible ro/C expression for a
period of 5-6 years during their continuous growth
under in vitro, greenhouse and field conditions. The
morphological features were later substantiated with
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Fig. SA-F Structure of integrated transgene loci in different aspen
and hybrid aspen transgenic lines. The arrows indicate 5'-
3’orientation of the genes. A T-DNA (see Fig. 1A). B Single-copy
transgene in stable Esch5-based (Esch5:35S-rolC#3, #4, #5, and
#16) and some of the wild aspen-based (W52:35S-rolC#2, #3, and
Braunall:35S-ro/C#2) transgenic lines. C-F Complex T-DNA
structure with a complete or incomplete direct repeat in unstable
aspen transgenic lines Esch5:35S-ro/C#2, Esch5:35S-rolC#12,
W52:35S8-rolC#9, and WS52:35S-rolC#12, respectively. The right
border (RB) of the T-DNA repeat in transgenic lines containing an
incomplete repeat is missing (D, F). Note the conserved 3-bp RB
residual sequence at the repeat junctions of all the four transgenic
lines containing a transgene repeat. The RB residual sequence at
the repeat junctions is followed by filler DNA (black dumbbell) of
different lengths, which is interposed between two linked T-DNAs.
The left border (LB) residual sequence of 9 bp and 18 bp from the
T-DNA repeat is present in transgenic lines Esch5:35S-ro/C#2 and
Esch5:35S-rolC#12, respectively (C, D, respectively). However, in
transgenic lines WS52:35S-rolC#9 and WS52:35S-rolC#12 (E, F,
respectively), 4.6 kb and 71 bp, respectively, from the T-DNA
repeat are deleted along with LB. The transgenic lines shown in C,
E and F have already been described for the structure of integrated
transgenes (Kumar and Fladung 2000a)

molecular analyses to determine and establish a
molecular basis for transgene silencing in wild/hybrid
aspen. The comparison of Southern and morphological
analyses of different aspen transgenic lines in the present
study indicated that the lines with two-copy transgene
insertions turned out to be unstable for rolC expression
in different stages of their growth (Table 1). Similarly,
Hobbs et al. (1990, 1993) also observed reduced
transgene expression with increased copy number in
transgenic tobacco. In order to determine if the T-DNAs
in the transgenic lines containing two copies are inserted
in linked form we conducted a rpPCR analysis (Kumar
and Fladung 2000a). It revealed that the T-DNAs were
inserted in the form of repeats in all the transgenic lines
observed with two copies of the transgene (Table 1).
Interestingly, two transgenic lines shown to harbor a
single transgene (rolC) copy in Southern experiments

3 ()18

3 (49 -dbkb

1{d)-Tlbp

were found to contain multiple T-DNA insertions using
rpPCR (Esch5:35S-rolC#1 and W52:35S-rolC#9). This
is understandable because Southern analyses in these
lines were conducted on HindIII- and EcoRI-restricted
genomic DNA using rolC as a probe (Fladung et al.
1997). The Hindlll site was probably methylated in
these transgenic lines and the second copy of the trans-
gene was integrated in truncated form and did not
contain any EcoRI site (Fig. 1A). Similarly, in Southern
analysis of transgenic petunia, Cluster et al. (1996) have
also reported that a plant genomic HindIIl site was
modified in eight transformants.

The transgene-silencing phenomenon has previously
been distinguished in two general categories. The first
category is termed a position effect, in which the flanking
plant DNA and/or chromosomal location negatively
influence the expression of the single transgene loci. The
second class of transgene inactivation represents the
homology-dependent gene silencing (HDGS) and occurs
when multiple copies of a specific sequence are present in
a genome. Depending on the level at which silencing
occurs, HDGS has been distinguished into transcrip-
tional gene silencing (TGS) and post-transcriptional
gene silencing (PTGS). Transcriptionally silenced
transgenes acquire metastable epigenetic states that are
characterized by altered methylation patterns and
chromatin structure. Reversible promoter methylation
may be used as a useful marker for TGS (Kooter et al.
1999). Considering the stable alteration of the rolC ex-
pression associated with Hpall/Mspl site methylation of
at least one of the two 35S promoters in different aspen
transgenic lines containing T-DNA repeats in the pre-
sent study (Table 1), the transgene silencing in these lines
may be attributable to HDGS-based TGS. Silencing
based on repeated/rearranged transgenes has previously
been described in crop plants (Flavell 1994; Kooter et al.
1999) which mainly includes Arabidopsis (Kilby et al.
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Fig. 6 Sequencing analysis of T-DNA(s) flanking genomic
sequences of different aspen transgenic lines. The integrated
T-DNAC(s) is shown as two parallel bars in the middle and the
lines on the left and right of these bars indicate left and right border
flanking genomic sequences. Unless stated otherwise, the length of
the line corresponds to the number of base pairs analyzed in
different transgenic lines (see 100-bp scale). The lengths and the
corresponding EMBL accession numbers of flanking genomic
sequences analyzed (left and right border, respectively) in the
transgenic lines without AT-rich regions (printed at the top of the
figure) are: 500 bp (AJ005287) and 197 bp (AJ005290) for
Esch5:35S-rolC#3; 470 bp (AJ296081) for Esch5:35S-rol/C#4 (only
right border); 492 bp (AJ005756) and 318 bp (AJ005291) for
Esch5:35S-rolC#5; 51 bp (AJ296083) and 500 bp (AJ296084) for
Braunall:35S-ro/C#2; 500 bp (AJ296082) and 500 bp (AJ286128)
for W52:35S-rolC#3. The EMBL accession numbers for the other
lines are as follows: Esch5:35S-ro/C#16 left and right borders,
AJ005288 and AJ005292, respectively; W52:35S-rolC#2 left and
right borders, AJ286126 and AJ286125, respectively; W52:35S-
rolC#9 left border, AJ286132; Braunal1:35S-ro/C#5 right border,
AJ291296

1992; Assad et al. 1993), tobacco (Hobbs et al. 1990,
1993; Matzke et al. 1994; Park et al. 1996; Krizkova and
Hrouda 1998), petunia (Linn et al. 1990; Stam et al.
1997b), and rice (Kohli et al. 1999; Morino et al. 1999).

We did not observe any transgene repeats in the other
three wild aspen-based transgenic lines unstable for rol/C
expression (W52:35S-rolC#2, W52:35S-rolC#3, and
Braunall:35S-rolC#2). The T-DNA-flanking genomic
regions were sequenced to screen for the unusual nu-
cleotide distribution in the flanking genomic regions in
order to explain their altered or variable ro/C expression.
The region flanking the left border in the transgenic line
W52:35S-rolC#2 was found to be rich in AT content
(88% AT value). Similarly AT-rich regions (86-96% AT
value) were also observed in left and right borders of
transgenic lines WS52:35S-ro/C#9 and Braunall:35S-
rolC#5, respectively. This was in sharp contrast to the
non-AT-rich flanking regions with “‘normal” nucleotide
distribution in three hybrid aspen-based transgenic lines
(Esch5:35S8-rolC#3, #4 and #5) marked stable for rolC
expression (Fladung 1999). The high AT values ob-

served in some wild aspen transgenic lines clearly differ
from the compositional distribution reported for the
transcribed chromosomal regions in dicots which show
an AT content around 54% (Salinas et al. 1988). AT-
rich and/or tandem repetitive DNA sequences are major
DNA components of ‘“‘constitutive heterochromatin”
which is wusually found in pericentromeric regions
(Hankeln et al. 1996). Euchromatic genes brought into
juxtaposition with heterochromatin may exhibit ‘posi-
tion effect variegation’ (Cryderman et al. 1999). Al-
though not proven, the variable in vitro rolC expression
observed in the transgenic line W52:35S-ro/C#2 con-
taining a single copy of the transgene may be as a result
of integration of the transgene near to heterochromatin
in this line. The transgenic lines Braunall:35S-ro/C#5
and W52:35S-r0lC#9 were found to contain multiple
transgenes and AT-rich flanking regions as well.

The transgenic lines Braunall:35S-rolC#2 and
W52:35S-rolC#3 showed variable rolC expression despite
single-copy transgene integration and non-AT-rich
flanking genomic regions. Considering the mutant
phenotype of the transgenic line W52:35S-rolC#3, it may
be speculated that the transgene has integrated into a
transcribed region resulting in silencing of both the
transgene and the endogenous gene. This assumption,
however, needs to be proven and detailed investigation of
this line is in progress. In the transgenic line
Braunall:35S-rolC#2, Northern analysis and the
morphological features clearly indicated the alteration in
rolC transcription and expression. However, the molec-
ular analyses revealed single-copy transgene integration.
The AT-base content of transgene flanking genomic
sequences in this line is comparable to that of the stable
hybrid aspen-based transgenic lines. Variable expression
of the maize Al gene encoding dihydroflavanol 4-
reductase (DFR) as a consequence of imposition of the
methylation on the border regions of the integrated single
copy of the transgene from the flanking genomic regions
has been reported in two transgenic petunia lines (Prols



and Meyer 1992). Differences in ro/C expression among
the plants of transgenic line Braunall:35S-rolC#2 were
observed only under field conditions. Environmental
factors may play a key role in the incidence of transgene
silencing. Suppression of the maize A1 (DFR) gene was
significantly higher in field-grown transgenic petunia
plants than in the plants growing in greenhouse and
varied with the plant age (Meyer et al. 1992). Similarly,
silencing of the chalcone synthase transgene in petunia
was observed under high light intensity (van Der Krol et
al. 1990), and heat treatment (37 °C) of transgenic
tobacco plants led to a reversible reduction or complete
loss of transgene-encoded activities in some transfor-
mants carrying luciferase and nptII genes (Neumann et al.
1997). Transcriptional gene silencing of a transgenic ra-
peseed line containing a 35S-bialaphos tolerance gene,
following infection by cauliflower mosaic virus, has
recently been reported (Al-Kaff et al. 2000).

Other interesting observations in the present study
were the differences between wild and hybrid aspen
clones in their acceptance of the foreign gene and its
long-term stability. The differences were observed from
the first stage of regeneration and it was not possible to
regenerate transgenic plants from wild aspen clones using
the low-virulence Agrobacterium strain 1LBA4404
(Fladung et al. 1997). Using this strain, only the hybrid
aspen clone was successfully regenerated on kanamycin-
containing medium. Although, wild aspen transgenic
plants could be obtained using the GV3101 oncogenic
Agrobacterium strain, a higher in vitro mortality in these
transgenic lines was observed compared to the Esch5
hybrid aspen-based transgenic lines. We have so far not
observed any in vitro morphological reversion in hybrid
aspen-based transgenic lines containing T-DNA repeats.
The in vitro cultures of wild aspen-based transgenic lines,
however, showed morphological alterations for ro/C ex-
pression, probably as a result of transgene repeats and/or
AT-rich flanking regions. The long-term morphological
analysis for rolC expression also revealed the altered
expression in most of the presently available wild aspen-
based transgenic lines containing a single copy of the
transgene (Table 1). This is in contrast to the EschS hy-
brid aspen-based transgenic lines where several lines are
still showing stable rolC expression. Therefore, these
observations indicate, though do not prove, a specific
genomic control over the long-term stable expression of a
transgene. The plant factors involved in integration of
the T-DNA into the plant genome and its stability have
not yet been identified. However, it has been shown re-
cently that histone H2A (RAT5) plays an important role
in T-DNA integration into the plant genome and the
integration step was reported to be blocked in the RATS
mutant of Arabidopsis (Mysore et al. 2000).

In summary, we have established a molecular basis for
transgene silencing in the different aspen lines analyzed
in the present study. Similar to previous reports on
various plant species (for a review, see Stam et al. 1997a;
Kooter et al. 1999), we confirmed that multiple inser-
tions in the form of direct or inverted incomplete/com-
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plete T-DNA repeat formation was associated with the
loss of transgene expression in the hybrid aspen and in
some of the wild aspen transgenic lines. In other wild
aspen transgenic lines, however, the transgene inactiva-
tion was observed despite single-copy integration,
probably as a consequence of AT-rich flanking regions.
Therefore, single-copy transgene integration into
genomic regions that are free from ’position effect
variegation’ seems to be a prerequisite for the stable
expression of a transgene. In addition, our results indi-
cate that the expression of a single-copy transgene may
also be altered even when it is integrated into genomic
regions that are non-AT-rich or without repeated DNA.
It can be suggested that the genetic composition of the
host genome may play a crucial role in transgene inte-
gration, and when combined with environmental influ-
ences may significantly affect the long-term stable
expression of integrated foreign DNA.
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