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stable transformation events; the study of transgene integration patterns in stable transformants may allow elucidation of
the transgene integration process. Direct DNA delivery usually
results in transgenes integrated at one genomic locus (4–12)
that consists of multiple, intact, and rearranged transgene
copies (refs. 12–19; for review see ref. 1). Studies of DNA
integration in mouse cells suggest that the transgenic DNA
fragments delivered into the cell are engaged in end-to-end
ligation before they are integrated into the genome, forming
multiple transgene concatamers (20, 21). In plant transformation experiments, head-to-head or head-to-tail concatenation
of the introduced transgenes also have been reported (2,
22–24), supporting the concept that contiguous arrays of
transgenic DNA are integrated into a single genomic site.
However, in a recent report (25), it appears that transgene loci
in rice plants transformed by microprojectile bombardment
may have host DNA separating closely linked transgene sequences. We analyzed the patterns of transgene integration in
13 transgenic oat lines produced by microprojectile bombardment that exhibited multiple intact and rearranged transgene
copies integrated at single genomic loci. Within the transgenic
loci in all of the lines, transgenic DNA fragments were
interspersed with host genomic DNA, suggesting a predominant mechanism of transgene integration. Transgene integration at active DNA replication forks is proposed to account for
the interspersion of transgenic DNA with host genomic DNA.

ABSTRACT
Integration of transgenic DNA into the plant
genome was investigated in 13 transgenic oat (Avena sativa L.)
lines produced using microprojectile bombardment with one
or two cotransformed plasmids. In all transformation events,
the transgenic DNA integrated into the plant genome consisted of intact transgene copies that were accompanied by
multiple, rearranged, andyor truncated transgene fragments.
All fragments of transgenic DNA cosegregated, indicating that
they were integrated at single gene loci. Analysis of the
structure of the transgenic loci indicated that the transgenic
DNA was interspersed by the host genomic DNA. The number
of insertions of transgenic DNA within the transgene loci
varied from 2 to 12 among the 13 lines. Restriction endonucleases that do not cleave the introduced plasmids produced restriction fragments ranging from 3.6 to about 60 kb
in length hybridizing to a probe comprising the introduced
plasmids. Although the size of the interspersing host DNA
within the transgene locus is unknown, the sizes of the
transgene-hybridizing restriction fragments indicated that
the entire transgene locus must be at least from 35–280 kb.
The observation that all transgenic lines analyzed exhibited
genomic interspersion of multiple clustered transgenes suggests a predominating integration mechanism. We propose
that transgene integration at multiple clustered DNA replication forks could account for the observed interspersion of
transgenic DNA with host genomic DNA within transgenic
loci.

MATERIALS AND METHODS

Plant transformation by microprojectile bombardment results
in transgene integration patterns that generally exhibit multiple transgene copies and extensive rearrangements of the
introduced DNA (for review see ref. 1). The mechanisms
involved in genomic integration of transgenic DNA delivered
by microprojectile bombardment are not well understood but
can probably be considered in two stages. The first stage likely
includes preintegration rearrangements in the introduced
DNA as it is delivered to the nucleus, whereas the second stage
involves the process of integration into the host genome.
Plasmid DNA, usually used in microprojectile bombardment
experiments in plants, may be subjected to mechanical shearing during particle preparation and bombardment processes,
and may also be degraded by host-cell nuclease activity. In
addition, nuclease activity may ‘‘nibble’’ the ends of linear
DNA molecules (2). Ligation of these introduced DNA fragments into arrays of transgenic DNA is thought to precede
genomic integration (3).
Very little is known about the process of integration of
transgenes following microprojectile bombardment or other
direct DNA delivery methods despite widespread use of these
methods. The transgene integration process is difficult to
monitor while it is occurring because of the low frequency of

Plant Transformation. Plasmids used in plant transformation are presented in Fig. 1. The plasmid pBARGUS (14)
combines the selectable marker bar gene from Streptomyces
hygroscopicus (26) and the reporter gusA gene from Escherichia coli encoding GUS (27) under the control of plant
promoters. Some tissue cultures were cotransformed, in addition to pBARGUS, with one of four other plasmids, pH24,
pMAV, pPAV, or pRPV. pH24 carried the Cauliflower Mosaic Virus (CaMV) 35S promoteryAdh1 intronynptII construct
(28); the latter three plasmids contained the coat-protein
genes of different strains of Barley Yellow Dwarf Virus
(BYDV) under the control of the 35S promoter (29) (Fig. 1).
For microprojectile bombardment, plasmid DNA was extracted following standard protocols and purified by equilibrium centrifugation in CsCl-ethidium bromide (30). A sample
of the prepared plasmid DNA was subjected to electrophoresis
in an agarose gel to verify that it was free from contamination.
Plasmid DNA was coated onto tungsten particles and introduced by using microprojectile bombardment into embryogenic oat callus (31) initiated from immature embryos of the
genotype GAF-30yPark (32). Phosphinothricin-resistant callus appeared 7–8 weeks after bombardment. Transgenic plants
were regenerated on oat regeneration medium (33) containing
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Double-stranded DNA probes were 32P-labeled with the
Rediprime (Amersham) or the Prime-a-gene (Promega) kit.
To detect transgene coding regions, a 1.8-kb BamHIySstI
fragment from pBI221 containing gusA (27) and a 536-bp
BamHIyKpnI fragment from pBARGUS containing bar (26)
were used as probes. Coding regions of the BYDV coat-protein
genes (29) were used to detect the presence of the cotransformed plasmids (Fig. 1). A mixed probe, used for detection of
the transgene integration sites, consisted of DNA of the five
plasmids used in plant transformation (pBARGUS, pH24,
pMAV, pPAV, and pRPV) labeled separately with 32P and
combined for hybridization. Membranes were analyzed by
autoradiography with the X-Omat AR5 film (Eastman
Kodak).

RESULTS

FIG. 1. Restriction maps of plasmids used for oat transformation.
Positions of probes used in Southern blot analyses are indicated by
black bars underneath the appropriate sequences. Not drawn to scale.
35S pro, Cauliflower Mosaic Virus (CaMV) 35S promoter; Adh1 pro,
promoter of the maize Adh1 gene; Adh1 i, first intron of the maize
Adh1 gene; cp, barley yellow dwarf virus coat protein gene; NOS, nos
gene termination sequence. pUC8 and pGEM-3z are plasmid backbones. Restriction sites: A, AccI; B, BamHI; E, EcoRI; H, HindIII; K,
KpnI; X, XbaI.

3 mgyliter phosphinothricin. After 4–6 weeks shoots were
transferred onto a hormone-free MS medium with phosphinothricin (31). Rooted plants were planted in potting soil mix
and grown to maturity in controlled-environment growth
chambers (34).
Southern Blot Analyses. DNA from transgenic tissue cultures was extracted as described by Saghai-Maroof et al. (35)
and from plant leaf tissue as described by Hu and Quiros (36).
DNA for pulsed-field gel electrophoresis (PFGE) was extracted from plant leaf tissue as follows. Five grams of fresh
tissue was ground in liquid nitrogen. After the nitrogen had
evaporated, 10 ml of nuclei isolation buffer (37) supplemented
with 2% sarkosyl was added to the powder and mixed. The
homogenate was extracted twice with phenolychloroform 1:1
(volyvol), and the DNA was precipitated with 2 ml of 3 M
sodium acetate and 30 ml of 95% ethanol. The DNA was
resuspended in 2 ml of TE (10 mM Tris, pH 7.6y1 mM EDTA,
pH 8.0), purified twice with Nucleon Phytopure silica resin
(Nucleon Biosciences, Coatbridge, U.K.) and precipitated with
200 ml of 8 M ammonium acetate and 5 ml of 95% ethanol.
About 10 to 30 mg of DNA was digested overnight with
restriction endonucleases. The DNA digests were separated in
1.0% agarose gels and 13 TAE buffer (40 mM Triszacetatey
1 mM EDTA, pH 8.0). PFGE was performed by using a CHEF
(Clamped Homogeneous Electrical Field) apparatus (BioRad) in 0.8% agarose gels and 13 TAE buffer. The PFGE gels
were run at 1.0 V cm21 with a switch time of 2–15 sec ramped
over 72 hr. DNA was transferred from agarose gels onto
Immobilon N (Millipore) or Hybond N1 (Amersham) membrane according to manufacturer’s recommendations.

Genomic Integration and Arrangement of Transgenic DNA.
Transgenic oat lines were produced using microprojectile
bombardment of 12- to 24-week-old embryogenic callus initiated from the oat genotype GAF-30yPark (31). Plants regenerated from a single transgenic tissue culture (generation T0),
as well as self-pollinated progeny of the regenerated plants,
were designated as a ‘‘transgenic line.’’ Thus, each transgenic
line traced back to a different tissue culture and represented
an independent transformation event. Thirteen transgenic
lines that exhibited single transgene loci were selected for
further characterization. Lines 300 and 301 were transformed
only with the plasmid pBARGUS. All other lines were produced by cotransformation of pBARGUS with one of four
other plasmids, pH24, pMAV, pPAV, or pRPV (Fig. 1). The
bar and gusA probes from pBARGUS (Fig. 1) hybridized to
high-molecular-weight DNA in undigested DNA samples from
the transgenic plant lines, indicating that the transgenes were
integrated into the plant genome (data not shown). The DNA
from the transgenic plants also was digested with EcoRI and
BamHI, which release a 0.8-kb restriction fragment containing
the bar coding region and a 3.6 kb-fragment containing the
gusA coding region (Fig. 1). Restriction patterns of transgenic
DNA were complex in most of the lines (Fig. 2A). In addition
to the restriction fragments of the expected size, fragments
larger and smaller than the expected size were detected that
represented rearrangements of the transgene DNA. There
were no rearranged fragments of the same size recurrently
observed in different lines (Fig. 2 A and B) indicating that all
transformation events were unique and the rearrangements of
transgenic DNA occurred randomly.
DNA from transgenic plants also was digested with HindIII,
which has only one restriction site in the version of pBARGUS
that we used and was expected to yield fragments corresponding in size to the repeats in a pBARGUS concatamer if plasmid
concatenation had occurred. Multiple different-sized HindIII
restriction fragments hybridizing to the gusA probe with
roughly equal intensity (Fig. 2B) indicated that concatenation
of full-length plasmid copies was not the predominant mode of
transgene organization in the plant genome.
A transgene copy number reconstruction analysis was performed on the 13 transgenic lines (data not shown). Several
plants from each line were analyzed to minimize errors caused
by unequal loading of DNA. In 11 of the lines, the number of
bar and gusA copies varied from 1 to 5 copies per line (with an
average of 2.6 copies of bar and 3.1 copies of gusA in these
lines). The exceptions were lines 504 and 903, which had
approximately 10 and 7 copies of bar and 6 and 20 copies of
gusA, respectively. The estimated number of bar copies usually
corresponded to the number of gusA copies, although in some
lines the copy number of bar and gusA were very different,
suggesting that some integrated plasmid DNA fragments
contained one of the transgenes but lacked the other.
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Table 1. Numbers of plants exhibiting identical transgene
integration patterns detected among segregating transgene-positive
progeny within a line indicating the presence of single
transgene loci
No. of plants analyzed

Line
300
301
503
504
601
607
803
804
903
904
909
1010
1017

FIG. 2. Transgene integration patterns in transgenic oat lines.
DNA was restricted with BamHI and EcoRI (A) or HindIII (B) and
probed with gusA. BamHI and EcoRI release from pBARGUS a
3.6-kb fragment containing the gusA coding region (see Fig. 1).
HindIII has a single restriction site on pBARGUS.

Transgenic DNA Behaves as a Single Genetic Locus. To
characterize the arrangement of integrated transgenes in the
plant genome, transgene segregation was determined in progeny of the 13 plant lines. Segregation of transgenic DNA in T1
andyor T2 generation progenies of transgenic plants was
analyzed by probing Southern blots with coding sequences of
bar, gusA, the BYDV coat-protein genes from the three
cotransformed BYDV plasmids, and the entire pBARGUS
sequence, which could also detect common sequences present
on the cotransformed plasmids (Fig. 1). DNA from segregating
progenies was digested with BamHI and EcoRI, which released fragments containing the bar and gusA transgenes (Fig.
1). The analyses were repeated with HindIII, which has only a
single restriction site on pBARGUS and produced multiple
transgene restriction fragments of unique size as shown in Fig.
2 A. In each line, all fragments of pBARGUS and the cotransformed plasmids cosegregated in the progeny, indicating that
the transgenic DNA was integrated in single loci (Table 1; for
example see Fig. 3). Moreover, in segregating progenies of the
transgenic lines, the transgene integration patterns were identical to the patterns present in the progenitor tissue cultures,
which further verified the transmission of all transgene fragments to the progeny of regenerated plants as a single locus.
Analyses of segregation of the transgene phenotypes performed on a large number of individuals from the 13 singlelocus lines also indicated the presence of one functional
transgene locus (see ref. 38 for details).
Interspersion of Transgenes with Genomic DNA. The arrangement of the transgenic DNA within the integration loci
in the 13 single-locus lines was characterized by Southern blot
analyses performed with BstEII, which does not cleave
pBARGUS or any of the cointroduced plasmids. ScaI, which
cleaves the cointroduced plasmids but not pBARGUS, was

Introduced plasmids
pBARGUS
pBARGUS
pBARGUS
pBARGUS
pBARGUS
pBARGUS
pBARGUS
pBARGUS
pBARGUS
pBARGUS
pBARGUS
pBARGUS
pBARGUS

1
1
1
1
1
1
1
1
1
1
1

pH24
pH24
pRPV*
pMAV
pMAV
pPAV
pRPV
pPAV
pRPV
pMAV*
pMAV*

Transgenepositive
plants

Transgenenegative
plants

26
45
6
25
25
13
13
14
5
4
3
4
3

4
35
2
6
8
16
2
7
10
5
2
2
2

Southern blots were probed with bar, gusA, the entire pBARGUS
sequence, and the coding regions of the three BYDV coat protein
genes. To detect unlinked transgene fragments with a probability
greater than 0.95, 11 transgene-positive T1 individuals or 7 transgenepositive T2 individuals need to be analyzed (8 and 5, respectively, for
P . 0.90). Alternatively, analysis of 3 transgene-negative T1 or 4
transgene-negative T2 plants is sufficient for P . 0.95 (2 and 3,
respectively, for P . 0.90). T1 andyor T2 plants were sampled based
on the presence or absence of transgene phenotypes. Thus, the ratio
of transgene-positive to transgene-negative plants does not reflect the
transgene segregation ratio in the line.
*BYDV coat protein gene was not detected in the transgenic plants
nor in the progenitor tissue culture.

also used in the analyses of lines 300 and 301 that were
transformed with only pBARGUS. After restriction digestion,
DNA was separated by PFGE and analyzed by Southern blot
analysis. Completeness of the restriction digestion was verified
by adding lambda phage DNA to the plant genomic DNA
before restriction digestion. After this procedure, the expected
size-restriction fragments were detected when probing the
Southern blots with total lambda DNA. Additional confirmation of complete sample digestion was obtained by probing
Southern blots with an oat restriction fragment length polymorphism (RFLP) probe CDO 638 (39), which consistently
detected the same restriction fragments (ranging from 6 to 23
kb in size) in all samples treated with the same restriction
endonuclease (data not shown). All 13 single-locus lines
exhibited multiple DNA fragments that hybridized to the
mixed probe consisting of all transformed plasmids (Fig. 4).
From 2 to more than 12 DNA fragments were observed, with

FIG. 3. Cosegregation of transgene restriction fragments in a
sample of 13 T2 progeny plants of line 300. DNA was restricted with
BamHI and EcoRI and probed with gusA. Plants in lanes 1–9 exhibit
all transgene-hybridizing restriction fragments detected in this line.
Plants in lanes 10–13 show no transgene-hybridizing restriction fragments.
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FIG. 4. Multiple transgene integration sites in single-locus transgenic oat lines. DNA was separated by PFGE, Southern blotted, and
probed with a mixed probe containing all plasmids used for plant
transformation (pBARGUS, pH24, pMAV, pPAV, and pRPV). The
plasmid pBARGUS is 9.2 kb (p).

an average number of about 5.5 fragments per line. Two
transgene-hybridizing fragments were present in lines 601, 803,
and 1017, whereas more than two fragments were detected in
all other lines (Fig. 4). The size of the fragments ranged from
3.6 to about 60 kb. Some fragments in lines 300 and 301 were
smaller than pBARGUS (Fig. 4), which was the only plasmid
used to transform these lines, indicating that these fragments
contained truncated plasmid copies.
Summing the molecular sizes of transgene restriction fragments detected on the pulse-field gel allowed an estimation of
a ‘‘minimum size’’ of the transgene integration loci. These
estimates assumed that the transgene-containing restriction
fragments detected by PFGE were arranged tandemly within
a locus. The predicted ‘‘minimum sizes’’ of transgenic loci
ranged from 35 to nearly 280 kb. This analysis did not allow size
estimation of the intervening plant genomic DNA. However,
in line 300, digestion with BstEII produced three different
restriction fragments, whereas ScaI digestion resulted in four
restriction fragments (Fig. 4), indicating that one of the
intervening host DNA fragments was smaller than 50 kb (the
size of the largest BstEII fragment).

DISCUSSION
The multiple restriction fragments in the 13 single-locus
transgenic oat lines appeared to result from interspersion of
transgenic DNA with host genomic DNA. The interspersing
host DNA most likely contained sites for the restriction
enzymes that did not digest the introduced plasmid DNA.
Other mechanisms that could account for the presence of the
BstEII and ScaI restriction sites seem far less likely. For
example, random creation of new restriction sites by plasmid
rearrangements occurring during transgene integration probably could not produce the observed number of restriction sites
(up to 11 per line). Furthermore, the plasmid DNA used for
microprojectile bombardment was highly purified and no
contamination by foreign DNA was detected in the plasmid
preparations by using electrophoretic gel analysis.
Our results indicate that interspersion of transgenic DNA
fragments with host DNA within the transgene locus is the
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predominant mode of organization of transgenic loci in oat
containing multiple transgene copies. Recently, Kohli et al.
(25) reported that 6 of 16 single-transgene-locus rice lines
exhibited intervening sequences within the transgene loci
detected by restriction enzymes that did not cleave the introduced plasmid DNA. In the rice lines in which the intervening
sequences were observed, only a few interspersed transgene
fragments were detected, whereas in oat up to 12 interspersed
fragments were observed in the transgenic lines. The general
features of transgene integration in transgenic oat and rice (25)
such as a variable number of integrated transgene copies and
complexity of the transgene restriction pattern with a high
frequency of altered-size transgene copies are similar to the
transgene integration patterns reported in most plant transformation experiments using microprojectile bombardment
and other direct DNA delivery methods (refs. 4–19; see also
ref. 1). This makes it likely that frequent transgene interspersion with the host genomic DNA that we observed in transgenic oat may also be frequent in other plant species and
perhaps other eukaryotes.
Genomic integration of transgenes has been associated with
DNA replication and break-repair processes (24, 40–42).
Increases in the frequency of transgene integration have been
observed after applying agents that cause breaks in DNA, such
as x-ray and UV irradiation, or after transformation during the
S phase of the cell cycle, when an increased number of breaks
in replicating DNA is present naturally. Radiationhypersensitive mutants of Arabidopsis thaliana, which are most
likely deficient in DNA break-repair, are also deficient in
genomic integration of T-DNA (43). Illegitimate recombination has been proposed as a mechanism involved in integration
of transgenic DNA after direct DNA uptake into rice protoplasts (44). One of the models for illegitimate recombination
involves switching templates during the DNA replication process (45, 46). Involvement of DNA replication also was invoked
by Gheysen et al. (47) to explain creation of rearrangements at
the T-DNA ends and in the genomic target sequence in the
process of T-DNA integration, although the authors postulated that illegitimate recombination during the integration of
T-DNA occurs by breakage and rejoining of the DNA (47).
DNA replication in eukaryotes is believed to proceed in
discrete clusters of DNA replication forks (48–50). Observations in pea demonstrated the presence of approximately 4,200
replication clusters per nucleus with, on average, 18 replication
forks in each cluster (49). More recent observations in Xenopus
nuclei replicating in vitro indicated 100–300 replication sites
evenly distributed throughout the entire nucleus (48). Each site
was a tight cluster of at least 300–1,000 replication forks. We
propose that integration of transgenic DNA at a cluster of
active replication forks could account for the interspersion of
the integrated transgenes with host DNA that was observed in
transgenic oat. Because of a relatively small number of replication clusters operating in the nucleus at any one time, the
integration of all transgenic DNA fragments introduced into a
nucleus could take place at just one cluster of replication forks,
resulting in all of the transgene integration sites being very
closely linked. No direct evidence is so far available for the
proposed, or any other, mechanism explaining genomic integration of transgenes after direct DNA transfer in plants. It is
possible that the interspersions within the transgene locus
detected in oat were created after transgene integration by
means of a transgene amplification process as observed in
long-term experiments with transgenic tissue culture lines of
petunia (51) and mouse (52). However, the irregular and
complex structure of transgenic loci in oat, along with an
application of selective pressure for a period of time that was
most likely too short to result in transgene amplification (53),
would argue against a gene-amplification hypothesis. More
detailed analyses of transformation events that produce com-
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plex integration patterns will undoubtedly contribute to elucidating transgene integration mechanisms.
It is unknown whether and how clustering may affect stability
of transgenic DNA and expression of the transgenes. In an
Agrobacterium-transformed Petunia population, different patterns of cosuppression were observed depending on the organization of the integrated T-DNA in direct, inverted, or dispersed
repeats (ref. 54; see also ref. 55), suggesting that organization of
transgenic DNA after integration into the plant genome may be
as important as the transgene copy number for triggering transgene silencing. The majority of transgenic oat lines characterized
in this study exhibited transgene silencing and abnormal segregation of the transgenic phenotypes (38). Transgenic lines with a
more complex structure of the transgenic locus were more likely
to exhibit bar silencing than lines with fewer transgene integration
sites within the locus (data not shown). However, no such
correlation was observed for silencing of gusA. For both bar and
gusA, the frequency of transgene silencing did not depend on the
number of transgene copies themselves (38). Clustering of transgenic DNA could facilitate interaction between multiple identical
transgene copies and contribute to transgene silencing because
direct DNA–DNA interaction between multiple transgene copies
has been implicated in triggering silencing (56). In this case, a
method for minimizing clustering of multiple copies of the
introduced DNA may be desirable to improve expression of
transgenes in genetically engineered plants.
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