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STRUCTURAL ANALYSIS OF TRANSGENE REARRANGEMENTS
AND EFFECTS ON EXPRESSION IN TRANSGENIC MAIZE PLANTS
GENERATED BY PARTICLE BOMBARDMENT
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ABSTRACT - We cotransformed maize embryogenic callus with
two plasmids, one carrying the linked markers bar and gusA,
and the other carrying the Bacillus thuringiensis crylAb gene.
Molecular analysis of regenerated transgenic plants revealed a di-
verse range of transgene structures, including intact, truncated
and internally-rearranged copies, and copies interspersed with
genomic DNA. We found rearrangements associated with both
functional and nonfunctional transgenes. We also found that re-
arrangements could affect the selected marker gene bar as well
as the nonselected transgenes. Rearrangements often caused loss
of transgene expression, but some rearranged transgenes were

expressed normally. Conversely, while intact transgenes were of-
ten expressed, we also detected some nonexpressed  copies,

probably  reflecting epigenetic  silencing mechanisms. All the
transgenic lines we studied contained multiple transgenes, gener-
ally comprising a mixed array of intact and rearranged copies.
Rearrangement is rarely given serious consideration as a factor
contributing to transgene  silencing and variable transgene ex-
pression, but our data show that undetected rearrangements may
have a major effect on transgene expression. This has significant
implications, especially in studies attempting to correlate trans-
gene copy number and expression levels.

KEY WORDS: Particle bombardment; Transgene rearrangement;
Transgene expression: Long PCR

INTRODUCTION

Many factors affect the expression of foreign
genes in transgenic plants (MEYER, 1998). One such
factor is the tendency for exogenous DNA 1O under-
go recombination and rearrangement, This phenom-
enon has been observed in many diverse systems
and may reflect a combination of events occurring
prior to, during or after the integration of exoge-
nous DNA into the host genome (MAYERHOFER ef al.,
1991. Koncz et al., 1994). The resulting integrated
transgenes may be functional or non-functional in
terms of expression.

* For correspondence (fax +44-(0)1603-450020; telephone
+44-(0)1603-450000; ¢-mail: paul.christou@bbsrc.ac.uk).

Little is known of the precise causes and mecha-
nisms of transgene rearrangement, although recent
studies involving the characterisation of genomic-
transgene and transgene-transgenc junctions in
plants have provided some indications (GHEYSEN ef
al., 1991; MAYERHOFER el al.,, 1991; GORBUNOVA and
LEvY, 1997; SALOMON and PuchTta 1998; KoHu et al.,
1999). In animal systems, exogenous DNA usually
undergoes recombination prior to integration to
form larger arrays. The structure of these arrays de-
pends on the amount, conformation and complexity
of the exogenous DNA. Small amounts of homoge-
neous supercoiled plasmid DNA favour homolo-
gous recombination, resulting in the generation of
tandem, head-to-tail arrays (MACFARLANE and WILSON,
1996). Alternatively, larger amounts of more hetero-
geneous DNA (especially linear DNA) favour illegiti-
mate recombination and the generation of random
arrays, because the high concentration of free DNA
ends stimulates the production of DNA ligase (BIsH-
op and Swmrri, 1989). This mechanism may predomi-
nate in plants (DE GROOT et al, 1994; TSUKAMOTO
and IKEDA, 1998).

The activation of DNA repair enzymes, including
nucleases, ligases and components of the homolo-
gous recombination machinery, is a general re-
sponse to cellular injury and the presence of exoge-
nous DNA, reflecting a defence mechanism to pro-
tect genomic integrity (HUNOLD e/ al., 1994). However,
the effect of exposing exogenous DNA 10 this en-
zyme mix is extensive degradation, often resulting
in the incorporation of truncated or otherwise re-
arranged sequences into transgene  arrays. The
mechanism of DNA integration in transgenic plants
is also poorly understood, but is thought to reflect
illegitimate recombination between exogenous DNA
and breaks in the endogenous chromosomes (GHEY-
SEN et al., 1991; MAYERHOFER ef al., 1991; KoNcz el
al, 1994; TINLAND, 1996). Indeed, a link between
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double-strand break repair, illegitimate recombina-
tion and the integration of foreign DNA in plants
has been established by studies of genomic DNA-
transgene junctions (GHEYSEN et al, 1991; MAYER-
HOFER et al., 1991; SALOMON and PUCHTA, 1998; KOHLI
et al., 1999). A recent model suggests that a given
primary integration event may trigger further rounds
of integration, resulting in complex rearrangements
at the transgenic locus (KoHu et al., 1998). This may
occur through the recruitment of further exogenous
DNA to repair complexes assembling at the sites of
chromosome breaks, and may also result in the
deletion and rearrangement of genomic DNA at the
site of integration, and the presence of genomic
DNA sequences interspersed between transgene
copies (MU CHEN et al., 1995; TAKANO et al, 1997;
KoHLI et al., 1998; NACRY et al., 1998; PawLowskI and
SoMmERs, 1998). Transgene recombination junctions in
plants are often characterised by microhomology
between the recombining DNA ends, suggesting an
initial interaction between overlapping single-
stranded tails. Such junctions have been observed in
diverse systems including rice (TakaNO et al., 1997;
KoHu et al, 1999) and Arabidopsis thaliana
(SAWASAKI et al., 1998). Secondary structures are be-
lieved to play a role in these recombination events,
resulting in transgene recombination hotspots such
as the CaMV 35S promoter (KoHu et al.,, 1999). In a
minority of cases, junctions show no homology at all,
suggesting occasional illegitimate recombination by
adventitious ligation of unrelated fragments. Recom-
bination junctions are also characteristically AT-rich
and include putative matrix attachment regions with
consensus binding sites for DNA topoisomerase |
(SAWASAKI et al., 1998; KoHL ef al., 1999). Since topoi-
somerases introduce single strand nicks into DNA, it
is possible these may generate many of the free ends
that take part in integrative recombination events.
The nature of each transgene rearrangement de-
termines whether or not that specific transgene is
expressed. Some rearrangements cause truncation
of the coding region or deletions in the promoter,
while others cause terminal deletions or remove in-
tron sequences that do not affect transgene expres-
sion. Traditionally, transgene organisation has been
characterised by genomic Southern blot analysis
and sequencing across recombination junctions,
while expression has been determined by western
blot or assays for protein activity. Long PCR has re-
cently emerged as a useful technique for structural
transgene analysis because it allows more detailed
characterisation of transgene rearrangements. Our

analysis using a combination of these techniques al-
lowed us to carry out detailed characterisation of
transgene rearrangements in maize plants, and con-
firmed that structural transgene integrity may not be
a reliable indicator of transgene activity. The pres-
ence of both intact and rearranged copies at multi-
copy transgenic loci, with no way to verify which
transgene copies are expressed, suggests that stud-
ies attempting to show a relationship between trans-
gene copy number and protein expression in trans-
genic plants should be interpreted with caution.

MATERIALS AND METHODS

Plant Material, Transformation
and Regeneration of Transgenic Plants

The material used for transformation was maize embryogenic
callus (Zea mays L. cv. Hill; ARMSTRONG and GREEN, 1985). The
callus "was maintained on MCN6 medium (4 g I-! Chu N6 basal
salts, 1 x Erickson’s vitamins, 1 mg I-! thiamin HCl, 1 mg I-! 2,4-
dihydroxyphenylacetic acid (2,4-D), 20 g I-! sucrose, 2.88 g I-!
L-proline, 0.1 g I-! Casamino acids). We cotransformed callus
with two plasmids. The selectable plasmid pAHC25 carried the
gusA and bar markers (CHrisENsEN and Quail, 1996) while the
nonselectable plasmid pUBB carried the cryl4b gene (SARDANA et
al., 1990). All three genes were driven by the maize ubiquitin-1
(Ubi-1) promoter. A 1:3 molar ratio of selectable to nonselectable
plasmid DNA was used for cotransformation. In each procedure,
a total of 10 pg plasmid DNA was mixed with 2.5 mg gold parti-
cles (0.95 pm diameter). The preparation of DNA-coated gold
particles was as previously described (McCase and CHRISTOU,
1993). The callus was bombarded twice, with a four-hour interval
between bombardments. Four hours prior to the first bombard-
ment, the callus was transferred to MCN6 medium supplemented
with 36 g I-! mannitol and 36 g I-! sorbitol, providing an os-
moticum concentration of 0.4 M (Vaix et al., 1993). The callus
was maintained on this medium for the duration of the bombard-
ment procedure and for 16 h afterwards in darkness at 24°C,
then transferred to fresh medium and incubated under the same
conditions for three days. The callus was then transferred to se-
lection medium PMCNG (MCNG supplemented with 3 mg I-! glu-
fosinate ammonium, the ammonium salt of phosphinothricin;
PPT) and maintained in darkness at 24°C. Callus was subcultured
on the same medium at two week intervals. After 10 weeks, PPT-
resistant colonies were transferred to shoot regeneration medium
MCSR1 (MS basal medium supplemented with 0.25 mg 1! 2.4-D,
10 mg I-! BAP and 3 mg I-! PPT). Two weeks later, green shoots
developing from these cultures were transferred to MCSR2 medi-
um (MS basal medium supplemented with 3 mg I-! PPT) for
shoot development. After a further two weeks, plants with fully
developed shoot systems were transferred to rooting medium
MCRR (MS basal medium supplemented with 10 g =1 sucrose
and 3 mg ! PPT). Rooted plantlets were then transferred to the
glasshouse and grown to maturity.

Genomic Southern Blot Analysis

Aliquots of genomic DNA (20 pg) from randomly selected
transgenic plants were digested with a fivefold excess of the ap-
propriate restriction enzyme(s). To analyse pAHC25 integration
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patterns, genomic DNA samples were digested separately with
Kpnl or Hindlll. Kpnl has a single restriction site in pAHC25,
while HindIIl releases the entire gusA expression cassette (4.2
kbp) leaving the entire bar expression cassette and vector back-
bone (5.5 kbp). To analyse pUBB integration patterns, DNA sam-
ples were digested separately with the enzymes EcoRI or HindIIL.
EcoRI has a single restriction site in pUBB, while HindIll excises
the entire cry1Ab expression cassette (4.1 kbp). Restriction frag-
ments were fractionated by 0.8% agarose gel electrophoresis, and
transferred onto Hybond-N* membranes (Amersham) according
to the method of WARREN and HERSHBERGER (1994). Sequences
containing the bar gene were detected using a 0.5-kbp
BamHI-Sphl fragment of pAHC25, containing most of the bar
coding region. Similarly, sequences containing the gusA gene
were detected using a 1.8-kbp BamHI-Sacl fragment of pAHC25,
containing most of the gusA coding region. Finally, sequences
containing the crylAb gene were detected using a 1.8-kbp
BamHI-EcoR1 fragment of pUBB, corresponding to the cryl4b
coding region. All probes were labelled with o-[32P]-dCTP (3,000
Ci mmol-!; Amersham) using the Prime-a-Gene labelling system
(Promega) according to the manufacturer’s instructions. Hybridis-
ation, washing and exposure conditions were as previously de-
scribed (WARREN and HERSHBERGER, 1994),

B-Glucuronidase (GUS) and
Phosphinothricin Acetyltransferase (PAT) Assays
Histochemical GUS assays were carried out as described by

JEFFERSON ef al. (1987). PAT activity was determined using the

thin-layer chromatography (TLC) method (DE Brock et al., 1987)
with 30 pg protein extracts. Small leaf sections were ground to a
fine powder under liquid nitrogen. When the nitrogen had evap-
orated, 1 ml of protein extraction buffer (100 mM Tris.HCl pH
8.1, 100 mM 2-mercaptoethanol) was added to the powder. The
extracts were then centrifuged at 12,000 x g, 4°C for 10 minutes.
Protein concentration was determined by the dye binding
method (BRADFORD, 19706).

Western Blot Analysis of CrylAb Protein

Protein for western blot analysis was extracted and quanti-
fied as described above. SDS-PAGE was carried out using 30 pg
protein per lane, and the fractionated samples were transferred
to Hybond-C nitrocellulose filters (Amersham) using the
Trans-Blot semi-dry transfer apparatus (Bio-Rad) according to the
manufacturer’s instructions. Filters were incubated with anti-
serum raised against CrylAb (S. Bano: National Institute of Excel-
lence in Molecular Biology, Lahore, Pakistan). We used alkaline
phosphatase (AP)-conjugated anti-rabbit 1gG (F¢) (Promega) as

(FZNBU)
UBNF1 ““
UBNF2 CRF1 CRF2 l’[[
> 5 FF
Ubi-1 crylAb nos pUBB
H Cﬁ;l Cﬁz UBNR1 UBNR2 Primers Product Size
3
(RINBU) CRF1/R1 774
CRF2/R2 1,690
UBNF1/R1 4,034
UBNF1/R2 3,866
UBNF2/R1 2,092
UBNF2/R2 1,924
(F2NBU) (F2NBU)
e - H
UBNF1 UBNF2 GUF H UBNF1 UBNF2 BAF
> 5 Y > >
Ubi-1 gusA nos —  Ubi-1 bar nos — pAHC25
H (ﬁ;{ UBNtl U4B§R2 H Bﬂ; UBﬁl U?;iz Primers Product Size
(R2NBU) (R2NBU) GUF/R 1,940
AAANAANAANA
] BAF/R 506
UBNF1/R1 6,966;
2,779, 4,080
UBNF1/R2 6,798;
2,611; 3,895
UBNF2/R1 5,024;
850; 2,143
UBNF2/R2 4,856;
682; 1,957

FIGURE 1 - Constructs, primers and products. Primers in black were used for standard L-PCR experiments. Primers in pale grey were used

for I-PCR experiments. The orientation and approximate position of each primer with respect to the transforming plasmids (pUBB and
PAHC25) is shown. PCR products are shown on the left with the specific primer pairs used and the expected product sizes on the right. H
= HindIII restriction sites used for Southern blot analysis. Zig-zag line indicates region analysed in detail by sequencing (see Figure 4).
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the secondary antibody, followed by AP-detection according to
the manufacturer's recommendations.

Long PCR analysis

Long PCRs (CHENG et al., 1994) were carried out in total reac-
tion volumes of 25 pl, comprising 50 ng genomic DNA, 1x Ex-
pand™ PCR buffer-3, 2.25 mM MgCl,, 50 pM cach dNTP, 300 nM
each primer and 0.25 pl DNA polymerase mix, prepared accord-
ing to the supplier’s recommendations (Boehringer Mannheim).
The thermal profile for each reaction comprised an initial denat-
uration step at 93°C for 2 min followed by 10 fixed cycles (93°C,
10 s; 70°C, 10 s; 68°C, 4 min) and 20 progressively lengthening
cycles (93°C,10 s; 70°C,10 s; 68°C for 4 min, increasing by 20 s
each cycle) with a final hold at 68°C for 7 min. The sequences of
the primers used, and their respective T, values (in °C), were as
follows: BAF, 5-GGTCTGCACCATCGTCAACC-3' (61.4); BAR,
5'-CCCTGCAGTTACTATCAGATCTCG-3" (62.7); CRF1, 5-CG-
CATTGAAACCGGTTACACTCCCA-3" (74.5); CRR1, 5-CTTGGGC
AGAACCACGGAAGCTACC-3 (74.5); CRF2, 5-TCCCAC-
CATCGGGCGCGGATCC ATG-3' (77.1); CRR2, 5-GCCGGATTG-
CAAGTTGCTGCCGCTT-3 (72.4); GUF, 5-CGACGGCCT-
GTGGGCA TTCA-3" (63.45); GUR, 5-GGGGAGGCTACAGAT-
GCTTTGC-3" (63.5); UBNF1, 5-GACCCGGTCGTGCC CCTCTCTA-
GAG-3" (75.9); UBNRI, 5-TGACACCGCG CGCGATAATTTATCC-3
(75.7); UBNF2, S-TCGATGCTCACCCTGTTGTTTGGTG-3" (74.5);
UBNR2, S5-TAATCATCGCAAGACCGGCAACAGG-3 (74.7). The
specific primer combinations used, and their expected product
sizes, are shown in Fig. 1. PCR products were fractionated by
electrophoresis through 0.8% agarose gels containing ethidium
bromide, and visualised over a UV transilluminator. For Southern
blot analysis of PCR products, 50 pg aliquots were loaded onto
0.8% agarose gels, and following electrophoresis, transferred on-
to Hybond-N* membranes (Amersham). The membranes were
probed in turn using labelled DNA fragments specific for the
gusA, bar and crylAb genes as described above.

Characterisation of Rearranged Transgenes

Aliquots of genomic DNA (1 pg) from each transgenic maize
plant were digested with appropriate restriction enzymes (sce
Fig. 1) and purified by phenol:chloroform:isoamyl alcohol extrac-
tion followed by ethanol precipitation according to standard pro-
cedures (SAMBROOK ef al., 1989). Ligation reactions, 1o recircu-
larise the genomic DNA fragments, were performed at 16°C
overnight in a total volume of 250 pl containing 5 units of DNA
ligase (Gibco-BRL). The ligation products were purified as de-
scribed above and dissolved in a final volume of 25 pl, from
which 2 pl aliquots were used for inverse polymerase chain reac-
tions (I-PCRs). The reactions were essentially as described above
for long PCR, except that the following primers were used:
F2NBU (inverse of UBNF2), 5-CACCAAACAACAGGGTGAG-
CATCGA-3"; and R2NBU (inverse of UBNR2), 5-CCTGTTG CCG-
GTCTTGCGATGATTA-3" (see Fig. 1). F2NBU amplifies the Ubi-1
promoter/intron complex and any genomic DNA lying upstream,
whereas UBNR2 amplifies the nos terminator and any genomic
sequences lying downstream. [-PCR products were fractionated
by 0.8% agarose gel electrophoresis and isolated using the
QIAQuick gel extraction kit (Qiagen). The products were sub-
cloned in the pGEM-T vector (Promega) and 50 pg aliquots of
DNA were fractionated by electrophoresis through 0.8% agarose
gels and transferred to Hybond-N* nylon membranes (Amer-
sham) for Southern blot hybridisation as described above. A 1.4-
kbp Sall-Psfl fragment of pAHC25 (including part of the Ubi-1

promoter/intron complex) and a 271-bp Sacl-Sphl fragment of
PAHC25 (containing the nos terminator) were used as probes to
confirm the authenticity of the I-PCR-derived fragments. Some
amplification products (500 ng aliquots) were then used for dou-
ble stranded DNA sequencing (BigDye™ Cycle Sequencing
Ready Reaction Kit, PE Applied Biosystems) according to the
manufacturer’s recommendations. We used the standard SP6 and
T7 sequencing primers (Promega) together with F2NBU and
R2NBU. The cycling profile comprised an initial denaturation
step at 96°C for 1 min, followed by 25 cycles (96°C, 30 s; 50°C,
15 s; G0°C, 4 min).

RESULTS

Bombardment and Recovery
of Transgenic Plants

PPT-resistant embryogenic maize callus was ob-
served 10 weeks after particle bombardment. Fol-
lowing regeneration, 30 independent transgenic
plants were recovered. The cotransformation fre-
quency for pAHC25 and pUBB was 80%.

Integration Patterns
and Transgene Copy Numbers

We analysed randomly selected primary transfor-
mants by Southern blot hybridisation to characterise
integration patterns for the bar, gusA and cryiAb
genes and estimate transgene copy numbers.

Southern blots hybridised with the bar, gusA
and crylAb probes showed varying banding pat-
terns, confirming that the transgenic plants repre-
sented independent transformation events. Trans-
gene copy number was estimated from copy num-
ber reconstructions (Jonns et al., 1985) and the in-
tensity and number of bands on Southern blots
where genomic DNA had been digested with an
enzyme cutting once in the transforming plasmid.
All seven lines contained multiple copies of all
three transgenes per haploid genome (data not
shown).

Structural Transgene Analysis by Southern Blot
Hybridisation

DNA from the chosen transgenic lines was then
digested with HindIll to investigate transgene in-
tegrity. The enzyme releases diagnostic fragments
comprising the Ubi-1 promoter, the coding region
and the nos terminator, from all three expression |
units. The expected sizes of the diagnostic frag-
ments were 5.5 kbp (bar), 4.2 kbp (gusA) and 4.1
kbp (cryl14b). Where rearrangements had occurred,
bands of different sizes were generated. These re-
sults are summarised in Table 1.
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TABLE 1 - Transgene organisation and expression in maize plants. Left column shows characteristics of each of the three transgenes: the
presence/absence of normal and truncated fragments on genomtic Southern blots, the presence/absence of long PCR products using primers
UBNFI/UBNERT and the three sets of gene-specific primers, and transgene activily determined by PAT and GUS assay, and western blots to
detect CrylAb protein. L-PCR = long PCR; GS-PCR = gene-specific PCR.

Line

1 2 3 4 5 6 7
bar
Normal fragment + + & * o s £
Truncated fragment + = - + + _ _
L-PCR UBNF1/R1 + + = + T - _
GS-PCR BAF/R + + o4 % + " "
PAT activity e + + # o 4 +
gusA _
Normal fragment * + + + % + =
Truncated fragment & + - - 4 + &
L-PCR UBNF1/R1 + + - + e 4 _
GS-PCR GUF/R + + + + + & %
GUS activity + + = 4 4 _
gusA-bar linkage + + = + _ = _
crylAb
Normal fragment + + — % _ o @
Truncated fragment - - + e + o +
L-PCR UBNF1/R1 * + - + - - _
GS-PCR CRF2/R2 # + + + i + "
CrylAb expression + + = + _ _ _

(+) and (-) indicate the presence and absence, respectively, of DNA fragments, PCR products, protein expression or enzyme activities as

appropriate.

The diagnostic 5.5 kbp bar fragment was detect-
ed in all the transgenic plants we analysed (Fig.
2A). This was expected, since bar was the marker
used to select transgenic plants. Additional bands of
different sizes were detected in lines 1, 4 and 5,
probably reflecting transgene rearrangements. The
4.2-kbp gusA fragment was detected in six of seven
lines (Fig. 2B, lines 1-6). Additional bands reflecting
transgene rearrangements were observed in lines 1,
2,5, 6 and 7. Notably, line 7 contained only truncat-
ed gusA bands, and not the expected diagnostic
fragment. Five of seven lines showed the 4.1 kbp
crylAb fragment (lines 1, 2, 4, 6 and 7 in Fig. 20).
Additional truncated bands were observed in lines
3, 5 and 7, with lines 3 and 5 generating truncated
bands only.

Structural Transgene Analysis by Long PCR

To investigate the nature of transgene rearrange-
ments in the selected transgenic lines, we carried
out long PCRs with primer combination UBNF1 and

UBNRI to identify the regions involved. The expect-
ed product sizes are shown in Fig. 1. Amplification
products were adjusted to 50 pg and analysed by
Southern blot hybridisation to confirm their authen-
ticity. Blotted long PCR products were hybridised
with the same three gene-specific probes used on
the genomic Southern blots discussed above. The
results are summarised in Table 1.

In certain lines, full-length diagnostic products
were not generated. The expected 2.8-kbp bar am-
plification product was not detected in lines 3, 6
and 7 (Fig. 3A). Similarly, the expected 4-kbp gusA
amplification product was not detected in lines 3
and 7 (Fig. 3B) and the 4-kbp cryl4b diagnostic
amplification product was not detected in lines 3, 5,
6 and 7 (Fig. 3C). The expected products were gen-
erated in the remaining lines, and in positive con-
trols using plasmid DNA as the template. However,
to confirm that the lack of products did not simply
reflect PCR failure, further experiments were carried
out using gene-specific primer sets BAF/BAR,
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23 456 7 kbp

FIGURE 2 - Southern blot analysis of seven transgenic maize
plants. Genomic DNA was digested with the restriction enzyme
HindlIl and probed with the coding region of (A) the bar gene;
(B) the gusA gene and (C) the crylAb gene.

GUF/GUR, CRF1/CRR1 and CRF2/CRR2. These were
designed to amplify shorter DNA fragments corre-
sponding to the coding region of the three genes
(Figs. 3A-C). Successful amplification with these
gene-specific PCR (GS-PCR) primers suggested that
external UBNF1 and UBNRI primer annealing sites
had been deleted or disrupted in those lines failing
to generate L-PCR products.

The gusA and bar genes are linked on the plas-
mid pAHC25 (Fig. 1). Since each expression unit
comprises the same Ubi-I promoter and nos termina-
tor, the primer set UBNFI/UBNRI should generate
three DNA products when pAHC25 is used as the
template, one representing bar (2.8 kbp), one repre-
senting gusA (4.0 kbp), and one representing both
(7.0 kbp). Hybridisation with the bar probe should

CRF1xCRR1 UBNF1xUBNR1 BAF1xBAR1
kb BPN1234567 PN12 345 67B BN1234567

70 »
2.8 »

0.5 A

CRF1xXCRR1 UBNF 1xUBNR1 GUF1xGUR1
BPN12 3456 7P N123 456 7B B N12 34 567
7.0 » * e
40 » - m.
1.9 » o o vsi
-
B
CRF1xCRR1 UBNF 1xUBNR1 CRF2xCRR2
B PN12 34 567B PN1234567 B PN123 4567
kb
1.7 - ——

0.8 "= D S

FIGURE 3 - Southern blot analysis of long PCR products from sev-
en transgenic maize plants. (A) Amplification of bar with primer
combinations CRF1/CRR1, UBNF1/UBNRI1 and BAF1/BARI. P =
plasmid pAHC25, B = plasmid pUBB., N = negative control (non-
transformed plant). Lanes 1-7 represent independent transgenic
plants. The expected product sizes are indicated by arrowheads.
(B) Amplification of gusA with primer combinations CRF1/CRRI,
UBNF1/UBNR1 and GUF1/GURL (C) Amplification of c¢ryl4b
with  primer combinations CRFI1/CRR1, UBNFI/UBNRI and
CRF2/CRR2.

identify two of the products (2.8 kbp and 7.0 kbp)
and hybridisation with the gusA probe should also
identify two products (4 kbp and 7.0 kbp). If the
same analysis was carried out using genomic DNA
from transgenic plants, similar products would be
generated only if linkage between the two genes was
retained. Such linkage was observed only in lines 1,
2 and 4 (Figs. 3A and B). A single hybridising band
in line 5 (Fig. 3A) suggested the loss of linkage be-
tween bar and gusA. In lines 5 and 6, two truncated
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gusA bands were detected (Fig. 3B), suggesting that
transgene rearrangement involved either deletion or
inversion of some of the transgene copies. !

Structural Analysis of Transgene Sequences

We used primers annealing to the Ubi-1 intron
and nos terminator regions to sequence recircularised
genomic DNA amplified by inverse polymerase chain
reaction  (I-PCR). The  UBNF1/UBNR1 and
UBNF2/UBNR2 primer sets, used for long PCR ampli-
fications in Fig. 3, anneal within these regions. Line 5
was chosen for detailed analysis because it carried
the greatest number of transgene rearrangements.

[-PCR products were subcloned in the vector
pGEM-T, and Southern blot analysis was carried out
to confirm their authenticity and determine if they
contained the Ubi-1 promoter/intron complex and
the nos terminator. Only those clones containing
both Ubi-1 and nos were selected for sequencing.
This strategy was designed to minimise chances of
selecting maize genomic sequences cross-hybridising
with the recombinant ubiqutin-1 promoter/intron,
originally derived from maize (CHRISTENSEN and QUAIL,
1996). Ten inverse PCR products from line 5 were se-
lected for sequencing, and the results were com-
pared to the Ubi-1 and nos sequences of the vector.

Four rearranged transgene sequences were de-
tected (Fig. 4). In one case, a genomic sequence
identical to a 064-nt sector of the Z. mays o-zein
gene (THOMPSON et al., 1992) had inserted between
the nos terminator of gusA and the promoter of bar.
The insertion probably resulted from illegitimate re-
combination involving 10-nucleotide microhomolo-
gy at the left junction and three-nucleotide microho-
mology at the right junction (Fig. 4A). An inversion
of the Ubi-1 promoter sequence was also detected
(Fig. 4B). Three-nucleotide homology at the inver-
sion breakpoint suggested this rearrangement also
involved microhomology-mediated illegitimate re-
combination. We also observed recombination be-
tween the nos terminator and the gusA gene involv-
ing four-nucleotide homology at the junction. The
same four nucleotides were involved in a second
recombination event between the nos terminator
and the vector backbone (Figs. 4C, 4D).

Functional Transgene Analysis

TLC phosphinothricin acetyltransferase (PAT) as-
says were carried out to determine the activity of
the bar gene, while histochemical GUS assays were
used to determine the activity of the gusA gene.
Western blot analysis was carried out to detect

nos terminator (gusA) _ Backbone 5 Ubi-1 promoter (bar) k.

chm_g‘i“cr..m 306

... GGAATTCACAAAGCTTGCAG............CTCCGATTCACIGCAGTGCAG..

A' 65....GTTACTAGATCGGGAATT!

maize a-zein gene

nos terminator 37-493

B. < dCTTACTA . evis ATGGTTCICCACTTCGATAAACG. ...

<

Ubi-1 promoter 834-568

nos terminator 37-286

C. ...GTTACTAGATCGCGAAAACTGTGGAATT..........

gusA coding sequence

nos terminator 37-286
—_—

D. ..... GTTACTAGATCCGATGATAAGCTGTCAAA....ccvvu

L

plasmid backbone

FIGURE 4 - DNA sequence characterisation of rearrangements in
line 5. (A) Integration of a genomic fragment homologous to the
maize o-zein gene between the nos terminator of gusA and the
Ubi-1 promoter of bar. The 19-bp backbone sequence shares 10
nucleotides of homology with the o-zein gene at the left junction
(excluding a three-nucleotide insertion, CAA), and three nu-
cleotides of homology at the right junction, (B) Detection of an
inversion event: illegitimate recombination has occurred between
the nos terminator and Ubi-1 promoter involving microhomology
at the sequence TCC. (C) Characterisation of a rearrangement in-
volving the nos terminator and the gusA coding sequence, in-
volving microhomology at the tetranucleotide sequence GATC.
(D) The same region is involved in another rearrangement, this
time involving the nos terminator and part of the vector back-
bone. Numbers are arbitrary, assigned on the basis of our se-
quencing reactions.

CrylAb protein. The results are summarised in
Table 1. All transgenic plants showed PAT activity,
as expected, and these plants also released the ex-
pected diagnostic bar fragment when analysed by
Southern blot hybridisation (see Fig. 2A).

Transgenic lines 1, 2, 4 and 5 showed GUS activ-
ity. This was also expected, since Southern blots
confirmed the presence of the expected diagnostic
gusA fragment in these lines (Fig. 2B). Lines 3 and 6
also released the expected gusA fragment (Fig. 2B)
but showed no GUS activity. Line 7 also showed no
GUS activity, and the diagnostic gusA fragment was
absent from the genomic DNA (Fig. 2B).
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Western blot analysis showed that only lines 1, 2
and 4 expressed CrylAb protein (Table 1). The lack
of transgene expression in lines 3 and 5 is likely to
reflect the consequences of rearrangement because
the expected diagnostic DNA fragment and long
PCR products were not detected (Fig. 3C). The lack
of transgene expression in lines 6 and 7 may be
due to epigenetic silencing mechanisms, as both
lines carried the intact diagnostic fragment, although
line 7 also carried additional rearranged fragments.

DISCUSSION

It would be desirable to introduce genes of
agronomic value into important crop plants such as
maize, and to have full and predictable control over
their expression. Unfortunately, we still have a rela-
tively poor understanding of the mechanisms that
control transgene expression, especially in mono-
cots. Studies in model dicot species such as Ara-
bidopsis, tobacco and petunia have identified a
number of factors that contribute to transgene si-
lencing and variable transgene expression (MEYER,
1998). In plants carrying single copy transgenes, the
position of integration may be the most significant
factor. In plants with multicopy transgenic loci, ho-
mology-dependent interactions between transgenes
are purported to have a significant influence, and
many believe that there is a fundamental inverse re-
lationship between transgene copy number and ex-
pression level. The evidence from monocot plants is
less convincing, with different studies showing posi-
tive or negative correlations between transgene
copy number and expression level, or indeed no
correlation at all (CooLEy et al., 1995; STOCKHAUS e!
al., 1987; SHIRSAT er al., 1989). These studies show
that the relationship between copy number and ex-
pression level in monocots is complex, and other
influences may be involved.

One factor that is often inadequately addressed
in such studies is the presence of transgene re-
arrangements. It is well known that DNA introduced
into plant cells is exposed to a panoply of enzymes
stimulated by the transformation process itself and
the effect of excess DNA (Huxowp et al., 1994). The
exogenous DNA is therefore exposed to nucleases,
ligases and components of the recombination ma-
chinery, which not surprisingly results in the inte-
gration of truncated and otherwise rearranged
copies. Recent studies of plasmid-plasmid junctions
in monocots have confirmed the predominance of

microhomology-mediated illegitimate recombination
between copies of the transforming plasmid(s) at
mulicopy transgenic loci, suggesting that rearrange-
ments may occur very frequently (GorBunova and
Levy, 1997; SaLoMON and PucHTA, 1998; KoHLI et al.,
1999). These studies have also shown the tendency
for certain, recombinogenic sequences to initiate il-
legitimate recombination events (e.g. a potential
cruciform structure in the CaMV 35S promoter;
KoHL et al, 1999). However, in most studies, the
structure of transgenic loci is characterised by sim-
ple Southern blot experiments, and the full impact
of transgene rearrangements upon expression is not
realised.

We transformed maize callus with three genes
and selected seven plant lines for detailed analysis
of transgene structure and expression. The presence
of transgene rearrangements was first suggested by
the appearance of truncated bands on genomic
Southern blots where diagnostic fragments of a spe-
cific size were expected. Such bands were seen in
all lines, either in addition to or instead of the ex-
pected bands. We carried out further characterisation
of rearrangements in these lines by long PCR, as this
provided a more precise diagnostic assay. Southern
blot analysis of long PCR products followed by se-
quencing showed that integration of foreign DNA in-
to the maize genome was accompanied by extensive
transgene rearrangements, including truncations, in-
ternal deletions, insertions of genomic DNA and in-
versions. In several cases, we found that rearrange-
ments had deleted or disrupted external PCR primer
sites (in the promoter and terminator) while leaving
the internal gene-specific primers sites intact. The
loss of external annealing sites could reflect erosion
by exonuclease activity, a phenomenon reported in
many plant systems (TakaNo et al., 1997; KoHu et al.,
1998; NACRY et al, 1998). An important issue raised
by these results is the distribution of intact and re-
arranged transgene copies at multicopy loci. We pre-
sented strong evidence that all our plants carried
both intact and rearranged transgene copies. How-
ever, genomic Southern blot analysis was sufficient
for the detection of only the most obvious structural
aberrations, such as large deletions, while many
more subtle types of rearrangement were detected
by long PCR. These results suggest that in the major-
ity of studies, most transgene rearrangements go un-
detected and their potential influence on transgene
expression is ignored. For example, multicopy trans-
genic loci were observed in an earlier study of trans-
genic maize plants, on this occasion regenerated
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from cell suspension cultures transformed by particle
bombardment (REGISTER ef al., 1994). These loci were
also shown to contain rearrangements, but only at
the resolution of a standard genomic Southern blot.
Perhaps for this reason, the authors of this report
concluded that more frequent transgene rearrange-
ments occurred in the nonselected transgenes com-
pared to the selected marker. In contrast, we found
that rearrangements were just as likely to affect the
selectable marker, probably because long PCR en-
abled us to detect a broader spectrum of rearrange-
ments.

Our sequencing results highlighted some of the
rearrangements foreign DNA might undergo follow-
ing introduction into maize, but because we only
analysed two short regions of the transformation
plasmid, we drew no conclusions concerning the
existence of recombination hotspots such as those
observed by Konu et al. (1999). We did confirm,
however, that rearrangement junctions involved
short regions of homology (2-10 bp) between the
recombining ends, confirming the predominance of
microhomology mediated recombination in trans-
gene rearrangement and integration.

The analysis of transgene function showed that
structural integrity was not a reliable indicator of
transgene activity. Intact and rearranged copies
were easily discriminated by Southern hybridisation
and long PCR, but the effects of such rearrange-
ments on transgene expression were unpredictable.
In this study, intact transgenes were defined as
those generating the expected diagnostic fragment
on Southern blots and the expected long PCR prod-
uct(s) using the UBNF1/UBNF2 primer combination.
In the case of the bar gene, all seven lines carried
the diagnostic Southern fragment but only lines 1, 2,
4 and 5 also generated the long PCR product. How-
ever, all seven lines expressed bar, as expected giv-
en the regime of PPT selection, suggesting that the
structural aberrations in lines 3, 6 and 7 did not af-
fect transgene expression. The structural alterations
were too subtle to detect by Southern blot, and
gene-specific PCR showed that the bar coding re-
gion was not affected. It is therefore likely that
these structures reflected exonuclease-dependent
nibbling at the ends of the construct, resulting in
the loss of at least one external primer site but no
loss of sequences critical for transgene expression.

Six of the lines (lines 1-6) carried the expected
gusA diagnostic fragment, but line 3 lacked the cor-
responding long PCR product. Interestingly, line 3
showed no GUS activity, suggesting that in this case

a subtle rearrangement detectable by long PCR but
not by genomic Southern blot resulted in the loss of
transgene expression. There was also no GUS activ-
ity in line 7, which lacked both a diagnostic South-
ern fragment and a long PCR product. In this case,
loss of transgene expression probably resulted from
the more overt rearrangement detected by Southern
blot. However, despite generating both a diagnostic
Southern blot fragment and the correct long PCR
product, line 6 also showed no GUS activity. It is
possible that loss of expression in this line resulted
from rearrangements that we could not detect using
our assay, but the inactivity could reflect an alterna-
tive epigenetic silencing mechanism such as de no-
vo DNA methylation or the production of aberrant
RNA species (MEYER, 1998).

Three of the lines (1, 2, 4) carried intact crylAb
transgenes and showed CrylAb expression. Two
lines (6 and 7) generated diagnostic cryiA4b frag-
ments on Southern blots but no long PCR products,
and in both lines cryIAb was inactive. As was the
case for gusA in line 3, it is possible that the subtle
rearrangements detected by long PCR resulted in
the loss of crylAb expression. In the absence of
long PCR data, the natural assumption would be
that these plants contained intact transgenes and
had undergone some form of silencing. Thus, the
influence of epigenetic silencing mechanisms would
be exaggerated when rearrangement could be the
cause of transgene inactivity. The remaining two
lines (3 and 5) lacked both a diagnostic Southern
fragment and a long PCR product, and lacked
crylAb expression. It is likely that overt transgene
rearrangements were responsible for the lack of ex-
pression in these lines.

Our results highlight some of the problems and
misconceptions that might cause erroneous conclu-
sions to be drawn from transgene expression stud-
ies. Firstly, transgene rearrangements occur very fre-
quently and are likely to be present at most multi-
copy transgenic loci. Secondly, many such re-
arrangements are impossible to detect by traditional
genomic Southern blot analysis, which could lead
to false assumptions of epigenetic transgene silenc-
ing. Thirdly, the effects of transgene rearrangements
are unpredictable: we described rearrangements as-
sociated with both active and inactive transgenes, as
well as apparently intact transgene copies that
showed no activity. Such phenomena may reflect
DNA rearrangements occurring respectively in non-
critical regions (e.g. the Ubi-1 intron, where re-
arrangements would be unlikely to disrupt trans-
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gene expression) and essential sequences (e.g. the
promoter or coding region, where rearrangements
would have more dramatic effects). Finally, it is not
straightforward to determine which transgenes at a
multicopy transgenic locus are active or inactive.
Therefore, studies showing a relationship between
transgene copy number and expression level should
be examined critically to consider the effects of oth-
er molecular factors, such as rearrangements. While
our results show that transgene rearrangements oc-
cur frequently in transgenic maize plants, such re-
arrangements do not always abolish transgene ex-
pression. The analysis of transgene rearrangements
that permit continued stable expression of the trans-
gene product, and their comparison to rearrange-
ments that result in transgene inactivity, could help
in the design of better transformation vectors, e.g.
by deleting sequences that actively promote recom-
bination. In time, this could allow the more routine
recovery of plants with stable and predictable levels
of transgene expression.

ACKNOWLEDGEMENTS - We are grateful to Dr. I. Altosaar (Bio-
chemistry Dept., University of Ottawa, Canada), and Drs. P.H. Quail
and A.H. Christensen (Dept. of Plant Biology, University of Califor-
nia, Berkeley, USA) for providing specific gene constructs. We
thank Drs. Ajay Kohli and Mark Leech for helpful discussions and
critical reading of the manuscript. We also acknowledge the Rocke-
feller Foundation for the provision of PhD fellowships to L.M. and
G.M. The JIC is supported in part by a grant-in-aid by the BBSRC.

REFERENCES

ARMSTRONG C.L., C.E. GreeN, 1985 Establishment and mainte-
nance of friable embryogenic maize callus and the involve-
ment of L-proline. Planta 164: 207-214.

Bistor J.O., P. SmitH, 1989 Mechanism of chromosomal integra-
tion of microinjected DNA, Mol. Biol. Med. 6: 283-298,

BraprFORD N.M., 1976 A rapid and sensitive method for quantifi-
cation of protein-dye binding. Annals Biochem. 72: 248-254.

CHENG S., S.Y. CHANG, P. GRavITT, R. RESPESs, 1994  Long PCR. Na-
ture 369: 684-685.

CHRISTENSEN A.H., P.H. Quai,, 1996 Ubiquitin promoter based
vectors for high-level expression of selectable and/or screen-
able marker genes in monocotyledonous plants. Transgenic
Res. 5: 213-218.

DE Brock M., J. BOTTERMAN, M. VANDEWEILE, J. DOCK, C. THOEN, V.
GoOssaLE, N. Roa Movva, M. VAN MONTAGU, J. LEEMANS,
1987 Engineering herbicide resistance in plants by expres-
sion of a detoxifying enzyme. EMBO J. 6: 2513-2518.

Cootty J.T., T.L. Forp, P. Curistou, 1995 Molecular and genetic
characterisation of elite transgenic rice plants produced by
electric discharge particle acceleration. Theor. Appl. Genet.
90: 97-104.

DE GrooT M.J., R OFFRINGA, J. GROET, M.J. DoEs, P.J. HOOYKAAS,
PJ. vaN DAN ELzEN, 1994 Non-recombinant background in
gene targeting: illegitimate recombination between hpt gene
and defective 5’ deleted nptil gene can restore a Km* pheno-
type in tobacco. Plant Mol. Biol. 25: 721-733.

GHEYSEN G., R. VILLARROEL, M. VAN MONTAGU, 1991 Illegitimate re-
combination in plants: a model for T-DNA integration. Genes
& Dev. 5: 287-297

GORBUNOVA V., AA. LEvy, 1997 Non-homologous DNA end join-
ing in plant cells is associated with deletions and filler DNA
insertions. Nucleic Acids Res. 25: 4650-4657.

Hunowb R., R. BRONNEL, G. HAHNE, 1994 Early events in micro-
projectile bombardment — cell viability and particle location.
Plant J. 5: 593-604.

JEFFERSON R.A., T.A. KavaNnaGH, M.W. Bevan, 1987 GUS fusions:
B-glucuronidase as a positive and versatile gene fusion mark-
er in higher plants. EMBO J. 6: 3901-3907.

Jouns MLA., J. MOTTINGER, M. FREELING, 1985 A low copy num-
ber, copia-like transposon in maize. EMBO J. 4: 1093-1102.

Konurr A., MJ. LeecH, P. VaiN, D.A. LAvRig, P CHRISTOU,
1998 Transgene organization in rice engineered through di-
rect DNA transfer supports a two-phase integration mecha-
nism mediated by the establishment of integration hot spots.
Proc. Natl. Acad. Sci. USA 95: 7203-7208.

KoHur A., S. GrirrrrHs, N. PALAcios, RM. TwyMmAN, P. VAN, D.A.
Laurig, P. Curistou, 1999  Molecular characterization of
transforming plasmid rearrangements in transgenic rice re-
veals a recombination hot-spot in the CaMV 35S promoter
and confirms the predominance of microhomology-mediated
recombination. Plant J. 17: 591-601.

Koncz C., K. NeMeTH, G.P. REDEL, J. ScHELL, 1994 Homology
recognition during T-DNA integration into the plant genome.
pp. 167-189. In: J. Paszkowskl (Ed.) Kluwer Academic Pub-
lishers, Dordrecht, The Netherlands. Homologous Recombi-
nation and Gene Silencing in Plants.

MAYERHOFER R., Z. KoONCz-KALMAN, C. NAWRATH, G. BAKKEREN, A.
CraMERI, 1991  T-DNA integration: a mode of illegitimate re-
combination in plants. EMBO J. 10: 697-704.

McCABE D., P. CHrisTOoU, 1993  Direct DNA transfer using electric
discharge particle acceleration (Accell™ technology). Plant
Cell Tissue Org. Culture 33: 227-230.

MACFARLANE M., J.B. WiLson, 1996 A model for the mechanism of
precise integration of a microinjected transgene. Transgenic
Res. 5: 171-177. :

MEYER P, 1998 Stabilities and instabilities in transgene expres-
sion. pp. 263-275. In: K. LiNnpsey (Ed.) Harwood Academic
Publishers, Switzerland. Transgenic Plant Research.

Mu CHEN C., K. BunG CHOO, W.T.K. CHENG, 1995 Frequent dele-
tions and sequence aberrations at the transgene junctions of
transgenic mice carrying the papillomavirus regulatory and
the SV40 Tag gene sequences. Transgenic Res. 4: 52-59.

Nacgy P., C. CamitLerl, B. CourtiaL, M. CaBocHe, D. BoucHEZ,
1998 Major chromosomal rearrangements induced by T-
DNA transformation in Arabidopsis. Genetics 149: 641-650.

Pawrowskr W.P., D.A. Somers, 1998 Transgenic DNA integrated
into the oat genome is frequently interspersed by host DNA,
Proc. Natl. Acad. Sci. USA 95: 12106-12110.



TRANSGENE REARRANGEMENTS AND EXPRESSION IN MAIZE 287

ReGISTER J.C., D.J. PETERSON, P.J. BELL, P.W. BuLLock, LJ. Evans, B.
Frami, AJ. GREeNLAND, N.S. HiGGs, 1. Jepson, S. Jiao, C.J. LEw-
NAU, .M. Siuick, H.M. WisoN, 1994 Structure and function
of selectable and non-selectable transgenes in maize after in-
troduction by particle bombardment. Plant Mol. Biol. 25:
951-9061.

Satomox S., H. Puchta, 1998  Capture of genomic and T-DNA
sequences during double-strand break repair in somatic
plant cells. EMBO J. 17: 6086-6095.

SAMBROOK J., E.F. FristcH, T. Maniatis, 1989  Cold Spring Harbour
Laboratory Press, NY. Molecular Cloning: A Laboratory Man-
ual, Second edn.

SARDANA R., S. Dukianpjiey, M. GiBanDp, X. CHENG, K. CowaNn, C.
SAUDER, I. Ar1osaar, 1996  Construction and testing of syn-
thetic and modified toxin gene sequences of CrylA (b & ©)
by expression in maize endosperm culture. Plant Cell Rep.
15: 677-681.

SawAsAKI T., M. TAKAHASHI, N. GOsHIMA, H, MORIKAWA, 1998  Struc-
tures of transgene loci in transgenic Arabidopsis plants ob-
tained by particle bombardment: Junction regions can bind
to nuclear matrices. Gene 218: 27-35.

SHirsaT A.H., N. Wirornp, R.R.D. Croy, 1989 Gene copy number
and levels of expression in transgenic plants of a seed specif-
ic gene. Plant Sci. 61: 75-80.

SPENCER T.M., R.J. GORDON-KAMM, W.J. DAINES, E.G. StArT, P.G.
Lemaux, 1990 Bialaphos selection of stable transformants
from maize cell culture. Theor. Appl. Genet. 79: 625-631.

STOCKHAUS J., P. Eckes, A. Brau, J. ScHELL, L. WILLIMITZER, 1987
Leaf-specific and dosage-dependent expression of a leaf-spe-
cific gene from potato after tagging and transfer into tobacco
plants. Nucleic Acids Res. 15: 3479-3491.

TakaNo M., H. Ecawa, J.-E. IKEDA, K. Wakasa, 1997  The struc-
tures of integration sites in transgenic rice. Plant J. 11: 353-
361.

ThompsoN G.A., D.R. Siemieniak, L.C. Siev, J.L. Suchrom, B.A.
LARKINS, 1992 Sequence analysis of linked maize 22 kDa
alpha-zein genes. Plant Mol. Biol. 18: 827-833.

TINLAND B., 1996 The integration of T-DNA into plant genomes.
Trends Plant Sci. 1: 178-183.

TsukamoTo Y., H. IKEDA, 1998 Double-strand break repair medi-
ated by DNA end-joining. Genes to Cells s 135-144.
VAIN P, M.D. McmuLLEN, J.J. FINER, 1993  Osmotic treatment en-

hances particle bombardment-mediated transient and stable
transformation of maize. Plant Cell Rep. 12: 84-88.

WARREN C.A., J. HERSHBERGER, 1994 Southern blots of maize ge-
nomic DNA. pp. 566-568. In: FReeunG M., V. WaLsoT (Eds.)
The Maize Handbook, Springer-Verlag, NY.



