
Abstract Detailed molecular characterisation

of transgene loci is a requirement for gaining

regulatory approval for environmental release

of genetically modified crops. In cereals, it is

generally accepted that Agrobacterium-mediated

transformation generates cleaner transgene loci

with lower copy number and fewer rearrange-

ments than those generated by biolistics. How-

ever, in wheat there has been little detailed

analysis of T-DNA insertions at genetic and

molecular level. Wheat lines transformed using

Agrobacterium tumefaciens with bar and gusA

(GUS) genes were subjected to genetic and

molecular analysis. Unlike previous studies of

transgene loci in wheat, we used functional

assays for PAT and GUS proteins, combined

with PCR and Southern analysis to detect the

presence, copy number, linkage and transmis-

sion of two transgenes inserted in the same T-

DNA. Thirty-four independent transgenic lines

were categorised into three types: type I events

(38% of total) where the gusA and bar genes

displayed complete genetic linkage, segregating

together as a single functional locus at the ex-

pected ratio of 3:1; type II events (18%), which

possessed two or more transgene loci each

containing gusA and bar; and type III events

(44%), containing an incomplete T-DNA in

which either the gusA or bar gene was lost.

Most lines in this last category had lost the bar

gene situated near the left T-DNA border.

Southern analysis indicated that 30% of all lines

possessed a single T-DNA copy containing

gusA and bar. However, when data on expres-

sion and molecular analysis are combined, only

23% of all lines have single copy T-DNAs in

which both gene cassettes are functioning. We

also report on the presence of plasmid back-

bone DNA sequence in transgene loci detected

using primer pairs outside the left and right T-

DNA borders and within the plasmid selectable

marker (NptI) gene. Approximately two thirds

of the lines contained some vector backbone

DNA, more frequently adjacent to the left

border. Taken together, these data imply

unstable left border function causing premature

T-strand termination or read-through into vec-

tor backbone. As far as we are aware, this is

the first report revealing near border T-DNA

truncation and vector backbone integration in

wheat transgenic lines produced by Agrobacte-

rium-mediated transformation.
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Introduction

The use of plant genetic transformation, whether

as a research tool or as part of a commercial

breeding programme, depends on producing plant

lines which display a stable phenotypic change

resulting from the genomic integration of re-

combinant DNA. Presence of DNA other than

the transgene expression cassette is undesirable.

Until recently, the only reliable method to gen-

erate transgenic wheat plants was to introduce

recombinant DNA into immature, regenerable

explants using a particle bombardment device

(biolistics) (reviewed by: Barcelo et al. 2001;

Christou 1992; Jones 2005; Shewry and Jones

2005; Vasil 2005). However, molecular analysis

of transgenic cereal lines made by biolistic

transformation has shown a tendency for high

transgene copy number and insertional rear-

rangements (Makarevitch et al. 2003; Mehlo et al.

2000; Rooke et al. 2003; Svitashev et al. 2002).

While this complexity does not necessarily ham-

per the use of transgenics in research, it is a major

drawback in obtaining regulatory approval for

field-trials and potential commercialisation. Re-

cently, there have been several reports of Agro-

bacterium-mediated transformation of wheat

(reviewed by Cheng et al. 2004; Jones et al. 2005)

but there has been little detailed analysis of

T-DNA insertions at genetic and molecular level

to support the dogma that Agrobacterium gener-

ates lower copy number, cleaner transgene loci

with fewer rearrangements than those generated

by biolistics in this species. Of the few published

reports of transgene segregation in cereal crops

produced by Agrobacterium-mediated transfor-

mation, inheritance data has been inferred by

assaying a phenotype generated by one of the

inserted transgenes rather than at the level of the

DNA (for example Cheng et al. 1997; Frame

et al. 2002; Hiei et al. 1994; Ishida et al. 1996;

Tingay et al. 1997). While this approach allows

large numbers of progeny to be rapidly scored

and can, in some lines, be correlated with trans-

gene segregation, in other lines it leads to an

under-estimate of transgene transmission and

hence, distorted segregation ratios, because it

fails to account for silenced or rearranged loci. In

addition, reports of transgene segregation ratios

and copy numbers have been calculated based on

the presence of only one gene (or region) from a

multi-gene T-DNA (for example Khanna and

Daggard 2003; Tingay et al. 1997; Trifonova et al.

2001). As we report here, the relative position of

Southern probes or quantitative PCR primers in

the T-DNA will influence copy number determi-

nation and the segregation ratios or copy numbers

of two transgenes inserted as part of the same

T-DNA do not always match. Thus, the presence

of a whole, intact T-DNA cannot be inferred from

the presence of just one gene or component of the

T-DNA. This observation has also been made

recently in reference to transgenic rice lines

(Afolabi et al. 2004).

In an ideal model, the T-strand to be trans-

ferred from Agrobacterium to plant cell is syn-

thesised from DNA delimited by the left and right

T-DNA border repeats (LB & RB) and trans-

ferred then integrated into the plant genome in-

tact, with no extra sequences. However, it has

been known for some time that partial T-DNAs

can be integrated or that DNA from the Ti or

binary plasmid sequence external to the T-DNA

border sequences can also be incorporated into

the plant genome e.g. (Cluster et al. 1996; De

Buck et al. 2000; Martineau et al. 1994; Ooms

et al. 1982; Sallaud et al. 2003; van der Graaff

et al. 1996; Yin and Wang 2000) however this has

not been previously reported for wheat.

Following our previous report on successful

transformation mediated by Agrobacterium tum-

efaciens on wheat varieties Florida and Cadenza,

we used biochemical assays to detect enzymatic

activity of the gusA and bar gene products beta-

glucuronidase (GUS) and phosphinothricin ace-

tyltransferase (PAT) respectively. What makes

this work novel is that we have combined this

with PCR and Southern analysis for the gusA and

bar sequences to detect the presence, linkage and

transmission of both transgenes delivered within

the same T-DNA. We also report on the trans-

gene copy number and the presence of plasmid

backbone DNA sequence in transgene loci and

comment on the mechanisms that may have given

rise to the left border T-DNA truncation and

backbone sequence integration observed in our

wheat lines. As far as we are aware, this is the first

report revealing near border T-DNA truncation
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and vector backbone integration in wheat

transgenic lines produced by Agrobacterium-

mediated transformation.

Materials and methods

Transgenic wheat lines

Wheat (Triticum aestivum L. cv. Florida) was

transformed as previously described (Wu et al.

2003). All the plants were transformed with

pGreen-based plasmid pAL156, containing a T-

DNA incorporating the bar gene and a modified

gusA (GUS) gene (Hellens et al. 2000a) each

driven by the maize Ubiquitin promoter plus first

intron (Christensen and Quail 1996). The bar

gene was adjacent to the left border and gusA

gene adjacent to the right (Fig. 1A). The primary

transgenic plants (T0) were grown to maturity in a

temperature controlled glasshouse. All the plants

grew normally, were fully fertile and produced at

least 200 seeds each which is typical of

non-transformed, tissue culture-derived plants,

under the same conditions.

Transgene inheritance

For each T0 line, between 21 and 138 T1 progeny

seedlings were analysed. Seeds were surface

sterilized in 20% domestic bleach (Domestos,

Lever Faberge, UK) for 45 min, followed by 1%

Benlate (DuPont, UK) by soaking overnight with

gentle agitation and finally with 10% bleach for

15 min. The seeds were rinsed at least three times

with sterile distilled water between the first

bleach and Benlate treatments, and again after

the second bleach treatment. The washed seeds

were placed in tall magenta boxes containing R

medium (Wu et al. 2003) solidified with 5%

agargel and incubated for 4–7 days at 4�C to

synchronise germination before being transferred

to a culture room at 24–25�C under fluorescent

white light (250 lmol m–2 s–1). At the three/four-

leaf stage, leaf material was harvested and sub-

jected to simultaneous histochemical GUS and

ammonium evolution assays.

NptI
C LBRB

gusA Bar

NPT1RRB F1 RB R1&2RB F2 LB F LB R1 LB R2 NPT1F

1631 bp Bgl II

>3384 bp Swa I>4092 bp Bgl II

4625 bp Swa I

B

A

Bar

Nos 3’

Ubi 5’ + I

Bgl II

Swa IBgl II

Ubi 5’ + IgusA

Nos 3’

LB

Intron

RB

Swa I

Bgl II

bar probegusA probe

Fig. 1 (A) Map of plasmid pAL156 showing bar and gusA
expression cassettes relative to T-DNA borders. Restriction
sites SwaI and BglII used in Southern analyses are also
shown. (B) Expected size of SwaI and BglII restriction

fragments in Southerns probed with bar or gusA. (C)
Position of PCR primers used for the detection of plasmid
backbone DNA
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Histochemical GUS assay

Leaf material from seedlings was cut into small

pieces, and put into X-gluc solution in microtitre

plates for GUS histochemical assay following

(Jefferson et al. 1987). Explants were incubated

overnight at 37�C in buffer containing 1 mM

X-gluc, 100 mM sodium phosphate buffer

(pH 7.0), 0.5 mM potassium ferricyanide, 0.5 mM

potassium ferrocyanide and 0.1% v/v Triton

X-100. The plates were incubated in darkness for

24 h at 37�C, followed by 1 day at 25�C. To remove

the chlorophyll, X-gluc solution was replaced by

70–100% ethanol, and then placed under light in

the culture room for a further 6 h (Fig. 2A).

Ammonium assimilation assay for bar gene

expression

The assay, originally developed by (Deblock

et al. 1995), is based on the observation that

plants expressing the bar gene can assimilate

ammonium ions when treated with PPT whereas

untransformed tissues cannot. The assay was

performed according to (Rasco-Gaunt et al.

1999) with some modification. For each seedling,

leaf material was cut into 6 pieces, each approx-

imately 3 by 6 mm. They were immersed together

in 1 ml incubation medium in a single well of a

24-well plate, and incubated at 24–25�C for 5–6 h

under light (250 lmol m–2 s–1). The incubation

medium contained 50 mM potassium-phosphate

buffer (pH 5.8), 2% sucrose, 0.1 mg l–1 2,4-D,

25 mg l–1 PPT (glufosinate ammonium, Grey-

hound, UK) and 0.1% Tween 20. For each sam-

ple, 200 ll of incubation medium was mixed with

1 ml Ammonium Reagent 1 (containing 34 g l–1

sodium salicylate, 25 g l–1 trisodium citrate,

25 g l–1 sodium tartrate and 0.12 g l–1 sodium ni-

troprusside) and 1 ml of Ammonium Reagent 2

(containing 30 g l–1 sodium hydroxide and

0.52 g l–1 sodium dichloroisocyanurate). After

incubating the mixture at 37�C for 15 min in the

dark, the colour of the solution was judged qual-

itatively as either positive or negative, by eye; leaf

samples with no bar gene expression gave a dark

blue colour whereas those expressing bar gave an

obviously lighter colour ranging from pale blue to

yellow (Fig. 2B).

PCR analysis for transgene inheritance

and backbone sequence detection

Mini DNA preparations were performed using

50–75 mg of leaf material according to manufac-

turer’s instructions (Promega, USA). PCR was

used to confirm the presence of gusA and bar

transgenes in both T0 primary transgenic lines and

some of the T1 segregating population (Wu et al.

2003). There were 5 primer pairs designed to

check the vector backbone sequence of 34 inde-

pendent T0 lines. Two primers pairs were used to

detect 66 bp and 700 bp fragments outside

T-DNA at the left border, one primer pair was

used to detect the NptI gene near the middle of

the 2585 bp backbone sequence and another two

primer pairs were used to detect sequences 54 bp

and 872 bp beyond the T-DNA right border.

Sequence of primer pairs, annealing temperature

and expected fragment sizes are shown in

Table 1. Their respective positions within the

plasmid are shown in Fig. 1C. At least two repli-

cates were carried out for each PCR analysis.

Southern blot analysis

Genomic DNA was extracted from 100 mg to

200 mg of young leaf tissue using the CTAB

method developed by (Stacey and Isaac 1994)

with modifications described by (Barro et al.

1998). Genomic and plasmid DNA were each

digested with two enzymes: SwaI and BglII (in

separate reactions). After digestion, genomic

DNA (5–20 lg) or pAL156 plasmid (5 pg)

were separated by electrophoresis on a 0.9%

(w/v) agarose gel at 20 V for ~40 h and

transferred by capillary blotting onto positively

charged nylon membrane (Roche Diagnostics

GmbH, Lewes, East Sussex, UK) using the

method of (Sambrook et al. 1989). A Digoxi-

genin-labelled probe was generated using a

PCR DIG probe synthesis kit (Roche Diag-

nostics GmbH) using gusA or bar primers as

detailed above with plasmid pAL156 as tem-

plate. Hybridisation and detection of probe was

carried out using a non-radioactive, DIG

luminescent detection kit for nucleic acids

(Roche Diagnostics GmbH) according to the

manufacturer’s instructions.
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Results

Primary transgenic plants, transgene

expression

Primary transgenic lines were originally identified

from transformation experiments performed over

a nine month period as previously described (Wu

et al. 2003). PCR analysis on 34 confirmed

independent lines showed that 29 had both gusA

and bar genes present and expression analysis

confirmed that all but three (in which no GUS

expression could be detected) made functional

GUS and PAT protein. Of the remaining five

lines, three had no detectable gusA and two had

no detectable bar coding sequence or expression.

The latter two lines (# FL12 and 35) were selec-

tion escapes that were identified as transgenic by

A

B

C Type I

Type II

38%

bargusA

bargusA

bargusA

bargusA bargusA

bargusA

bargusA bargusA

bargusA
18% x

32%

12%

26%

6%

9%

3%

x

x

Type III

44%

Fig. 2 (A) Gus titre plate
showing gusA expression
in leaf samples of 47 T1

plants of a representative
line displaying a 3:1
segregation pattern. Blue
colour indicates the
presence of GUS. (B)
Ammonium assay titre
plate showing
corresponding bar
expression in the leaves of
the same 47 T1 plants.
Yellow or pale blue
colour indicates presence
of PAT, dark blue
indicates no expression.
(C) Diagrammatic
representation of
transgene loci types. Type
I, where gusA and bar
genes display complete
linkage and segregate at a
ratio of 3:1. Type II,
which possessed two or
more transgene loci each
containing at least one
copy of both gusA and
bar. Type III, containing a
truncated T-DNA in
which either the gusA or
bar gene was lost
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screening for GUS expression. All 32 lines that

were positive for the bar gene by PCR also cor-

rectly transcribed and translated PAT protein as

measured by BASTA leaf-painting (Table 2).

Transgene segregation and linkage

To study inheritance patterns of transgene loci in

the T1 generation, between 21 and 138 T1 plants

from each of the 34 independent lines were tested

for gusA and bar expression. In lines where the T1

segregation ratios of gusA and bar expression did

not match, PCR on genomic DNA was used to

check for the presence of gusA and bar sequence.

In 13 of the 34 lines (38%), the gusA and bar

genes segregated together as a single genetic

locus at the expected Mendelian ratio of 3:1.

Cross-referencing with Table 3 shows that in 10 of

these 13 lines, both gusA and bar genes produce

functional protein (lines FL42, 43 and 52 failed to

synthesise active GUS enzyme). In a total of 715

T1 plants tested by transgene expression assays

and PCR from these 13 lines, all displayed com-

plete linkage of the genes in the T-DNA. These

were designated as type I events (Table 3,

Fig. 2C). A further 6 of the 34 lines (18%) also

showed complete gusA and bar linkage but pos-

sessed two or more genetic loci as indicated by

segregation ratios of 15:1 or greater; these were

designated as type II events (Table 3, Fig. 2C).

The final group of lines (15 out of 34; 44%),

designated as type III events, possessed an

incomplete T-DNA that resulted in the loss of

either the bar or gusA gene. Most lines in this

Table 1 Primer pairs for the detection of transgenes and the presence of backbone sequences

Target Sequence of primer pairs Backbone sequence detected TA(�C)a Fragment size (bp)

gusAF 5¢-AGTGTACGTATCACCGTTTGTGTGAAC-3¢ N/A 62 1051
gusAR 5¢-ATCGCCGCTTTGGACATACCATCCGTA-3¢
barF 5¢-GTCTGCACCATCGTCAACC-3¢ N/A 57 444
barR 5¢-GAAGTCCAGCTGCCAGAAAC-3¢
LBF 5¢-CCGTCACCGAGATCTGATCC-3¢ LB66bp 61 806
LBR1 5¢-ACGCGGCCTTTTTACGGTTCCT-3¢
LBF 5¢-CCGTCACCGAGATCTGATCC-3¢ LB700bp 61 1400
LBR2 5¢-TCTGCGCGTAATCTGCTGCTTGC-3¢
NPT1F 5¢-GAGGCAGTTCCATAGGATGGCAAGATCC-3¢ NPT1 65 684
NPT1R 5¢-CTTGCTCCAGGCCGCGATTAAATTCC-3¢
RBF1 5¢-TCCTGCAGGCTCGAGTTAAT-3¢ RB54bp 57 908
RBR1 5¢-CCTCGAGGTCGACGGTATC-3¢
RBF2 5¢-GAGACACAACGTGGCTTTGTTG-3¢ RB872bp 57 617
RBR2 5¢-CATGAAGGCCTTGACAGGAT-3¢
a TA (annealing temperature �C)

Table 2 Summary of PCR and expression analysis of 34
independent primary T0 plants (FL – variety Florida, Cd –
variety Cadenza). Expression of gusA and bar was

confirmed in leaf tissue using a histochemical GUS and
Basta leaf-painting assay respectively.

T0 independent plants
(subtotal in brackets)

gusA PCR-
positive

GUS expression-
positive

bar- PCR-
positive

bar expression-
positive

Both genes
fully functional

FL1; 3; 5; 6; 9; 18; 20; 26;
27; 30; 36; 37; 40; 44; 46;

53; 54; 59; 78; 80; 81; 83;
85. Cd2; 17; 22; (26)

U U U U

Bar functional;
gusA/GUS lost

FL48; 57; 98 (3) U U

gusA/GUS functional;
bar lost

FL12; 35 (2) U U

Bar functional;
gusA/GUS silenced

FL42; 43; 52 (3) U U U

200 Mol Breeding (2006) 18:195–208

123



T
a

b
le

3
S

e
g

re
g

a
ti

o
n

a
n

d
li

n
k

a
g

e
o

f
tw

o
tr

a
n

sg
e

n
e

s
(g

u
sA

a
n

d
b

a
r)

lo
ca

te
d

o
n

th
e

sa
m

e
T

-D
N

A
in

T
1

p
ro

g
e

n
y

o
f

3
4

in
d

e
p

e
n

d
e

n
t

tr
a

n
sg

e
n

ic
li

n
e

s.
T

h
e

p
re

se
n

ce
o

f
g

u
sA

a
n

d
b

a
r

g
e

n
e

s
w

a
s

d
e

te
ct

e
d

b
y

si
m

u
lt

a
n

e
o

u
s

b
io

ch
e

m
ic

a
l

a
n

a
ly

si
s

o
f

th
e

tr
a

n
sg

e
n

e
p

ro
d

u
ct

a
n

d
a

ls
o

co
n

fi
rm

e
d

b
y

P
C

R
if

d
is

cr
e

p
a

n
ci

e
s

b
e

tw
e

e
n

g
u

sA
a

n
d

b
a

r
e

x
p

re
ss

io
n

w
e

re
fo

u
n

d

T
y

p
e

T
0

li
n

e
N

o
.

o
f

T
1

p
la

n
ts

te
st

e
d

N
o

.
o

f
T

1
p

la
n

ts
p

o
ss

e
ss

in
g

th
e

g
u

sA
a

n
d

/
o

r
b

a
r

g
e

n
e

s
g

u
sA

b
a

r

g
u

sA
+

b
a

r+
g

u
sA

–
b

a
r

–
g

u
sA

+
b

a
r

–
g

u
sA

–
b

a
r+

+
v

e
:

–
v

e
(R

a
ti

o
)

C
h

i2
+

v
e

:
–

v
e

(R
a

ti
o

)
C

h
i2

F
L

3
3

0
2

2
8

0
0

2
2

:8
(3

:1
)

0
.0

4
a

2
2

:8
(3

:1
)

0
.0

4
a

I g
u

sA
3

:1
b

a
r

3
:1

F
L

6
6

5
4

7
8

0
0

4
7

:1
8

(3
:1

)
0

.2
5

a
4

7
:1

8
(3

:1
)

0
.2

5
a

C
d

2
2

7
6

6
1

1
5

0
0

6
1

:1
5

(3
:1

)
1

.1
8

a
6

1
:1

5
(3

:1
)

1
.1

8
a

F
L

2
6

4
0

3
3

7
0

0
3

3
:7

(3
:1

)
1

.3
0

a
3

3
:7

(3
:1

)
1

.3
0

a

F
L

2
7

4
7

3
5

1
2

0
0

3
5

:1
2

(3
:1

)
0

.0
1

a
3

5
:1

2
(3

:1
)

0
.0

1
a

F
L

4
2

5
6

4
1

1
5

0
0

4
1

:1
5

(3
:1

)
0

.0
9

a
4

1
:1

5
(3

:1
)

0
.0

9
a

F
L

4
3

2
1

1
7

4
0

0
1

7
:4

(3
:1

)
0

.4
2

a
1

7
:4

(3
:1

)
0

.4
2

a

F
L

5
2

3
5

2
6

9
0

0
2

6
:9

(3
:1

)
0

.0
1

a
2

6
:9

(3
:1

)
0

.0
1

a

F
L

5
3

3
8

2
7

1
1

0
0

2
7

:1
1

(3
:1

)
0

.3
1

a
2

7
:1

1
(3

:1
)

0
.3

1
a

F
L

5
4

2
4

1
8

6
0

0
1

8
:6

(3
:1

)
0

.0
0

a
1

8
:6

(3
:1

)
0

.0
0

a

F
L

7
8

7
3

4
7

2
6

0
0

4
7

:2
6

(3
:1

)
4

.0
6

b
4

7
:2

6
(3

:1
)

4
.0

6
b

F
L

8
3

1
3

8
1

1
1

2
7

0
0

1
1

1
:2

7
(3

:1
)

2
.2

9
a

1
1

1
:2

7
(3

:1
)

2
.2

9
a

F
L

8
5

7
2

5
2

2
0

0
0

5
2

:2
0

(3
:1

)
0

.3
5

a
5

2
:2

0
(3

:1
)

0
.3

5
a

II
C

d
2

6
0

6
0

0
0

0
6

0
:0

N
D

6
0

:0
N

D
g

u
sA

‡
1

5
:1

b
a

r
‡

1
5

:1
F

L
5

3
1

3
0

1
0

0
3

0
:1

(1
5

:1
)

0
.5

9
a

3
0

:1
(1

5
:1

)
0

.5
9

a

C
d

1
7

3
2

3
0

2
0

0
3

0
:2

(1
5

:1
)

0
.0

0
a

3
0

:2
(1

5
:1

)
0

.0
0

a

F
L

3
6

3
6

3
5

1
0

0
3

5
:1

(1
5

:1
)

0
.9

2
a

3
5

:1
(1

5
:1

)
0

.9
2

a

F
L

3
7

2
5

2
3

2
0

0
2

3
:2

(1
5

:1
)

0
.1

2
a

2
3

:2
(1

5
:1

)
0

.1
2

a

F
L

4
6

2
6

2
6

0
0

0
2

6
:0

N
D

2
6

:0
N

D
II

I
F

L
1

4
2

4
1

0
1

0
4

2
:0

N
D

4
1

:1
(1

5
:1

)
1

.3
9

a

g
u

sA
‡

1
5

:1
b

a
r

3
:1

o
r

n
o

b
a

r
F

L
9

6
8

5
1

4
1

3
0

6
4

:4
(1

5
:1

)
0

.0
2

a
5

1
:1

7
(3

:1
)

0
.0

0
a

F
L

1
2

4
8

0
1

2
3

6
0

3
6

:1
2

(1
5

:1
)

0
.0

0
a

0
:4

8
n

o
b

a
r

F
L

1
8

4
8

3
8

4
6

0
4

4
:4

(1
5

:1
)

0
.3

2
a

3
8

:1
0

(3
:1

)
0

.4
6

a

F
L

2
0

3
9

3
1

0
8

0
3

9
:0

N
D

3
1

:8
(3

:1
)

0
.4

4
a

F
L

3
0

3
3

2
4

1
8

0
3

2
:1

(1
5

:1
)

0
.7

1
a

2
4

:9
(3

:1
)

0
.0

9
a

F
L

3
5

6
3

0
4

5
9

0
5

9
:4

(1
5

:1
)

0
.0

0
a

0
:3

2
n

o
b

a
r

F
L

4
0

3
8

3
0

1
7

0
3

7
:1

(1
5

:1
)

1
.0

7
a

3
0

:8
(3

:1
)

0
.3

3
a

F
L

5
9

4
6

3
0

3
1

3
0

4
3

:3
(1

5
:1

)
0

.0
1

a
3

0
:1

6
(3

:1
)

2
.1

8
a

F
L

8
0

3
4

2
7

1
6

0
3

3
:1

(1
5

:1
)

0
.7

8
a

2
7

:7
(3

:1
)

0
.7

1
a

F
L

8
1

3
2

2
6

0
6

0
3

2
:0

N
D

2
6

:6
(3

:1
)

0
.3

7
a

b
a

r
‡

1
5

:1
g

u
sA

3
:1

o
r

n
o

g
u

sA
F

L
4

4
3

7
2

8
1

0
8

2
8

:9
(3

:1
)

0
.0

1
a

3
6

:1
(1

5
:1

)
1

.0
a

F
L

4
8

3
6

0
1

2
0

2
4

0
:3

6
n

o
g

u
sA

2
4

:1
2

(3
:1

)
1

.2
5

a

F
L

5
7

6
6

0
2

3
0

4
3

0
:3

2
n

o
g

u
sA

2
0

:1
2

(3
:1

)
6

.4
2

b

F
L

9
8

3
7

0
1

0
0

2
7

0
:3

7
n

o
g

u
sA

2
7

:1
0

(3
:1

)
0

.0
8

a

a
In

g
o

o
d

a
g

re
e

m
e

n
t

w
it

h
3

:1
o

r
1

5
:1

a
t

P
=

0
.0

5
;

b
S

k
e

w
e

d
se

g
re

g
a

ti
o

n
ra

ti
o

;
N

D
:

n
o

t
d

e
te

rm
in

e
d

Mol Breeding (2006) 18:195–208 201

123



category possessed more gusA copies than bar. In 8

lines (Table 3: line # FL9, 18, 20, 30, 40, 59, 80 and

81, Fig. 2C) there was a single locus containing

both gusA and bar which segregated 3:1 in the T1

and a second locus that contained only a functional

gusA gene. The bar gene was undetectable in

plants that had inherited only this locus. The

remaining three lines in this group were different;

one had a single functional gusA locus but no

detectable bar (line #12), a second had multiple

gusA loci but no detectable bar (line #35) and a

third had multiple loci containing both genes with

an additional one (or more) loci containing only

the gusA gene (line #1). Only four lines (12%) had

the opposite configuration with more functional

bar loci than gusA. Three of these lines (Table 3:

line # FL48, 57 and 98) possessed a single, func-

tional bar locus which segregated at 3:1 but no

detectable gusA coding sequence or expression.

The remaining line possessed two functional,

independently segregating, bar loci but in one of

these the gusA gene was absent (line #44).

Transgene integration

To examine transgene integration patterns, ran-

domly selected lines from each of the inheritance

types were subjected to Southern blot analysis.

Two enzymes, BglII and SwaI were used to cut

the plasmid as shown in Fig. 1. For genomic DNA

from transgenic plants, BglII cuts three times

within the T-DNA and unpredictably in

the genomic DNA. SwaI cuts twice within the

T-DNA and also unpredictably in the genomic

DNA. When probed with gusA, the SwaI digest

gave a single diagnostic excision band at 4625 bp

and the number of hybridizing bands (>4092 bp)

from the BglII digest gave an indication of the

insertion number of gusA gene. When probed

with bar, the BglII digest gave a single diagnostic

excision band at 1631 bp and the number of

hybridizing bands (>3384p) in the SwaI digest

gave an indication of the insertion number of the

bar gene (Fig. 1B).

In general there seemed to be good correlation

with the T-DNA insertion patterns predicted

from Southerns and the number of loci indicated

by segregation analysis (Table 4, Fig. 3). Among

the nine lines randomly chosen from the Type I

events (13 lines in total), seven lines (78%)

displayed single insertion of both gusA and bar

genes, confirming the presence of a single func-

tional locus and indicating a single transgene copy

for both genes. Of the remaining two lines, FL52

showed evidence of a rearrangement with an

extra band smaller than the expected size in the

SwaI digest when probed with gusA, and FL27

possessed an extra faint band in the BglII track

when probed with gusA or bar. Five of the six

type II lines were subjected to Southern blot

analysis: multiple bands were detected with both

gusA and bar probes in three of them with the

number of bands ranging from two to nine, indi-

cating multiple insertions which supported the

segregation data. Lines FL36 and FL37 showed

multiple bands when probed with gusA but only a

single band was observed with bar even though

these lines displayed a clear 15:1 segregation for

both genes. We assume the bar Southern under-

estimated the true number of transgene copies in

these lines, perhaps due to the loss of a restriction

site or a rearrangement, which is supported by the

observation of additional bands in the diagnostic

SwaI digest. However, although BglII is not

considered methylation sensitive, we cannot rule

out the effect of DNA methylation. Five lines

were randomly chosen from the 15 type III

events. Four of them displayed multiple bands

when probed with gusA but a single band when

probed with bar which supported the segregation

data indicating that there were at least two (seg-

regating) copies of gusA with bar associated with

only one. Another line (FL1) gave multiple

hybridizing bands (5) with gusA probe but only

two bands with the bar probe which again sup-

ported the segregation data showing it had at

least one copy of gusA that was unlinked to the

bar loci.

Rearrangements within the coding sequence

were detected using the diagnostic digests of SwaI

for gusA, and BglII for bar. As expected, most of

the lines with Southern banding patterns indica-

tive of T-DNA rearrangements were from type II

and III events but there was also one line from

the type I events that showed possible rear-

rangement of gusA gene only (Table 4).
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A FL83

S        B S        B S        B S        B S        B S        B S        B S        B S        B

S        B S        B S        B S        B S        B S        B S        B S        B S        B

pAL156 FL85 FL26 FL27 FL43 FL78 FL52 FL3

4625bp

4092bp

B FL37pAL156 Cd17 FL36 FL9 FL1 FL81 FL80 FL5

4625bp

4092bp

FL3 FL3

U

Cd2

S       B S       B S       B S      BUM U

Cd2

U
C D

M

4625bp

8.0 -

6.0 -
5.0 -

4.0 -
3.5 -

3.0 -

10.0 -

2.0 -

7864bp

1631bp

Fig. 3 Southerns of selected lines from each group I–III.
Genomic DNA was cut with SwaI which excises a 4625 bp
fragment containing the gusA gene and BglII which
excises a 1631 bp fragment containing the bar gene (see
Fig. 1). When integrated into genomic DNA and probed
with bar, SwaI digestion results in cuts at position 5655 in
the T-DNA and unpredicted cuts in the genomic DNA
beyond the left border to release a fragment of at least
3384 bp. When probed with gusA, BglII digestion results
in cuts at position 4632 within the T-DNA and again in the

genomic DNA beyond the T-DNA right border to release
a fragment of at least 4092 bp. (A) Lines from group I
(single segregating locus containing gusA and bar) probed
with gusA. S – SwaI, B – BglII. (B) Lines from groups II
and III (lines containing two or more loci or truncated T-
DNAs) probed with gusA. S – SwaI, B – BglII. (C) and (D)
Comparison of hybridising bands on the same filter, first
probed with gusA (C) then stripped and re-probed with
bar (D). M – molecular wt marker, U – uncut genomic
DNA, S – SwaI, B – BglII
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Presence of vector backbone sequence

The 34 independent lines were tested for the

presence of backbone sequences. PCR primers

were designed to amplify five regions of the

vector backbone; two adjacent to each of the left

and right T-DNA borders and one within the

NptI gene (Fig. 1C). Thirteen lines (38%) were

free of all backbone regions tested while 21 lines

(62%) contained some binary plasmid sequence

outside the T-DNA. There was a clear pattern

with most lines possessing backbone near to the

LB and diminishing towards the RB (Table 4).

Twenty lines (59% of total) contained 66 bp of

backbone sequence immediately outside the LB

and 17 of these (50%) also contained backbone

sequence to 700 bp beyond LB. Eleven lines

(32%) contained sequence reaching to the NptI

Table 4 Comparison of 34 independent (T0) transgenic
lines. Columns show the number of hybridising bands on
Southerns, estimated functional loci for the two transgenes

on the same T-DNA from segregation data, and the
presence of vector backbone sequence from PCR with five
primer-pairs

Type T0 line gusA bar Presence of backbone sequence

Southern
bands*

Loci Southern
bands**

Loci LB – 66 bp LB – 700 bp Npt1 RB – 54 bp RB – 872 bp

I FL3 1 1 1 1 + + + + +
FL6 ND 1 ND 1 – – – – –
Cd22 1 1 1 1 – – – – –
FL26 1 1 1 1 + + – – –
FL27 2a 1 2a 1 + + + + +
FL42 ND 1 ND 1 + + – – –
FL43 1 1 1 1 + – – – –
FL52 1b 1 1 1 + + + + +
FL53 ND 1 ND 1 + + + – –
FL54 ND 1 ND 1 + + + + +
FL78 1 1 1 1 + + – – –
FL83 1 1 1 1 – – – – –
FL85 1 1 1 1 + + – – –

II Cd2 9 ‡2 6–7 ‡2 + + + + +
FL5 5b ‡2 4–5 ‡2 + + + + +
Cd17 2 2 2 2 – – – – –
FL36 3b ‡2 1 ‡2 – – – – –
FL37 5b 2 1 2 – – – – –
FL46 ND ‡2 ND ‡2 + – – – –

III FL1 5b >2 2b ‡2 + + – – –
FL9 3 ‡2 1b 1 + + + – –
FL12 ND 1 0 0 – – + – –
FL18 ND 2 ND 1 – – – – –
FL20 ND ‡2 ND 1 + + – – –
FL30 ND 2 ND 1 – – – – –
FL35 3 2 0 0 + – – – –
FL40 ND 2 ND 1 – – – – –
FL59 2 2 1 1 + + – – –
FL80 4b ‡2 1 1 + + + + +
FL81 6–7 ‡2 1 1 + + + + +
FL44 ND 1 ND 2 – – – – –
FL48 0 0 N 1 – – – – –
FL57 ND 0 ND 1 – – – – –
FL98 ND 0 ND 1 – – – – –

ND: not analysed; * gusA/BglII; ** bar/SwaI
a 1 + 1 faint band
b possibility of rearrangement

N: bar gene functional, but no hybridisation band detected
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gene. There were 8 (24%) lines that yielded PCR

fragments with all 5 primer pairs spreading across

the entire backbone, which suggested that these

lines probably had the whole backbone sequence

integrated, as so called complete read-through.

There was also one line (FL12) that consistently

yielded a PCR fragment covering NptI region

with no PCR amplification from the other four

backbone regions flanking either left or right

borders. Backbone DNA less than 100 bp flank-

ing LB was the most frequently transferred (20

out of 21; 95.2%), indicating that vector backbone

DNA is much more frequently linked to the left

than to the right T-DNA border which was found

in only the 8 lines that showed complete read-

through of the vector backbone. Significantly,

there were no lines that contained backbone

DNA flanking RB only. Clean and read-through

lines were found in types I, II, and III segregation

groups, not particularly biased toward any of

these three groups. However, the four type III

lines possessing more copies of gusA than bar

(line # FL44, 48, 57 and 98) were interestingly, all

completely backbone-free. An extra PCR frag-

ment along with the expected size product was

detected in line Cd2 when using primer pairs for

detecting 66 bp backbone fragment beyond LB,

indicating there could be rearrangement of the

inserted backbone sequences. This type of rear-

rangement may also have been responsible for the

presence of the NptI PCR product in line FL12

mentioned above or this may be the result of

truncated backbone integration independent of

T-DNA as postulated by (Kononov et al. 1997).

To exclude the possibility that any of the PCR

products resulted from amplification of unincor-

porated binary vector DNA from contaminating

Agrobacterium cells, we also used primers to the

VirC operon (Sawada et al. 1995) which in all

cases, gave no amplification.

Discussion

Almost 40% of the lines were what we called type

I segregation events where the gusA and bar

genes displayed complete genetic linkage, segre-

gating together as a single functional locus at the

expected ratio of 3:1. Furthermore, the majority

of these lines produced functional transgenic

protein and contained only one copy of the

T-DNA (demonstrated by Southerns in 7 of the 9

tested), thus overall, 23% of all lines produced

possessed a single copy of the T-DNA containing

intact, functional gusA and bar genes with com-

plete linkage. There were 18% of all lines that

possessed two or more loci, each of which

contained one or more copies of both transgenes

(type II events). Our data broadly support the few

previous reports analysing Agrobacterium-medi-

ated transgene loci in wheat. For example, single

transgene loci demonstrating 3:1 segregation

ratios were reported in 35% of lines by Khanna

and Daggard (2003) and in 46% of lines by Hu

et al. (2003). Analysis of 26 plants revealed single

transgene copies in 35% of lines tested, two or

three copies in 50% and four to five copies in only

15% (Cheng et al. 1997), although the same au-

thor found a higher proportion (67%) of lines

with single copies in a another population of

transgenic wheat (Cheng et al. 2003). However,

direct comparisons of transgene copy numbers in

different populations must be made with caution

because the choice of restriction enzymes used to

cut the genomic DNA and position of the hybri-

dising probe on the T-DNA can affect the copy

number reported. In this paper we show the copy

number of the whole T-DNA, calculated from

Southerns using bar and gusA probes which

hybridise to both ends of the T-DNA. As dis-

cussed below, we found significant numbers of

lines with incomplete T-DNA copies causing a

difference in the copy number of bar and gusA

genes detected.

Approximately 44% of the lines made con-

tained incomplete T-DNAs (type III events).

Most of the plants in this category contained

more functional gusA loci than bar gene including

some selection escapes where the bar gene was

undetectable even though a functional gusA gene

was present. However, there were also a few lines

with more bar loci than gusA including lines with

no detectable gusA even though a functional bar

gene was present. The bar gene was positioned

near the LB of the T-DNA and other reports

have also indicated that genes housed adjacent to

the LB are more likely to be lost compared to
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those near the RB. In a comprehensive survey of

171 rice lines, a higher proportion of T-DNA

deletions were found at the LB (53%) compared

to the RB (21%) (Kim et al. 2003). Another study

in rice revealed that 70–78% of plant lines con-

tained non-intact T-DNAs with fewer copies of

the bar gene (2.7 copies per plant) which was

situated at the LB compared with the gusA gene

(3.8 copies per plant) situated at the RB (Afolabi

et al. 2004).

Only three lines, which possessed gusA

sequence but no observable GUS expression,

displayed what could be transgene silencing or

rearrangement. This relatively low frequency of

gene silencing was probably due to the population

being chosen for its ability to survive glufosinate

selection in tissue culture. Thus the T-DNA

insertions studied here are biased towards dis-

playing good gene expression.

The presence of vector sequence outside the

T-DNA borders has been reported in transgenic

plants of several species but this appears to be the

first analysis of this phenomenon in a population

of wheat transgenics. Vector backbone sequences

were detected in 21 of the 34 lines analysed

(62%). This falls within the range previously re-

ported from other species; tobacco 75% (Kono-

nov et al. 1997), Arabidopsis and tobacco 20–50%

(De Buck et al. 2000). In rice lines transformed

with LBA4404/pGA2144, 77/171 (45%) had vec-

tor backbone integrated (Kim et al. 2003). A

comprehensive study of locus composition in rice

transformed using a similar pSoup/pGreen binary

vector system as used in our experiments reported

53–66% of the loci vector backbone sequences

had integrated with the T-DNAs (Afolabi et al.

2004). Recent work in maize has revealed 70% of

transgenic lines contained various lengths of the

bacterial plasmid backbone DNA sequence (Shou

et al. 2004).

It has been hypothesised that the LB acts pri-

marily to terminate the 5¢ – 3¢ T-strand process-

ing initiated by VirD2 at the RB and that the LB

can sometimes get skipped causing over-run of

the T-strand into vector backbone DNA. An

alternative explanation is that VirD2 initiates 5¢
processing from the LB as well as the RB, and in

this case generates a T-strand composed of vector

backbone DNA and maybe T-DNA if T-strand

synthesis progresses round the vector to the RB.

There are data to support both models eg.

(De Buck et al. 2000; Durrenberger et al. 1989;

Kononov et al. 1997; Kuraya et al. 2004; Rama-

nathan and Veluthambi 1995; van der Graaff

et al. 1996) and analysis of our wheat lines tends

to support the former model.

Our study found evidence of both early

termination of the T-DNA more often at the LB

than the RB and of backbone sequences more

often adjacent to the LB than the RB (in fact we

found no vector backbone adjacent to the RB

only). In addition, all but one of the 8 lines that

possessed the entire backbone sequence, also

possessed multiple copies of the gusA gene (or in

one line a rearranged extra copy). This implied

that the T-strand had started at the RB, failed to

terminate at the LB and continued round the

vector and back to the T-DNA for a second time.

This is consistent with a recent study of T-DNA

insertions in creeping bent grass which demon-

strated that the RB termini were more intact, with

a smaller range of border deletions and no

backbone integration, compared to sequences

adjacent to the LB (Fu et al. 2006) and fits the

model that the RB more often acts to initiate 5¢ T-

strand synthesis and the LB to terminate (Caplan

et al. 1985; De Buck et al. 2000; Miranda et al.

1992; Peralta et al. 1986; Zambryski 1988). It has

been assumed that the frequency of vector back-

bone integration is primarily influenced by the

inability of the LB to terminate T-strand synthe-

sis. This is supported by De Buck et al. (2000)

who found more than half of the Arabidopsis and

tobacco plants containing backbone came from

binary vectors with octopine borders without the

additional inner border regions of the original

Ti plasmid from which the vector was derived.

Further support is provided by Kuraya et al.

(2004) who show that additional, tandem repeat

copies of the LB sequence reduce the incidence of

read through in transgenic rice. For the pGreen

vector used in this study, both border sequences

are single copy and synthetic (Hellens et al.

2000b). They possess the RB overdrive sequence

but lack the inner natural border sequence context

of the octopine strains which may partly explain

why a relatively large proportion (62%) of our

lines possessed backbone DNA. Intriguingly, no
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vector backbone was found in lines that possessed

T-DNAs that were truncated at the RB.

In summary, with the vectors used here,

approximately one third of the Agrobacterium-

generated lines possessed a single, complete

T-DNA which is higher than equivalent popula-

tions made by biolistics. However, approximately

two thirds of these also possessed vector sequence

outside the T-DNA leaving only approximately

10% with a clean, single T-DNA. It is likely that

occurrence of LB read through could be signifi-

cantly reduced by the inclusion of multiple LB

copies which also contain additional inner border

sequences.
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