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Abstract The development of a robust Agrobacterium-
mediated transformation protocol for a recalcitrant spe-
cies like bread wheat requires the identification and op-
timisation of the factors affecting T-DNA delivery and
plant regeneration. We have used immature embryos
from range of wheat varieties and the Agrobacterium
strain  AGL1 harbouring the pGreen-based plasmid
pAL156, which contains a T-DNA incorporating the bar
gene and a modified uidA (B-glucuronidase) gene, to in-
vestigate and optimise major T-DNA delivery and tissue
culture variables. Factors that produced significant dif-
ferences in T-DNA delivery and regeneration included
embryo size, duration of pre-culture, inoculation and
co-cultivation, and the presence of acetosyringone and
Silwet-L77 in the media. We fully describe a protocol
that allowed efficient T-DNA delivery and gave rise to
44 morphologically normal, and fully fertile, stable
transgenic plants in two wheat varieties. The transforma-
tion frequency ranged from 0.3% to 3.3%. Marker-gene
expression and molecular analysis demonstrated that
transgenes were integrated into the wheat genome and
subsequently transmitted into progeny at Mendelian ra-
tios.

Keywords Agrobacterium tumefaciens - Genetic
modification - Immature embryo - Transformation -
Wheat

Introduction

Plant genetic transformation has become an important
tool for functional genomics and as an adjunct to con-
ventional breeding programmes. At the present time
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gene transfer by Agrobacterium is the established meth-
od of choice for the genetic transformation of most plant
species. It is perceived to have several advantages over
other forms of transformation (such as biolistics), includ-
ing the ability to transfer large segments of DNA with
minimal rearrangement and with fewer copies of inserted
genes at higher efficiencies with lower cost (see reviews
by Hansen and Wright 1999; Hiei et al. 1997; Gheysen et
al. 1998 Shibata and Liu 2000). In addition, Agrobacteri-
um transformation may facilitate the removal of plant se-
lectable marker genes by segregation (Komari et al.
1996; Matthews et al. 2001; Miller et al. 2002). These
are important considerations, particularly when creating
genetically manipulated lines in crop species for field
testing, when the presence of unnecessary DNA and
transgene arrangement/copy number are scrutinised as
part of the regulatory processes. With the notable excep-
tion of Arabidopsis, in which a variety of effective germ-
line transformation methods have been developed (e.g.
Clough and Bent 1998), Agrobacterium transformation
in other plant species relies on a tissue-culture phase.
Cereal species, particularly wheat, have lagged behind
dicots in their ability to be transformed by Agrobacteri-
um and remain relatively genotype-dependent. The tech-
nology is the most efficient and shows the least genotype
limitation in rice, with transformation possible in Japon-
ica (Hiei et al. 1994), Javanica (Dong et al. 1996) and In-
dica varieties (Rashid et al. 1996). In maize and barley,
Agrobacterium transformation has been achieved mainly
in genotypes selected for their good response in tissue
culture [for example, the maize inbred line A188 (Ishida
et al. 1996) and in barley cvs. Golden Promise (Tingay et
al. 1997), Dissa (Wu et al. 1998, 1999) and Schooner
(Wang et al. 2001)]. Although there has also been pro-
gress in wheat (Cheng et al. 1997; Weir et al. 2001), it
has been confined mainly to a few responsive varieties,
and published methods have proved difficult to follow.
In the investigation reported here, we examined six ma-
jor variables influencing T-DNA delivery and the regen-
eration of fertile adult plants, and investigated each in
one or more wheat varieties. The resulting consolidated
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protocol was used to generate 44 transgenic wheat plants
in two winter wheat varieties.

Materials and methods

Donor material and tissue culture

A range of Triticum aestivum (L.) germplasm (spring wheats: Bob-
white, Canon; winter wheats: Florida, Cadenza) was grown in a
controlled environment room at 18-20/10-14°C (day/night) under
a 16/8-h (light/dark) photoperiod with light supplied by 400 W so-
dium lamps at an irradiance of approximately 750 UE s-! m2, with
50-70% relative air humidity. When appropriate, vernalisation
was carried out for 8 weeks at 4°C for the winter varieties. Spikes
were collected at 12-14 days post-anthesis. Immature caryopses
were removed from the spikelets, surface-sterilised first with 70%
ethanol for 1 min, followed by 10% (v/v) Domestos (Lever) for
15 min and then rinsed five times with copious amounts of sterili-
sed distilled water. Immature embryos (IEs) were isolated under
aseptic conditions, either intact or after removal of the entire axis.
Immature embryos ranged in length from 0.8 mm to 2.0 mm, or as
otherwise indicated. The media used for inoculation, co-cultiva-
tion and induction were based on Cheng et al. (1997) (Table 1).
Silwet L-77 (Lehle seeds, USA) was added during inoculation at a
concentration of 0.01% unless otherwise specified. Cultures were
incubated at 24-25°C in the dark.

Agrobacterium tumefaciens strain and plasmid vectors

A. tumefaciens strain AGL1 was used for all experiments. The
plasmid combination pAL154 and pAL156 was based on the
pSoup/pGreen series (Hellens et al. 2000). The pSoup-derived
plasmid (pAL154) contained the 15-kb Komari fragment and
functioned as a helper plasmid providing replication functions in
trans for pAL156. The pGreen-based plasmid (pAL156) contained
T-DNA incorporating the bar gene and a modified uidA gene (cod-
ing for B-glucuronidase, GUS) with an intron within the open
reading frame (to prevent expression in Agrobacterium). Both
genes were driven by the maize Ubiquitinl promoter plus ubiqui-
tinl intron (Christensen and Quail 1996). The bar gene was adja-
cent to the left border and uidA to the right (Fig 1). A. tumefaciens
was grown from glycerol stock in MG/L liquid medium (Tingay et
al. 1997) supplemented with 1 pg/l biotin, 100 mg/l kanamycin,
200 mg/l carbenicillin. The culture was incubated overnight at
27-29°C with shaking (250 rpm), and when the culture was at log
phase or immediately thereafter, cells were pelleted by centrifuga-
tion at 4.5 g for 10 min and then resuspended in inoculation medi-
um (Table 1) with or without 200 uM acetosyringone. The inocu-
lation density of Agrobacterium (ODyg) ranged from 1.0 to 2.0.

Table 1 Composition of media

Inoculation and co-cultivation

Freshly isolated IEs were pre-cultured on co-cultivation medium
(Table 1) for 0.5-1 h (unless otherwise specified), then immersed
in Agrobacterium suspension for 3 h (unless otherwise specified)
in the dark. Excess bacteria were removed and the explants trans-
ferred, scutella- side-up, without blotting, to fresh co-cultivation
medium. Co-cultivation was carried out in darkness at 24-25°C.

Agrobacterium control, plant regeneration and selection

After 3 days (unless otherwise indicated) of co-cultivation in dark-
ness, explants were transferred to induction medium containing
160 mg/l of the antibiotic Timentin [Smithkline Beecham, UK;
Ticarcillin:clavulanic acid (15:1)]. All subsequent media plates
contained Timentin at this concentration (Timentin was added just
before pouring the medium). Explants were maintained intact on
induction medium for 3—4 weeks, after which they were trans-
ferred to Ry, medium (R medium Table 1 plus 5 mg/l zeatin and
0.1 mg/1 2,4-dichlorophenoxyacetic acid), and moved to light. Af-
ter a further 3—4 weeks, regenerating tissues were transferred to
Rppr medium [R medium containing 2—4 mg/l L-phosphinothricin
(PPT)]. Approximately 3—4 weeks later, shoots or plantlets which
survived the first round of selection were transferred to a second
round and, if necessary, a third round of selection. Plants showing
resistance to PPT were subjected to a polymerase chain reaction
(PCR) analysis and/or a GUS activity screen. Positive plants were
transferred to soil in a containment glasshouse after 8§ weeks ver-
nalisation at 4°C if appropriate.

Assay for GUS activity

Transient GUS expression was determined on explants sampled
after 2 days (or as indicated otherwise) on induction medium con-
taining Timentin, using the histochemical GUS assay (Jefferson
1987). Explants were incubated overnight at 37°C in buffer con-
taining 1 mM X-Gluc, 100 mM sodium phosphate buffer pH 7.0,
potassium 0.5 mM ferricyanide, 0.5 mM potassium ferrocyanide
and 0.1% (v/v) Triton X-100. Blue foci were counted with the aid
of a microscope. T-DNA delivery was assessed by counting em-
bryos that had at least one GUS focus and then counting the num-
ber of foci per embryo (where appropriate, error bars are given as
1 standard deviation of the mean). To assay for stable expression,
we incubated calli, shoots and leaf fragments from regenerating
plantlets overnight at 37°C and, if necessary, for a further
1-2 days at 25°C.

Herbicide leaf painting assay
For each plant tested, three approximately equal-sized, healthy-

looking leaves from separate tillers were selected for leaf painting.
PPT (at 0.2 g/l and 2 g/l) was applied in the form of Challenge

Medium type Composition

Inoculation

MS basal, 500 mg/l glutamine, 100 mg/I casein hydrolysate, 1.95 g/l MES, 10 g/ glucose, 40 g/l maltose, pH 5.8,

autoclaved. Picloram (2.2 mg/l), 2 mg/1 2,4-dichlorophenoxyacetic acid, £200 uM acetosyringone
and 100 mg/l ascorbic acid added after autoclaving

Co-cultivation

Induction
and 2 g/l Phytagel

Regeneration (R)

Same as inoculation medium, but solidified with 2 g/l Phytagel

Same as inoculation medium, but no acetosyringone or glucose and 0.5 mg/l 2,4-D. Add 160 mg/] timentin

L7 macrosalts (250 mg/l NH,NO3, 1.5 g/l KNO3, 200 mg/l KH,PO4, 350 mg/l MgSO,.7H,0,

450 mg/l CaCl,.2H,0); L microsalts (13.4 mg/l MnSO,.7H,0, 5 mg/l H;BO3, 7.5 mg/l ZnSO,.7 H,0O, 0.75 mg/l KI,
0.25 mg/l Na,Mo04.2H,0, 0.025 mg/l CuSO,.5H,0, 0.025 mg/l CoCl,.6H,0); vitamins (10 mg/l thiamine-HCI,

1 mg/1 pyridoxine-HCI, 1 mg/l nicotinic acid, 1 mg/l Ca-pantothenate, 1 mg/l ascorbic acid); plus 10 ml/1
FeNaEDTA (Sigma), 200 mg/I inositol, 30 g/l maltose (pH 5.7), filter-sterilised, solidified by 5 g/l agar gel
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Fig. 1 Map of pAL156. The T-DNA contains the bar gene and a
modified uidA (GUS) gene with an intron within the open reading
frame (to prevent expression in Agrobacterium). Both genes are
driven by the maize Ubiquitinl (Ubil) promoter plus Ubil intron.
The positions of the restriction sites used for the Southern analys-
es are also marked

herbicide (Unilever, UK) with Tween-20 (0.1%), using a cotton
bud to paint the upper surface of the distal half of the selected
leaves. Tween-20 (0.1%) alone was used as a control. After 7 days
PPT resistance was determined according to the percentage of ne-
crosis suffered over the area painted with the herbicide solution.

Statistical analysis

To compare the number of GUS expression foci per embryo, we
used GENSTAT (Payne et al. 1993) to perform an analysis of vari-
ance between treatment means (log transformations were carried
out to normalise data). For the comparison of embryo size
(Table 2), we calculated the standard error of differences of means
(sed) and least significant differences of means (Isd) at the 5% lev-
el for all pairs of size classes within each variety; the maximum
calculated value for each variety is quoted. In the study of the ef-
fect of acetosyringone on DNA delivery (Table 4), analysis of
variation was performed on the two data sets for each variety and
the calculated sed and Isd at the 5% level quoted.

Extraction of DNA, PCR and Southern blot analysis

Genomic DNA was isolated by homogenising 100-200 mg of leaf
tissue and extracting essentially according to Stacey and Issac
(1994). PCR was used to confirm the presence or the absence of
transgenes in the primary transformants and their progeny (Pastori
et al. 2001). The primer sequences were: bar — 5’-GTCTGCACC-
ATCGTCAACC-3" and 5-GAAGTCCAGCTGCCAGAAAC-3";
uidA — 5’-AGTGTACGTATCACCGTTTGTGTGAAC-3’ and 5'-
ATCGCCGCTTTGGACATACCATCCGTA-3’". Annealing temper-
atures and the approximate product length were 57°C, 444 bp for
bar, and 62°C, 1051 bp for uidA. At least two replicates were car-
ried out for each PCR analysis. Integration of transforming DNA
from the plasmid pAL156 was analysed using Southern hybridisa-
tion to probe for the presence of the uidA gene. Genomic DNA
and pAL156 were each digested with two enzymes (in separate re-
actions) — Swal and Bgl/II — which cut the plasmid as shown in
Fig 1. When integrated into genomic DNA, Bg/Il cuts within the
plasmid and again in the genomic DNA beyond the T-DNA right
border (>4,092 bp) and Swal excises a 4,625-bp fragment contain-
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ing the uidA gene. Genomic digests (5-20 pg) or pAL156 plasmid
digests (5 pg) were separated by electrophoresis on a 0.9% (w/v)
agarose gel run at 20 V for approximately 40 h and transferred by
capillary blotting onto positively charged nylon membrane (Roche
Diagnostics, Indianapolis, Ind.) following the method of
Sambrook et al. (1989). A Digoxigenin-labelled probe was gener-
ated using a PCR DIG probe synthesis kit (Roche Diagnostics)
with plasmid pAL156 as template DNA and uidA primers as de-
tailed above. Hybridisation and detection of the probe was carried
out using a non-radioactive, DIG Luminescent Detection Kit for
Nucleic Acids (Roche Diagnostics) according to the manufactur-
er’s instructions.

Results

Effect of embryo size on survival,
DNA delivery and regeneration

Four size classes of intact immature embryos (i.e. with
axis not removed), isolated from four wheat varieties,
were used to assess the effect of size on survival, DNA
delivery and regeneration. After co-cultivation with
Agrobacterium, approximately one-third of the small
(0.4-0.8 mm) embryos died, while the remainder
stopped growing; the larger (>1.5 mm) embryos survived
well. This result was consistent across the four varieties
tested (Table 2). Transient expression of the uidA (GUS)
marker gene was used to assess Agrobacterium-mediated
DNA delivery in the various size groups. Relative to the
smaller embryos, more of the larger ones had at least one
foci of GUS staining, and the larger embryos also had a
disproportionately higher number of foci per embryo
(Fig. 3A-D). With two exceptions, the mean number of
foci per embryo for any particular size class was signifi-
cantly different (at the 95% level) from any other size
class in the same variety (Table 2). The two exceptions
were between the size classes M and L in var. Canon and
between L and XL in var. Florida. No blue foci were
found on explants of any size that had been treated with
inoculation medium instead of Agrobacterium suspen-
sion, which indicated an absence of endogenous GUS
activity. The response in tissue culture showed the oppo-
site trend, with the smaller-sized classes showing signifi-
cantly higher regeneration frequencies. Although this
was tested in only one variety (Florida), it was signifi-
cant that all 14 transformed plants from this experiment
originated from a single size class (0.8—1.5 mm). The ef-
fect of Agrobacterium co-cultivation on regeneration
was tested, and for each size class a slight reduction was
observed relative to the minus-Agrobacterium controls
(Table 3).

Effect of acetosyringone on DNA delivery

Intact immature embryos of mixed sizes (but typically
between 0.8-2.0 mm), isolated from the four wheat vari-
eties, were cultured for 3 days in the presence of Agro-
bacterium cells in media either with or without 200 puM
acetosyringone. The addition of acetosyringone to the in-
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Table 2 Effect of embryo size

on survival and DNA delivery Variety Size of Number Survival Embryos Mean GUS Mean log GUS
(as indicated by transient GUS Embryo? of embryos rate (%) with GUS foci/ embryo foci/ embryoc
expression) in four wheat vari- tested” foci (%)
eties (Nd not determined) i
Bobwhite S 52 67.3 82.6 12.5 2.306
M 32 87.5 92.9 234 2.902
L 27 100 100 50.8 3.746
XL 30 100 100 97.0 4.473
sed=0.2010
aFreshly isolated, intact imma- 1sd=0.4123
ture embryos were grouped Cadenza S 65 66.2 21.1 5.9 1.656
into four size classes: S, M 103 92.2 88.6 16.2 2.533
0.4-0.8 mm; M, 0.8-1.5 mm; L 73 97.3 94.4 30.4 3.078
L, 1.5-2.2 mm; XL, larger than XL 35 100 91.4 50.7 3.691
2.2 mm sed=0.2125
bBetween 30 and 100 embryos 1sd=0.4385
for each size class were used.
Those that survived Agrobacte- Canon S 59 09.5 78.6 14.5 2.388
rium co-cultivation were as- M 84 96.4 90.5 40.4 3.472
sayed for GUS activity L 54 100 100 50.9 3.750
¢ Analysis of variance was per- XL 47 100 100 109.2 4.568
formed on log-transformed data sed=0.2278
of GUS foci per embryo. For 1sd=0.4739
each variety, the standard error — proridy S 65 Nd 81.5 12.0 2252
o.f dl.ft.“erence_s (sed) and least M 59 Nd 96.6 31.1 3.261
significant differences (5% L 44 Nd 100 78.6 4.343
level). (Isd) were calculated for XL 33 Nd 100 101.4 4.491
all pairs of size classes and the sed=0.1244
maximum calculated figure 1sd=0.2566
quoted
Table 3 Effect of embryo size
(see Table 2 on embryogenesis, Size of Number of Frequency of Number of
regeneration and stable trans- embryo embryos tested regeneration (%) transformed plants
formation efficiency in wheat -
var. Florida after Agrobacteri- Aft?f Agr ()bacter um S 286 73.1 0
um co-cultivation (NA not ap- co-incubation M 497 62.4 14
plicable L 300 24.0 0
XL 100 1.0 0
Controls with no S 74 87.8 NA
Agrobacterium M 67 74.6 NA
L 60 40.0 NA
XL 58 15.5 NA

oculation and co-cultivation media increased the effi-
ciency of T-DNA delivery, both in terms of the number
of embryos that displayed at least one focus of GUS
staining on the scutellum surface and the average num-
ber of GUS foci per explant (Table 4). The effect of ace-
tosyringone in the medium on the number of GUS foci
per explant was statistically significant at the 95% level
in all varieties, but was particularly marked in Cadenza
and Florida. This effect was less obvious in vars. Canon
and Bobwhite, which showed higher levels of T-DNA
delivery, even in the absence of acetosyringone. The
presence of acetosyringone also enhanced GUS expres-
sion in vars. Imp, Riband, Buster and L88-31 (data not
shown). In the absence of acetosyringone, some GUS ex-
pression was still evident in all varieties.

Effect of Silwet L-77 on embryo survival,
callus induction and DNA delivery

The surfactant Silwet L-77 has been shown to improve
the Agrobacterium-mediated transformation efficiency of
floral-dip methods in Arabidopsis (Clough and Bent
1998) and spring wheat var. Bobwhite, (Cheng et al.
1997). The effect of adding Silwet L-77 during the inoc-
ulation of winter wheat embryos (var. Florida) with
Agrobacterium as well as the mortality, T-DNA delivery
and subsequent callus induction were measured. Intact
IEs 0.8-2.0 mm in size were inoculated in the presence
of 0-0.1% Silwet L-77 (Fig. 2). At low concentrations of
Silwet L-77, embryos swelled normally and developed a
creamy colour (these embryos were described as ‘survi-
vors’). At higher concentrations, embryos failed to swell,
turned pale white and did not produce callus during sub-
sequent tissue culture. At Silwet L-77 concentrations
greater than 0.06% there was no embryo survival, while
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Fig. 2 Effect of Silwet L-77 concentration on embryo survival,
callus induction and DNA delivery in wheat var. Florida. The sur-
vival of 40-90 embryos per Silwet L-77 concentration was as-
sessed 3 days after Agrobacterium inoculation. Callus-forming po-
tential was assessed after a further 2 weeks on induction medium.
T-DNA delivery was assessed by counting embryos that had at
least one GUS focus and by counting the foci per embryo (error
bars represent one standard deviation of mean)

callus formation was severely compromised at 0.02%.
DNA delivery was improved at higher Silwet L-77 con-
centrations, presumably due to the reduction in surface
tension allowing better penetration of bacteria into the
plant tissues. However, at those Silwet L-77 concentra-
tions where this effect was most marked (0.02-0.04%),
phytotoxicity of the surfactant killed embryos and/or
prevented callus induction. In subsequent experiments
Silwet L-77 was used at a concentration of 0.01%.
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Effect of pre-culture, inoculation time and length
of co-cultivation on explant survival,
DNA delivery and regeneration

The duration of IE pre-culture and Agrobacterium inocu-
lation/co-cultivation periods were all found to affect ex-
plant survival, transient GUS expression and response in
tissue culture (Table 5). Prior to inoculation with Agro-
bacterium, 1Es were left to pre-culture on co-cultivation
medium for O h to 72 h. Although the IEs that were pre-
cultured for less than 1 h had a slightly lower survival
rate, the shorter pre-culture times resulted in higher tran-
sient GUS expression. After pre-culture, IEs were im-
mersed in Agrobacterium suspension between 0 h and
5 h. Transient GUS expression increased with length of
inoculation time, but both survival rate and regeneration
capacity were dramatically reduced at the longer immer-
sion periods. IEs were cultured for 1-5 days on a co-cul-
tivation medium, then Agrobacterium cells were killed
or inhibited with antibiotic. The longer co-cultivation
times reduced the capacity of the IEs to form embryo-
genic callus and regenerate. In subsequent experiments
in which transgenic plants were generated, the pre-cul-
ture time was between 0.5 h and 1 h, the inoculation time
was 3 h and the co-cultivation period was 3 days.

Plant regeneration and selection

At the outset of this investigation, the length of time af-
ter Agrobacterium inoculation necessary for bar gene ex-
pression to confer an ability to grow on PPT was un-
known. Initially, embryogenic callus, shoots and other
regenerating tissues were sacrificed at 4-8 weeks after
Agrobacterium inoculation in order to test for GUS
activity. The frequency of GUS-stained structures in
the four varieties tested ranged from 2.2% to 16.7%
(Table 6, Fig. 3), thereby confirming successful uidA
gene integration and the development of some regenera-
tive tissue. In subsequent experiments, shoot production
was allowed to proceed on regeneration medium with no
selection agent present. After 3—4 weeks, plantlets were
then transferred onto R medium supplemented with PPT
(Table 1). Selection was carried out with 2—4 mg/l PPT
for one to three rounds of 3—4 weeks each (Fig. 3J). Dif-
ferent varieties showed different levels of tolerance to
late selection on PPT, with Cadenza showing more toler-
ance than Florida. Larger shoots survived very well dur-
ing the first round of selection by rooting vigorously but
were unable to last longer than 4 weeks if they were not
transformed. Eventually the first leaf of these plantlets
stopped growing and started to show signs of bleaching
and desiccation, which then extended to the lower
leaves. The roots turned brown, then stopped growing.
To eliminate escapes and to gain insight into the efficacy
of PPT selection, we carried out GUS assays on leaf
pieces and root tips of surviving plantlets during the sec-
ond round of selection. GUS-positive plantlets were con-
sidered to be putative positive transgenics and were
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Table 4 The effect of aceto-

syringone on DNA delivery Variety Aceto- Number of Embryos with Mean GUS Mean log
as measured by transient GUS syringone  embryos tested ~ GUS foci (%) foci/embryo  GUS foci/embryo?
expression. Intact immature i
embryos of mixed size (but Bobwhite - 73 52.1 13.9 2.415
typically between 0.8-2.0 mm) + 88 76.1 28.8 3.050
isolated from the four wheat sed=0.1737
varieties were cultured for 1sd=0.3450
3 days in the presence of Agro- Cadenza _ 38 28.9 6.1 1.666
bacterium cells, in media either " 31 935 267 3006
with (+) or without (=) 200 uM sed=0.2674
acetosyringone 1sd=0.5419
Canon - 59 62.8 22.0 2.600
2 Analysis of variance was per- + 132 92.4 46.0 3.654
formed on log-transformed sed=0.3214
GUS foci per embryo data. For 1sd=0.6474
each variety, the standard error  py,,i44 _ 38 33.0 6.7 1.857
of dlfferen'ces. o_f means (sed) + 72 91.7 39.0 3.477
and least significant difference sed=0.2296
of means (Isd) (5% level) were 1sd=0.4665
calculated
Table 5 Effect of pre-culture, . . .
inoculation time and length of Time Number of  Survival Percentage immature Frequency of
co-cultivation on explant sur- Explants rate (%) embryos with GUS foci  regeneration (%)
vival, DNA delivery and regen-
eration. Intact immature em- Pre-culture No Agro- 14 100 NA 71.4
bryos of mixed size (but typi- time (h) bacterium
cally between 0.8-2.0 mm) 0 240 71.6 94.4 16.7
isolated from var. Florida 0.5 74 87.8 90.0 233
were cultured in the presence 1.0 83 96.4 91.9 333
ofAgrobacterium cells, with L5 73 93.2 90.0 36.1
200 uM acetosyringone. When 2.0 72 98.6 87.1 18.5
not the experimental variable, 3.0 167 98.8 87.3 172
pre-culture time was less than 24 160 100 32.6 15.3
0.5 h, inoculation time was 3 h 2 123 100 8.3 14.1
and the co-cultivation period Inoculation 0 14 100 0 77.0
was 3 days (NA not applicable) (ime () 0.25 108 100 69.4 433
0.5 116 97.4 72.2 45.6
1 124 94.4 76.7 44.7
2 108 91.7 88.6 26.6
3 92 77.2 94.1 25.0
5 93 55.9 100.0 19.2
Co-cultivation 1 102 76.5 80.0 52.8
time (days) 2 112 70.5 89.1 26.5
3 107 78.5 89.7 232
4 131 84.7 96.9 214
5 73 753 96.6 11.1

transferred to soil when a good root system had been es-
tablished. Other plantlets surviving PPT selection were
transferred after the third round of selection. Although
labour-intensive, the combination of PPT selection and
GUS assay seemed to work very well with minimum es-
capes and a shortened selection period for some plants.

Analysis of transgenic plants

Molecular analysis of the 44 plants that were identified
by GUS expression or had survived selection and were
transferred to soil revealed that 38 were PCR-positive
for both bar and uidA, three were positive for bar only
and another three were PCR-positive for uidA only

(Table 7). The plant genomic DNA preparations were
tested and confirmed negative for contaminating DNA
originating from Agrobacterium by PCR using the uni-
versal primer set based on the VirC operon as described
by Sawada et al. (1995). All 41 plants that were PCR-
positive for bar were also positive in the PPT leaf paint-
ing assay for bar expression. Of the 41 plants that were
PCR-positive for the uidA transgene, GUS expression
(by histochemical assay) was detectable in only 35.
Studies of transgene inheritance and segregation are cur-
rently underway. Of those lines already tested, the major-
ity (9) displayed a clear 3:1 inheritance ratio of the uidA
trait in the T, generation. The remaining lines (4)
showed a skewed ratio with a lower number of nulls than
would be expected from a 3:1 ratio. Southern analysis of
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Fig. 3 A-D Agrobacterium-mediated transient expression of GUS
in four size classes of immature wheat embryos (var. Florida):
A small (0.4-0.8 mm), B medium (0.8-1.5 mm), C large (1.5—
2.2 mm), D extra-large (>2.2 mm). E Close-up of scutellum sur-
face showing individual foci of transient GUS expression (inset
shows negative control. F, G Evidence of stable transformation in
developing shoots in tissue culture, expressing GUS after inocula-
tion and co-cultivation with Agrobacterium. H GUS assays of leaf
samples from a transgenic wheat plant (inset shows negative con-
trol). I Pollen from a transgenic plant showing a 1:1 ratio of GUS
expression. J Plantlet transformed with the bar gene surviving late
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selection on PPT while non-transformed shoots died. K Expres-
sion of bar was confirmed by leaf-painting. PPT (2 g/l) was ap-
plied in the form of Challenge herbicide with Tween-20 surfactant
(0.1%) to the terminal 7-10 cm of selected leaves: A leaves from
non-transformed plants — i Tween-only (no PPT), ii-iv typical
leaves from three non-transformed plants; B leaves from Agrobac-
terium-transformed plants — i Tween-only (no PPT), ii—iv typical
leaves from three transformed plants; C non-transformed control
with no application. L. Morphologically normal transformed plants
growing in soil
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Table 6 Stable GUS expression events in regenerating tissue cul-
ture samples from four wheat varieties after Agrobacterium co-
cultivation

Variety Replicate  Number Number of Fre-
of immature  immature quency
embryos embryos giving (%)
tested GUS-positive

tissues
Bobwhite  Ag92 38 1 2.6
Agl02 36 6 16.7

Cadenza  Agl21 132 8 6.1

Canon Agl02 44 3 6.8

Florida AgT7 194 5 2.6

Ag88 275 9 3.3
Ag90 181 21 11.6
Ag91 26 1 3.8
Ag92 183 4 22
Ag93 140 5 3.6
Ag94 183 5 2.7

genomic DNA isolated from three primary transformants
(Fig 4) showed simple, low-copy-number integration of
the uidA gene. Swal released a fragment of the expected
size (4,625 bp) in the pAL156 control and all of the
plants tested. Bg/Il, which cuts within the T-DNA and
again in the plant genomic DNA, gave bands of approxi-
mately 4.9 kb in plants C2.3 and C2.8, and approximate-
ly 5.1 kb in plant F3.1. Plants C2.3 and C2.8 originated
from the same experiment, and the size similarity of the
Bglll-released bands indicates that these two may be
clones.

Discussion

The development of reliable transformation protocols for
recalcitrant species depends on the ability to deliver in-
tact DNA molecules into the nuclear genome of regener-
able cells and to recover fertile adult plants from tissue

Table 7 Summary of transformation efficiencies and marker gene expression in adult transgenic plants after co-cultivation with Agro-
bacterium in two winter wheat varieties — Florida (F) and Cadenza (C)

Variety/ Number of  Frequency of T -positiver  Transformation =~ PCR of marker genes Expression of marker genes
experiment  immature regeneration  plants efficiency (%)

no. embryos (%) uidA+ Bar+ GUS PPTR
F/96 89 14.6 1 1.1 1 0 1 0
F/105 157 45.9 4 2.5 4 4 4 4
F/107 359 17.0 1 0.3 1 1 1 1
F/108 353 63.7 2 0.6 2 2 2 2
F/110 605 49.1 7 1.2 7 5 5 5
F/111 323 62.5 9 2.8 7 9 3 9
F/113 197 68.0 5 2.5 4 5 4 5
F/117 300 57.0 10 33 10 10 10 10
C/112 204 42.6 5 2.5 5 5 5 5

2 Plants containing at least one transgene as determined by PCR

Fig. 4 Southern blot of one un-

transformed and three T, trans- A

formed plants (C2.3 and C2.8:

wheat var. Cadenza and F; ;: kb Tkb '_S
var. Florida). A DIG-labelled

uidA probe was hybridised to 10.0—- :

5 pg of plasmid or 10 ug plant 8.0—

genomic DNA, uncut or cut

Zg;h either Swal (S) or Bglll 6.0-
5.0—
4.0- 4.
3.5
3.0

2.0-4




culture. The choice of starting material (explant) has
proved to be crucial in successful Agrobacterium-medi-
ated wheat transformation. There have been attempts
with limited success using embryogenic calli (Guo et al.
1998; McCormac et al. 1998), aged calli (Xia et al.
1999), suspension cells (Weir et al. 2001) and immature
inflorescences (Amoah et al. 2001) as starting material,
but they all failed to produce stable, fertile transgenic
plants. The scutellum of cultured immature seed embry-
os has long been known to be a good regenerable explant
source for wheat (Ozias-Akins and Vasil 1982), and
there are effective protocols using biolistics for transfor-
mation and regeneration of this tissue (reviewed by
Barcelo et al. 2001). However, despite considerable in-
terest there are very few publications describing success-
ful Agrobacterium-mediated transformation of wheat,
and the multiple factors involved have not been fully
characterised in the literature. We found several vari-
ables that had a marked effect on DNA delivery and re-
generation, including embryo size, the length of pre-cul-
ture, inoculation and co-cultivation, presence of aceto-
syringone, concentration of Silwet L-77 and the timing
and strength of selection. The effects of particular pa-
rameters on survival, T-DNA delivery and regeneration
did not always follow the same trend. For example, the
ability of IEs to survive the rigors of Agrobacterium co-
cultivation increased with increasing size, longer pre-
culture times, shorter inoculation times and lower Silwet
L-77 concentrations, whereas T-DNA delivery markedly
increased with shorter pre-culture times, longer inocula-
tion times and higher Silwet L-77 concentrations. The
regeneration capacity of IEs generally followed the same
trend as survival ability, except for embryo size where it
was the opposite. These data emphasise the limitations
of transient expression in non-regenerable tissues. It is
clear that conditions favouring T-DNA delivery are not
necessarily the same as those favouring the recovery of
stable transformation events.

The effects of increasing pre-culture time on survival
and GUS expression that we observed support the obser-
vations of Cheng et al. (1997), who found highly effi-
cient T-DNA delivery in both freshly isolated and 1- to
6-day-old pre-cultured IEs. However, they run counter to
those of Weir et al. (2001) who found that a minimum of
3 days of pre-culture was required to see transient GFP
expression in IEs. The effect of embryo size on Agrobac-
terium-mediated transient expression, regeneration and
transformation efficiency has not been reported previ-
ously. However, the data presented here concur with re-
cent results obtained by Rasco-Gaunt et al. (2001) who
demonstrated that, after bombardment with submicron
gold, embryos 0.5-1.5 mm in size showed better embry-
ogenesis and shoot regeneration than those smaller or
larger than that size class. Our conclusion that 0.01%
Silwet-L77 is a good compromise between increased
T-DNA delivery and reduced survival and callus induc-
tion supports the observations of Cheng et al. (1997),
who compared GUS expression at four concentrations of
Silwet L-77 (0.01-0.5%) and concluded that 0.01-0.02%
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was the most effective concentration for stable transfor-
mation in wheat var. Bobwhite. This is also reflected in
floral dip methods of Arabidopsis transformation where
Silwet L-77 concentrations of 0.005%, 0.05% and 0.1%
produced higher transformation rates than did a vacuum,
but the higher levels caused necrosis of plant tissues;
therefore, a final concentration of 0.05% was chosen
(Clough and Bent 1998). Phenolic inducers such as ace-
tosyringone appear to act alongside specific temperature
requirements and an acidic environment to promote the
expression of Agrobacterium vir genes, the products of
which mediate T-DNA delivery. We have shown that the
presence of 200 UM acetosyringone in the medium mark-
edly increased T-DNA delivery without losing the regen-
eration potential of the IEs in the four wheat varieties
tested. This supports earlier works in a number of spe-
cies showing that the addition of acetosyringone during
pre-culture and co-cultivation increases the number of
transformed cells in the target tissues (carrot, Guivarch
et al. 1993; apple, James et al. 1993; tomato, Joao and
Brown 1993; wheat, Weir et al. 2001). In wheat inflores-
cence tissue, 200 UM acetosyringone gave optimum tran-
sient gene expression, with higher concentrations being
toxic and lower concentrations less effective (Amoah et
al. 2001). The application of late PPT selection during
the second round of regeneration combined with leaf
GUS expression screening proved to be effective in iden-
tifying transgenic plants. Our transformation efficiencies
ranged between 0.3% and 3.3%, which was comparable
with those reported elsewhere (1.6%. Cheng et al. 1997;
1.8%, Weir et al. 2001). Complete analyses of transgene
insertion and segregation patterns are underway and may
reveal differences between biolistic and Agrobacterium-
mediated transformations.
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