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Abstract

Agrobacterium-mediated gene transfer is the method of choice for many plant biotechnology laboratories; however,
large-scale use of this organism in conifer transformation has been limited by difficult propagation of explant
material, selection efficiencies and low transformation frequency. We have analyzed co-cultivation conditions
and different disarmed strains ofAgrobacteriumto improve transformation. Additional copies of virulence genes
were added to three common disarmed strains. These extra virulence genes included either a constitutively active
virG or extra copies ofvirG andvirB, both from pTiBo542. In experiments with Norway spruce, we increased
transformation efficiencies 1000-fold from initial experiments where little or no transient expression was detected.
Over 100 transformed lines expressing the marker geneβ-glucuronidase (GUS) were generated from rapidly divid-
ing embryogenic suspension-cultured cells co-cultivated withAgrobacterium. GUS activity was used to monitor
transient expression and to further test lines selected on kanamycin-containing medium. In loblolly pine, transient
expression increased 10-fold utilizing modifiedAgrobacteriumstrains.Agrobacterium-mediated gene transfer is
a useful technique for large-scale generation of transgenic Norway spruce and may prove useful for other conifer
species.

Introduction

Transformation of conifers has traditionally been a
slow and tedious process [reviewed by 10, 36, 37].
Currently, the most successful method is the ‘gene
gun’ or biolistic technique. However, transformation
frequencies are still quite low.Agrobacterium tume-
faciens, which causes crown gall disease in plants by
transferring a piece of DNA (T-DNA) from the bac-
terium to the plant cell, has been shown to transform
conifers at low frequency [11, 38, 40].Agrobacterium-
mediated gene transfer is the method of choice for
most plant biotechnology laboratories because of the
high percentage of single-copy and single-locus in-
sertion events compared to other plant transforma-
tion techniques such as biolistics; however, attempts
to useAgrobacteriumfor genetic transformation of

conifers followed by subsequent regeneration of whole
plants has been largely unsuccessful with the notable
exception of European larch (Larix decidua; [22]).

Agrobacterium-mediated transformation is influ-
enced by a large number of variables including the
strain used, the presence of inducers such as ace-
tosyringone and the type of plant material used for
co-cultivation. Plant cells must be actively dividing
for transformation [1, 4, 35]. Embryogenic suspension
cultures provide a reliable source of rapidly dividing
cells. Further, the production and maintenance of these
cultures has been reported for many conifer species
[42]. We have chosen Norway spruce for these experi-
ments because of the rapidity of cell proliferation, the
long-term viability and the regeneration potential of
embryogenic cultures [46]. We have also used loblolly
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pine because the potential economic impact of geneti-
cally modified pines in the southeastern United States
warrants the development of better transformation
techniques.

Recently, transformation of previously ‘recalci-
trant’ species (including the economically impor-
tant species rice and maize) has been accomplished
through the use of disarmedAgrobacteriumhelper
strains to which additional copies of the virulence re-
gions have been added [14, 18, 19, 23, 25, 26, 29].
Using this strategy, Drakeet al. [9] were able to show
transient expression of a GUS reporter gene in Sitka
spruce (Picea sitchensis) but no stable transformed
lines were produced. We have put additional copies
of either a constitutively activevirG gene from an oc-
topine plasmid (pAD1289; [18]) or a 15.8 kb fragment
containing thevirB andvirG regions from the ‘super-
virulent’ plasmid pTiBo542 (pToK47; [25]) into either
an octopine (LBA 4404; [20]), nopaline (GV 3101
(pMP 90); [27]) or an agropine (EHA 105; [21])
disarmedAgrobacteriumstrain. A binary vector con-
taining a kanamycin resistance gene and an intron con-
tainingβ-glucuronidase (GUS) gene (pBISN1; [31])
was also introduced into these agrobacteria. Transient
expression was observed with embryogenic cultures
of both loblolly pine and Norway spruce. In addi-
tion, stable transformants were obtained from Norway
spruce.

Materials and methods

Plasmids and bacterial strains

The plasmids used in this study were pAD1289 [18],
pToK47 [25], pBISN1 [31] and pWWS006 (Wenck,
unpublished) and are described in Table 1.

The bacterial strains used in this study wereEs-
cherichia coliHB101, JM109 or NovaBlue (Novagen,
Madison, WI) andA. tumefaciens(Table 1) LBA4404
[20], GV 3101 ((pMP 90); [27]) and EHA 105; [21].
Agrobacteriumwas transformed by electroporation
as recommended by the manufacturer (Gibco-BRL,
Gaithersburg, MD). Selection for transformed cells
was as in Table 1 except for LBA4404 which is sen-
sitive to carbenicillin regardless of the presence of a
β-lactamase gene [14].

Embryogenic cultures

Embryogenic Norway spruce culture NS3 was initi-
ated as described by Verhagen and Wann [44]. Cell

suspensions of early-staged embryos were grown in
medium 471 (Table 2), a modification of BM3 [16]
with 3% maltose substituted for sucrose. Cultures
were grown on a seven day cycle in the dark at 20◦C
on a rotary shaker at 100–110 rpm. Weekly trans-
fers were accomplished by settling cells for 20 min,
removing spent supernatant medium and mixing one
part of settled cells with nine parts of liquid medium
471. To supply ample cells, cultures were most often
grown in 1 liter flasks with 30 ml cells and 270 ml
medium. Towards the end of this study a patent was
issued on the use of maltose to maintain embryogenic
conifer tissue [15]. Embryogenic loblolly pine culture
266 was maintained on medium 16 (Table 2, [32]) as
described above.

Agrobacterium-mediated transformation

Transformation experiments were done 5 days after
subculture. Ca. 20 ml of suspension-cultured cells
were transferred to sterile 50 ml tubes. The volume
was adjusted to 50 ml with 471 medium.Agrobac-
terium, grown for either 1 or 2 days (depending on
the strain) to an optical density (λ = 600 nm) of ca.
1 in 3 ml of YEP [2] broth, were centrifuged and
re-suspended in plant medium. One half of the cells
from the original 3 ml cultures (ca. 108–109 bacteria)
was added to the 50 ml tube. For standard transfor-
mations, acetosyringone (Sigma Chemical, St. Louis,
MO) was added to a final concentration of 50µM.
The cultures were then transferred to 250 ml Erlen-
meyer flasks and allowed to settle for 1 h before being
returned to the shaker. Co-cultivation was carried out
for 2 days.Agrobacteriumwas removed from the cul-
tures by allowing suspensions to settle in 50 ml sterile
tubes and pouring off medium. The medium was re-
placed with fresh 471 medium containing 200 mg/l
Timentin (ticarcillin/clavulanic acid 3:0.1, SmithKline
Beecham, Philadelphia, PA). The wash was repeated
twice. Ca. 4 ml of cells were transferred to plates con-
taining solidified 471 medium (0.2% Phytagel, Sigma
Chemical, St. Louis, MO) with 400 mg/l Timentin and
10 mg/l kanamycin sulfate (Sigma Chemical) and in-
cubated in the dark at room temperature (ca. 25◦C).
For GUS staining, 0.5 or 1 ml of cells were placed in
1 ml of GUS histochemical buffer [24] and incubated
overnight at 37◦C. Transient expression was deter-
mined by counting the number of blue cells per ml of
cultured cells 2 or 3 days after co-cultivation.

To select stable transformants, 3–4 ml of suspen-
sion cultures were directly plated on plates containing
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Table 1. Agrobacteriumstrains and plasmids utilized in this study.

Strain Chromosomal Opine type Reference

background

LBA 4404 Ach5 Octopine [20]

GV 3101 (pMP 90) C58 Nopaline [27]

EHA 105 C58 Succinamopine [21]

Plasmid Origin of Antibiotic Description

replication selection

pAD 1289 RK1 Carbenicillin Constitutively active

(100 mg/l) virG [18]

pToK 47 pSa Carbenicillin 15.8 kbKpnI fragment

(100 mg/l) from pTiBo542

Tetracycline containingvirB, virC andvirG

(5 mg/l) [25]

pBISN1 RK2 Kanamycin Binary vector with

(50 mg/l) kanamycin selection (10

mg/l) and an intron

containing GUS gene

[31]

pWWS 006 pSV1 Spectinomycin Binary vector with

(100 mg/l) kanamycin (10 mg/l) and

hygromycin (2.5 mg/l)

selection (this work)

kanamycin (10 mg/l). After 3 weeks, putative transfor-
mants were transferred to fresh kanamycin-containing
plates. After another 3 weeks, surviving embryogenic
cells were again transferred to fresh plates. After a
third round of selection, embryogenic cells were again
transferred to fresh plates. At this time, a portion of
each clump of cells was examined for homogeneity in
the culture and the presence of potential ‘escapes’ in
selected lines via GUS staining. Further subcultures
were done biweekly on plates containing Timentin
alone. Hygromycin selection (2.5 mg/l) was the same
as for kanamycin selection except that the cultures
were first plated on medium containing Timentin alone
for 1–3 weeks prior to hygromycin selection.

To obtain large quantities of transformed tis-
sues for further analysis, selected embryogenic cul-
tures were again introduced into liquid suspension in
medium 471 (Table 2). After 4–6 weeks, the cultures
were actively producing 5–10 gm of tissue each week
which was then used to prepare DNA for Southern blot
analysis [41].

Transformation of loblolly pine was performed as
described above for Norway spruce with the exception

that medium 16 (Table 2) was utilized in all of the
transformation steps.

Embryo maturation

Mature embryos were obtained by plating selected
cell lines on medium containing 471 macro-nutrients,
micro-nutrients, vitamins and glutamine (Table 2),
6% sucrose, 0.4% Phytagel and either 15 or 30µM
abscisic acid [43]. After 3 weeks the embryogenic
masses were transferred to fresh ABA plates for an-
other 3 weeks of maturation. Mature embryos were
germinated on medium containing 1/2 DCR salts
(Sigma Chemical) supplemented with 1% sucrose and
solidified with 0.2% Phytagel.

DNA detection

Molecular analysis was performed on the selected cell
lines using either a PCR approach on small samples
or Southern analysis from large quantities of tissues.
DNA was extracted from embryogenic cultures us-
ing a Puregene DNA isolation kit (Gentra Systems,
Minneapolis, MN) following the manufacturer’s pro-
tocol for DNA extraction from fresh plant tissues.
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Table 2. Composition of Norway spruce (471)
and loblolly pine (16) media. Macronutrients
(NH4NO3–FeSO4) along with the myo-inositol
and casamino acids were added as a 20× stock.
Micronutrients (KI − CoCl2) were added as a 100×
stock. Plant growth regulators; 2,4 dichlorophenoxyacetic
acid (2,4-D), 6-benzylaminopurine (BA) and kinetin
were, added from 1000× stocks. Vitamins (100× stock,
thiamine HCl− glycine) and glutamine (32 mg/l stock)
were added after autoclaving.

Chemical Medium 471∗ Medium 16∗

NH4NO3 206.5 603.8

KNO3 2,340 909.9

MgSO4 · 7H2O 185.0 246.5

KH2PO4 85.0 136.1

CaCl2 · 2H2O 85.0 0.0

Ca(NO3)2 · 4H2O 0.0 236.2

Mg (NO3)2 · 6H2O 0.0 256.5

MgCl2 · 6H2O 0.0 101.7

Na2EDTA 18.65 9.33

FeSO4 · 7H2O 13.9 6.95

KI 0.42 4.15

H3BO3 3.1 15.5

MnSO4· H2O 8.45 10.5

ZnSO4 · 7H2O 4.3 14.4

Na2MoO4 · 2H2O 0.125 0.125

CuSO4 · 5H2O 0.012 0.125

CoCl2 · 6H2O 0.012 0.125

Maltose 30,000 0.0

Sucrose 0.0 30,000

Myo-inositol 1,000 1,000

Casamino acids 500 500

L-Glutamine 450 450

Thiamine HCl 1.0 1.0

Pyridoxine HCl 0.5 0.5

Nicotinic acid 0.5 0.5

Glycine 2.0 2.0

2,4-D 1.1 1.1

BA 0.45 0.45

Kinetin 0.43 0.43

pH 5.5-5.8 5.5-5.8

∗Expressed as mg L−1.

Large-scale preparations utilized 3–5 g (fresh weight)
of cultured cells while small-scale preparations used
200–500 mg.

Standard PCR was carried out in 50µl reactions
containing ca. 100–500 ng of spruce DNA, 15 pmol
of each primer, 200µM each dNTP, 1× PCR buffer
(1.5 mM MgCl2; Boehringer Mannheim, Indianapo-

lis, IN) and 1 unit Taq DNA polymerase. Primer
sets utilized were 5′-TCAAGCGCTGTGAACAAGG-
3′ and 5′-GATCAACAACCACGACATCG-3′ for
virG of AgrobacteriumTi plasmid pTiBo542; 5′-
TTCAGCTTCGATGTAGGAGG-3′ and 5′-AGAAG-
AAGATGTTGGCGACC-3′ for the hygromycin phos-
photransferase gene (HPT); and 5′-ACAACAGACA-
ATCGGCTGC-3′ and 5′-AAGAACTCGTCAAGAA-
GGCG-3′ for the neomycin phosphotransferase (NPT)
gene. The PCR conditions were 95◦C for 5 min fol-
lowed by 30 cycles of 95◦C for 30 s, 52◦C for 1 min
and 72◦C for 2 min. Cycling was followed with an
ending step of 72◦C for 10 min followed by 4◦C us-
ing a MJ MiniCycler (MJ Research, Watertown, MA).
PCR products were separated on 1.5% agarose gels
and visualized by ethidium bromide staining [34].

For Southern analysis, 15–30µg of DNA was di-
gested with 5 units ofEcoRI for 6–8 hours at 37◦C
and was subsequently separated on a 0.7% agarose
gel. DNA was transferred onto positively charged
nylon membranes (Boehringer Mannheim) in alkali
[34]. DNA was bound to the membranes using a UV
Stratalinker (Stratagene, La Jolla, CA). Membranes
were prehybridized as specified by the manufacturer
(Boehringer Mannheim) in a hybridization oven (Rob-
bins Scientific, Sunnyvale, CA.) at 65◦C. The probe
used in the hybridization reaction was the HPT gene
isolated as anEcoRI fragment from pTRA151 [49]
and was labeled by the random priming method [12].
Hybridization was for 2 days at 65◦C followed by 2
non-stringent and 2 stringent washes (2× SSC/0.1%
SDS and 0.1× SSC/0.1% SDS, respectively; [34]).

An anchored PCR method was used as described
by Siebertet al. [39] to isolate right-border junc-
tion fragments. The sequences of the adaptor (ADP-
48), 3′ lower-strand oligo with amino group (ADP-
8BL), and adaptor primers (AP1 and AP2) were: 5′-
GTAATACGACTCACTATAGGGCACGCGTGGTC-
GACGGCCCGGGCTGGT-3′ (ADP-48), 5′-ACCA-
GCCC-N2H-3′ (ADP-8BL), 5′-CCATCCTAATACG-
ACTCACTATAGGGC-3′ (AP1) 5′-CTATAGGGCA-
CGCGTGGT-3′ (AP2). The right-border T-DNA spe-
cific primers used were: 5′-AACCCTGGCGTTACC-
CAACTTAATC-3′ (PR8587) and 5′-CGCACCGAT-
CGCCCTTCCCAACAGT-3′ (PR8662).

To prepare the adaptor for ligation of digested
DNA, ADP-8BL was phosphorylated using T4
polynucleotide kinase (New England Biolabs, Bev-
erly, MA). ADP-48 was then annealed to ADP-8BL
at 50◦C for 1 min and allowed to cool slowly (1◦C
per 90 s) down to 10◦C.
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The adaptor ligated DNA was prepared by digest-
ing 2 µg of DNA from selected cell lines overnight
at 37 ◦C in 150 µl reaction volume with 60 units
of DraI, EcoRI, or ScaI (Promega, Madison, WI).
Digestions were checked for completion by running
133 ng of each on a 0.8% agarose gel by standard
techniques. The digests were then extracted once with
phenol/chloroform/isoamyl alcohol (25:24:1) and pre-
cipitated with 1/10 volume of 3 M sodium acetate
and 2 volumes of 100% ethanol. After centrifugation,
pellets were washed with 70% ethanol, dried and re-
suspended in 18.6µl sterile dH2O. Oneµg of this
DNA was then ligated to 100 ng of prepared adaptor
at 8 ◦C overnight using T4 DNA ligase and buffers
from the supplier (New England Biolabs), in a total
reaction volume of 20µl. The ligation reaction was
terminated by incubating at 70◦C for 5 min, diluted
10-fold by adding 180µl of 10 mM Tris-HCl pH 7.5,
1 mM EDTA and stored at−20 ◦C until use.

Primary PCR reactions were set up in 50µl re-
action volumes containing 1µl of ligated and diluted
DNA, 20 mM Tris-HCl pH 9.0, 16 mM (NH4)2SO4,
3.5 mM MgCl2, 400 µM dNTPs, 0.5µM each of
adaptor primer (AP1) and right-border T-DNA specific
primer (PR8587) and 2.5 unitsTaqDNA polymerase,
(rTaq: Takara, Kyoto, Japan). The cycling was done
in a programmable thermal controller equipped with a
hot bonnet (MJ Research). The parameters used were:
initial denaturation at 94◦C for 5 s, then a step down
procedure was used with denaturation at 94◦C for 5 s,
annealing at 72◦C for 3 min for 5 cycles stepping
down 1 ◦C per cycle to 67◦C, then denaturation at
94 ◦C for 5 sec, annealing at 67◦C for 3 min for 40
cycles, then a final annealing/extension at 67◦C for
4 min.

A secondary PCR reaction was set up with 1µl
of a 100-fold dilution of the primary PCR reaction us-
ing adaptor primer, AP2 and the nested right border
(T-DNA-specific) primer, PR8662. The same reaction
and cycle parameters were used except 20 thermocyles
were performed after the initial 5 cycles stepping down
at 67◦C.

All PCR products were separated on 0.8% agarose
gels by standard techniques. PCR products were either
sequenced directly using the PR8662 and AP2 primers
or by first cloning them into the vector pT7Blue-2
(Novagen, Madison, WI) and then sequencing with
universal primers. Sequencing of PCR products was
done at the Iowa State sequencing facility. Cloned
products were sequenced at the North Carolina State
University sequencing facility using a Li-Cor system.

Results

Effects of Agrobacterium strains and extra virulence
genes on Norway spruce transformation

Transient expression, determined as the number of
GUS positive cells/mL of embryos two or three days
following co-cultivation, was significantly increased
when additional copies of thevirG andvirB regions
from pTiBo542 (pToK47) were added toAgrobac-
terium (Table 3). The increase was strain specific
with no change in GV3101 but over a 400-fold in-
crease with LBA 4404 and a 10-fold increase with
EHA 105. Transient expression was not increased
with additional copies of a constitutively activevirG
gene (pAD1289). Selection efficiencies (determined
as the percent of transient expressing cells plated that
gave rise to transformed embryogenic cultures after
3 rounds of selection (9 weeks) ranged from 0.01–
0.08% and were 2–3-fold higher for the experiments in
which the agrobacteria contained either extra copies of
virulence genes (pToK47) or constitutive expression
of virulence (pAD1289; data not shown).

Putative transformants appeared within 3 weeks
of plating onto kanamycin containing plates. After
2 more rounds of selection, portions of each colony
were screened for GUS expression and 94% were
found to express GUS throughout most or all of the
cells. GUS-like staining was never observed in un-
transformed cultures or in cultures transformed with
a binary vector that did not contain the GUS gene.
Stable transformed lines were induced to form ma-
ture embryos for germination. GUS expression was
not detectable during maturation on ABA-containing
medium; however, expression returned upon germi-
nation of the embryos. The period of kanamycin
selection described above did not inhibit embryo mat-
uration as previously described for longer periods of
selection [33]. Hygromycin selection (2.5 mg/l) was
also used with certain transformations, but a period of
at least 1 week was required after co-cultivation before
selection could be applied. Efficiencies were the same
for kanamycin and hygromycin selection.

Effect of acetosyringone and bacteria concentration
on Norway spruce transformation

Transformation was influenced by the presence of the
inducer acetosyringone, with 25–50µM being opti-
mal (Table 4). A slight phytotoxic affect was observed
with the 100µM treatment and may contribute to the



412

Table 3. Transformation efficiencies of differentAgrobacteriumstrains
as determined by the number of GUS-positive spots 2 or 3 days after
co-cultivation.

Strain Norway spruce∗ Loblolly pine∗

EHA 105 (pBISN1) 152 (88) 11 (5)

EHA 105 (pBISN1, pAD1289) 110 (24) nd∗∗
EHA 105 (pBISN1, pToK47) 1224 (199) 121 (34)

GV 3101 (pBISN1) 470 (108) 21 (21)

GV 3101 (pBISN1, pAD1289) 488 (70) nd

GV 3101 (pBISN1, pToK47) 410 (122) 6 (1)

LBA 4404 (pBISN1) 0 nd

LBA 4404 (pBISN1, pToK47) 459 (69) 29 (15)

∗Mean number of GUS positive spots per ml of cells. The total number of
replications for each experiment was 5, 4, 4, 8, 4, 2, 4 and 12, respectively,
for Norway spruce and 2, 5, 2, 4 and 4, respectively, for loblolly pine.
Numbers parenthesis are standard errors.
∗∗Not determined.

decrease in transformation observed at this higher con-
centration. Preinduction of theAgrobacteriumwith
acetosyringone (200µM) in plant medium (pH 5.6,
sucrose or maltose 30 gm/l) at 20◦C did not lead to an
increase in transient expression.

The amount ofAgrobacteriumused in the co-
cultivation and the time of co-cultivation were both
important factors. Less than 108 bacteria was ineffec-
tive at transformation. Higher levels were not tested.
Co-cultivation of less than 2 days resulted in no tran-
sient expression. Although longer co-cultivation times
and higher bacteria concentrations were not tested, a
2-day co-cultivation was considered the maximum for
these cells in that excessive bacterial growth resulted
in death of the culture.

Molecular analysis of transformed Norway Spruce
lines

PCR was used to examine some of the selected lines
for the presence of the T-DNA. Of the lines selected,
all analyzed showed the presence of T-DNA using the
NPT or the HPT primer pairs (data using the NPT
primer pair is shown in Figure 1). In addition, thevirG
primers were used to check for the presence of con-
taminatingAgrobacteriumthat would have also given
the same T-region band. In 2 of the 5 samples shown
in Figure 1 a faintvirG band was observed; however,
the intensity of this band in comparison with the NPT
band is greatly reduced compared to the band intensi-
ties when the 2 genes are present in an approximate 1:1
ratio (Figure 1, lane 8). These faint bands are proba-

Figure 1. PCR detection of T-DNA sequences. About 100 ng of
spruce DNA was subjected to PCR with the NPT andVirG primer
sets as described in Materials and methods, separated on a 1.5%
agarose gel and visualized with ethidium bromide staining. Lane
1, λ-DNA HindIII digest; lane 2, untransformed Norway spruce
DNA; lanes 3–7: DNA from Norway spruce lines transformed with
AgrobacteriumEHA105 (pToK47, pBISN1); lane 8, pToK47 and
pBISN1 plasmid DNA (ca. 10 pg each).

bly from a trace level ofAgrobacteriumcontamination
remaining in these cultures.

Southern analysis was performed on several of the
selected lines (Figure 2). Single-copy insertion events
can be identified by the presence of a single band of
variable size whenEcoRI, which cuts once within the
T-DNA, and the HPT probe, which is at the right bor-
der, are utilized. Single copy-insertion events were
detected in 2 of 6 lines analyzed (5 lines are shown
in figure 2). The other lines showed multiple-copy
insertions. Two of the lines which showed multiple
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Figure 2. Southern detection of T-DNA sequences. Norway spruce
lines were transformed withAgrobacteriumcontaining plasmid
pWWS006 which contains both the NPT and HPT genes. 15µg of
spruce DNA was digested withEcoRI, separated using an agarose
gel and transferred onto a nylon membrane as described in Ma-
terials and methods. The probe used was the HPT gene labeled
and hybridized as described in Materials and methods. Lane 1,
λ-HindIII-digested DNA; lane 2: untransformed spruce DNA; lane
3, transformed line 006-1; lane 4, transformed line 006-2; lane
5, transformed line 006-3; lane 6, transformed line 006-4; lane 7,
transformed line 006-6; lane 8, binary plasmid pWWS 006 (5 pg).

insertions had bands consistent with the presence of
at least two T-DNAs in a head to tail configuration
(Figure 2, lane 3 and not shown). This configuration
was confirmed by anchored PCR analysis (see below).

Anchored PCR was utilized to isolate right bor-
der insertion fragments from 4 of the transformed
lines. Two of these lines have plant/T-DNA junction
fragments (Figure 3). The other two lines had T-
DNA/T-DNA junction fragments consistent with the
Southern data above.

Loblolly pine

Transient expression in loblolly pine was greatly in-
fluenced by theAgrobacteriumstrain utilized and by
the presence of acetosyringone (Tables 3 and 4). Ex-
tra copies of thevirB andvirG regions of pTiBo542
increase transformation 10-fold for EHA 105. This
was the only strain that had high levels of transient
expression (Table 3). Extra copies of the constitu-
tively expressedvirG were not tested. Acetosyringone
was required for high transformation efficiencies with
50 µM being optimal but not significantly different
from 25 or 100µM (Table 4). We have not been able to
recover stable transformants through selection to date;
however, GUS expression is observed when cultures
are first kept on timentin containing medium for 4

Figure 3. Right-border junctions isolated using anchored PCR as
described in Materials and methods. The right-border region from
pWWS 006 including the right border (double underline) and break
sites in the T-DNA are shown. Forty bp of sequence from each
anchored PCR fragment, including 20 bp from the T-DNA (un-
derlined) are given for lines 006-1, 2, 4 and 5. A. line 006-1
(head-to-tail T-DNA insertion: see text). B. line 006-2. C. line
006-4. D. 006-5 (head-to-tail T-DNA insertion: see text).

Table 4. The influence of acetosyringone onAgrobac-
terium-mediated gene transfer.

Acetosyringone Norway spruce∗ Loblolly pine∗
concn. (µM)

0 58 (58) 0 (0)

25 574 (90) 41 (4)

50 512 (38) 97 (60)

100 276 (152) 95 (3)

∗Mean number of GUS-positive spots per ml of cells for
AgrobacteriumLBA 4404 (pBISN1, pToK47; Norway
spruce) or EHA 105 (pBISN1, pToK47; loblolly pine).
Each acetosyringone concentration was replicated twice.
Numbers in parenthesis are standard errors.

weeks after co-cultivation. In this case, the amount of
expressing cells is only 33% of what is found when
staining is done 2 days after co-cultivation.

Discussion

Several factors are important forAgrobacterium-
mediated transformation of plants. These include
source material, bacterial strain and co-cultivation
conditions. The source material utilized here is rapidly
dividing embryogenic suspension cultures. Embryo-
genic cultures were also utilized forAgrobacterium-
mediated transformation of sitka spruce [9] and white
pine (Pinus strobus; [28]). Rapid growth of the source
material is important for transformation of tobacco
(Nicotiana tabacum; [1]), Arabidopsis[35] pine (Pi-
nus radiata; [4]) and Petunia [45] and may con-
tribute to the success observed in this study. Bergmann
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and Stomp [4] found that rapid cell division was
an even more important factor than genotype for
Agrobacterium-mediated transformation ofP. radiata.
The exact timing of co-cultivation has not been thor-
oughly studied but 5–6 days after subculture roughly
corresponds to the best time for biolistic transforma-
tion [48]. Co-cultivation in liquid may also have been
beneficial. Although these embryogenic cultures can
be grown and maintained on solidified medium, these
cultures grow much better in liquid medium. Attempts
at selection in liquid were unsuccessful, so solidified
medium was always used for selection.

Acetosyringone also was essential for high trans-
formation efficiency; however, the high levels used
in some other systems (100µM or greater) were not
beneficial (Table 4). A phytotoxic effect was observed
with higher levels (with Norway spruce only) but
this may be due to the solvent used (ethyleneglycol
monoethyl ether) instead of the acetosyringone itself.

The amount of Agrobacterium and the co-
cultivation time were both important factors and have
been shown to be important in many other transfor-
mation systems [7, 30] including sitka spruce [9]. The
bacterial concentration used here corresponds well to
the optimum found in other systems [30].

Strain selection is clearly important as has been
shown for other species [reviewed by 14, 21]. Interest-
ingly, the best unmodified disarmed helper strain for
Norway spruce transformation is a disarmed nopaline
strain (C58; Table 3). This strain was also recently
used successfully for transformation of white pine em-
bryogenic cultures [28] and wheat [5]. The wild-type
C58, however, was not shown to be advantageous in
gall formation on conifer stems in previous studies
[11, 38, 40].

The addition of a constitutively activevirG gene
did not increase transient expression in the strains
tested; however, additional copies of thevirG andvirB
genes from the plasmid pTiBo542 (pToK 47) greatly
increased transient expression of both the agropine
(EHA 105) and the octopine (LBA 4404) strains. No
effect was noticed when the nopaline (GV 3101) strain
was used (Table 3). Jinet al. [25] observed that extra
copies ofvirG increased transformation when placed
into ‘non-super-virulent’ strains, but thatvirB was
also required to increase transformation of the super-
virulent strain A281. The requirement for extra copies
of virB, which has been implicated in T-DNA transfer
[13 and reviewed by 50], suggests that DNA trans-
fer and not just virulence induction may be a limiting
factor in transformation.

Previous results using similar constructs have
shown that different combinations of this region and
helper strains are better with some species than with
others [30]. Clearly EHA 105 (pToK47) is the most
efficient strain for transformation of both loblolly pine
and Norway spruce embryogenic cultures. However, a
similar combination of strains and plasmids was not
superior when used for transformation of spruce stems
[11]. With Sitka spruce, transient expression was ob-
served with LBA 4404 (pToK47), but data for LBA
4404 was not shown nor were other combinations of
strains and virulence factors analyzed [9].

The pSa origin of replication of pToK47 allows it
to co-exist within the sameAgrobacteriumas ‘stan-
dard’ RK2 origin of replication binary vectors since
they are in different incompatibility groups (IncW
and IncP respectively: reviewed by [3]). Komari [26],
however, was unable to obtainAgrobacteriumcon-
taining these two plasmids and, therefore, created
the ‘super-binary’ vectors utilized in that and other
reports [19, 23, 29]. These super binary vectors
contain theVirB and virG genes from pTiBo542 on
the same plasmid as the T-region which makes it
very large. Changes to the super binary are made
in Agrobacteriumby homologous recombination in a
method reminiscent of the co-integrate vector systems
of the past [reviewed by 47]. We and others [6, 9]
have obtainedAgrobacteriumwith both the pToK47
and binary plasmids as separate replicating plasmids.
Agrobacteriumcontaining both replicons are grow-
ing more slowly than ‘standard’ strains and are much
slower to appear on transformation plates (Wenck,
unpublished results). The overall transformation ef-
ficiency of theAgrobacteriumis also lower. These
factors may account for the inability of Komari [26]
to obtainAgrobacteriumcontaining both replicons.

The number of T-DNA insertions and the arrange-
ment of insertions (head to tail) is in good agreement
for Agrobacterium-mediated transformation [8]. Al-
though only 6 lines were analyzed by Southern blot-
ting, 2 of these had single-copy insertions (Figure 2
and not shown). Sequencing of the right-border junc-
tion in four of the lines indicated a slight truncation
from the processing site of the right border in two of
them (Figure 3B and C). Processing of the left border
is revealed in the two head-to-tail insertions isolated
(Figure 3A and D). Both of these are truncated within
8 bp of the left border sequence. Even though the
isolated fragment from these head to tail insertions
have the same right border and left border processing
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points, sequencing and Southern analysis show them
to be independent lines.

With careful selection of the culture conditions
(the use of rapidly dividing embryogenic suspension
cultures) and the strains, we have increased transfor-
mation from an average of 0 ml (LBA 4404) to over
1000/ml (EHA 105 (pToK 47)) in Norway spruce and
from 6/ml (GV 3101 (pToK 47)) to over 100/ml (EHA
105 (pToK 47)) in loblolly pine. The use of strains
and techniques described here may lead to efficient
transformation of other conifer species in the future.
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