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Abstract

Binary Ti vectors are the plasmid vectors of choiceAigrobacteriuramediated plant transformation protocols.

The pGreen series of binary Ti vectors are configured for ease-of-use and to meet the demands of a wide range
of transformation procedures for many plant species. This plasmid system allows any arrangement of selectable
marker and reporter gene at the right and left T-DNA borders without compromising the choice of restriction sites
for cloning, since the pGreen cloning sites are based on the well-known pBluescript general vector plasmids. Its
size and copy number Bscherichia colbffers increased efficiencies in routiimevitro recombination procedures.
pGreen can replicate iAgrobacteriumonly if another plasmid, pSoup, is co-resident in the same strain. pSoup
provides replication functionis transfor pGreen. The removal d2epAandMob functions has enabled the size

of pGreen to be kept to a minimum. Versions of pGreen have been used to transform several plant species with
the same efficiencies as other binary Ti vectors. Information on the pGreen plasmid system is supplemented by an
Internet site (http://www.pgreen.ac.uk) through which comprehensive information, protocols, order forms and lists
of different pGreen marker gene permutations can be found.

Introduction by 25 bp imperfect repeats termed the right (RB) and
left borders (LB). The T-DNA is transferred to, and
Stable plant transformation is commonly achieved by integrated in, the host cell nuclear genome at the on-
Agrobacterium tumefaciensediated procedures (ElI-  set of infection. The processing of the T-DNA and its
lis, 1993).Agrobacteriumis a plant pathogen which transfer to the host plant cell nucleus is achieved pri-
causes the formation of crown galls or tumours in marily by the concerted action of about 20 gene
tissues infected by the bacterium (see Sheng andproducts. All the plasmid-encodett genes reside in
Citovsky, 1996, and Gheyseet al, 1998, for a a region of the Ti plasmid. Ti plasmid-encoden
detailed review). Briefly, the determinants for estab- genes can functiom transto promote the transfer of
lishing and sustaining tumours are located mostly on T-DNAs from co-resident plasmids to recipient plant
large 200 kb) Ti (tumour-inducing) plasmids. The cells (Hoekemat al., 1983). Such T-DNA-containing
T-DNA and the virulence \{r) region are two dis-  plasmids are termed Ti vectors (Bevan, 1984; Guer-
tinct regions of all Ti plasmids which are essential for ineau and Mullineaux, 1993). Genes and sequences to
Agrobacteriuramediated plant transformation. The T-  be transformed into plants are inserted between the LB
DNA is a discrete section of the Ti plasmid bounded and RB of the Ti vector T-DNA.
_ Binary Ti vectors are able to replicate iBs-
The nucleotide sequence data reported will appear in the EMBL, cherichia coli and Agrobacteriumspecies. In such

GenBank and DDBJ Nucleotide Sequence Databases under the . . .
accession number AJ007829 (pGreen0000). plasmids, a broad-host-range replication locus is often



820

used, such as that from pRK2, which functions in a
wide range of gram-negative bacteria (Dorinal,,
1998). The pRK2 replication origin is used in pBIN19
and derived Ti vectors (Bevan, 1984), or has been
modified to separate the replication origin from the
trans-acting RK2-specific replicase gene (Koncz and
Schell, 1986) where the replicase getréX) has been
integrated into théAgrobacteriumgenome. Alterna-
tively, binary Ti vectors can harbour two replication
origins (oris), one for use irk. coli(e.g. from pColE1)
and one forAgrobacterium(e.g. from a pRi), as in the
PCGN series of plasmids (McBride and Summerfelt,
1990).

The T-DNA region of early binary vectors was sub-
cloned from wild-type Ti plasmids such as pTiT37,
like in pBIN19 (Bevan, 1984). More recently, syn-
thetic LB and RB fragments have been derived from
the 25 bp repeat structure (McCormetal, 1997).

tion flexibility and an extensive multiple cloning site.
In addition, this vector provides additional flexibility
for further development ofAgrobacteriumtransfor-
mation technology. The pGreen plasmid system is
complemented by an Internet site: www.pGreen.ac.uk

Materials and methods

Materials andin vitro cloning procedures

All in vitro recombination techniques employed were
standard (Sambrooét al, 1989). Site-directed mu-
tagenesis was based on the pAlter system (Promega,
Wisconsin) as recommended by the manufacturer. Se-
guencing used a dye terminator labelling procedure
and an ABI 373A Automated Sequencing machine
according to the manufacturer’s instructions (Ap-
plied Biosystems, Foster City, CA). The sequence of

Between these border sequences there is often a sepGreen is available in the EMBL/GenBank database

lectable marker gene, coding for antibiotic or her-
bicide resistance, configured for expression in and
required for the selection of transformed plants. All
the binary Ti vectors contain an antibiotic resis-
tance gene, suitable for selection in b&hcoli and
Agrobacterium In the more versatile plasmids there
is also a series of unique restriction sites withig-a
galactosidase gen&a¢Z) to allow complementation-

(AJO07829) and on the pGreen website.

All restriction and DNA modifying enzymes were
from Boehringer Mannheim (Lewes, UK). All antibi-
otics were purchased from Sigma (St. Louis, MO).

Transformation of bacteria

E. coli (unless otherwise mentioned, strain DH5

based screening for recombinant plasmids (NorranderWas transformed routinely by the procedure of

et al, 1983).
We set out to design a new binary Ti vector sys-

Hanahan (1983). Electroporation-compet&gitobac-
terium tumefaciengLBA44404, Hoekemaet al.,

tem that would address the main drawbacks of current 1983; GV2260, Deblaeret al., 1985; GV3280, Zam-

plasmids. The efficiency @ vitro recombination pro-
cedures s inversely proportional to the size of the plas-
mid DNA (Sambroolet al,, 1989). With an increased
requirement for the transfer of large pieces of DNA
into plants (Simeonegt al, 1986; Olszewsket al,
1988; Hamiltoret al,, 1996), the size of binary Ti vec-
tor should be kept to a minimum. Several selectable

marker and reporter genes are used in different trans-

formation protocols (Croy, 1993) but these are rarely

bryskiet al, 1983; EHA105, Hooet al., 1993; AGL-
1, Lazoet al, 1991), andA. rhizogened BA9402
(Oomset al,, 1985) cells were prepared according to
Shen and Forde (1989) and electroporated in 2 mm
cuvettes (BioRad, Hemel Hempstead, UK), with the
following conditions: 2.5 kV, 4002, 25 uF and
10-100 ng plasmid DNA. The electroporated cells
were recovered in Luria broth for 4 h at 2& and
plated on Luria broth agar plates (Sambraztkal,

interchangeable between vectors. Different selectable 1989) containing kanamycin sulfate (a(y/ml) and
marker genes may need adapting to the requirements”famp'c'” (100ug/ml). Alternatively, plasmids were

of individual transformation protocols or to specific

transformed intoAgrobacterium tumefacienssing a

experiments such as those using multiple resistancefreéeze-thaw method (An, 1988).

genes (Battacharyyet al, 1994). Such requirements
should not compromise the flexibility of these plas-
mids as cloning vectors through loss of convenient

Construction of the pGreen plasmids

The components of pGreen were constructed as fol-

restriction sites. Plasmid manipulations are also easier |gyys.

if these vectors replicate i&. colito high copy num-

ber. Our new binary Ti vector, pGreen, addresses theseThe pSa replicon and construction of pSoup.

issues by reduced plasmid size, transformation selec-

A 1.7 kb SaBA partial fragment of pGvV1122
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Nptl pGreen 0000 J/—Hindll

Stul
Bgfll

Figure 1. pSoup (A), a modified RK2 plasmid which carried the pSa replicase gene, and pGreen (C), the T-DNA cloning vector with pSa
replication origin. B. The pSa replication locus (Chang and Cohen, 1978) was modified by site-directed mutagenesis (SDM) to introduce a
BanrHI site, allowing these two regions to be separated.
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(ATCC37171) was cloned into théBamHI site
of pJIT134 (Guerineau and Mullineaux, 1993)
and selected for replication inA. tumefaciens
LBA4404. The 1.7 kb SawBA fragment in the
resulting plasmid, called pJIT134Sa,
guenced.
introduced a BamHI site (mutagenic oligo 5
CTTGGTCAAGGATCQCCATCCAAC-3) between
the pSaRepAand pSaeri, creating pJiT134SaBam.
The 1.2 kbXbal-BanHI fragment containing thRepA
gene was cloned between tBglll sites of pBIN19
(Bevan, 1984; Frisctet al, 1995), replacing the
pBIN19 T-DNA. The bacterial kanamycin selection
gene,Nptlll, of this pBIN19 derivative was replaced
by inserting anEcoRI-Styl fragment, harbouring the

was se-
Site-directed mutagenesis (Figure 1B) CAAGGCCTT-3) were annealed to produce a DNA

The T-DNA. The complementary olignucleotides
(5-CATGAAGGCCTTGACAGGATATATTGGCG
GGTAAAC TAAGTCGCTGTATGTGTTTGTTTGAG
ATCT-3 and B-CATGAGATCTCAAACAAACACAT
ACAGCGACTTAGTTTACCCGCCAATATATCCTGT

fragment consisting of &t site (underlined), the RB
sequence (in bold), the RB ‘overdrive’ sequence (in
italics) and aBglll site (underlined). This RB DNA
fragmentwas inserted into tiAdll1 site of pBluescript
SKIll— and its orientation determined by sequenc-
ing. A recombinant plasmid (intermediate A) was
selected which had the orientation of the RB fragment
such that theStd site was nearest to the SK mul-
tiple cloning site. Two further oligonucleotides’{5

tetracycline resistance gene, from pAlter (Promega) TCCACACATTATACGAGCCGATGATTAATTGTC

between the remaining pBIN18coRV sites to pro-
duce pSoup (Figure 1A).

pGreen backbone.The kanamycin resistance gene
(Nptl) from pACYC177 (Chang and Cohen, 1978)
was cloned as &lhd-Ncd fragment into theSpé-
BsHI sites of pBluescript SKH-, creating in-
termediate |. TheNcd site was introduced and
restriction sites, which would have been dupli-
cated in pGreen polylinker, were removed by
site-directed mutagenesis (mutagenic oligoshd
(5-CGTCTTGCTCAAGECCGCGAT-3), Clal (5'-
CGACAATCTACCGATTGTATG-3), Sma (5-CTG
CGATCCCAGGGAAAACAG-3'), Hindlll (5'-AAAT
GCATAAAGTTTTGCCAT-3) andNcd (5'-TGGTT-
GTAACCATGGCAGAGCA-3); (the underlined let-
ters are the modified restriction recognition se-
guences). Two complementary oligo$-GAATTCA-
GATCTA-3 and 3-ACATGTAGATCTG-3 respec-
tively) were annealed and inserted betweenBEheRI
and Afllll sites, to introduce a uniqudglll site,
this was intermediate Il. The pSai sequence was
inserted as 8anHI-Smad fragment from pJIT134Sa-
Bam into theBanHI-Smad sites of intermediate Il (re-
maining from the original pBluescript plasmid). These
sites along with interveningst and Notl sites were

AACAGATCTTGGCAGGATATATTGTGGTGTA
AACGTTAAC-3 and 3-GGTAACGTTTACACCAC
AATATATCCTGCCAAGATCTGTTGACAATTAAT
CATCGGCTCGTATAATGTGTGGA-3 were then
annealed to produce an LB DNA fragment consisting
of Hpal and Bglll site (underlined) and LB sequence
(in bold). This fragment was inserted between the
two Ssp sites of intermediate A, simultaneously delet-
ing the pBluescript SKH f1 ori. This 815 bpBglil
fragment was cloned into the pGreen backbone to pro-
duce pGreen0000 (Figure 1C) and pGreen1000 (cor-
responding to RB-LB and LB-RB orientations). This
strategy was also followed with pBluescript KSl|to
produce the T-DNA for pGreen 3000 and pGreen4000.

Construction of selectable marker and reporter gene
cassettes

The promoter-terminator cassettes were constructed
for the insertion of marker gene sequences. The 35S
CaMV promoter-19S CaMV terminator cassette was
based on pJIT61, equivalent to pJIT60 (Guerineau
and Mullineaux, 1993) except that pJIT61 contains
a single CaMV 35S enhancer region and multiple-
cloning-site (from CaMV 35S promoteriindlll,
Xbd, BanHI, Smd, Sad and EcaRl restriction (to

removed by successive rounds of treatment with T4 CaMV 19S terminator). Thipnl site at the 5end of

DNA polymerase | (T4 poll) and religation. Ti#&u
site in theNptl promoter andClal sites, introduced
when the pSari was inserted, were removed by
transformation intde. coli strain SCS110dam;dcn),
digestion with T4 poll and re-ligation. This produced

the 35S promoter was converted to BooRV site by
digestion and religating with the self-complementary
oligonucleotide (5GATATCGTAC-3). In the same
way the Bglll site at the 3 end of the 19S CaMV
terminator sequence was converted to BooRV

the pGreen backbone which was ready to receive the Site using the self-complementary oligonucleotide (5

T-DNA cassette.

GATCGATATC-3) to produce the 35S cassette (Fig-
ure 2). The plasmid pSLJ261 (Jonet al, 1992)
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Table 1. Mutagenic oligonucleotides used in site-directed mutagenesis for a range of
marker genes. kan, kanamycin resistance encodeghlt/ll/Nptll neq the neomycin
phosphotransferase Il gene (Bevan, 1984; Yenoélal., 1990); bar, bialaphos resis-
tance fromS. hygroscopicuencoded bypat, the phosphinothricin acetyl transferase
gene (De Blocket al, 1987); sul, sulfadiazine resistance (Guerineawal., 1990);

GUS, g-glucuronidase, encoded by thelA gene (Jeffersoet al,, 1987); GFP, green
fluorescent protein (Haseloét al, 1997). The original restriction site sequence is
underlined and the affected codon separated by spaces. The modified base is dou-
ble-underlined. Also indicated is the base modification and corresponding amino acid
conservation for each restriction site.

gene internal site

kan  Ncol
hyg  Sacll
Pstl+Ncol
EcoRI
bar  Apal
Sall
Sacll
Kpnl
Bglll
sul Sacll
Stul
EcoRV
Psil
Bglll
GUS EcoRV
EcoRV
GFP  Ncol

Hpal

was the starting plasmid for the construction of the which cuts 5to thenospromoter, and converted to an
nos promoter-terminator cassette. The internal GUS EcoRV site by digestion and re-ligation with the self-
complementary oligonucleotide '(6ATCGATATC-
3). In the same way alindlll site, 3 of the nos

gene of this plasmid was replaced withxaad-Xba
fragment from the pBluescript multiple cloning site.

TCGTGACC

CAGGATCG CCA CGC CTCCGGGCG

modifying oligonucleotide

C_CAC GGCGATGCCT

T=2C His

G9A Pro G=9C Agr
CCGCTGTT CTT CAGCCGGTCGCGGAG GCT ATGGATGCG

G=2>’I= Leu

CATGGG GAG TTCAGCGAGA

CCTACGCG

CGGCCGAG

ATGCCCCC

A=G Glu

G_GGT CCCTGGAAG

CHT Gly

TCA ACCGTGTAC

G2 Ser

CGT GGCATGCTG

GCCTGCCG

CCGTCACC

CTGTCACC

ACGCGAGG

G=2T Arg

GTG CCGCCCCGTC

A=HG Val

GAA_ATCTGATGAC
G2A Glu

GCT GCGATCGAAA

GOT Ala
CCA GTATCGCCGG

ACCTGAAC

AGGCGGAC

CGCCTGGA

GGGTGGAC

CAGAGTGT

TACCTGTT

TCAAAGTT

T=A Pro

GAC ATCCAAGGAT
T=0C Aps

TGT AGGCTGGTGG

C=DT Cys

A _GAC_CTGCGAAGCG

T=2C Asp

GAC ATCACCGTGG
T=0C Asp

GAC ATCTACCCGC
T=0C Asp

CCT TGGCCAACAC
A=0T Pro

AAT TTCAAAATTA

C=HT Tyr

C2T Ala

The GUS-deleted pSLJ261 was prepared from the terminator, was converted to a secdwbRV site with
E. coli dam- strain GM2109 and digested witBcll,
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Pstl (Ncol) Xbal
kan _3#-[

(Ncol)
(Pstl)
Stul {EcoRl) (Saclly Apal
hyg \ij_ﬂ-—yL

sul

{Sall)
Smal (Apal) Smal
bar M

Smal (EcoRV)— (EcoRV) Xbal
Ncol
Hindlll Xbal

BamHIl—~ (Ncol) (Hpal) Sact

EcoRV EcoRV

358 cassette

EcoRV EcoRV

nos cassette

Figure 2. The reporter and selectable marker genes used for insertion int#637 bp) and CaMV 35S (678 bp) cassettes. The restriction
sites in parenthesis were removed by SDM. A list of the mutagenic oligonucleotides is available from the authors on request. Thégenes are
(kanamycin resistance, 869 bpyg (hygromycin resistance, 1188 bl (sulfadiazine resistance, 912 bpgr (bialaphos resistance, 615 bp),

GUS (uidA; B-glucuronidase, 1940 bp), LUC (firefly luciferase, 1765 bp) and GFP (green fluorescent protein, 745 bp). Also indicated are the
restriction sites flanking each of the genes, along with all other restriction sites are deleted in the B6Scasdettes.

the oligonucleotide (SAGCTGATATC-3) to produce 1983) from pJiT134 (Guerineau and Mullineaux,
thenoscassette (Figure 2). 1993), hyg (aphV/NptlV; hygromycin resistance,
Both these basic promoter-terminator cassettes Waldron et al, 1985) from pJIT6 (Guerineau and
were precursors for all of the CaMV 35S amds Mullineaux, 1993),sul (sull; sulfadiazine resistance,
marker gene cassettes (Figure 2). Restriction sites in Guerineau and Mullineaux, 1993) from pJIT92 (Guer-
the cassettes which would have been duplicated in theineauet al, 1990) fused to Rubisco chloroplast transit
pGreen cloning sites were removed by site-directed peptide from pJIT117 (Guerineatal., 1989) andar
mutagenesis. Four selectable marker genekar (pat, bialaphos resistance, De Bloekal., 1987) from
(aph3'll/Nptl; kanamycin resistance, Bevaet al, pJIT82 (Guerineau and Mullineaux, 1993) — and two



Table 2. Nomenclature of pGreen derivatives used in this
work. The numbers are derived from the full list of all
permutations of all marker and reporter genes which is
available on the pGreen Website-)(and () refer to out-
ward and inward direction of transcription of the genes
relative to the pGreen0000 T-DNA (Figure 1).
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Table 3. Segregation data for
the seed of: self-crossed primary
transgenic tobacco plants
transformed with pGreen0029,
back-crossed petunia plants
transformed with a modified
pGreen0029 and self-crossed

Plasmid Selectable marker and reporter genes pea transformed with a modified
LB RB version of pGreen 0229.
pGreen0000 - - Transgenic tobacco
pGreen0029 nos-kan(+) — kan-resistant  kan-sensitive
pGreen0049 nos-kan(+) 35S LUC () 38 11
pGreen0229 nos-bar(+) - 39 10
29 20
47 2
39 5
e i . 39 8
reporter genes — GUSIIQA; B-glucuronidase; Jeffer- 48 1
sonetal, 1987) from pJIT166 (Guerineat al,, 1992) al 8
and GFP (green fluorescent protein) from mGFP-4 49 1
(Haseloff et al, 1997) — have been modified. The 38 10
mutagenic oligonucleotides (Table 1) were designed 38 1
such that the amino acid sequence was unchanged. In a1 9
addition, a synthetic firefly luciferase gene (LWL Transgenic petunia
with internal restriction sites already removed, which T-DNA no T-DNA
is available from Promega (Lonsdadg al, 1998), 11 9
was cloned into 35S andos cassettes. Intervening 19 22
restriction sites were removed after insertion of coding 5 7
seguences into promoter/terminator cassettes by using 7 5

T4 DNA poll treatment of DNA cut with the restriction
enzyme, followed by re-ligation and selection for loss
of the site (Figure 2).

Analysis of plasmid stability

Single colonies ofAgrobacterium(LBA4404) har-
bouring pGreen0029 (Table 2), on LB Agar and an-
tibiotic selection, were used to inoculate 10 ml of LB
with appropriate antibiotic, and incubated at 30
with shaking. Of this overnight culture 100l was
used to re-inoculate 10 ml of LB in the absence of
antibiotic selection; at the same time a serial dilution

of the bacteria was plated onto selective and non-

Transgenic pea
bar-resistant  bar-sensitive

2 1
2 1
14 3

1989) and the vacuum infiltration method (Bechtold,
1989). Cabbage was transformed as previously de-
scribed for oil-seed rape (Moloneyal., 1989). Trans-
formation of pea (Beart al,, 1997), potato (Edwards

et al, 1995), petunia (Horso#t al,, 1985) and tobacco
(Guerineatet al,, 1989) was as previously described.

selective media. The total viable count and antibiotic- Preparation of plant DNA and associated Southern
resistant bacterlal_count.was used to calculateq the blotting techniques were employed as described in the
mean colony—formln_g units per ml of c_ulturgy using  quoted papers for these particular speciéB:labelled

the data from the dilution series. The inheritance of probes were prepared from DNA fragments by a ran-

plasmid was monitored for 7 overnight incubations.

Plant transformation

Protocols for plant transformation were as follows.
Arabidopsis thalianaecotype Colombia) was trans-
formed by the root explant method (Valvekestsal.,,

dom priming method (Feinberg and Vogelstein, 1983).
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Results

Development of the pGreen vector and the dual
plasmid system

pSoup
For replication inAgrobacterium the pSa replication

Selectable marker and reporter gene cassettes

The basic pGreen vectors contain no selectable marker
or reporter genes for plant transformation. Immedi-
ately internal to the T-DNA LB and RB are unique
Hpal and Stu sites for the insertion of selectable
marker or reporter genes fused to promoters and

locus has been used in the pGreen vector. This locus isflanked byEcoRV sites (Figures 1 and 2). Four se-

defined by a 1.7 ki$aBA fragment from the plasmid

lectable marker genekan, hyg, sulandbar, and two

pGV1122 (Okumura and Kado, 1992). Sequencing of reporter genes, GUS and GFP, have been modified, by
this fragment showed that the pSa replication locus site-directed mutagenesis, to remove all the restriction

consists of arori and RepAgene (Figure 1B). Pilot
experiments established that the gSapAgene can
actin transon theori, in a manner similar to that de-
scribed for the RK2 replication and replication-origin

sites which would have been duplicated in the pGreen
multiple cloning site. Th&kan gene {ptll) does not

contain the mutation that can affect its function as a
selectable marker gene in some plant species (Yenof-

elements (Koncz and Shell, 1986), and was not neededsky et al, 1990). The amino acid sequence of all
on the pGreen vector, offering a substantial saving these enzymes was not affected by the DNA sequence

on the size of the binary vector. Therefore, gSgpA
was subcloned into pBIN19, replacing the T-DNA re-
gion. The pBIN19Nptlll gene, coding for bacterial

changes introduced (Table 1) and, where possible, the
codon usage was modified to those favoured by plants
(Murray et al, 1988). In addition, a synthetic fire-

resistance to kanamycin, was replaced with the tetra- fly luciferase gene (LUG) available from Promega

cycline resistance gengef) from pAlter (Promega),

(Lonsdaleet al,, 1998) also fulfilled the above crite-

to create pSoup (Figure 1A). This plasmid has the ria. These genes were cloned between the CaMV 35S

pRK2 replication origin of the compatibility group
incP1 (Thomaet al,, 1985) whereas the pSa origin is
in the IncR compatibility group (Okumura and Kado,

promoter and the CaMV 19S terminator and between
the nopaline synthased9 promoter and th@oster-
minator (Figure 2) and all extraneous sites at cloning

1986), and as such these two plasmids can co-reside injunctions were removed.

Agrobacterium

pGreen

pGreen nomenclature

The pGreen vector (Figure 1C) is based on the general- W& have assigned a number from 1 to 728 to all the

purpose cloning vector, pBluescript (Alting-Mees and
Short, 1989) and therefore contains a pCotiilfor
replication inE. coli. This plasmid’s ampicillin resis-
tance gene was replaced with thptl gene (encoding
kanamycin resistance) from pACYC 177 (Chang and
Cohen, 1978), the pSari was inserted, the fari and
Lac Z region deleted and Bglll site was left for the
introduction of a T-DNA cassette (see Materials and
methods).

A T-DNA cassette consisting of a 813 tgglll
fragment, containing the pBluescript SKlacZ gene
and multiple cloning sites, flanked by synthetic LB

possible 35S- andoscontaining cassettes cloned into
the LB and/or RB cloning sites of pGreen0000/1000
(see Materials and methods). A KS version of pGreen,
where the polylinker is in the opposite orientation with
respect to the LB and RB, is available, though not ex-
tensively tested, and is called pGreen3000/4000. This
designation of marker gene combinations can be as-
signed to any pGreen cassette variant produced in the
future. A complete list of the different combinations is
available on the pGreen Internet site (see below) and
the details of cassettes described in this paper are in
Table 2.

and RB sequences, derived from the border sequences

of pTiT37, and with an additional T-DNA transfer en-
hancer (‘overdrive’) motif immediately adjacent and
external to the RB (Slightorat al., 1985; van Haaren

et al, 1988), was inserted to create pGreen0000

(Figure 1C).

Plasmid handling and copy numberAmrobacterium

In Agrobacteriunspecies the pGreen plasmid requires
the function of theRepAgene from pSoup (Fig-
ure 1) to successfully replicate. pGreen contains no
mobilisation function (which permitted further sav-
ings in size) and so the plasmid is introduced into
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Figure 3. A. Plasmid DNA isolated fromAgrobacterium tumefa-
ciensstrain LBA4404 harbouring pSoup and pGreen0049 (Table 2).
The plasmid DNA was prepared by an alkaline lysis procedure
and digested with eithe€lal orEcdRl, and separated by elec-
trophoresis through a 20 cm Tris-acetate-EDTA (TAE) 0.8% w/v
agarose gel at 1.75 V/cm for 16 h. Densitometry of the ethidium
bromide-stained gel image was carried out with a GelWorks 1D
Advanced v 3.0 imaging system (BioRad, Hemel Hempstead, UK).
Band a isEcdRlI-linearised pSoup, band b is linear pGreen0049
generated with eitheEcdoRl or Clal and bands ¢ and d a@lal
fragments of pSoup. B. Plasmid stability of pE6.

Agrobacteriumusing either electroporation or freeze-
thawing (see Materials and methods). The pGreen
and pSoup plasmids (Figure 1) can be used in a
mixed electroporation. In this instance, selection for
co-transformedAgrobacteriumcan be achieved us-
ing kanamycin-containing medium only, since pGreen
cannot replicate inAgrobacteriumwithout pSoup
being co-resident. Alternatively, electro-competent
Agrobacteriumcontaining the pSoup can be gener-
ated, by selection for tetracycline resistance, and
subsequently re-electroporated with pGreen and selec-
tion for kanamycin-resistant colonieA: tumefaciens
strains LBA4404, GV2260, GV3280, AGL-1 and
EHA105 andA. rhizogenestrain LBA9402 support
pGreen/pSoup replication.
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An overnight culture oAgrobacteriun{LBA4404)
containing pGreen0049 (Table 1) and pSoup were
used to estimate the relative copy number of each
plasmid.Agrobacteriumincubated overnight in Luria
broth (Sambrooket al, 1989) with 50 g per mi
kanamycin at 3°C achieved an OD (650 nm) of
0.6+0.1 and was still in logarithmic growth. Plasmid
DNA was extracted from these bacteria, and digested
with restriction enzymes, and separated on agarose
gels. The fluorescence of intercalated ethidium bro-
mide into linear DNA is proportional to the DNA size,
and this was used to estimate the relative weight of
pGreen to pSoup DNA of thAdgrobacteriumin the
culture. Figure 3A shows the ethidium stain for two re-
striction enzyme patterng€lal andEcoRI. pSoup was
linearised byEcaRlI to give a band of 9.0 kb (fragment
a, Figure 3A), and cut twice bglal to 5.0 kb and
4.0 kb (fragments ¢ and d, Figure 3A). pGreen0049
was linearised to 6.9 kb by both enzymes (fragment b,
Figure 3A). The fluorescent profile for these ethidium-
stained gels was analysed by GelWorks 1D (UVP UK)
and indicated the linear relationship of fluorescence
to electrophoresis mobility of fragments a, ¢ and d,
corresponding to a regression coefficient relating fluo-
rescence to DNA size (fluorescened.42x fragment
size— 7629;R? = 0.94). Based on these calculations
the expected fluorescence for a DNA fragment the size
of fragment b and in the same molar ratio as fragments
a, ¢ and d was estimated at 17569. The actual flu-
orescence for fragment b (475193.6) was used to
estimate the relative copy number of pGreen to pSoup
as ca. 3:11. Data for 3 restriction enzymes of 3 plasmid
DNA preparations from independeAgrobacterium
cultures were used in this estimation.

The stability of pGreen was measured by remov-
ing the plasmid selection from liquid media, and
assaying the proportion of viable colonies which con-
tained antibiotic resistance over 6 subsequent days.
E6, a pBIN19-derived plasmid, generated by replacing
the pBIN19 T-DNA contained within @glll frag-
ment with the 813 bp T-DNA-containing thBglll
fragment of pGreen, was used as a control plas-
mid construct. Two bacterial strains, LBA4404::E6
and LBA4404::pGreen0000;pSoup, were grown as
described in Materials and methods. E6- and pGreen-
containing bacteria were identified by kanamycin re-
sistance, while pSoup-containing bacteria were iden-
tified by resistance to tetracycline. The proportion
of resistant colonies was assayed for 6 overnight in-
cubations and is displayed in Figure 2B. Both the
kanamycin-resistant E6 and the tetracycline-resistant
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pSoup appear to be slightly unstable Agrobac- ing to the endogenous CHS-A gene (at 3 kb and 6 kb),
terium the number of bacteria, after overnight incu- in addition to the fragments from the T-DNA. The
bation, retaining the E6 and pSoup plasmids dropped 2 kb fragment, in the transgenic lines 4 to 10, is an
to 50% after 5.5 days and 4.5 days respectively. Both internal fragment from the T-DNA, and its relative hy-
these plasmids contain the RK2 replication origin. The bridisation intensity to the endogenous fragments is an
kanamycin-resistant pGreen plasmid is less stable in indication of T-DNA copy number. These transgenic

Agrobacteriumand after only 1 day, 50% @fgrobac- petunia plants are self-sterile, but can be backcrossed

teriumcolonies contained the pGreen plasmid. to parental material, and the inheritance of the trans-
gene monitored. Four lines that showed phenotypes

Plant transformation in the primary transgenic plants were monitored for

the inheritance of the T-DNA sequence in their back-

A range of experimental and crop plant species have crossed progeny. In all cases analysed about half of the
been transformed with pGreeArabidopsis pea, to-  progeny contained novel sequence derived from the
bacco, petunia, tomato, potato and cabbage. Figure 4T-pNA (Table 3). The inheritance of the T-DNA cor-
shows the molecular analysis for transformants of four rg|ated with a post-transcriptional RNA degradation
of these plant species. phenotype and, in addition to these plants, three other

An intron-containing CaMV 35S-GUS gene pack-crossed populations showed 50% inheritance of
(R.P. Hellens, unpublished data) was cloned into the phenotype.
pGreen0229 (Table 2) and used Agrobacterium- Figure 4C shows a northern blot of total RNA from
mediated transformartion ¢fisum sativuntv. Puget  ten independent transgenic potato lines derived from
(Beanet al. 1997). Seven bialaphos-resistant trans- transformation experiments with a starch synthase an-
formed plants were recovered from 200 seed embryos, tisense gene (GROT-2) cloned into pGreen0049 (Ta-
corresponding to a transformation efficiency of 3.5%. pje 2). Kanamycin-resistant shoots were screened for
The frequency of transformation for pRKZ-based bi- LUC acti\/ity, and 10% (19/183) of these were LUC-
nary Ti vectors was up to 6% for this embryonic axis positive. An equivalent experiment was performed
transformation protocol (Beast al, 1997). Six of  with a similar 35S-LUC gene construct in pBINLUC
the seven lines had novel sequences with homology (Mullineaux et al, 1990) in which 7.4% (10/135)
to those sequences internal to the T-DNA borders: gave kanamycin-resistant, LUC-positive plants. This
uidA (GUS gene) andhos-barmarker gene cassette, direct comparison between the transformation ability
based on Southern blot analysis (Figure 4A). Of these of pGreen and the RK2-based binary vectors indicated
seven transgenic lines, three produced spliced tran-that transformation efficiency is comparable for both
scripts from the intron-containing GUS gene, detected these plasmids for the protocol used for potato tuber-
by RT-PCR (Figure 4A); only these three transformed gjsc transformation. In this pGreen transformation
pea lines gave positive GUS histochemical staining. experiment the target gene for antisense was signifi-
Lines 3 and 4 were self-fertile and produced seed, line cantly down-regulated in lines 2, 3 and 10, and to a
5 produced no seed from the self-crossing but was |esser extent in several of the other lines.
crossed to a pigmented pea line (JI813). Progeny were  Figure 4D shows a Southern blot corresponding
analysed for inheritance of GUS aCtiVity In line 3, to Dral digests of ten independent transgenic to-
one of the three seeds had inherited the GUS gene,pacco plants generated with pGreen 0049 (Table 2).
while for line 4,11 of the 13 seed were GUS-pOSitive The digestion ofDral is unaffected by CG or G
(Tabie 3), indicating that the T-DNA introduced genes methy|ati0n (Ne|son and MOC|e||and, 1991), com-
were inherited in a Mendelian manner. Line 4 pro- mon to the genomic DNA of plantDral is absent
duced sufficient seed to indicate that there may be from the pGreen T-DNA, so fragments identified by
multiple i_nd_ependent T-DNA integration sites for this homology to the T-DNA sequence represent distinct
transgenic line. genetic loci. The filters shown in Figure 4D were

Figure 4B shows the Southern blot analysis of thir- hybridised to probes derived fromMptll, LUC and
teen transgenic petunias and untransformed parentakhe pGreen vector backbone. Hybridisation patterns
material. In these experiments modified petunia CHS- \were identical for both théptl and LUC probes,
A genes were introduced into the petunia genome whijle the pGreen backbone hybridisation showed no
using pGreen0029 (Table 2). The digest on the trans- getectable homology to thBral-digested DNA. The
genic plant DNA displays two fragments correspond- segregation of transgenic tobacco plants transformed
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Figure 4. A. Southern blot of genomic DNA from pea plants transformed with pGreen0229 (Table 2) harbouring an intron containing GUS
gene. Genomic DNA (%.g) from seven potential transformants (lanes 1-7) was digestedBedR|, Bglll and EcoRI+Bglll, separated on

a 0.8% TAE agarose gel at 2 V/cm and hybridised with a T-DNA probe corresponding to GU®sihér:nos RT-PCR on cDNA from the

leaves of transformed pea plants (1 to 7). The oligonucleotide primers amplify the GUS gene at either side of the 300 bp intron and give a
1 kb spliced PCR product detected in lanes 3, 4 and 5. B. Southern blot of genomic DNA from petunia plants transformed with a pGreen0029
(Table 2) harbouring petuni@HS-Agene constructs. Genomic DNA (&g) of from 13 potential transformants (lanes 1-13) and a control
untransformed plant (C) was digested wiindlll and separated as in A. Hybridisation was with a probe derived from the subclone of a

4 kb EcaRlI fragment of the endogenous gene. C. Northern blot of total RNA from 10 transgenic potato plants harbouring a starch synthase
antisense gene in pGreen0049 (Table 2). The top panel shows the suppressed levels of starch synthase mRNA in 3 lines (lanes 2, 3 and 10).
The bottom panel shows total RNA loading as determined by staining with 0.03% w/v methylene blue in 0.3 M acetic acid. D. Southern blot of
genomic DNA (10urg) from tobacco plants transformed with pGreen0049 (Table 2). Genomic DNA from each of ten potential transformants
(lanes 1-10) was digested wibral and separated as in A. This filter was probed witis-Nptl| LUC and pGreen backbone sequence. No

signal was detected for the hybridisation with the non-T-DNA probe.
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with pGreen0029 (Table 2) was measured by the in- plasmid. In stable transformation procedures pGreen
heritance of the kanamycin resistance gene. Seed ofappears to be as efficient as the RK2-based plasmid
self-pollinated regenerant plants were germinated on pBINLUC in producing regenerated shoots contain-
media containing 5Qug/ml kanamycin. For seven ing a T-DNA. Judging from the collected data in this
(7/12) independent transgenic plants analysed, thepaper, the majority of T-DNA integrations are single
inheritance of kanamycin resistance in 75% of the loci. The twoBglll sites that flank the T-DNA or the
progeny suggested the integration of the T-DNA into methyl-insensitiveDral are convenient enzymes that
a single genetic locus, four (4/12) lines showed segre- address the accuracy of T-DNA integration into the
gation ratios greater than 3:1 and would be candidatesgenome (Figure 4). Genomic DNA from transformed
for multiple T-DNA loci, and one line had aratio of ca. plants digested wittBglll should produce fragments
2:1 and insufficient data to ascribe a putative genetic larger then the initial T-DNA if the T-strand is nicked

composition. at the LB and RB during the T-DNA transfer process;
likewise,Dral fragments that contain homology to the
pGreen Internet site T-DNA are generated by restriction sites flanking the

T-DNA integration site, and are a good indicator of
More detailed information Concerning all the meth- T-DNA locus number. Data generated on the limited
ods, manipulations and sequence information used number of transgenic plants assayed and described in
to construct pGreen, pSoup, selectable marker genethis paper indicate there has been no detectable trans-
and reporter gene cassettes, a catalogue of pre-fer of the pGreen vector backbone into the genome of
built vectors and information on procedures for re- transgenic plants.
questing this plasmid is available on a Web site:  The dual-plasmid system provides additional flex-
http://www.pGreen.ac.uk ibility centred around the exploitation of pSoup. This
plasmid has a multiple cloning site and can act as a
. . platform for further enhancements &grobacterium
Discussion technology. Additionalvir genes have been shown
to improve the transfer of larger T-DNAs (Hamilton
As outlined in the Introduction, our intention was to gt al, 1996) and to improve the frequency of gene
develop a small, high-copy and versatile binary vector. transfer to cereal species (Hiet al, 1994; Ishida
By separation of theri andrepAgene of the pSalocus et al, 1996; Chengt al, 1997; Tingayet al, 1997).
for replication inAgrobacteriumwe have beenableto |t will be possible to enhance the copy number of key
produce a basic binary vector of less than 3.5 kb (Fig- vir genes by cloning them into pSoup, thus producing
ure 1). This includes the pUC replication origin, which -~ Agrobacteriumstrains with enhanced T-DNA trans-
permits replication to high copy number B coli fer efficiencies. It should also be possible to provide
Using the pBluescript Il multiple cloning site (Fritsch  pSoup with a T-DNA, converting it to a T-DNA vector,
et al, 1995), and adding unique restriction sites to gsych that within a singlégrobacteriumcell the two
the synthetic LB and RB sequences, we have pro- TpNA types (one from pGreen and one from pSoup)
duced a T-DNA which can easily be configured to suit can co-exist. Co-transformation of both T-DNAs and
most experimental situations. The availability of a set subsequent segregation will permit the development
of commonly used selectable reporter genes, insertedof marker-free transgenic protocols (Komait al,
into both nos and CaMV 35S expression cassettes, 1996).
is an integral part of this SyStem’S ﬂele”lty These We have deve|oped an Internet site where exten-
cassettes have been designed for easy insertion intosjve information and associated data can be accessed
Complementary restriction sites internal to the RB and Convenienﬂy’ and updated according'y; there is a cat-
LB and all restriction sites have been removed which alogue containing the cassette combinations already
would have been duplicated in the pGreen T-DNA produced, and this list will be updated regularly, so

cloning sites. _ _ _ that a particular marker gene combination in pGreen
pGreen is unable to replicate iAgrobacterium need not be re-built.

species without the helper plasmid, pSoup, or to be
mobilised between bacteria. Along with the intrinsic

instability of the pGreen plasmid under non-selective
conditions, this enhances the biological safety of this
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