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Summary

An improvement to previous methods for recovering

Arabidopsis thaliana genomic DNA flanking T-DNA inser-

tions is presented that allows for the avoidance of some

of the cloning difficulties caused by the concatameric

nature of T-DNA inserts. The principle of the procedure is

to categorize by size restriction fragments of mutant DNA,

produced in separate digestions with NdeI and Bst1107I.

Given that the sites for these two enzymes are contiguous

within the pGV3850:1003 T-DNA construct, the restriction

fragments obtained fall into two categories: those showing

identical size in both digestions, which correspond to

sequences internal to T-DNA concatamers; and those of

different sizes, that contain the junctions between plant

DNA and the T-DNA insert. Such a criterion makes it

possible to easily distinguish the digestion products

corresponding to internal T-DNA parts, which do not

deserve further attention, and those which presumably

include a segment of the locus of interest. Discrimination

between restriction fragments of genomic mutant DNA

can be made on rescued plasmids, inverse PCR amplifica-

tion products or bands in a genomic blot.

Introduction

In contemporary causal analyses of plant biology, the usual

starting point is the identification by mutation of genes in

a model species (Meyerowitz, 1994). A useful strategy for

such a genetic approach is insertional mutagenesis (Berg

and Howe, 1989), which allows the isolation of mutants

carrying a gene which has been disrupted and tagged by

the insertion of a transposable element. In the model

organism Arabidopsis thaliana, the agent of choice for

insertional mutagenesis is T-DNA (transfer DNA), a seg-

ment of the Ti (tumor-inducing) plasmid of Agrobacterium

tumefaciens (Feldmann and Marks, 1987; Lloyd et al., 1986;

Valvekens et al., 1988). More than 40 genes have been
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cloned via T-DNA tagging from the 20 000 transformant

lines currently in public domain (Azpiroz-Leehan and

Feldmann, 1997), many of them carrying insertions of

pGV3850:1003 (Velten and Schell, 1985), an engineered T-

DNA that was used in a large scale experiment of seed

infection-transformation (Feldmann and Marks, 1987).

Genomic sequences flanking a T-DNA concatamer can

be isolated by using the plasmid rescue (Behringer and

Medford, 1992; Feldmann, 1992) or inverse polymerase

chain reaction (IPCR) (Gasch et al., 1992) methods. In both

of these techniques, DNA from mutant plants is digested

with a restriction enzyme and the digestion products are

circularized by self-ligation. Among the circular DNA molec-

ules obtained, those which include T-DNA segments may

give antibiotic resistant Escherichia coli transformants

(plasmid rescue) or PCR amplification products using diver-

gent T-DNA based primers (IPCR). It is not infrequent to

find that one or both of these techniques are unsuccessful,

which makes it necessary to obtain a genomic library from

the DNA of a mutant line so that clones including T-DNA

sequences can be isolated. Since T-DNA insertions often

include several complete or partially deleted tandem

repeats, most digestion products of the tagged locus

include only internal sequences of the insert. Therefore,

most plasmid rescued and IPCR amplified products contain

only T-DNA sequences. Consequently, discrimination

between molecules containing only T-DNA and those

including flanking genomic sequences constitutes a time-

consuming part of the procedures aimed at the cloning of

a T-DNA tagged gene.

A method is presented here which makes it easy to

discriminate between sequences flanking T-DNA insertions

and those of the insertions themselves, which is useful

when attempting to isolate T-DNA tagged Arabidopsis

thaliana genes. The procedure described in this paper

should be useful to all researchers using the transgenic

lines generated by K. Feldmann to isolate Arabidopsis

genes responsible for mutant phenotypes. We discuss

some structural criteria which new T-DNA constructs

should meet if some of the cloning difficulties derived

from the concatameric nature of T-DNA insertions are to

be avoided.

Results and discussion

Figure 1(a) shows the position in pGV3850:1003 of sites

for restriction enzymes used by previous authors in experi-
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Figure 1. (a) Simplified map of pGV3850:1003, with restriction sites indicated. Sites for enzymes commonly used in previous studies are indicated in the

upper part of the drawing. Sites for enzymes used in this work are indicated below. Arrows indicate annealing sites for IPCR primers (see Experimental

procedures). Abbreviations: B, BamHI; E, EcoRI; H, HindIII; S, SalI.; LB, RB, left and rigth T-DNA border sequences.

(b) Models of T-DNA (pGV3850:1003) inserts in hypothetical mutants. Each panel represents a T-DNA insert (open boxes) and its flanking plant DNA regions

(black boxes). Restriction fragments (obtained with either NdeI or Bst1107I) which would hybridize with a given probe (LB or RB) are depicted under each

insert. Only the most simple situations are represented, which correspond to a single insertion (upper panel) and tandem repeats including only two T-DNA units.

(c) Diagramatic representation of Southern blots corresponding to each one of the hypothetical patterns of T-DNA insertion represented in (b). The

correspondence between patterns in (b) and gel lanes in (c) is indicated by numbering of the lanes.

ments aimed at identifying Arabidopsis genes by T-DNA

insertion mutagenesis. All such enzymes cut more than

once in the pGV3850:1003 molecule, some of them inside

the region covered by the usual probes (indicated as LB

and RB in Figure 1a). A Southern blot made from mutant

DNA digested with any such enzyme often gives several

bands hybridizing with a T-DNA probe (either LB or RB),

mostly as a consequence of the concatameric nature of the

insertions. Since the positions of sites for those enzymes in

the pGV3850:1003 molecule are known, it should be pos-

sible to identify restriction products which include genomic

sequences as being those of an unexpected size. However,

identification of desired restriction products is frequently

difficult when based only on size because of the concatam-

eric nature of the inserts, together with the occurrence of

deletions and rearrangements.

As Figure 1(a) shows, two partial copies of pBR322, 3739

and 4336 bp are present in the pGV3850:1003 molecule. In

a search for restriction sites occurring only once inside

each pBR322 repeat, but absent from the remaining

pGV3850:1003 sequence, we found that several enzymes

satisfied those requirements, and elected the pair with the

least distance between sites: NdeI (in positions 5097 and

12386 of the construct) and Bst1107I (in 5149 and 12437),

which are located 52 bp apart. This characteristic of the

NdeI and Bst1107I restriction sites should make it imposs-

ible to distinguish between sizes of the T-DNA internal
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digestion products obtained with either enzyme, whereas

the size of the fragments containing adjacent plant DNA

would depend upon the enzyme used. As shown in

Figure 1(b), this observation would be irrelevant for

Arabidopsis genes with a T-DNA insertion consisting of a

single pGV3850:1003 unit, since fragments displaying the

same size in both digestions would not hybridize with LB

or RB probes. On the contrary, the digestion of more

complex insertions consisting of two pGV3850:1003 units

tandemly repeated (Figure 1b,c) would result in two types

of products: those of indistinguishable size after both

digestions and containing exclusively internal T-DNA

sequences, while the remaining ones would correspond to

the junctions between the tagged locus and the insert. This

would be appreciable irrespective of whether an LB or RB

probe was used. The same applies for a higher number

of repeats.

In order to facilitate plasmid rescue from tagged mutants,

Castle et al. (1993) designed different models of T-DNA

concatamers, aimed at identifying rescuable plant junction

fragments among a population of rescued molecules prin-

cipally composed of T-DNA repeats with no genomic

sequences. The authors concluded that inserts varied

widely in structure, ranging from a truncated 1.8 kb frag-

ment to a large concatamer of eight or more T-DNA units.

No model has to be constructed when using the method

proposed here, since one can simply observe the difference
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Figure 2. Gel blots of genomic DNA from two non-allelic T-DNA tagged mutants, sañ1–1 and sañ2, probed with either left border (LB) or right border (RB)

of T-DNA.

1 µg of genomic DNA from Arabidopsis thaliana plants was digested with the enzymes indicated in the figure and then electrophoresed in an 0.8% agarose

gel. Hybridization conditions are described in Experimental procedures. T-DNA-plant DNA junction fragments, indicated by arrows, can be identified as bands

which are not common to the NdeI and Bst1107I digestions of a given genomic DNA. The most simple situation corresponds to sañ2, in lanes 7 and 8 of the

LB panel, both of which show one differential band with respect to the other, as is to be expected from a plant genome containing only one T-DNA insertion

and only one LB-plant DNA junction. However, we found no obviously differential bands when comparing lanes 7 and 8 of the RB panel. As regards sañ1–

1, a mutant line which contains at least two unlinked T-DNA inserts, the bands present in the NdeI digestions but not in the Bst1107I digestions (lanes 9 and

10) show as one in the LB panel and two in the RB panel. In neither case, however, is a band observed in the Bst1107I or NdeI digestion (lanes 9 and 10 of

both panels). The absence of some expected bands might be put down to truncations in the borders of a T-DNA concatamer or the presence of restriction

products containing the T-DNA-plant DNA junctions overlapping in size with those containing only T-DNA.

in the size of the products obtained from the NdeI and

Bst1107I digestions. Those that are indistinguishable in

length must correspond to internal T-DNA sequences,

belonging to any of the RB-RB, RB-LB or LB-LB junction

classes. Furthermore, given the small distance, only 52 bp,

separating the NdeI and Bst1107I restriction sites, the most

likely situation is that internal rearrangements would affect

both or neither of the sites. Therefore, internal rearrange-

ments are unlikely to modify the above-mentioned rule,

which will be valid in most circumstances irrespective of

the number of repeats and the presence of rearrangements.

In order to experimentally test the validity of the prin-

ciples stated above, we applied the described procedure

to two uncharacterized T4 mutants (sañ1–1 and sañ2)

belonging to different complementation groups. These

mutants were isolated from Feldmann’s collection of trans-

formants because of their ability to germinate in the pres-

ence of salt concentrations that totally prevent wild-type

seed germination (V. Quesada, M.R. Ponce and J.L. Micol,

in preparation). Figure 2 shows a genomic blot of both

mutants, which was obtained as described in the Experi-

mental procedures, and separately probed for the left and

right borders of T-DNA. It is clear from the figure that no

conclusions can be reached by comparing the patterns
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obtained from digestions with EcoRI, SalI and HindIII (lanes

1–6 in both LB and RB probed blots). This is true both for

comparisons of the three digestions for a given mutant

and for comparisons between digestions of two different

mutants with the same enzyme. However, comparison of

the bands obtained for a given mutant in lanes correspond-

ing to digestions with NdeI and Bst1107I are informative

since those bands present in one but not in the other of

these two digestions (indicated by arrows in Figure 2)

should correspond to molecules including the junctions

between T-DNA and a tagged locus. In order to verify this,

we applied the same logic as described above to the results

of IPCR amplifications accomplished in parallel on NdeI

and Bst1107I digested mutant DNA samples. Synthetic

oligonucleotides corresponding to regions between the

internal restriction site and the T-DNA genomic junction

were used as primers for IPCR amplification of sañ1–1

genomic DNA (see Experimental procedures). The sizes of

two of the amplified products (results not shown) were

found to be common to NdeI and Bst1107I digestions.

When these IPCR products were sequenced, it was seen

that they included only internal pGV3850:1003 segments.

A third IPCR amplification product, present only when

using NdeI digested DNA as a template, was shown to
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include both sequences of the left border of T-DNA and

genomic ones, as expected. The size of this IPCR product

indicates that it was amplified from circular DNA molecules

corresponding to the molecule yielding a 6.5 kb band in

the NdeI lane of the genomic blot probed for LB reproduced

in Figure 2 (indicated by an arrow in lane 10).

The procedure presented here is a significant improve-

ment to currently used methods for identifying T-DNA

tagged genes in Arabidopsis since it allows for the exclu-

sion of IPCR amplification products that are likely to corre-

spond to internal T-DNA sequences, saving time and

sequencing effort. In fact, discrimination can be performed

directly on the IPCR products, with the result that a

Southern blot, although convenient, is not strictly neces-

sary. The method should be equally useful for discriminat-

ing between rescued plasmids by simply comparing their

sizes after NdeI and Bst1107I digestions of a mutant DNA.

The major limitation of this technique, as presented here,

is that it is only valid for pGV3850:1003. Other currently

used T-DNA based constructs, as pGKB5 (Bouchez et al.,

1993), lack internally repeated sequences, making it difficult

to find two enzymes with nearby sites and repeated in two

different clusters. It must be emphasized, however, that

our strategy relies on the use of two restriction sites which

have to be contiguous within a T-DNA construct. Since most

T-DNA insertions are concatameric, any pair of contiguous

restriction sites, each site present only once in each T-

DNA monomer, should allow the identification of digestion

products with a different length because of the position

where the two enzymes restrict the plant flanking DNA.

Nonetheless, we have found that the enzymes FspI and

NheI might be used since their sites occur twice in pGKB5

(in positions 4226 and 6333 for FspI as well as in 4564

and 6524 for NheI). When digested with FspI or NheI, a

monomeric insert of pGKB5 would yield restriction frag-

ments of 2107 and 1960 bp, respectively, containing only

internal segments of the construct. In this case, restriction

products of no interest would not be identical, but only

similar, between the two digestions. In addition, the

information presented here may be useful for modifying

previous designs of T-DNA based vectors, by inserting in

two different positions of the construct a short sequence

which included several restriction sites absent from the

rest of the molecule. This synthetic sequence should

include 4 bp and 6 bp long restriction sites.

Experimental procedures

Plant materials and growth

Arabidopsis thaliana (L.) Heyhn. seeds used in this work were

supplied by the Nottingham Arabidopsis Stock Centre (NASC).

Lines carrying T-DNA insertions were obtained by K. Feldmann,

who donated them to the NASC.
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For sterile cultures, seeds were first surface sterilized by treating

for 8 min in 30% (v/v) commercial bleach containing 0.1% (v/v)

Triton X-100-with periodic agitation and rinsed at least three times

with sterile distilled water. Solid medium consisted of 4.4 g l–1

Murashige and Skoog basal medium (Sigma), 10 g l–1 sucrose,

8 g l–1 agar and 0.5 g l–1 MES. pH was adjusted to 6.00 with KOH

before autoclaving. When required, kanamycin was added at a

final concentration of 50 µg ml–1. Seeds were sown in a water

suspension, using a Pasteur pipette, in 150 mm Petri dishes filled

with 100 ml of solid culture medium, at a density of 100 regularly

spaced seeds per plate. Once inoculated, the Petri dishes were

sealed with Micropore Scotch 3 M surgical tape, which prevented

contamination but allowed gaseous exchange. Seed dormancy

was broken by stratification at 4°C for 24 h. Growth was allowed

to proceed at 20 6 1°C and 60–70% relative humidity in Conviron

TC16 tissue culture chambers under constant fluorescent light

(7000 lux).

For non-sterile conditions, plants were grown in pots containing

a 1:1:1 mixture of perlite, vermiculite and sphagnum moss, at

20 6 1°C under constant illumination from a combination of incan-

descent and fluorescent lamps (7000 lux). Plants were watered

twice a week with nutrient solution (Kranz, 1987) with 50 µM

FeNaEDTA. The nutrient solution contained the macronutrients

(in mM): KNO3, 5; KH2PO4, 2.5; MgSO4, 2; Ca (NO3)2, 2; and the

micronutrients (in µM): H3BO3, 70; MnCl2, 14; CuSO4, 0.5; ZnSO4,

1; NaMoO4, 0.2 µM; NaCl, 10; CoCl2, 0.01.

Plant DNA extraction and digestion

Isolation of genomic DNA was performed according to Dellaporta

et al. (1983), from about 1 g of frozen plant material. 2 µg of

genomic DNA from each plant were separately digested with 20

units of EcoRI, SalI, HindIII, NdeI or Bst1107I in 20 µl reaction

mixes, which were incubated overnight at 37°C. Two aliquots of

10 µl were made from each digestion, to be used for Southern

blot analysis and IPCR.

Inverse PCR

The synthetic oligonucleotides used in this work were bought

from Perkin-Elmer Applied Biosystems UK. Those used for IPCR

had the following nucleotide sequences: LB2, 59-CAAGTAT-

CAAACGGATGTG-39; RB1, 59-GTGACTCCCTTAATTCTCCGC-39;

ORI1, 59-AGTCAGTGAGCGAGGAAGCG-3; ORI2, 59-CAGCCATGA-

CCCAGTCACG-39. Their homologous regions in pGV3850:1003

were 105–83 (LB2), 16958–16979 (RB1), 5020–5039 and 12309–

12328 (ORI1), and 5186–5168 and 12475–12457 (ORI2).

Genomic DNA flanking the ends of T-DNA insertions was isolated

by IPCR as follows. 10 µl (1 µg) of digested plant genomic DNA

were phenol:chloroform:isoamyl alcohol extracted, ethanol precip-

itated and resuspended in H2O, to be circularized overnight at

16°C in a total volume of 250 µl, using 5 units of T4 DNA ligase.

The ligation mix was then phenol:chloroform:isoamyl alcohol

extracted, ethanol precipitated and resuspended in 25 µl H2O. PCR

was performed in a Perkin Elmer 2400 thermocycler, in 25 µl

mixtures containing 1 µl of the above described solution of ligation

products, 1.5 units of BioTaq enzyme (Bioline), and 10 pmol of

each oligonucleotide. The thermocycling program started with an

initial 2 min denaturation at 94°C, followed by 35 cycles of PCR

(94°C 30 sec, 58°C 15 sec, 72°C 5 min), and a final 10 min incubation

at 72°C. 2.5 µl of each reaction mix were run in ethidium bromide

stained 1% agarose gels for the sizes of the amplification products

to be checked.
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Sequencing

IPCR products were subjected to direct sequencing without further

cloning steps. Sequencing reactions were carried out with ABI

PRISM dye terminator cycle sequencing kits according to the

instructions of the manufacturer. Sequencing was performed in

an ABI PRISM 377 DNA sequencer. The dye terminator chemistry

allowed us to employ as sequencing primers the same unlabelled

oligonucleotides used as primers in the IPCR amplifications.

Southern blot analysis

10 µl from each digestion (1 µg DNA) were subjected to electro-

phoresis (20 h at 50 v in a 0.8% agarose gel), depurination (15 min

in 0.25 N HCl), denaturation (30 min in 1.5 M HCl, 0.5 M NaOH),

and neutralization (20 min in 0.5 M Tris–HCl pH 7, 1.5 M NaCl),

before being transferred to an Amersham Hybond-N membrane

(overnight with 20 3 SSC). The membrane was then washed with

2 3 SSC, air (10 min), oven-dried (10 min at 80°C), and crosslinked

(15 sec under 70 000 µjul cm–2). Prehybridization (6 h at 68°C in

15 ml) and hybridization (overnight at 68°C in 5 ml) were carried

out in 0.25 M Na2HPO4 (pH 7.2), 7% SDS, 1 mM Na2EDTA, 0.5%

blocking agent (Boehringer Mannheim) in a hybridization oven

(Amersham). The membrane was hybridized with 25 ng ml–1

of already denatured (8 min at 100°C) Digoxigenin labelled

probe. Detection was performed with anti-DIG-AP (Boehringer

Mannheim), and the chemiluminiscent alkaline phosphatase CDP-

Star substrate (Boehringer Mannheim) following the manufac-

turers’ instructions. Autoradiograms were obtained on Hyperfilm

MP (Amersham) exposed for about 1 h.

Synthesis of digoxigenin labelled probes

Probes were made by PCR amplification, using as templates left

(LB) and right (RB) border T-DNA segments included in constructs

provided by the Arabidopsis Biological Resource Center (Ohio

State University): pBSH23 (with a 3.2 kb insert corresponding to

RB) and pBSH10 (with a 6.5 kb insert corresponding to LB). Probes

were PCR amplified in 25 µl reactions using 10 pmol of each

primer, 5 ng template, 0.6 units of BioTaq (Bioline) enzyme and

200 µM of each dATP, dCTP and dGTP. The primers used were

LB1 (59-GCTGCAGTAATAGGCAAGGCGTACTGCG-39; 760–737 in

pGV3850:1003) and T7 to amplify the LB probe, as well as RB2

(59-CGGAATTCTCAGCCTGTGATGACCTTGC-39; 16345–16326 in

pGV3850:1003) and T7 for the RB probe. Probes were labelled by

incorporating dTTP and Digoxigenin-11-dUTP (Boehringer

Mannheim) into the reaction mixture in a 4:1 ratio, to a final

concentration of 200 µM for these two nucleotides considered

together.
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