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Abstract 

Previously we have demonstrated gene targeting in plants after Agrobacterium-mediated transformation. 
In these initial experiments a transgenic tobacco line 104 containing a T-DNA insertion with a defec- 
tive neomycin phosphotransferase (nptlI) gene was transformed with a repair construct containing an 
otherwise defective nptlI gene. Homologous recombination between the chromosomally located target 
and the incoming complementary defective nptlI construct generated an intact nptII gene and led to a 
kanamycin-resistant (Km r) phenotype. The gene targeting frequency was 1 x 10 5. In order to compare 
direct gene transfer and Agrobacterium-mediated transformation with respect to gene targeting we trans- 
formed the same transgenic tobacco line 104 via electroporation. A total of 1.35 x 10 s protoplasts were 
transformed with the repair construct. Out of nearly 221000 transformed cells 477 Km r calli were se- 
lected. Screening the Km r calli via PCR for recombination events revealed that in none of these calli 
gene targeting had occurred. To establish the origin of the high number of Km r calli in which gene 
targeting had not occurred we analysed plants regenerated from 24 Km r calli via PCR and sequence 
analysis. This revealed that in 21 out of 24 plants analysed the 5'-deleted nptlI gene was fused to the 
hygromycin phosphotransferase (hpt) gene that was also present on the repair construct. Sequence 
analysis of 7 hpt/nptlI gene fusions showed that they all contained a continuous open reading frame. 
The absence of significant homology at the fusion site indicated that fusion occurred via a process of 
illegitimate recombination. Therefore, illegitimate recombination between an introduced defective gene 
and another gene present on the repair construct or the chromosome has to be taken into account as 
a standard byproduct in gene targeting experiments. 

Introduction 

During the past decade a variety of methods for 
transformation of plants have been developed. 

Whereas the most common method makes use 
of Agrobacterium tumefaciens-mediated T-DNA 
transfer [15] a number of other methods such as 
electroporation involve the introduction of naked 
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DNA (direct gene transfer) into plants [40]. Ir- 
respective of the transformation method used, 
foreign DNA appears to integrate into the ge- 
nome via a process of illegitimate or non- 
homologous recombination [9, 10, 13, 16, 17, 32, 
38]. In contrast to plant and also animal cells, the 
integration of DNA into lower eucaryotic organ- 
isms such as Saccharomyces cerevisiae occurs pre- 
dominantly via homologous recombination [22]. 
This type of integration, referred to as gene tar- 
geting, offers a number of evident advantages over 
random integration via illegitimate or non- 
homologous recombination. For instance, it will 
allow the complete elimination ofgene expression 
by disrupting a specific gene via a targeted inser- 
tion, thereby permitting the study of the function 
of that gene. Furthermore, it will be possible to 
introduce precise modifications into the genome 
of an organism or to target the introduced D N A  
to a locus where its expression is guaranteed. 
Despite the relatively low frequency gene target- 
ing has become an important tool for modifying 
the mammalian genome [6, 7]. The first experi- 
ments to establish gene targeting in plants have 
been reported by Paszkowski etal. [39] who 
demonstrated that homologous recombination 
occurs in plants, albeit with a very low frequency 
of 0 . 5 - 4 . 2 x  10 4 

In previous experiments we have demonstrated 
gene targeting in plants after Agrobacterium- 
mediated transformation [35, 37]. A transgenic 
tobacco line 104 containing a T-DNA insertion 
with a defective nptII gene was retransformed by 
Agrobacterium with a repair construct containing 
a defective nptlI gene with a complementing non- 
overlapping mutation. Homologous recombina- 
tion between the chromosomally located target 
and the incoming repair construct generated an 
intact nptlI gene at the target locus and led to a 
Km r phenotype. The gene targeting frequency in 
these experiments was 10 5. In order to compare 
Agrobacterium-mediated transformation and di- 
rect gene transfer with respect to their efficiency 
in gene targeting we also used electroporation to 
transform the same transgenic tobacco line 104 
with the repair construct. A total of 1.35 x 108 
protoplasts were transformed and out of nearly 

221000 transformants 477 Km r calli were se- 
lected. Screening the Km ~ calli via PCR for re- 
combination events revealed that in none of these 
calli gene targeting had occurred. This means that, 
apart from the expected restoration via homolo- 
gous recombination, a functional nptlI gene can 
apparently be formed via another mechanism as 
well. To establish the origin of the relatively high 
number of Km r calli in which the nptlI gene was 
not restored via homologous recombination we 
regenerated plants from 24 individual Km r calli. 
The results of the detailed PCR and sequence 
analysis on these plants are presented and dis- 
cussed. 

Materials and methods 

Bacterial strains and plasmid constructions 

Standard cloning steps were performed accord- 
ing to Sambrook etal. [42]. Restriction and 
modifying enzymes were purchased from Be- 
thesda Research Laboratories and Biolabs and 
used under the conditions recommended by 
the supplier. For bacterial cloning Escherichia 
coli K12 strain DH5~ [supE44 AlacU169 
(~801acZAM15) hsdR17 recA1 endA1 gyrA96 
thi- 1 relA 1 ] was used. 

The construction of the binary vector 
pSDM104 which contains the 3'-deleted nptlI 
gene was described by Offringa et al. [35]. The 
plasmid p S D M l l l l  which contains the 5'- 
deleted nptlI gene was derived from pSDM1001 
[ 12]. In both pSDM 1001 and the positive control 
construct pSDM7, which was derived from the 
binary vector pSDM100 [35], we removed the 
base-pair mutation in the nptlI-coding region that 
caused a reduction in the activity of the NPTII  
protein [49] by exchanging part of the mutant 
coding region for the wild-type region. In this way 
pSDM7B was derived from pSDM7. After the 
base-pair change in pSDM1001, the 137bp 
Sma I/Pst I fragment from the 3' non-coding re- 
gion of the nptlI gene was deleted. Hereafter, this 
construct was cloned into pLH7 resulting in 
p S D M  1111. The plasmid pLH7 was obtained by 



cloning the hpt gene that is present in the binary 
vector pSDM104 into pIC20R [31]. 

Large-scale isolation and CsC1 purification of 
plasmid DNA was performed as described by 
Sambrook etal. [42]. DNA concentration was 
determined by measuring the optical density at 
260 and 280 nm. 

Plant cell transformation 

The construction of the plant line 104 (Nicotiana 
tabacum cv. Petit Havana SR1) was described 
previously by Offringa et al. [35]. Mesophyll pro- 
toplasts were prepared from leaves of 5-8-week 
old axenically grown plants of line 104 and elec- 
troporated using the Promega X-Cell 450 Elec- 
troporation System [12]. The pulse setting was 
14.3 ms, 350 V and 1550 #F. For each transfor- 
mation of 5 x 105 protoplasts 13/~g pSDM1111 
plasmid DNA was added. To estimate the trans- 
formation frequency of p S D M l l l l  we per- 
formed control electroporations with an equimo- 
lar amount of the positive control construct 
pSDM7B (10 #g). After electroporation the pro- 
toplasts were embedded in agarose beads [12]. 
Seven days after transformation the beads were 
divided into four equal parts and cultured in 30 ml 
of A medium [43 ] containing 50 mg/1 kanamycin 
for selection of transformants. The medium was 
refreshed weekly by replacing half of the medium 
with flesh medium; the first time kanamycin was 
added at 50 mg/1 and thereafter the concentration 
was raised to 100 mg/1. Three weeks after elec- 
troporation calli appeared. When 1-2 mm in di- 
ameter, the calli were transferred directly to MS 
medium [34] supplemented with 15 g/l sucrose 
(MS15), 0.7~o Daichin agar (Brunschwig Che- 
mie), 0.1 rag/1 NAA, 1 mg/1 BAP and 100 mg/1 
kanamycin for shoot induction. Shoots were 
rooted on solid MS20 medium containing 
100 mg/1 kanamycin. 

DNA isolation, Southern analysis and PCR 

Plant DNA was isolated from young top leaves 
[33] and purified by CsC1 density centrifugation. 
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10 #g genomic DNA was digested with restric- 
tion enzymes and separated on a 0.87o agarose 
TBE gel. For Southern blots Hybond N + mem- 
branes were used following the protocol of 
the supplier (Amersham). DNA probes labelled 
with ~-32p-dCTP were obtained using the ran- 
dom primer labelling kit of Boehringer Mann- 
heim. 

The isolation ofgenomic DNA from callus was 
according to Lassner et al. [28]. Most of the PCR 
reactions were performed in a Perkin Elmer Cetus 
DNA Thermal Cycler 480, the other reactions in 
a Sensa 949 E D N A  processor. The reaction mix- 
ture contained 1/~g genomic DNA, 25 pmol of 
each primer, 10 nmol of each dNTP (Sigma), 3 
units of Taq DNA polymerase and 10/zl of the 
corresponding 10 x reaction buffer (Promega) in 
a total volume of 100 #1. The standard PCR pro- 
tocol was 30 cycles of 1 min 95 °C denaturation, 
1 min/55 °C annealing and 2 min/72 °C elonga- 
tion. The denaturation step of the first cycle 
lasted 2 min (5 min for the Sensa 949 E DNA 
processor) and the elongation step of the last cycle 
was extended to 10min. The sequence of 
the primers used for detection of homologous 
recombination were, 1, 5 ' -GAACTGACAGAA- 
CCGCAACG-3' ;  2, 5 ' -ACCGTAAAGCAC- 
GAGGAAGC-3 '  ; 10, 5 ' -CATGCGATCATAG- 
GCGTCTC-3' .  Next to primer 2 the following 
primers were used in the analysis of non-recom- 
binant Km r calli: 35S, 5 ' -GAACTCGCCG- 
TAAAGACTGGCG-3 ' ;  AS1, 5 ' -CCACTGA- 
CGTAAGGGATGAC-3 ' ;  H3, 5 ' -AAGCCTG- 
AACTCACCGCGAC-3 '  ; H 1, 5 ' -CCTGACCT- 
ATTGCATCTCCC-3' .  

Inverse PCR 

IPCR was adapted from Does et al. [14] and 
carried out as follows. About 2 gg genomic plant 
DNA was digested with Taq I, ligated under con- 
ditions that promoted intramolecular ligation and 
redigested with Ban I. Hereafter, PCR with prim- 
ers 9 (9P) and 11 ( l l H )  was performed. The 
sequences of the primers were: 9, 5 ' -CTATCG- 
TGGCTGGCCACGAC-3 '  ; 9P, 5 ' -CTATCTG- 
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C A G C T A T C G T G G C T G G C C A C G A C - 3 ' ;  11, 
5 ' - G C G C T G A C A G C C G G A A C A C G - 3 ' ;  11H, 
5 ' - G C A T A A G C T T G C G C T G A C A G C C G G A -  
ACACG-3' .  Primers 9 and 9P were used at a 
concentration of 4/~M. 

Sequence analysis 

In order to clone the IPCR fragments of plant 
6B54 and 7F 1 amplification was performed using 
the primers 9P (primer 9 with an extension at the 
5' end that contains a Pst I restriction site) and 
11H (primer 11 with an extension at the 5' end 
that contains a Hind III restriction site). To ob- 
tain amplification with primers 9P and l lH the 
annealing temperature was increased during PCR 
from 57 °C (10 cycles) to 62 °C (25 cycles). The 
resulting IPCR fragment was digested with Pst I 
and Hind III and ligated into Pst I- and Hind III- 
digested M 13mp 18/mp 19 vectors. PCR products 
amplified with primers AS 1 and 2 from the plants 
1B21, 2B31, 2D2 and 3E21 were cloned into a 
T-vector [30] that was derived from pIC20H after 
digestion with Sma I. DNA of 3-10 different 
clones containing one of the IPCR or PCR frag- 
ments were mixed to dilute base-pair changes that 
could have been introduced during the PCR re- 
action [24]. Sequencing reactions were performed 
with the Sequenase 2.0 DNA sequencing kit (U. S. 
Biochemical Corporation) using the M13-40 
primer or primer 11. The AS 1-2 PCR fragment of 
plant 2D61 was sequenced directly [48]. 

Computer analysis 

The search for possible topoisomerase I consen- 
sus site (5'-(A/T)-(G/C)-(A/T)-T-3') [8], A + T- 
rich regions (>  5 bp), stretches of alternating pu- 
rines and pyrimidines ( > 5  bp), stretches of 
purines ( >  5 bp) [26] and short palindromes was 
done using the MacVector V. 4.0 sequence analy- 
sis software (Kodak International Biotechnolo- 
gies). 

Results 

Introduction of the repair construct and screening for 
recombination 

For the gene targeting experiments we used plant 
line 104 (Fig. 1), in which we had previously dem- 
onstrated successful gene targeting after Agrobac- 
terium-mediated transformation [35, 37]. This 
plant line harbours an artificial chromosomal tar- 
get locus consisting of two copies of a T-DNA in 
an inverted orientation (Fig. 1). Each T-DNA 
contains a nptII gene with a deletion at the 3' 
end of the gene and an intact hpt gene. The re- 
pair plasmid p S D M l l l l ,  which is similar to 
the T-DNA repair construct pSDM101 [35], 
contains a 5'-deleted nptlI gene next to the hpt 
gene. Plasmid pSDM1111 does not contain the 
1 kb homology that is present between the hpt 
gene and the left T-DNA border sequence of 
pSDM101. However, the effective homologous 
region in which homologous recombination has 
to occur in order to restore an intact nptlI gene 
is of exactly the same size in both plasmid and 
T-DNA constructs. To be able to distinguish a 
recombination product from the wild-type nptlI 
gene that was used as a positive control, a 137 bp 
marker deletion was introduced in the 3' non- 
coding region of the nptlI gene of repair construct 
pSDM 1111. Before we used the repair construct 
pSDM1111 for gene targeting we demonstrated 
that it could restore a complementing 3'-defective 
nptlI gene in extrachromosomal homologous re- 
combination (results not shown). 

In seven independent experiments we trans- 
formed a total number of 1.35 x 108 protoplasts 
of plant line 104 with p S D M l l l l ,  which was 
digested with Xho I and Kpn I to create ends that 
are homologous to the target locus. These experi- 
ments yielded about 2.2 x 105 transformants, as 
calculated from parallel transformations with the 
positive control construct pSDM7B, and resulted 
in 477 Km r calli (Table 1). All the Km r calli were 
screened by PCR for the presence of an intact 
nptlI gene that had been formed via homologous 
recombination. The primers used annealed within 
the regions deleted in the nptlI gene of either the 
target or the repair construct. Therefore, only in 
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Fig. 1. Strategy for gene targeting of a defective nptII gene present at a chromosomal locus in tobacco cells. A. The positive control 
construct pSDM7B containing the intact nptlI gene. B. Structure of the chromosomal target for homologous recombination in plant 
line 104. The target contains two T-DNA inserts derived from the binary vector pSDM104 that are integrated in an inverted 
orientation. Each T-DNA insert consists of a hpt gene and a defective nptll gene from which the 3' part has been deleted. Pro- 
toplasts of line 104 were transformed via electroporation with Xho I x Kpn I-digested pSDM 1111 which contains a defective nptll 
gene from which the 5' part has been deleted. The amount of homology in between the 5' and 3' deletions is 613 bp. The hpt gene 
that is present next to the defective nptIl gene will function as an extra homologous region of 2100 bp. Positions of the primers 
1 and 10 that were used in PCR screening are indicated. The fragments amplified with primers 1 and 10 are 1389 bp in size for 
a wild type and 1252 bp for a recombinant nptlI gene, respectively. Abbreviations: P-NOS, promoter region of the nopaline synthase 
(nos) gene; NPTII, coding region of the nptll gene; T-OCS, transcription terminator of the octopine synthase (ocs) gene; P-35S, 
promoter region of the CaMV 35S transcript; HPT, coding region of the hpt gene; T-NOS transcription terminator of the nos gene. 
Symbols: dotted lines, 5 '-  and 3 '-  deleted regions of the nptIl gene; triangle, the 137 bp marker deletion in the 3'-non-coding region 
of the nptll gene; small striped box, flanking chromosomal sequences; thin lines, T-DNA or pUC sequences. 

Table 1. Introduction of the repair plasmid pSDM1111 in 
tobacco protoplasts of line 104. 

Experi- Number of Transformed Km r Ratio 3 
ment ~ protoplasts calli 2 calli 

1 1.6x 107 13696 10 1:1370 
2 2.3 × 10 7 22448 69 1 :325 
3 2.0x 10 7 31227 105 1 :297  
4 1.5 × 10 7 31860 22 1:1448 
5 1.3 × 10 7 27248 30 1 :908 
6 2.4 x 107 42 192 108 1:391 
7 2.4× 107 52224 133 1 :393 

Total 220895 477 1 :463 

Numbers 1 to 7 represent independent experiments. 
2 The total number of transformed calli obtained per experi- 
ment, as calculated from parallel transformations of 1.0 x 106 
protoplasts with the positive control construct pSDM7B. 
3 Ratio between number of Km r calli obtained and total num- 
ber of transformed calli. 

case an intact nptlI gene is present a P C R  prod- 
uct should be amplified. In that case, primers 1 
and 10 will amplify a 1252 bp fragment that is 
unique to recombinants  (Fig. 1). However ,  it 
appeared that gene targeting had not  occurred in 
any of  the Km r calli. This means  that in our ex- 
periments the frequency of  homologous recombi- 
nation was less than 4.5 x 10-  6. Whereas  we did 
not  obtain any targeting events when we used 
electroporat ion to t ransform plant line 104, such 
events were observed at a frequency of  10 - 5 after 
Agrobaeterium-mediated t ransformation [ 35, 37 ]. 

The origin of non-recombinant kanamycin-resistant 
calli 

In order  to investigate the origin of  the large num- 
ber of  Km r calli in which gene targeting had not  
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occurred we regenerated kanamycin-resistant 
plants from 24 individual calli obtained in experi- 
ments 1 to 7 (see Table 1). We expected that cer- 
tain integration events replaced the deleted n o s  

promoter and the region encoding the first twelve 
N-terminal amino acids of  the NPTII  enzyme 
with sequences endogenous to the plant genome, 
thereby allowing the synthesis of a functional 

5' deleted nptll gene: 
13 14 15 16 

Arc] Gln Se__r Asp Pro Glu Ph¢ Ar~ Al____a A/a Trp Val 
taa act gaa ggc ggg aaa cga caa tct gat ccxg gaa ttc cgg ~ ~ TSG Oq~.. 

fusion gene plant 6B54: 

1 106 l o 7  108 l o 9  110 13 14 i s  16 
HOt; ~ h r  Glu Leu Pro Ala  Glu  Arq Gln S e t  Asp Pro Glu  Phe ArQ A la  A la  Trp  Val 
AT3.. .ACE C~A CTS C ~  ~ Gaa c ga  c a a  t o t  g a t  cog  g a a  t t c  cgg  < ~  ~ TSS GTG.. 

T 
fusion gene plant 7F1: 

1 106 107 108 109 ii0 

14 15 16 

Met Thr S!U L~ Pr___o ~a Trp Val 
~ . . . A C e  GAA C~ CCC ( ~  tr~ ~ 3 . .  

fusion gene plant 1B21: 

1 19 20 21 22 23 14 15 16 
Met Phe Asp Set-- Val Ser Ala_ Trp Val 

A%73...TIE GAC AGC GqIC TCC ~ TGG GIG.. 

fusion gene plant 2B31: 

fusion gene plant 2D2: 

1 12 15 14 15 16 

Atr~...C~G ~ TIT CI~ A~r~ ~X~.. 
1" 

1 14 15 16 17 13 14 15 16 

Iv~% Phe ~ Ile Glu gly Glv Lvs Arc[ Gl__n Set Asp Pro GIu Phe ~ Ala A/a ~ Val 

ATG..'kit CTG ATC _~ ggc ggg aaa cga caa tct gat ccg gaa ttc cgg OSC ~ TGG GIG.. 

fusion gene plant 2D61: 

1 2 5 4 5 6 7 14 15 16 

Met Lys Lvs Pro Glu _Leu Thr Al__aa Trm Val 
ATG AAA AAG CtT GAA CrC ACC GeT TOS O~G.. 

fusion gene plant 3E21: 

1 6 7 8 9 I0 13 14 15 16 

Met Leu Thr Ala Thr Ser Asp Pro Glu Phe Ara Ala Al___ga TrD V~ 

ATS...CIC AC~ Gt]3 ACG T%~T C.~t ccg gaa ttc cgg GCq2 GCT TSG GTG.. 

Fig. 2. Outline of the translational fusions between the defective nptll gene and the hpt gene in non-recombinant Km r plants. The 
5'-deleted nptH gene of pSDM1111 is indicated above the hpt/nptll gene fusions. The lower-case letters represent the sequence 
of the nos promoter and Eco RI linker that are present upstream of the nptH sequences. The sequences are divided in triplets which 
are in frame with the nptH gene. An inframe translation termination codon present upstream of the nptll gene is depicted in italics. 
The upper-case letters represent the sequences coding for the HPT and NPTII enzymes. Above the D N A  sequences the encoded 
amino acids and the codon numbers (in bold) are indicated. Regions where the non-homologous recombination occurred are 
underlined. The exact cross-over point in plant 6B54 and 2B31 is indicated by an arrow. 
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NPTII  enzyme. To test this hypothesis we started 
screening for plants having only one copy of the 
repair construct integrated (i.e. one integrated 
nptII gene besides the nptII copies at the target 
locus) in order to be sure that the kanamycin- 
resistant phenotype indeed resulted from the in- 
tegration event analysed. Eight out of 24 plants 
were subjected to Southern analysis (results not 
shown) and plants 6B54 and 7F1 were found to 

have a one-copy integration. Subsequently IPCR 
was used to amplify junct ion  fragments between 
the known nptlI sequences and flanking se- 
quences. The inverted orientation of the two 
T-DNA copies at the target locus prevented am- 
plification of a fragment. The IPCR fragments 
were cloned into M 13 vectors and sequenced. In 
this way we found that the segment flanking the 
deleted nptlI gene did not consist of sequences 

Fig. 3. A. Schemat ic  representat ion of  a fusion between the nptll and hpt genes and  the primer combina t ions  that  were used for 

the P C R  analysis.  The  P C R  fragments  which are expected are indicated; H 1 + 2 should amplify a f ragment  of  u n k n o w n  size; an 
amplified H3 + 2 f ragment  should  be 251 bp larger than  that  o f  i l l  + 2; an amplified AS1 + 2 f ragment  should be 120 bp larger than  
that  of  H3 + 2; an amplified 35S + 2 f ragment  should be 406 bp larger than  that  of  AS1 + 2. B. P C R  analysis  on four K m  r plants;  
25°o o f  the P C R  react ion was ran on a 1.5% T B E  agarose gel. Plant  names  and  primer combina t ions  are indicated. M1,2 = 123 bp/ 
1 kb size markers  (BRL).  
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endogenous to the plant genome but instead was 
completely identical to part of the hpt gene. More- 
over, the nptlI and hpt sequences were fused in 
such a way that the hpt open reading frame pro- 
ceeded into the nptlI open reading frame (Fig. 2). 
Apparently illegitimate recombination events be- 
tween the 5'-deleted nptII gene and the hpt gene 
can lead to formation of a hpt/nptlI gene fusion 
that confers resistance to kanamycin. Whereas 
theoretically it is possible that the hpt sequence 
was derived from either the hpt gene at the target 
locus or the repair construct, the first possibility 
seems highly unlikely if one compares the fre- 
quency of extrachromosomal homologous recom- 
bination and gene targeting [ 1, 12, 35, 39]. Prob- 
ably, the illegitimate recombination events 
occurred extrachromosomally either within one 
molecule of the repair construct or between two 
cotransformed repair constructs. 

To examine whether other Km r plants con- 
tained similar fusions between the nptlI and hpt 
genes, we chose a set of primers that anneal at 
different positions within the hpt gene (H1 and 
H3) or the 35S promoter (35S and AS1; Fig. 3). 
When a fusion is present in a plant these primers 
should amplify a PCR fragment in combination 
with primer 2 which is located in the nptlI gene 
(Fig. 3). The results of this PCR analysis (Table 2) 
demonstrated that nptlI/hpt fusions are present in 
21 out of 24 plants. We did not study the nptII 
genes present in the remaining three plants in 
more detail, but it is possible that these are fused 
to endogenous plant genes. 

It is evident that a PCR fragment was not al- 
ways amplified with all four primer sets, but with 
the exception of plants 3D53 and 2D61 (see later) 
matching fragments were amplified with primers 
H3 and 2 or AS 1 and 2. This means that all the 
fusions contain at least the region encoding the 
first eight amino acids of the HPT enzyme and the 
minimal 35S promoter [3]. Although the analysis 
of PCR samples on agarose gels did not allow a 
precise determination of the fragment size (at best 
10-15 bp differences could be detected) it is ap- 
parent that in a large number of plants PCR 
analysis yielded fragments of similar size. To es- 
tablish whether PCR fragments of similar size 

Table 2. PCR analysis for the presence of nptll/hpt gene fu- 
sions in non-recombinant Km r plants. 

Plant line I Amplified fragments with primer combinations 

35S+2 A S I + 2  H 3 + 2  H l + 2  

2 2D61 831 - 
7F21 (2) 1260 850 730 
2B31 1258 852 732 
3E21 1264 858 738 
6A53 (>_3) 860 740 
7A 13 1270 860 740 
IB21 (>5) 879 759 
2A51 890 770 
2D3 1300 890 770 
7A45 (>_7) 800/1000 890 770 
7A47 1300 890 770 
2D2 1303 897 777 
6H32 (2) 1050 900 780 
2F6 1370 960 840 
3D53 920/1080 670/800 840 
6Hl l  1140 1120 
7F1 (1) 1137 1017 
6B54 (1) 1170 1050 
7G22 500/730/1450 1170/2000 1050 
2D5 1230 1110 

1410 1290 
6G1 1270 1150 
2D 1 1000 300 
6E53 780 1600 
6E62 720 

980 

520 

770 
776 
799 
800 
860 

1040 
900 

l In parenthesis the number of integrated copies as estimated 
by Southern analysis is indicated. The fusion genes sequenced 
are depicted in bold. Fusion genes in which PCR fragments 
are amplified which do not match nptlI/hpt gene fusions are 
depicted in italics. 
2 No fragment was amplified because fusion occurred in the 
region where primer H3 anneals. 

corresponded to the presence of specific fusions 
and whether the fusions contained a continuous 
hpt/nptlI open reading frame we determined the 
sequences of the hpt/nptlI fusions in plants 1B21, 
2B31, 2D2, 2D61 and 3E21 like we did before for 
plants 6B54 and 7F1 (see above). Indeed we 
found that in all these fusions the nptlI and hpt 
genes were fused in such a way that a continuous 
nptlI/hpt open reading frame was created (Fig. 2). 
Nevertheless, as will be described below, all the 
fusions were different. 



Detailed description of the hpt/nptII gene fusions 

For plant 6B54 the exact fusion site could be 
established. The fusion gene is predicted to en- 
code a protein in which amino acid 110 (alanine) 
of the HPT enzyme is linked via a new glutamic 
acid residue to an arginine encoded by the se- 
quence that is present in front of the deleted nptII 
gene. In plant 7F1 the fusion had occurred in a 
stretch of 5 nucleotides (5 ' -CCGCT-3')  that are 
present in both the nptlI and the hpt gene. The 
fusion in plant 7F1 encodes a protein in which 
either amino acid 109 (proline) or 110 (alanine) of 
the HPT enzyme is fused to amino acid 14 (ala- 
nine) or 15 (tryptophan) of the NPTII enzyme. 
Thus, for the fusion genes of plants 6B54 and 7F1 
the fusion points in the hpt gene are very close 
together (1-5 nucleotides) while in the nptlI gene 
they are 27-32 nucleotides apart. In plant 1B21 
the fusion had occurred in sequence 5'-CCG-3'  
that is present in both the nptlI and the hpt gene. 
The fusion gene of 1B21 encodes a protein in 
which amino acid 23 (serine) of the HPT enzyme 
is fused to amino acid 14 (alanine) of the NPTII 
enzyme. In plant 2B31 the fusion site could be 
established precisely. At that position the nptlI 
and hpt genes share no homology. The resulting 
fusion gene encodes a protein in which amino 
acid 15 (leucine) of the HPT enzyme is fused via 
a new methionine to amino acid 16 (valine) of the 
NPTII enzyme. In plant 2D2 the fusion had oc- 
curred in the sequence 5'-GAA-3' that is present 
in both the nptlI and the hpt gene. The fusion gene 
in 2D2 encodes a protein in which amino acid 16 
(isoleucine) or 17 (glutamic acid) of the HPT en- 
zyme is fused to either a glutamic acid or glycine 
encoded by the sequence that is present upstream 
of the 5'-deleted nptlI gene. In plant 2D61 the 
fusion had occurred in the sequence 5 '-CCGC-3'  
that is present in both the nptlI and hpt gene. 
Since this fusion occurred in the region of the hpt 
gene where the primer H3 annealed, no fragment 
was amplified with primer H3 and 2. Neverthe- 
less, the fragment that was amplified with primer 
AS 1 and 2 corresponded with the size calculated 
from the sequence of the fusion gene. The fusion 
gene of 2D61 encodes a protein in which amino 
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acid 7 (threonine) of the HPT enzyme is fused to 
amino acid 14 (alanine) of the HPTII  enzyme. 
Lastly, in plant line 3E21 the fusion had occurred 
in a sequence, 5 ' -TCTG-3' ,  that is present in 
both the nptlI and hpt genes. The resulting fusion 
gene encodes a protein in which amino acid 10 
(serine) of the HPT enzyme is fused to an aspartic 
acid residue encoded by the sequence that is 
present upstream of the 5'-deleted nptlI gene. 

From the results described above it is evident 
that none of the fusions are identical. Even when 
the amplified fragments were of a nearly identical 
size, as was the case with plants 2B31 and 3E21, 
the fusion sites in the nptlI and hpt genes were still 
(23-26 nucleotides) apart. As expected, the re- 
gion in which the fusions occurred in the 
5'-deleted nptlI gene was relatively limited. Most 
of the variety in fragment length was caused by 
the large region in which the fusions occurred in 
the hpt gene. In all the sequenced hpt/nptlI gene 
fusions the fusion protein encoded contained al- 
ways at least the valine residue at position 16 and 
the more C-terminal amino acids of the NPTII 
enzyme. Thus, although deletion of the 12 
N-terminal amino acids of the NPTII enzyme [2] 
is apparently not enough to completely prevent 
activity of the enzyme after a fusion, it seems that 
much larger N-terminal deletions are not toler- 
ated. Site-directed mutagenesis experiments have 
shown that replacement ofvaline residue 36 leads 
to a NPTII enzyme that confers a 20-fold lower 
level of antibiotic resistance [5]. The fusion genes 
obtained in our work are predicted to contain at 
least the first 7 amino acids of the HPT enzyme. 
Nonetheless, it seems that the deleted part of the 
NPTII enzyme can be replaced by a variety of 
amino acid sequences of different composition 
and length. These are encoded by the hpt gene and 
in a few plants also by the sequence that is present 
upstream of the 5' deletion. Apparently, the re- 
quirements for restoring a functional NPTII en- 
zyme are not very strict. It could even be that the 
presence of a translation initiation codon is the 
only requirement for a functional fusion. Other 
studies have shown that the NPTII enzyme tol- 
erates large N-terminal fusions [11, 47]. 
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Discussion 

In this paper we describe experiments set up to 
compare electroporation (direct gene transfer) 
and Agrobacterium-mediated transformation with 
respect to gene targeting in plants. Besides our 
group [35, 37], three other groups [18, 29, 39] 
have demonstrated gene targeting using both di- 
rect gene transfer and Agrobacterium-mediated 
transformation. However, due to the different ex- 
perimental designs, it has not been possible to 
compare gene targeting efficiencies using the two 
transformation methods. Therefore, we used elec- 
troporation to transform protoplasts of plant line 
104, which had been used successfully for gene 
targeting after Agrobacterium-mediated transfor- 
mation [35, 37]. Although the experiments of Of- 
fringa et al. [35, 37] demonstrated that targeted 
integration occurred reproducibly in 1 out of 
100000 transformed cells, we obtained not a 
single recombination event from 221000 trans- 
formants. However, because of the limited num- 
ber of targeting events obtained thus far, we are 
unable to make a statistically justified compari- 
son of the efficiency of both transformation meth- 
ods with respect to gene targeting. Nevertheless, 
the results suggest that in the same experimental 
set-up Agrobacterium-mediated transformation is 
at least as efficient as direct gene transfer in me- 
diating gene targeting in tobacco. Since in to- 
bacco Agrobacterium-mediated transformation is 
clearly more efficient than electroporation, which 
is a major advantage for gene targeting experi- 
ments, we consider Agrobacterium transformation 
as the method of choice for gene targeting in this 
species. On the other hand, electroporation will 
probably be very useful in transformation of plant 
species for which no good Agrobacterium-medi- 
ated transformation system is available yet. For 
gene targeting in mammalian cells electroporation 
is the standard transformation method [7]. 

In our experiments we unexpectedly obtained 
a large number of non-recombinant Km r calli. 
Considering the experimental set-up of our gene 
targeting experiments we only expected Km ~ calli 
after homologous recombination between the re- 
pair construct and the target locus, since the de- 

fective nptII gene on the repair construct lacked 
the nos promoter, a translation initiation site and 
part of the coding region encoding the first twelve 
amino acids. Furthermore, a stop codon was 
present upstream of the defective nptlI gene which 
had to be deleted before an in-frame fusion with 
an endogenous gene would be possible. When we 
started to examine the origin of the non- 
recombinant Km r calli we expected that the de- 
leted region would have been replaced with se- 
quences endogenous to the plant genome. Instead 
we discovered that in 21 out of 24 plants the 
defective nptlI gene had been fused to the hpt 
gene that was present on the repair construct to 
enlarge the region of homology with the target 
locus. Sequencing showed that the fusion had led 
to a continuous hpt/nptlI reading frame. More- 
over, the PCR analysis showed that in 95 ~o of the 
fusions at least the minimal 35S promoter [3] was 
present. Apparently, illegitimate recombination 
between the two genes either from one or from 
two independent repair DNA molecules is rela- 
tively efficient as compared to gene targeting. In 
the experiments where we used Agrobacterium- 
mediated transformation to obtain gene targeting 
in plant line 104 we had to screen 213 Km r calli 
to obtain one gene targeting event [35]. Thus, 
also in this case we obtained a high background 
level of Km r calli. Although we did not study the 
origin of the non-recombinant Km ~ calli in the 
gene targeting experiments with Agrobacterium 
extensively, PCR analysis of 80 plants (with prim- 
ers 1, 2, H1 and H2 in one reaction; results not 
shown) indicated the presence of a hpt/nptlI fu- 
sion in only 6 plants [36]. This suggests that after 
Agrobacterium-mediated transformation the fre- 
quency of hpt/nptlI fusions is about four-fold 
lower than after electroporation, where primers 
H1 and 2 amplified a fragment in 7 out of 21 calli. 
Thus, after Agrobacterium-mediated transforma- 
tion fusions with endogenous genes seem to pre- 
dominate. This conclusion is in line with the 
observation that an incoming T-DNA is prefer- 
entially integrated into transcriptionally active 
genes [21, 25]. Moreover, in case of extrachro- 
mosomal homologous recombination it has been 
shown that recombination between T-DNAs is 



less efficient than between co-introduced plasmid 
D N A  molecules [4, 12, 35]. Halfter et al. [18] 
have described the restoration of an intact hpt 
gene by gene targeting in A rabidopsis thaliana using 
direct gene transfer in 4 out of 150 selected 
hygromycin-resistant plants. Apparently, in most 
of these lines the Hm r phenotype was due to other 
events than gene targeting. Therefore, illegitimate 
recombination between an introduced defective 
gene and another gene present on the repair con- 
struct or the chromosome has to be taken into 
account as a standard by-product in gene target- 
ing experiments. 

From the detailed study of 7 hpt/nptlI gene 
fusions we can conclude that these fusions were 
a result of illegitimate recombination events. 
Whereas the nptlI and hpt genes shared no ho- 
mology at the fusion site in plants 2B31 and 6B54, 
the other five plants shared a small stretch of 3 to 
5 homologous nucleotides. This absence of long 
stretches of homologous DNA is a typical feature 
of illegitimate recombination in mammalian cells 
[41]. A remarkable aspect of the small stretches 
of homology at the fusion site is that 4 out of the 
5 share the sequence 5 ' -CYG-3'  and 3 out of 
those the sequence 5 ' -CCG-3 ' .  In the latter three 
(1B21, 2D61 and 7F1) this sequence is present at 
exactly the same site in the nptII gene. However 
in the hpt gene this sequence is located at differ- 
ent sites. The high frequency with which we find 
this sequence is surprising since illegitimate re- 
combination junctions in animal cells show a great 
diversity of sequences and no consensus site has 
been reported [26, 41, 45]. 

Two groups demonstrated that the integration 
of T-DNA in the plant genome is mediated by 
illegitimate recombination events [16, 32]. The 
plant/T-DNA junctions show a variety of se- 
quences but they do not include the 5 ' -CCG-3 '  
sequence. The significance of this sequence is 
therefore not clear. Since type I topoisomerases 
have a possible role in illegitimate recombination 
([8] for review) we screened the nptlI and hpt 
genes for the presence of the consensus recogni- 
tion sequence. Based on in vitro assays with a rat 
liver and a wheat germ enzyme the following con- 
sensus sequence has been derived: 5'-(A or T)-(G 
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or C)-(A or T)-T-3' [8]. Because this consensus 
sequence is very degenerate it was no surprise 
that we found many sites in both the nptlI and the 
hpt gene. In the nptlI gene it is partially overlap- 
ping the sequence at the fusion site in plant 3E21 
and it is present in the immediate vicinity of the 
fusion site in plants 2D2 and 6B54. However, the 
fusions in the other plants do not have the con- 
sensus sequence present within 10 bp of the fu- 
sion sites. In the hpt gene the consensus sequence 
is present at the fusion site in plants 6B54 and 
7F1 and within 10 bp of the fusions in the other 
plants. Nonetheless, while the consensus se- 
quence is only 4 nucleotides the total binding site, 
which encompasses 20-25 bp, is not well defined 
[27]. Therefore, it remains questionable whether 
a consensus site is indeed recognized by topoi- 
somerase I and whether topoisomerase I is in- 
volved in the illegitimate recombination junctions 
presented here. In addition, we searched for other 
features that are usually implied in illegitimate 
recombination in mammalian cells such as palin- 
dromes, A + T-rich DNA segments [23], runs of 
contiguous purines and alternating purine/ 
pyrimidine tracks [26]. Some of these features 
were found within 10 bp of the fusion site but they 
were not always associated with fusion sites. This 
is in agreement with the data from illegitimate 
recombination junctions obtained in mammalian 
cells [26, 45]. 

Our findings show that illegitimate recombina- 
tion events were responsible for the background 
level of Km r calli in gene targeting experiments. 
Whereas design of the targeting vector can have 
a major influence on the level of background [37 ], 
it is equally important to increase the absolute 
frequency of gene targeting itself because that 
would render the reported background less sig- 
nificant. Gene targeting experiments in mamma- 
lian cells revealed a number of variables influenc- 
ing the efficiency of gene targeting [6, 7]. One of 
the most important factors turned out to be the 
length of homologous DNA. Two groups [ 19, 46] 
have tested constructs with different degrees of 
homology for targeting to the hprt locus. Thomas 
and Capecchi [46] observed that a two-fold in- 
crease in homology increased the targeting fre- 
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quency 20-fold, while Hasty et al. [19] observed 
a 100-fold increase in targeting frequency when 
the homology was increased 5-fold. More impor- 
tant may be the observation that there seems to 
be a critical length for efficient gene targeting [ 19]. 
The minimal amount of homology needed for ob- 
taining gene targeting was 1.9 kb. However, at 
least 4.2 kb of homology turned out to be required 
for efficient gene targeting. A similar observation 
has been reported by Schulman etal. [44] for 
gene targeting in hybridoma cells. This would 
mean that the amount of homology used in our 
experiments (2.6 kb) is not sufficient for efficient 
gene targeting. The effect of this factor on gene 
targeting frequencies in plants is currently being 
investigated by our group. 
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