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Abstract Agrobacterium tumefaciens possesses many advantages as a model bacterium for the study of a wide variety of biological
processes. Gene disruption or inactivation is a powerful and direct tool for investigation of in vivo gene functions. The intensive study
of A. tumefaciens has increased the need for simple and highly efficient procedures to manipulate its genome. The sacB gene was used
as a counterselectable marker to develop a gene replacement procedure that allows precise insertion, deletion, and allele substitution of
any gene sequence in A. tumefaciens without altering the genome in any other way. A kanamycin resistance (KmR) cassette was
constructed to the suicide vector as the positive selection marker. The suicide plasmid containing DNA fragments homologous to the
flanking sequences of the target gene was integrated into the recipient cell genome at the target gene locus by intermolecular
homologous recombination, generating the KmR-single cross-over colonies. The effect of homologous sequence length on the
intermolecular homologous recombination was analyzed. The second cross-over colonies generated by intramolecular homologous
recombination occurring between two tandem repeats were simply screened out by counter-selection of sacB. Data showed that the
intervening sequence length between two repeats significantly affected the intramolecular homologous recombination frequency in
A. tumefaciens, indicating that A. tumefaciens adopted the homologous recombination mechanism similar to that in E. coli. All these
results demonstrated that investigators could minimize the numbers of colonies to be analyzed and reduce the overall workload by
optimizing the relative length of two homologous fragments and using the specific type of single cross-over transformants for screening
the second cross-over event. This mutagenesis strategy had successfully been used to generate the double unmarked 驻vbp2驻vbp3
mutant in two A. tumefaciens strains.
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Agrobacterium tumefaciens is a soilborne
phytopathogenic bacterium. It causes the crown gall
disease of dicotyledonous plants by transferring a
segment of DNA (designated T-DNA) from its
Ti-plasmid to plant cells [1, 2]. Because the wild-type
T-DNA coding region can be replaced by any DNA
sequence without any effect on its transfer from
A. tumefaciens to the plant, A . tumefaciens-mediated
T-DNA transfer to plant has become the most widely
used method for the introduction of foreign genes into
plant cells [1 ～3]. In addition, A . tumefaciens-mediated
T-DNA transfer to plant is the only known natural
example of DNA transport between kingdoms [2]. The
T-DNA is transferred into eukaryotic cells in the form
of nucleoprotein complex. Thus, A. tumefaciens-
mediated T-DNA transfer system also provides a
fascinating model system to study the molecular

mechanism of a wide variety of biological processes,
including bacterial detection of host signaling
chemicals[4], intercellular transfer of macromolecules[5],
importing of nucleoprotein into plant nuclei [1, 6], and
interbacterial chemical signaling via autoinducer-type
quorum sensing [7]. It has been proved that reverse
genetics is a powerful approach for the molecular
mechanism investigation of these biological processes,
in which the gene of interest is mutated or inactivated
to study the resulting effects on A. tumefaciens.

So far, most mutants in A. tumefaciens were
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constructed by transposon inactivation with an
antibiotic resistance or other selection markers [8]. The
insertion of an antibiotic resistance marker into the
target gene provides direct selection of rare
recombinants. While powerful, this method does have
drawbacks. First, the insertion of an antibiotic
resistance marker may exert polar effects on the
upstream or downstream genes. For example, the polar
effect can prevent the disruption of a nonessential gene
if the target gene is located in an operon upstream of
an essential gene. Secondly, in many cases it is
common for investigators to introduce multiple
mutations into a bacterial cell. The accumulation of
antibiotic resistance markers in the mutated strains
could become cumbersome and possibly compromise
interpretations of experimental results. Also, there are
a limited number of antibiotic resistance markers
available for use in A. tumefaciens.

An ideal gene replacement system is one that can
generate the defined mutants by unmarked in-frame
deletions or the introduction of point mutations. The
mutants generated by unmarked in-frame deletions do
not carry antibiotic resistance genes and cannot revert,
and thus the mutations do not exert the polar effects on
the expression of the adjacent genes. By extension, this
ideal gene replacement system could be used for allelic
exchange of point mutations, which allow for a finer
dissection of gene function. The combined utilization
of selectable and counterselectable markers makes this
ideal gene replacement methodology be successfully
used in several bacteria [9～16]. We once used this gene
replacement system to generate unmarked A. tumefacins
mutants also[17, 18]. However, no detail about this
method and its homologous recombination mechanism
was reported though many investigators had pointed
out that the length of the homologous sequences might
affect the homologous recombination rate. Therefore,
the homologous recombination rate and the frequency
to generate the desirable mutants became
uncontrollable and unpredictable when this method
was used to generate unmarked mutants. We try to
optimize this gene replacement method by means of
the study of the homologous recombination
mechanism in A. tumefaciens underlying this method
and provide the detailed data about its mechanism to
researchers so that they could minimize the numbers of
colonies to be analyzed and reduce the overall
workload for screening the desirable mutants when
they use this method to construct the unmarked

bacterial mutants.
This method uses the sacB gene of Bacillus spp as

the counterselectable marker to construct a suicide
vector, which lacks agrobacterial origin of replication
and thus is not able to replicate in A. tumefaciens.
When this suicide vector was used to deliver the
recombination substrate to the agrobacterial recipient
cell and integrated to the recipient cell genome, the
sacB gene would confer the recipient cell sucrose
sensitivity (SucS) and allow efficient counterselection
of integrated vector in the present of sucrose [9, 19]. The
genes chosen for this study are the Atu4860 gene and
the Atu4856 gene (accession: NC_003305.1) in the U
Wash version of A. tumefaciens genome [20], which are
located on the linear chromosome. The proteins
encoded by these two genes were identified to be
homologous to a VirD2-binding protein and were
involved in the tumorigenesis[17]. These two genes were
designed as vbp2 and vbp3 respectively [17, 18]. Data in
this work showed the sacB-based gene replacement
system is reproducible for allelic exchange of
unmarked deletion in the chromosome of
A. tumefaciens. Results also told us how to optimize
the gene replacement procedure and increase the
frequency to generate desirable mutants.

1 Materials and methods
1.1 Bacterial strains, plasmids, primers and
bacterial culture conditions

The bacterial strains and plasmids used in this
study are described in Table 1. Escherichia coli strain
DH5琢 was used as the host for plasmid replication.
Two Agrobacterium tumefaciens strains A348 and
GMI9017 were used as parent strains to construct
unmarked double deletion (驻vbp2驻vbp3) mutants. All
chromosomal genome sequences in three A. tumefaciens
strains (C58, A348, and GMI9017) are the same
except the harboring plasmids pAtC58, pTiC58, and
pTiA6NC.

The sequences, purposes and origins of the
primers used in this study are described in Table 2.
E. coli strains were cultured at 37℃ in Luria-Bertani
(LB) liquid or agar medium [21]. A. tumefaciens strains
were cultured at 28 ℃ in MG/L liquid or agar
medium [22]. LB and MG/L media were supplemented
with 5 mg/L tetracycline, 50 mg/L (for E. coli.) or
100 mg/L (for A. tumefaciens) kanamycin when
necessary.
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Primers Sequence and purpose Origin
PnptIIIF 5' gaagatctctcgagttggcagcatcacc 3' (Amplify npt芋 from plasmid pCB301) Plasmid pCB301
PnptIIIR 5' gaagatcttactaaaacaattcatccag 3' (Amplify npt芋 from plasmid pCB301) Plasmid pCB301
Pex18F 5' gaagatctgttgaatactcatactcttc 3' (Amplify backbone of pEX18Tc) Plasmid pEX18Tc
Pex18R 5' gaagatcttgtcagaccaagtttactcat 3' (Amplify backbone of pEX18Tc) Plasmid pEX18Tc
Pdow3 5' tccaagcttgatcatatcccgcacag 3' (Amplify downstream of vbp2 gene) Linear chromosome - 2045222
Pdow4 5' cccaagcttccagcgcgagtaccag 3' (Amplify downstream of vbp2 gene) Linear chromosome - 2047409
Pup10 5' acaggatcccttcctgccacgcc 3' (Amplify upstream of vbp2 gene) Linear chromosome - 2043756
Pup11 5' gtgggatccatgaactttatacgcttc 3' (Amplify upstream of vbp2 gene) Linear chromosome - 2045151
Pscreen1 5' ctcgagagaggagacgcatcg 3' (Screen the vbp2-deleting mutant) Linear chromosome - 2044997
Pscreen2 5' cagcgcatcctcgaactcctc 3' (Screen the vbp2-deleting mutant) Linear chromosome - 2045303
Pvbp3u 5' ggggatcctgaggacctgcggcag 3' (Amplify upstream of vbp3 gene) Linear chromosome - 2039858
Pvbp3l1 5' ctcgcgcatccgggagg- -tccgcttatcgacggtgtcc 3' (Overlapped primer linking the

upstream and downstream fragment of vbp3 gene, amplify upstream of vbp3 gene)
Linear chromosome - 2040233
Link to 2040735

Pvbp3l2 5' ggacaccgtcgataagcgga- -cctcccggatgcgcgag 3' (Overlapped primer linking the
upstream and downstream fragment of vbp3 gene, amplify downstream of vbp3 gene)

Linear chromosome - 2040233
Link to 2040735

Pvbp3d 5' cttggatccgtcccgagaaagtcgc 3' (Amplify downstream of vbp3 gene) Linear chromosome - 2041683
Pex18tc1 5' ctcttcgctattacgccagctgg 3' (Differentiate the single cross-over colonies) Plasmid pEX18Tc

Table 2 Primers used in this study

1.2 DNA manipulations
DNA manipulations followed standard molecular

protocols [21]. E. coli DH5琢 strain was routinely used
as the host for DNA cloning experiments. E. coli
competent cells were prepared according to the Inoue
protocol [21] and DNA was transferred into E. coli cells
by heat-shock [21]. Plasmids were introduced into
A. tumefaciens by electroporation [22]. For accurately
calculating the recombination frequency, the plasmid
concentration and the number of recipient
A. tumefaciens cells were calibrated to the same for
different transformation experiments. Total DNA of
A. tumefaciens C58 strain was prepared according to

Charles and Nester[25].
1.3 Construction of suicide vector

To obtain a sacB-based suicide vector suitable for
A. tumefaciens gene replacement, the tetracycline
resistance (TcR) gene in plasmid pEX18Tc [19] was
replaced by KmR gene. Primers Pex18F and Pex18R
were used to amplify a 5 kb non-TcR-resistance fragment
from plasmid pEX18Tc. A 1.04 kb KmR-encoding
cassette fragment was amplified by primers Pnpt芋F
and Pnpt芋R from plasmid pCB301[24]. These two
fragments were ligated to generate the KmR-plasmid
pEX18K. This kanamycin-resistance suicide vector
was used to construct gene replacement plasmid.

Table 1 Bacterial strains and plasmids used in this study
Bacterial strain and plasmid Relevant characteristic (s) 1) Source or reference

Strains

Escherichia coli DH5琢 EndA1 hsdR17 supE44 thi-1 recA1 gyrA96 relA1 (argF-lacZYA ) U169 劓80dlacZ.
For DNA cloning

Bethesda Research
Laboratories

Agrobacterium tumefaciens
C58 Wild type, nopaline-type pTiC58 plasmid Laboratory collection

A348 Wild type, A136 (pTiA6NC) (octopine-type) Laboratory collection

GMI9017 Derivative of C58 cured of pAtC58, SmS, SpR, RfR [23]

Plasmids

pEX18Tc Counterselectable plasmid carrying sacB marker, oriT, TcR [19]

pCB301 A minim binary vector plasmid, KmR [24]

pEX18K Derivative of pEX18Tc in which TcR was replaced by npt芋 from pCB301, KmR This study

pEXKmVD pEX18K carrying a 2 183 bp Hind芋 fragment from vbp2 downstream, KmR This study

pEXKmVUD pEXKmVD carrying a 1 395 bp BamHI fragment from vbp2 upstream, KmR This study

pEXKmV3 pEX18K carrying a 1 323 bp BamH玉 fragment, 375 bp of this fragment from vbp3
upstream, 948 bp of this fragment from vbp3 downstream, KmR

This study

1) KmR, TcR, SpR and RfR, resistant to kanamycin, tetracycline, spectinomycin, rifampicin respectively. SmS, sensitive to streptomycin.
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2 Results
2.1 Development of gene replacement system
2.1.1 Constructions of gene replacement plasmids.
The vbp2 gene replacement plasmid pEXKmVUD was
constructed as follows. First, a 2.183 kb vbp2 downstream
fragment was amplified by primers Pdow3 and Pdow4
from A. tumefaciens C58 total DNA and inserted to
the Hind芋 site of pEX18K to generate plasmid
pEXKmVD. Then, primers Pup10 and Pup11 were
used to amplify a 1.395 kb vbp2 upstream fragment.
Finally, the vbp2 upstream fragment was inserted to
the BamH玉 site of pEXKmVD to generate
pEXKmVUD (Figure 1). In this plasmid, two vbp2
flanking fragments were linked by a short vector MCS
(multiple-cloning sites) fragment.

To construct the vbp3 gene replacement plasmid
pEXKmV3, the upstream and downstream fragments
of vbp3 gene were linked by PCR via using
overlapped primers. First, a 375 bp upstream fragment
of vbp3 gene was amplified by primer Pvbp3u and the
overlapped primer Pvbp3l1 from A. tumefaciens C58
total DNA, a 948 bp downstream fragment of vbp3
gene was amplified by primer Pvbp3d and the

overlapped primer Pvbp3l2 from A. tumefaciens C58
total DNA. Then, these two PCR products were
purified and mixed together to use as template for
another PCR. By using primers Pvbp3u and Pvbp3d, a
1.323 kb DNA fragment, in which the upstream and
downstream fragments of vbp3 gene were linked
together, could be amplified from this mixed template.
This 1.323 kb fragment was inserted to the BamH玉
site of pEX18K to generate pEXKmV3 (Figure 1). In
this plasmid, two vbp3 flanking fragments were linked
directly without any unwanted sequence.
2.1.2 Selection and identification of the single
cross-over transformants. The purified gene
replacement plasmid, which carries both upstream and
downstream sequences of the target gene, was
introduced into A. tumefaciens strain A348 and
GMI9017 cells respectively by electroporation. DNA
concentrations were calculated from A 260. The
electroporated A . tumefaciens cells were plated on
kanamycin-containing MG/L agar plate to select the
single cross-over transformants. Since the gene
replacement plasmid cannot replicate inside
agrobacterial cells, the KmR-transformant could only
result from the integration of the plasmid into the
agrobacterial genome. The integration of the gene
replacement plasmid into the agrobacterial genome
was achieved by the intermolecular homologous
recombination. The gene replacement plasmid could
be integrated into the agrobacterial genome on either
the upstream (Figure 2a) or the downstream (Figure 2b)
of the target gene in the single cross-over event and
thus two types of single cross-over transformants could
be generated. PCR was used to differentiate these two
types of single cross-over transformants. Two primers
that were designed for this PCR were shown in Figure 2.
One primer is Pex18tc1, which anneals to the pEX18K
vector sequence near the downstream of the target
gene, and the other primer (Pup in Figure 2) is
complementary to the upstream sequence of the target
gene. We can differentiate these two types of single
cross-over transformants depending on the size of the
DNA fragment amplified by PCR.
2.1.3 Selection and identification of the second
cross-over recombinants. The PCR-confirmed
KmR-transformants were used to screen for the second
cross-over colonies. The single cross-over
KmR-transformants were plated on sucrose-containing
MG/L plate to select the sucrose resistance (SucR)
recombinants. The SucR-recombinants were generated

Fig. 1 Physical maps of plasmids for gene replacement
All three plasmids cannot replicate in A. tumefaciens but have the
pMB1-based origin of replication for E. coli. The npt芋 represents the
kanamycin-resistance gene. The sacB represents the levansucrase-
encoding gene that confers the host sucrose sensitivity (SucS).

EcoR玉---Sac玉---Kpn玉---Sma玉---BamH玉---Xba玉---Sal玉---Pst玉---Sph玉---Hind芋

pEX18K
(6 040 bp)

sacB
npt芋

pEXKmV3

sacB

npt芋

pEXKmVUD

sacB

npt芋

Upstream
of vbp2

(1 395 bp)
Downstream

of vbp2
(2 183 bp)

BamH玉---Xba玉---Sal玉---Pst玉---Sph玉---Hind芋

Downstream
of vbp3
(948 bp)

Upstream
of vbp3
(375 bp)
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TG wild type

TG-deletion

TG

TGPup sacB npt芋
Single cross-over

B1 B2Second cross-over TG wild type
TG

Pex18tc1

Fig. 2 Schematic diagram of gene replacement strategy
The suicide plasmid carrying the upstream (shadow arrows) and downstream (black arrows) sequences of the target gene (TG) was introduced to the
recipient cell and then integrated into the recipient genome DNA at the locus of the target gene by homologous recombination . The npt芋 (open
rectangles) represents kanamycin-resistant gene. The sacB (open arrows) is a counterselectable marker gene that confers sucrose sensitivity. A fragment
of target gene was shown in stippled rectangles. Colonies having undergone single cross-over homologous recombination (伊 ) were screened as
kanamycin resistance and sucrose sensitivity. Second cross-over homologous recombination event was selected by plating the single cross-over colonies
on media containing 5% sucrose. The TG-deletion (or replacement) mutants were isolated from the kanamycin-sensitive and sucrose-resistant colonies.
(a) The suicide plasmid was integrated into the A. tumefacien genome by homologous recombination at the upstream of the target gene. (b) The suicide
plasmid was integrated into the A. tumefacien genome by homologous recombination at the downstream of the target gene. Second cross-over
homologous recombination may occur in the two fragments homologous to the upstream of TG (A2 and B1, two shadowy arrows) or in the two
fragments homologous to the downstream of TG (A1 and B2, two black arrows).

(b)

Suicide plasmid

TG wild type

TG-deletion

TG

TGPup sacB npt芋
Single cross-over

A1 A2Second cross-over TG wild type

TG

Pex18tc1

(a)

Suicide plasmid

due to the second cross-over homologous recombination,
which resulted in the loss of the integrated suicide
plasmid. The second cross-over homologous
recombination could also occur in two ways, either on
the upstream homologous region (A2 and B1 in
Figure 2) or on the downstream homologous region
(A1 and B2 in Figure 2). So, two types of

SucR-recombinants were identified: the wild type
colonies (A2 and B2 in Figure 2) and the deletion (or
gene replacement) mutants (A1 and B1 in Figure 2).
The wild type and mutant colonies were also
differentiated by PCR using two primers
complementary to the upstream and downstream
sequences of the target gene.
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2.2.2 Analysis of the frequency of the second
cross-over event. Following the successful isolation
and identification of single cross-over transformants,
two types of the single cross-over transformants were
used to select the second cross-over colonies
respectively. The second cross-over can result in either
the wild-type allele or the mutant allele remaining in
the host genome, depending on where the second
cross-over event occurs (Figure 2). Thus, the selected
KmS-SucR-colonies can carry either the wild-type or
mutant allele and were differentiated by PCR. The
frequencies of second cross-over event were measured
as the numbers of second cross-over colonies per input
single cross-over transformant and were showed in
Table 4. The second cross-over event occurs between

the tandem repeat regions located on both sides of the
suicide vector (Figure 2). In contrast to the single
cross-over, the second cross-over is an intramolecular
homologous recombination, which results in the
excision of the integrated suicide plasmid from host
genome. Previous study from E. coli showed that for
intramolecular homologous recombination the length
of intervening sequence between tandem direct repeats
had a greater influence over the deletion frequency
than the length of the homologous sequence of the
tandem direct repeats[26]. To demonstrate whether the
intervening sequence length between tandem repeats
affects the intramolecular recombination frequency in
A. tumefaciens, the sequence length between two
tandem repeats was calculated and also showed in

2.2 Optimization of the gene replacement
procedure
2.2.1 The effects of homologous sequence length on
the intermolecular homologous recombination. Two
gene replacement plasmids, pEXKmVUD and
pEXKmV3, were electroporated into A. tumefaciens
strains A348 and GMI9017 respectively. These two
plasmids carry different length of DNA sequences
homologous to the flanking sequences of target genes.
The plasmid pEXKmVUD carries a 2.183 kb vbp2
downstream fragment and a 1.395 kb vbp2 upstream
fragment. The plasmid pEXKmV3 carries a 948 bp
vbp3 downstream fragment and a 375 bp vbp3
upstream fragment. To demonstrate the effect of
homologous DNA length on the frequency of the
intermolecular homologous recombination, the
KmR-transformants resulting from the integration of

the gene replacement plasmid into the host genome
were analyzed by PCR and the frequencies of the
single cross-over event were measured as the numbers
of single cross-over colonies per 滋g of DNA used in
the electroporation (Table 3). All KmR-colonies
resulted from the homologous recombination within
the target loci, i.e. no spontaneous Km-resistant mutant
or illegitimate integration of the gene replacement
plasmid into the host genome other than the target loci
was detected. Results in Table 3 showed that the
frequency of the first homologous recombination event
(i.e. the integration frequency of the gene replacement
plasmid into the host蒺s genome DNA or the frequency
of intermolecular homologous recombination) is
significantly dependent upon the length of homologous
DNA. Statistic analysis showed that the R2s in strains
A348 and GMI9017 are 0.9739 and 0.9689 respectively.

Table 3 Frequency of the single cross鄄over event1)

Length of homologous sequence
(Integration locus of gene replacement plasmid)

Frequency of the single cross-over event 依 s (colonies/滋g DNA) 2)

A348 GMI9017

2 183 bp (vbp2 downstream of pEXKmVUD) 120 依 14 84 依 7

1 395 bp (vbp2 upstream of pEXKmVUD) 62 依 9 48 依 10

948 bp (vbp3 downstream of pEXKmV3) 30 依 7 16 依 4

375 bp (vbp3 upstream of pEXKmV3) 11 依 3 4 依 2

1)Plasmids carrying DNA fragments homologous to the flanking sequences of the target genes were electroporated into
A. tumefaciens cells. The plasmid would integrate into the A. tumefaciens genome by intermolecular homologous
recombination to generate KmR-trasformants. The KmR-trasformants were screened out by plating the electroporated
agrobaterial cells on the kanamycin-containing MG/L agar plate and identified by PCR. 2)The frequency of the single cross-over
event (i.e. the integration frequency of the plasmid into the host’s genome DNA) was measured as the KmR-transformant
colonies per 滋g of DNA used in the electroporation. The numbers of the KmR-transformant colonies were the means of
triplicates and the frequency of the single cross-over event was the means of three independent experiments. s represents the
standard derivations.
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2.3 The isolation and identification of
A. tumefaciens mutants

The DNA fragments amplified from the deletion
region of the selected second cross-over colonies were
further identified by restriction enzyme digestion and
verified by DNA sequencing to examine whether the
defined A. tumefaciens mutants were obtained. The
vbp2 replacement plasmid pEXKmVUD was
constructed in two steps. Firstly, the downstream
fragment was inserted to the Hind芋 site and then the
upstream fragment was inserted to the BamH玉 site.
Thus, a short MCS (multiple-cloning sites) fragment
was left in the region between the upstream and
downstream fragments (Figure 1). This implied that in
the expected vbp2 mutant, the vbp2 gene fragment
between the upstream and downstream fragments
should be replaced by the short MCS fragment.

Figure 3 showed the isolation and identification of
vbp2 mutant. Compared with the vbp2 wild type, a
shorter DNA fragment (lane 4 in Figure 3) was
amplified from the vbp2 mutant. Since the short MCS
fragment that was left in the region between the
upstream and downstream fragments carried the
BamH玉site (Figure 1), the DNA fragment amplified
from the vbp2 mutant could be digested by BamH玉
into two fragments (lane 1 in Figure 3). The PCR
fragments amplified from both the vbp2 wild type and
vbp2 mutant were also sequenced. Sequencing results
showed that in the vbp2 mutant, a vbp2 gene fragment
was deleted and replaced by a short DNA sequence
from the multiple-cloning sites of the vector as
expected (Figure 4). The vbp3 mutant was also
identified by PCR and verified by DNA sequencing
(data not showed). Unlike vbp2 mutant, no unwanted

Table 4. These data showed that the length of
intervening sequence greatly affected the frequency of
second cross-over event, indicating that the mechanism
of the intramolecular homologous recombination in
A. tumefaciens may be similar to that in E. coli.

Results in Table 4 also showed that different
percentage of mutant colonies could be obtained if
different type of single cross-over transformant was
used to screen the second cross-over colonies. During
the isolation and identification of vbp2 mutant, 78%

(A348 strain) and 73% (GMI9017 strain) of the second
cross-over colonies were mutant colonies when the
single cross-over transformant resulting from the
upstream integration was used to screen the second
cross-over colonies, whereas, only 21% (A348 strain)
and 16% (GMI9017 strain) of the second cross-over
colonies were mutant colonies when the other type of
single cross-over transformant was used to screen the
second cross-over colonies.

Loci of single
cross-over

Loci of second
cross-over

Genotype of the second
cross-over colony2)

Length between
tandem repeats/bp3)

Frequency of second cross-over
event/10-7( x 依 s)4)

A348 GMI9017

vbp2 gene

Downstream Upstream Mutant 8 237 69 依 6 44 依 5

Upstream Upstream Wild type 8 187 71 依 6 77 依 9

Upstream Downstream Mutant 7 450 258 依 21 212 依 22

Downstream Downstream Wild type 7 400 266 依 19 239 依 21

vbp3 gene

Downstream Upstream Mutant 7 454 86 依 7 52 依 7

Upstream Upstream Wild type 6 952 171 依 9 139 依 15

Upstream Downstream Mutant 6 881 184 依 11 148 依 17

Downstream Downstream Wild type 6 379 234 依 24 198 依 23

1)The single cross-over KmR-transformant carries the tandem repeats of the target gene flanking sequences and the sacB gene because of the
plasmid integration, and shows sucrose sensitivity. Therefore, the single cross-over KmR-transformant was plated on sucrose-containing MG/L
agar plate to select the second cross-over colonies. 2)The genotype of second cross-over colonies were identified by PCR. 3)The length between
tandem repeats does not include the length of repeat sequence itself. 4)Frequency of second cross-over event was measured as the numbers of
second cross-over colonies per input single cross-over KmR-transformant cell. The numbers of second cross-over colonies were the means of
triplicates and the frequency of second cross-over event was the means of three independent experiments. s represents the standard derivations.

Table 4 Frequency of second cross鄄over event occurred between the different tandem repeats1)
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3 Discussion
This study reports an efficient procedure for gene

deletion and replacement in the A. tumefaciens
chromosome by utilizing the counterselectable marker
sacB gene. The replacement of tetracycline resistance
gene in the suicide vector by kanamycin resistance
gene abolished the problem of spontaneous
tetracycline resistance in A. tumefaciens during the
selection of single cross-over transformants. Using this
gene deletion and replacement method, secondary
mutations can be made without the problem of finding
another resistance marker. In this study, we have
isolated the unmarked double mutant (驻vbp2驻vbp3)
from A. tumefaciens strains A348 and GMI9017

respectively, demonstrating the usefulness of this
procedure for various gene deletion (or replacement) in
different A. tumefaciens strains. Sequencing results
demonstrated that the defined mutant alleles were
obtained. Therefore, there is no longer a need to
consider unknown mutations caused by random
mutagenesis.

To optimize this gene deletion and replacement
method, we investigated the effects of homologous
sequence length on the recombination frequency and
analyzed the intramolecular recombination
mechanism. We concluded that the frequency to
generate desirable mutants is controllable and able to
greatly increase by optimizing the gene replacement
procedure. The relative length of two homologous

DNA sequence was introduced into vbp3 mutant
because the upstream and downstream fragments of

vbp3 gene were linked directly by PCR with overlap
extension.

Fig. 4 Sequence of the deleted vbp2 fragment
The bold letters indicate the deleted vbp2 fragment. The shadowy letters represent the small fragment replaced by vector忆s multiple-cloning sites (MCS).

The underlined letters highlight the start code.

Fig. 3 Screening of vbp2鄄deletion mutants
The vbp2-deletion mutants were screened by PCR. Two oligonucleotides Pscreen1 (annealed to upstream of vbp2) and Pscreen2 (annealed to
downstream of vbp2) were used as the primers. The PCR products from a vbp2-deletion mutant (lanes 1 and 4) and from a wild type (lanes 2 and 3)
were treated by BamH玉(lanes 1 and 2) or without restriction digestion (lanes 3 and 4). The PCR product from vbp2-deletion mutant was digested
to two fragments (lane 1) because the deleted vbp2 gene fragment was replaced by a small fragment from vector忆s multiple-cloning sites (MCS)(see
plasmid pEXKmVUD in Figure 1). The PCR product from the wild type could not be digested to two fragments (lane 2) because the wild type DNA
fragment does not have the BamH玉 site. These two PCR fragments were sequenced to confirm that the vbp2 fragment was deleted as expected
(sequence data was shown in Figure 4). vbp2- represents vbp2-deletion mutant. vbp2+ represents vbp2 wild type.

vbp2 wild type: -----agcacttt-tggcatttga-tcaacgtgtc-gaagcgtata-aagttcatggat- - - - - - -

vbp2 mutant: -----agcacttt-tggcatttga-tcaacgtgtc-gaagcgtata-aagttcatgga-----tcc-tct-aga-gtc-gac-ctg-cag-gca-tgc-aag-----------------------------

- - - - -ctt-gat-cat-atc-ccg-cac-aga-aag-cag-cga-gag-ctc-gcc-cgt-gcg----

-----------------------ctt-gat-cat-atc-ccg-cac-aga-aag-cag-cga-gag-ctc-gcc-cgt-gcg----

vbp2 wild type

vbp2-deletion

vbp2
Pscreen1

Pscreen1

Pscreen2

Pscreen2

Fragment replaced by
vector MCS

vbp2- vbp2+ vbp2+ vbp2-

+BamH玉

1 2 3 4

kb

0.4

0.3

0.2

0.1
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fragments on each side of the target gene determines
the relative frequency of the two types of single
cross-over transformants. Different type of single
cross-over transformants can result in different
frequency of the desirable mutant colonies because of
the difference of the intervening sequence length
between two tandem repeats where second cross-over
event occurs. Therefore, high frequency of the
desirable mutant colonies can be obtained by designing
the relative length of two homologous fragments and
using the specific type of single cross-over
transformants for screening the second cross-over
event. This is particularly important when the mutant
is not fitness or does not have a screenable phenotype.
This strategy can minimize the numbers of colonies to
be analyzed and thus significantly reduce the overall
workload.

The sacB gene encodes levansucrase, which
synthesizes lavens (high molecular-weight fructose
polymers) in the presence of sucrose. The
accumulation of lavens in the periplasm of
gram-negative bacteria is toxic and thus causes the
bacterial cells to die[27]. Although the effect of the sacB
gene in the presence of sucrose has been demonstrated
in most of the gram-negative bacteria [9], the high
frequency of spontaneous sucrose resistance has been
reported in many bacteria [28, 29]. Results in this study
showed that the frequency of spontaneous sucrose
resistance was very low in A. tumefaciens. More than
95% of SucR-colonies were second cross-over colonies
when the single cross-over transformant was screened
against 5% sucrose for the second cross-over colonies
(data not shown). This indicates that the sacB gene can
be used as a counterselectable marker in A. tumefaciens.
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摘要 农杆菌已经用作许多生物过程研究的模型细菌，为了解析这些生物过程的分子机理，对农杆菌的某些基因进行突变就

显得非常重要．以自杀性基因 sacB作为反向可选择性标记基因，利用同源重组的原理，建立了一种可对农杆菌基因进行准
确插入、删除和位点置换的突变方法，所获突变体不带任何不需要的外源 DNA序列．通过详细研究同源序列的长度对农杆
菌同源重组效率和突变体产生概率的影响，以及对农杆菌中的同源重组机理的分析，提出了优化该突变体产生方法的方案，

即通过设计不等长的上下游同源序列和选择其中一种类型的单交换重组体来筛选二次交换重组体的方法，可以显著地提高理

想突变体的产生概率．研究结果对如何提高突变体的产生概率和减少突变体筛选的工作量具重要的参考价值．利用该方法成

功地获得了两个基因被同时删除而且不含抗性标记的农杆菌突变株．

关键词 农杆菌，反向可选择性标记基因，同源重组机理，无标记突变体
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