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An Insertional Mutagenesis System for Analyzing
the Chinese Cabbage Genome Using

Agrobacterium T-DNA

Jae-Gyeong Yu, Gi-Ho Lee, Jung-Sun Kim', Eun-Jo Shim, and Young-Doo Park*

In this study, we applied insertional mutagenesis using
Agrobacterium transfer DNA to functionally characterize the
gene of Brassica rapa L. ssp. pekinensis. The specific objec-
tives were to: (i) develop and apply a gene tagging system
using plasmid rescue and inverse PCR, (ii) select and ana-
lyze mutant lines, and (iii) analyze the phenotypic character-
istics of mutants. A total of 3,400 insertional mutant lines
were obtained from the Chinese cabbage cultivar, ‘Seoul’,
using optimized condition. Plasmid rescue was performed
successfully for transgenic plants with multiple T-DNA in-
sertions, and inverse PCR was performed for plants with a
single copy. The isolated flanking DNA sequences were
blasted against the NCBI database and mapped to a linkage
map. We determined the genetic loci in B. rapa with two
methods: RFLP using the rescue clones themselves and
sequence homology analysis to the B. rapa sequence data-
base by queries of rescued clones sequences. Compared to
wild type, the T, progenies of mutant lines showed variable
phenotypes, including hairless and wrinkled leaves, rosette-
type leaves, and chlorosis symptoms. T-DNA inserted mu-
tant lines were the first population that we developed and
will be very useful for functional genomics studies of Chi-
nese cabbage.

INTRODUCTION

Functional genomics is the field of molecular biology that at-
tempts to make use of the vast wealth of data produced by ge-
nomic projects to describe gene functions and interactions. Func-
tional genomics focuses on dynamic aspects of the genome such
as gene transcription, translation, and protein-protein interactions,
as opposed to the static aspects of genomic information such as
DNA sequence or structure. Functional genomics assigns a bio-
logical function to a particular gene sequence and has entered
the high-throughput stage following the completion of the se-
quencing of the genome of two model plants: Arabidopsis (The
Arabidopsis Genome Initiative, 2000) and rice (Goff et al., 2002;
Lee et al., 2006). Different functional genomic methodologies
have been developed including transcriptomics [expressed se-

quence tags (ESTs) and DNA microarrays], gene knockout by
RNA interference or T-DNA insertion, proteomics, and me-
tabolomics. A combination of these methodologies is more likely
to elucidate gene function than use of a single technique (Ge et
al., 2003; Holtorf et al., 2002).

The genus Brassica contains more important agricultural and
horticultural crops than any other genus. Chinese cabbage (B.
rapa) is widely cultivated in Asia, especially in China, Japan,
and Korea. Interspecies hybridization in the genus Brassica
was attempted as early as the nineteenth century when the
chromosome number in the genus was still unknown (Tsuchiya
and Gupta, 1991). The chromosome number of B. rapa is now
known to be 2n = 20. Chinese cabbage is in the same taxo-
nomic family as Arabidopsis thaliana and shares more than
80% of its genome with Arabidopsis (Lee et al., 2004a); there-
fore, genetic tools used in Arabidopsis can potentially be used
in Chinese cabbage.

Agrobacterium tumefaciens-mediated transformation is one
of the most widely genetic used engineering techniques and
has great potential to improve established cultivars by introduc-
ing genes of interest while maintaining commercially desirable
phenotypes (Jin et al., 2002; Lee et al., 2004a; Ryu et al., 1998).
T-DNA as a mutagen has also been used to tag genes in
Arabidopsis (Babichuk et al., 1997; Krysan et al., 1999). How-
ever, an analysis of T-DNA insertion sites showed unpredict-
able patterns of integration between the T-DNA border repeats
and the flanking DNA (Kim et al., 2003; Van Der Graaff et al.,
1996). Agrobacterium-mediated transformation often results in
insertions of more than one copy of foreign DNA and binary
vector backbone sequences (Denis et al., 1995; Kononov et al.,
1997; Martineau et al., 1994; Ramanathan and Veluthambi,
1995; Wenck et al., 1997). Several studies have been per-
formed to determine the mechanism of integration of two or
more copies at the same site (De Buck et al., 1999; De Neve et
al., 1997; Krizkova and Hrouda, 1998) and binary vector back-
bone transfer (De Buck et al., 2000; Martineau et al., 1994;
Ramanathan and Veluthambi, 1995).

Plasmid rescue, one of several strategies used to determine
the function of a target gene, is a simple method that can be used
together with sequencing analysis of plant genomic DNA and
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isolation of T-DNA tagged chromosomal DNA segments (Yanof-
sky et al., 1990) to elucidate gene function. Integration patterns of
T-DNA into a plant genome can be identified by the sequencing
of rescued plasmids, even though the location of the T-DNA
insertion site is very difficult to predict (Gustavo et al., 1998; Kim
et al,, 2003). Another strategy that has been developed to identify
gene positions is inverse PCR (Tsuei et al., 1994). While this
requires primers complementary to both termini of the target DNA,
PCR can be carried out even if only one sequence is available
from which primers may be designed. Compared with rescue
cloning which requires multiple copies of T-DNA for mutagenesis,
inverse PCR requires only a single copy for mutagenesis.

To screen for mutants, several traits including plant size, leaf
morphology, leaf color, flowering, flower morphology, flower
color, sterility, disease resistance, and stress tolerance were
recorded (Butaye et al., 2004).

MATERIALS AND METHODS

Plant material and T-DNA tagging vector

Chinese cabbage ‘Seoul’ (Dong-bu Seed, Korea) was used for
transformation. Seeds were sterilized in 70% ethanol for 1 min
and 1% sodium hypochlorite (NaClO) for 20 min with vigorous
shaking. After sterilization, they were rinsed five times with
deionized water. We used the pRCV2 vector as described by
Lee et al. (2003) (constructed by ligating pCAMBIA 1301 with
pBluescript Il KS(+)) for transformation of Chinese cabbage
with A. tumefaciens.

Chinese cabbage transformation

The Chinese cabbage transformation procedure was similar to
the method reported by Kim et al. (2006b). Surface-sterilized
seeds were placed on sowing medium (MS basal medium, 3%
sucrose, and 0.8% plant agar) and incubated in a culture room
with a 16 h photoperiod at 22°C for 7-9 d. Hypocotyls were cut
into 1 cm segments and placed on pre-culture medium (MS
basal medium, 1 mg/L NAA, 4 mg/L BA, 4 mg/L AgNO3;, 10 mg/
L acetosyringone, 200 mg/L cefotaxime, and 0.8% plant agar).
The pre-cultured hypocotyls were inoculated with Agrobacte-
rium suspension in MS liquid medium for 15-20 min. The inocu-
lated hypocotyls were then placed on filter paper over cocultiva-
tion medium (MS basal medium, 3% sucrose, 0.8% plant agar,
1 mg/L NAA, 4 mg/L BA, 4 mg/L AgNOs, and 10 mg/L acetosy-
ringone at pH 5.8) and incubated for 3 d in the dark at 22°C. To
remove the Agrobacterium, the explants were washed five
times in liquid cocultivation medium supplemented with 200 mg/L
cefotaxime and transferred to selective medium (MS basal me-
dium, 3% sucrose, 1.6% bacto-agar, 1 mg/L NAA, 4 mg/L BA, 4
mg/L AgNO;, 10 mg/L acetosyringone, 200 mg/L cefotaxime,
and 5 mg/L hygromycin at pH 5.8). Calli that formed on the hypo-
cotyls were subcultured on fresh selective medium that was re-
placed every 2 weeks until shoots regenerated. The regenerated
shoots were transferred to rooting medium (1/2 MS medium, 3%
sucrose, 0.8% plant agar, and 200 mg/L cefotaxime at pH 5.8) to
induce root formation. The transformed plants were grown in a
greenhouse after acclimatization. Then, acclimatized transformed
plants were transferred to a cold room to induce flowering. In the
cold room, the transformed plants were grown under long-day
conditions (24 h photoperiod) at 4°C and 50 + 10% humidity for
50 d. After cold treatment, the transformed plants were trans-
planted to a greenhouse.

Plant genomic DNA isolation and PCR confirmation for
transformants
Leaves were harvested from all of the Ty and T-progeny for PCR

confirmation and subsequent DNA sequence analysis. Genomic
DNA was isolated as described by Lee et al. (2004b). Chinese
cabbage leaf tissue (1 mg) was ground in liquid nitrogen in a
chilled mortar and pestle. Then, the fine powder was mixed with
extraction buffer (0.5 M NaCl, 0.1 M Tris-HCI, 50 mM EDTA, and
1.25% SDS) and maintained at 65°C for 30 min. The mixture was
extracted with phenol and chloroform and precipitated in isopro-
pyl alcohol. The extracted genomic DNA was washed in 70%
ethanol and dried. PCR was performed in a 20 pl reaction mix-
ture with Maxime PCR PreMix kit (iNtRON biotechnology, Korea)
with 35 cycles of 30 s of denaturation at 95°C, 30 s of annealing
at 61°C, and 4 min of extension at 72°C. The primer sequences
were 5-TTT CCA CTA TCG GCG AGT AC-3 and 5-TGT CGA
GAA GTT TCT GAT CGA-3'.

Total RNA extraction and real-time PCR

The leaf tissue (300 mg) was ground in liquid nitrogen using a
pestle. The powder was mixed with RNA extraction buffer and
acidic phenol. The solutions were separated into aqueous and
organic layers by centrifugation. The aqueous layer was puri-
fied with 600 pl of phenol/chloroform. After centrifugation, one-
third volume of 8 M LiCl was added and the mixture was kept at
-20°C for 1 h. The pellets obtained after centrifugation were
resuspended in DEPC-treated water, treated with one-tenth
volume ammonium acetate, and then two volumes of ethanol
was added. The precipitated RNA pellets were washed with 1
ml 70% ethanol, dried, and dissolved in RNase-free water.
Real-time PCR was performed using a Rotor-Gene 6000 (Cor-
bett, Australia) and a Mix One-Step Kit (Quantace, USA). The
following reagents were combined for a 50 pl reaction mixture:
2x SensiMix one-step, 50x SYBR green solution, RNase inhibi-
tor, 5 uM forward and reverse primers, and 500 ng total RNA.
The PCR mixture was initially incubated at 42°C for 30 min
followed by a 10 min enzyme activation step at 95°C. This was
followed by 35 cycles of 10 s of denaturation at 95°C, 15 s of
annealing at 60°C, and 20 s of extension 72°C. Fluorescence
data were analyzed using the instrumentation software. The
relative concentrations were calculated relative to reference
using the AACr values (Livak and Schmittgen, 2001).

Strategy for rescue cloning and/or inverse PCR

pBluescript Il KS(+) contains a bacterial origin of replication (ori)
and an ampicillin resistance gene to allow for the selection of
antibiotic-resistant colonies during rescue cloning; this vector
also contains an independent multiple cloning site. pPCAMBIA
1301 contains a hygromycin resistance gene and a pUC18
multiple cloning site inside the T-DNA. To allow for recombination
of these two vectors, they were double digested with BamHI and
Hindlll and ligated (Fig. 1). For rescue cloning, if the gDNA was
digested with BamHI and ligated, the rescue plasmid would
contain the ori and ampicillin resistance gene from pBluescript
Il KS(+), the B-glucuronidase (GUS) reporter gene, and the
right border. If the gDNA was digested with Hindlll, the rescue
plasmid would contain the ampicillin resistance gene, ori, hy-
gromycin resistance gene, and the left border. For inverse PCR,
if BamHI or EcoRI was used, the hygromycin resistance gene
and left border would be obtained, while if Hindlll, was used,
the GUS reporter gene and the right border would be obtained
(Fig. 2). Plasmid rescue was performed for transgenic plants
with multiple T-DNA insertions and inverse PCR for single copy
insertions. Overall, 74% of the flanking DNA was obtained by
rescue cloning and 26% by inverse PCR.

Rescue cloning and inverse PCR
In each experiment, 10 ug of genomic DNA was digested with
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Fig. 1. Schematic map of pRCV2.

LB, left border; T35S, 3' signal of
CaMV 35S; HPT, hygromycin resis-
tance gene; P35S, CaMV 35S pro-
moter; ori, pPBR322 origin of replication;
AMP® ampicillin resistance gene ac-
tive in E. colii GUS, B-glucuronidase
gene; NOST, 3 signal of nopaline
synthase; RB, right border.

Fig. 2. Strategy for plasmid rescue
and/or inverse PCR. After Southern
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BamHI (or EcoRl) or Hindlll for 18 h. The digested DNA was
then purified using a phenol-chloroform-isoamyl alcohol (25:
24:1) solution, and the DNA pellet was dried in a vacuum. For
rescue cloning, the dried DNA pellet was dissolved in deionzed
water and then self-ligation was performed. Ligated DNA (50
ng) was transformed into SURE electroporation-competent E.
coli cells (Stratagene, USA) following the manufacturer’s in-
structions. To confirm that the rescue clones included the T-
DNA region, they were digested with BamHI| (or EcoRl) and
Hindlll to confirm pBluescript Il KS(+) (2960 bp). For inverse
PCR, all amplifications were performed in a 50 pl reaction vol-
ume using a thermocycler (Biometra, USA). The reaction mix-
ture comprised 5 units of Ex-Taq polymerase (Takara, Japan),
2.5 mM dNTPs, 10x Taq polymerase buffer containing MgCl,,
10 pmol of each primer, and 50 ng gDNA. The samples were
denatured initially at 95°C for 5 min, followed by 35 cycles of 30
s of denaturation at 95°C, 30 s of annealing at 58°C, and a 4
min extension step at 72°C. This was followed by a final exten-
sion step at 72°C for 10 min. The rescue clones and inverse
PCR products were analyzed on a 1.0% agarose gel and were
cloned into the pGEM-T Easy Vector (Promega, USA).

Sequencing analysis
Purified plasmids from the rescue clones were sequenced using

blot analysis, plasmid rescue was
performed for transgenic plants with
multiple T-DNA insertions, and in-
verse PCR was performed for trans-
genic plants single insertions.

adjacent plant flanking DNA primers. The inverse PCR products
that were ligated into the pGEM-T Easy Vector were sequenced
by Macrogen (Korea) using the SP6 and/or T7 primers. The se-
quencing results obtained were BLAST searched against the
National Center for Biotechnology Information (NCBI) database
(www.ncbi.nlm.nih.gov).

Construction of a genetic map by rescue clone RFLP

A JWF3p and parent are used for genetic mapping. F.5 families
(40 F3 seedling) of 134 F.lines (“JWF3p”) were developed from
Chinese cabbage F; cultivar Jangwon (B. rapa ssp. pekinensis).
These two biennial inbred parent lines were made available
courtesy of the former “Seoul Seed” company in Korea (Kim et
al., 2006a). Parent polymorphism was screened using a blot
with seven restriction enzymes (BamHI, Dral, EcoRl, Hindlll,
EcoRV, Xbal, and Scal) and ®P-dCTP-labeled rescue clone.
Hybridization and RFLP analysis was followed the previous
publication (Park et al., 2005). The linkage analysis and map
construction were carried out using JoinMap 3.0 (Van Ooijen and
Voorrips, 2001), as described previously (Kim et al., 2006a). This
mapping information is shown in Table 1. Table 1 includes
locus name, and the international chromosome number of B.
rapa (http://www. brassica.info/resource/maps/Ig-assignments.
php), and location. The restriction enzyme used for the JWFsp
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Table 1. Construction of a genetic map of B. rapa by T-DNA rescue clones

Loci Chromosome N Restriction . . . .
name number of  Position enzymeofa  Subject ID Putative function Bit score  E-value
B. rapa JWF3p blot

f841a Al 57.9 EcoRI At3g18810 Protein kinase family 280 2.00E-74
613 A2 69.8 Scal At5g25610.1  Eukaryotic translation initiation factor 2 85.7 2.00E-16
531 A2 109 EcoRV At5g25610.1  Dehydration-responsive protein (RD22) 345 3.00E-94
588 A3 7.2 EcoRI No homology

f841b A3 52.5 EcoRI At3g18810.1  Protein kinase family protein 280 2.00E-74
888 A3 109 BamHI At2g37060.3  Similar to CCAAT-box binding transcription factor ~ 65.9 4.00E-10
f608 A3 136.2 BamHI At3g05300.1  Cytidine/deoxycytidylate deaminase 93.7 2.00E-18
874 A4 37.4 EcoRI At2g22790.1  Expressed protein 184 6.00E-46
f621a A4 914 Scal At2g43000.1 No apical meristem (NAM) family 309 2.00E-84
f1574b A4 115.9 EcoRI At1g25350.1  Glutamine-tRNA ligase 67.9 8.00E-11
f621b A5 21.3 Scal At2g43000.1 No apical meristem (NAM) family 309 2.00E-84
f251a A5 93.4 BamHI| At1g51690.2  Serine/threonine protein phosphatase 2A 170 9.00E-42
546 A7 61.5 EcoRI At1978895.1 Expressed protein 208 5.00E-53
f1155 A8 79 EcoRl At4g25010.1  Nodulin MtN3 family protein 109 4.00E-23
f251b A8 88.8 BamHI At1g51690.2  Serine/threonine protein phosphatase 2A 170 9.00E-42
f271 A9 45.3 EcoRV At1g09020.1  SNF4, protein kinase 274 1.00E-72
504 A9 53.4 BamHI At1g15750.4  Similar to WD-40 repeat family protein 236 1.00E-72
f1574a A9 107.6 EcoRI At1g25350.1  Glutamine-tRNA ligase 67.9 8.00E-11
f744 A10 42 EcoRI At5g16910.1  Cellulose synthase family protein 222 3.00E-57

blot and subject ID, putative function, bit score, and e-value for
rescue clone are also listed in Table 1.

In silico mapping by rescue clone sequences

Extensive sequence comparison with the rescue clone se-
quences to the B. rapa bacteria artificial chromosome (BAC)
sequence database (the last total BAC 01/12/2009 updated in
the internal site of NIAB, Korea; unpublished data) was per-
formed. BLASTs were performed using whole rescue clone
sequences, and the results were summarized in an Excel
spreadsheet. These sequence homology results were pared to
an e-value less than -20 and the highest homology result per
query to the corresponding BAC and then sorted by each
chromosome and mapping locus. The query ID represents the
name of the rescue clone and the subject ID is the contig number
of each BAC sequence of B. rapa. These comparisons are
shown by the percent identity, alignment length, and mismatches
in the comparison region, as well as the sequence comparison
region identified by q. start, . end, s. start, and s. end. The e-
value and bit score per comparison are described in Supplemen-
tary Table S1. The genetic mapping information was annotated
using the BAC anchoring information based on JWF3p.

RESULTS AND DISCUSSION

BLAST search of flanking DNA

For the plasmid rescue and inverse PCR experiments, 10 pg of
genomic DNA was digested with BamHI or Hindlll to rescue the
sequences adjacent to the right T-DNA border or the left T-DNA
border, respectively. The T-DNA of the pRCV2 vector only has
one BamHI or Hindlll cleavage site, and the ampicillin resis-
tance gene is not cleaved by these restriction enzymes. The
rescued clones and inverse PCR products were sequenced
with sequencing primers adjacent to the near flanking DNA and

T-DNA, respectively. The obtained nucleotide sequences were
analyzed by BLASTN homology searches of the NCBI data-
base. The results of the BLASTN searches are provided in
Table 2. Although 9 of 13 flanking DNA sequences did not have
significant similarity to other sequences in the NCBI database,
M8, M9, M11, and M17 had significant matches to the Chinese
cabbage EST contigs ‘KHCT-23H02", ‘KFPC-010G11’, ‘KFFB-
099E12’, and ‘KBFS-073A07’, respectively (Table 3). Because
the Chinese cabbage EST database is not yet completed, the
remaining nine flanking DNAs are expected to be T-DNA that
has been inserted into the genome. We also anticipate that the
remaining nine flanking DNA sequences are most likely derived
from ESTs that have not been fully characterized. The gDNA
deleted by insertion of T-DNA was also classified according to
cellular component, molecular function, and biological process
categories using the gene ontology (GO) tool at TAIR (www.
arabidopsis.org). The flanking DNA was classified into “other
intracellular components” and “plasma membrane” in the cellu-
lar component category, “transferase activity”, “protein binding”,
and “kinase activity” in the molecular process category, and
“other cellular processes” and “other metabolic processes” in
the biological process category (Fig. 3).

T-DNA integration and transcription level of T-DNA
inserted genes

To determine the copy number of pRCV2 T-DNA inserted into
the mutant lines, Southern blots were conducted. Overall, 43%
of the lines had one copy inserted, 21% had two copies in-
serted, 17% had three copies inserted, and 19% had more than
three copies inserted. This demonstrates that Agrobacterium-
mediated transformation can be used for low copy-number T-
DNA insertion into Chinese cabbage (Fig. 4A). In addition, the
frequency of T-DNA integration in the exonic and intronic re-
gions of the B. rapa genome was 40% and 23%, respectively
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Table 2. BLAST search results of flanking DNA of mutant lines

Sequence

No. Method primer gi No. Gene

gM1 Rescue sM1H-IP19R gi|7209734  Arabidopsis thaliana genomic DNA, chromosome 3, BAC clone:F5N5

gM5 IPCR sM5B-T7 gi|7657870  Brassica oleracea S-12 SRK gene for S-locus receptor kinase, complete cds

gMeé Rescue sM6H-IP19R 0i|5302794  Arabidopsis thaliana DNA chromosome 4, ESSA | FCA contig fragment No. 6

gM7 Rescue sM7H-IP19R 0i|38196008 Brassica oleracea clone BAC Bo37N21, partial sequence

gm8 Rescue sM8B-Gusi2 0i|20197505 Arabidopsis thaliana chromosome 2 clone F3N11 map B68, complete sequence

gMm9 Rescue sM9H-IP18 gi[7270470  Arabidopsis thaliana DNA chromosome 4, contig fragment No. 83

gM11 Rescue sM11H-IP18 0i|21405806 Arabidopsis thaliana RHA3B; ubiquitin-protein ligase/ zinc ion binding
(RHA3B) mRNA, complete cds

gM13 Rescue sM13H-IP19R Unknown

gMm17 Rescue sM17H-IP18 gi|5281015  Arabidopsis thaliana DNA chromosome 4, ESSA | FCA contig fragment No. 4

gM18 Rescue sM18H-IP19R  i[395073 B.napus DNA for myrosinase

gM19 Rescue sM19H-IP19R  i[395073 Brassica rapa subsp. pekinensis clone KBrH080C09, complete sequence

gM20 Rescue sM20-IP19R Oryza sativa (japonica cultivar-group) genomic DNA, chromosome 2,
complete sequence

gM22 Rescue sM22B-M2 06782244  Arabidopsis thaliana DNA chromosome 3, BAC clone T3A5

Table 3. Comparison of flanking DNA of mutant lines with Chinese cabbage ESTs

No.  Matched EST contig E-value Library name Bit score % identity N:::%:ﬁd Cc;g:};;::;ed
gm8 KHCT-23H02 2.00E-52 Cotyledon, in greening stage (5') 206 100% 104 104
gM9 KFPC-010G11 0.0 Leaf (3-weeks-old) (5') 593 97% 640 657
gM11 KFFB-099E12 0.0 Floral bud & open flower (5') 567 98% 591 599
gM17  KBFS-073A07 E-150 Floral bud, < 2mm in size (5) 269 100% 269 269

(Fig. 4B). The T-DNA insertion rate in exons and introns of the
rice genome has been reported to be 17.4% and 40.7%, re-
spectively (Chen et al., 2003), and the T-DNA insertion rate in
exons and introns of the Arabidopsis genome has been re-
ported to be 22% and 13.4%, respectively (Szabados et al.,
2002). Our results suggest that the T-DNA inserted by
Agrobacterium-mediated transformation is integrated into the
genome at random and is not concentrated in any particular
region. A Total of flanking DNA sequences obtained from the
rescued clones and inverse PCR products showed high ho-
mology to A. thaliana, B. rapa, B. napus, B. oleracea, Oryza
sativa, and B. juncea, in order of sequence homology (Fig. 4C).
Although a large percentage of the flanking DNA that we ob-
tained had no significant homology to any sequences in the
NCBI database, we anticipate being able to identify the se-
quences in the near future as more genome sequences be-
come available. The expression level of the deleted genes was
analyzed by real-time PCR in the mutant and non-transgenic
lines. Actin was used as the housekeeping gene, as expression
of the actin gene was found to be uniform between the lines.
The expression level of three mutant lines is shown in Table 4.
As expected, the expression of the disrupted gene in the three
mutant lines was decreased compared to the WT. While the
expression of not all of the disrupted genes was decreased, we
hypothesize that other copies of the disrupted gene may have
compensated for the disrupted gene (data not shown).

The ambiguous phenotype though happen of > 60% single
insertion events in genome redundancy of B. rapa
The Brassica genome was triplicated approximately 15 to 18

million years ago and the triplicate Brassica chromosomes
have maintained sequence-level co-linearity with the homolo-
gous Arabidopsis chromosome region, with concerted deletions
(about 50% of triplicated genes) and a few insertions (about 9%
of genes) in the diploidized B. rapa genome (Yang et al., 2006).
The previous JWF3, genetic map of B. rapa (Kim et al., 2006a)
reported an average of 1.31 loci per probe (520/396) and
mainly determined in triplication of inter chromosomal duplica-
tion comparison with the same DNA markers loci in B. rapa
genome. In our study, base on the Southern analysis using the
hygromycin gene probe, approximately 43% of the T-DNA
insertions were the result of a single copy insertion into the B.
rapa genome. Although single insertions occur at a high rate,
phenotype variants could not be identified as a result of some
gene knockouts. Because of gene redundancy due to the ge-
nome triplication events in Brassicecae, the chance of a single
insertion happening in a single gene locus resulting in a distin-
guishable phenotype variant in the greenhouse and field is very
rare.

Extensive genome characterization of T-DNA insertion
mutagenesis by genetic mapping of B. rapa

The Multinational Brassica Genome Project (MVBGP) and B.
rapa Genome Sequencing project (BrGSP) aim to completely
sequence the genome of B. rapa (www.brassica.info). Korea
sequenced the biggest two chromosomes of cytogenetic chro-
mosome 1 (A9) and 2 (A3) in 2004, which were mostly se-
quenced by shot-gun sequencing with 85-95% coverage (www.
brassica-rapa.org). Approximately 1,800 BAC clone sequences
are available on this internal and external website. Extensive
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Table 4. Real-time PCR analysis of mutant and wild type (WT) lines by AACr analysis

. a b Relative
Line GOI Gy Norm. Cr Delta Cr Delta-delta Ct concentration
9267 WT 14.91 +£0.07 11.43+0.14 3.50+0.21 0.00 + 0.00 1.00+0.00
mutant 16.57 £ 0.08 10.93£0.15 5.64+0.23 2.15+0.02 0.23+0.01
g899 WT 17.55 +0.21 19.66 £0.14 -2.11+0.36 0.00 + 0.00 1.00+£0.00
mutant 18.67 £0.05 19.96 £0.15 -1.29+0.21 0.81+0.15 0.57 +0.06
gM18 WT 7.63 +£0.00 11.43+£0.14 -3.80+0.16 0+0.00 1.00+£0.00
mutant 13.55 £ 0.01 11.74£0.18 1.81+0.18 5.61+0.03 0.02 +0.00
2Gene of interest analysis
®Normalizer gene
A ER & 1% Fig. 3. Gene ontology analysis with flanking
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Fig. 4. T-DNA copy number in the B. rapa genome and homology search using flanking DNAs. (A) Analysis of T-DNA copy number inserted
into Chinese cabbage. (B) Distribution of T-DNA insertions in the genome. (C) Homology analysis of flanking DNA sequences.
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Fig. 5. RFLP and in silico genetic mapping of loci with rescue clones and sequences from B. rapa by T-DNA tagging mutagenesis. A1 to A10
correspond to each chromosome of B. rapa, A3 and A9 are the biggest chromosomes and are assigned as cytogenetic chromosome 2 and 1,
respectively. The red loci are the JWF3p segregating genotype ratio by Southern analysis and the black loci are the sequences homologous to
the B. rapa BAC clone sequence database (www.brassica-rapa.org) with e < -20.

genetic mapping with the rescue clones was carried out by
Southemn analysis with the rescue clones themselves or by
comparisons of the rescue clones sequences with the B. rapa
BAC clone sequence database (www.brassica-rapa.org). As a

result of genetic mapping, the T-DNA tagging mutagenesis in B.

rapa was evenly conducted to 10 chromosomes, according to
the chromosome size of B. rapa (Kim et al., 2006a; Lim et al.,
2005; 2007). The A8 and A9 chromosomes have been se-
quenced by our group, and there are 20 loci in A3, 22 loci in A9,
and 63 loci in the remaining 8 chromosomes (Fig. 5). We de-
termined the genetic loci in the B. rapa mutants using two
methods: RFLP of the rescue clones themselves and sequence
homology analysis to the B. rapa sequence database (www.
brassica-rapa.org). There is a lack of complete genome se-
quence information for B. rapa, with the information available
representing 1,548 BAC sequences with an average size of a
126 kb (37% coverage) (Park et al., 2005) when the B. rapa

genome size is supposed to be 529Mb (Johnston et al., 2005).
The in silico mapping of rescue clone 871, which mainly hybrid-
ized as three copies, identified two genetic loci on A8 and A9
(Fig. 6B). The rescue clones, 736 and 744 showed onto two
copies and they were mapped to one locus each. These in
silico mapping result was described in the Supplemental Table
S1, and the putative exon and intron regions of B. rapa for each
comparison are shown. The T-DNA insertion mutants gener-
ated here will aid in the investigations of particular genomic
regions of B. rapa.

Phenotype screening of mutant lines

The T; progenies were sown from ten seeds of each mutant line,
selected by PCR, and transplanted to a greenhouse. Control
untransformed plants were grown at the same time. After 3
months of growth in the greenhouse, a phenotypic analysis was
conducted. Flower types of the ‘Seoul’ wild type have four petals,



274 Insertional Mutagenesis for Analyzing the B. rapa Genome

A BI DI EI HII EV XI SI B

13 M 1

N
=
E

MI21T21323 12121 3

E
=
&

Fig. 6. Southern blot analysis with rescue
clones 841 and 871. The DNA of two parental
B. rapa were digested with BamHI| (Bl), Dral
(D), EcoRl (El), Hindlll (HIll), EcoRV (EV),
Xbal (XI), or Scal (Sl); M, % Hindlll DNA
marker; Lane 1, one parent of B. rapa; lane 2,
the other parent of B. rapa. (A) A blot hybrid-
ized with rescue clone 841 detected two poly-
morphisms in a Scal digest, and this polymor-
phism was mapped to A1 and A3 by segregat-
ing a population hybridization blot with the Scal
digest. (B) A blot was hybridized onto two or
three copies and this 871 rescue clone was
mapped to A8 and A9 by in silico mapping.

Fig. 7. Floral characteristics of mutant lines. (A) Wild type. (B) Five-petaled flower. (C) Dragonfly wing—shaped flower. (D) Dark yellow and

wrinkled petals. (E) Warped crossed flower.

Small and round leaves.

six stamens, are yellow, and have a cross-like and flat flower
shape. The mutant lines demonstrated various phenotypes
including: (i) a five-petaled flower, (ii) a dragonfly wing-shaped
flower, (jii) dark yellow and wrinkled petals, and (iv) warped
crossed flowers (Fig. 7). In addition, 30 T, progeny lines that
demonstrated abnormal flower phenotypes in the Ty generation
were vernalized, and progeny tests were performed. Most, but
not all T, plants retained their phenotypic characteristics when
flowering. During the ripening stage, several abnormal forms
were also observed: (i) deeply wrinkled leaves, (i) long leaves,
(iii) small leaves (rosette type), and (iv) small and round leaves
(Fig. 8). Ten seeds from all T+ lines were sown to propagate the
T, lines, and the confirmed transformants were then trans-
planted in the greenhouse for phenotype screening. Some of
the transgenic plants showed partial chlorosis or albino symp-
toms, were hairless, and had narrow leaves; these weak plants
with yellowish-green outer leaves withered and later died. The
remaining mutants had undulatory, rounded, sinus-like, lustrous,
and uneven leaves.

Note: Supplementary information is available on the Molecules

Fig. 8. Various phenotypes of mutant lines. (A) Wild type. (B) Deeply wrinkled leaves. (C) Long leaves. (D) Small leaves (rosette type). (E)

and Cells website (www.molcells.org).

ACKNOWLEDGMENTS

This work was supported by grants (Code # 200703010340
3700801 and Code # 2008040103403900805) from the Bi-
oGreen 21 Program, Rural Development Administration, Re-
public of Korea.

REFERENCES

Babiychuk, E., Fuangthong, M., Van Montagu, M., Inze, D., and
Kushnir, S. (1997). Efficient gene ragging in Arabidopsis thaliana
using a gene trap approach. Proc. Natl. Acad. Sci. USA 94,
12722-12727.

Butaye, K.M., Goderis, I.J., Wouters, P.F., Pues, J.M., Delaure, S.L.,
Broekaert, W.F., Depicker, A., Cammue, B.P., and De Bolle,
M.F. (2004). Stable high-level transgene expression in Arabi-
dopsis thaliana using gene silencing mutants and matrix at-
tachment regions. Plant J. 39, 440-449.

Chen, S., Jin, W., Wang, M., Zhang, F., Zhou, J., Jia, Q., Wu, Y.,
Liu, F., and Wu, P. (2003). Distribution and characterization of
over 1000 T-DNA tags in rice genome. Plant J. 36, 105-113.

De Buck, S., Jacobs, A., Van Montagu, M., and Depicker, A. (1999)



Jae-Gyeong Yu et al. 275

The DNA sequences of T-DNA junctions suggest that complex
T-DNA loci are formed by a recombination process resembling
T-DNA integration. Plant J. 20, 295-304.

De Buck, S., De Wilde, C., Van Montagu, M., and Depicker, A. (2000).

T-DNA vector backbone sequences are frequently integrated into
the genome of transgenic plants obtained by Agrobacterium-
mediated transformation. Mol. Breeding 6, 459-468.

De Neve, M., De Buck, S., Jacobs, A., Van Montagu, M., and De-
picker, A. (1997). T-DNA integration patterns in co-transformed
plant cells suggest that T-DNA repeats originate from co-
integration of separate T-DNAs. Plant J. 11, 15-29.

Denis, M., Renard, M., and Krebers, E. (1995). Isolation of homo-
zygous transgenic Brassica napus lines carrying a seed-specific
chimeric 2S albumin gene and determination of linkage relation-
ships. Mol. Breeding 1, 143-153.

Ge, H., Walhout, A.J., and Vidal, M. (2003). Integrating ‘omic’ infor-
mation: a bridge between genomics and systems biology.
Trends Genet. 19, 551-560.

Goff, S.A., Ricke, D., Lan, T.H., Presting, G., Wang, R., Dunn, M.,
Glazebrook, J., Sessions, A., Oeller, P., Varma, H., et al. (2002).
A draft sequence of the rice genome (Oryza sativa L. ssp. japon-
ica). Science 296, 92-100.

Gustavo, A., Gonzalez-Cabrera, J., Vazquez-Padron, R., and Ayra-
Pardo, C. (1998). Agrobacterium tumefaciens: A natural tool for
plant transformation. Electronic J. Biotechnol. 1, 1-16.

Holtorf, H., Guitton, M.C., and Reski, R. (2002). Plant functional
genomics. Naturwissenschaften 89, 235-249.

dJin, Z.L., Hong, J.K,, Yun, D.J., Lee, S.Y., Choi, Y.J., Bahk, J.D.,
Beachy, R.N., Cho, M.J., and Lim, C.O. (2002). Expression of
the tobacco mosaic virus movement protein alters starch accu-
mulation in Nicotiana benthamiana. J. Plant Biol. 45, 77-82.

Johnston, J.S., Pepper, A.E., Hall, A.E., Chen, Z.J., and Hodnett, G.
(2005). Evolution of genome size in Brassicaceae. Ann. Bot. 95,
229-235.

Kim, H.S., Kim, S.H., and Park, Y.D. (2003). Development of res-
cue cloning vector with phosphinothricin resistant gene for effec-
tive T-DNA tagging. J. Kor. Soc. Hort. Sci. 44, 407-411.

Kim, J.S., Chung, T.Y., King, G.J., Jin, M.A,, Yang, T.J., Jin, Y.M.,
Kim, H.Il., and Park, B.S. (2006a). A sequence-tagged linkage
map of Brassica rapa. Genetics 174, 29-39.

Kim, S.Y., Park, B.S., Kwon, S.J., Kim, J.S., Lim, M.H., Park, Y.D.,
Kim, D.Y., Suh, S.C., Jin, Y.M., Ahn, J.H., et al. (2006b). De-
layed flowering time in Arabidopsis and Brassica rapa by the
overexpression of FLOWERING LOCUS C (FLC) homologs iso-
lated from Chinese cabbage (Brassica rapa L. ssp. pekinensis).
Plant Cell Rep. 26, 327-336.

Kononov, M.E., Bassuner, B., and Gelvin, S.B. (1997). Integration
of T-DNA binary vector ‘backbone’ sequences into the tobacco
genome: evidence or multiple complex patterns of integration.
Plant J. 11, 945-957.

Krizkova, L., and Hrouda, M. (1998). Direct repeats of T-DNA inte-
grated in tobacco chromosome: characterization of junction re-
gions. Plant J. 16, 673-80.

Krysan, P.J., Young, J.C., and Sussman, M.R. (1999). T-DNA as
an insertional mutagen in Arabidopsis. Plant Cell 11, 2283-2290.

Lee, MK, Kim, H.S., Kim, J.S., Kim, S.H., and Park, Y.D. (2004a).
Agrobacterium-mediated transformation system for large-scale

production of transgenic Chinese cabbage (Brassica rapa L. ssp.

pekinensis) plants for insertional mutagenesis. J. Plant Biol. 47,
300-306.
Lee, MK, Kim, H.S., Kim, S.H., and Park, Y.D. (2004b). Analysis of

T-DNA integration patterns in transgenic tobacco plants. J. Plant
Biol. 47, 179-186.

Lee, S.Y., Ahn, J.H., Cha, Y.S,, Yun, D.W., Lee, M.C., Ko, J.C,, Lee,
K.S., and Eun, M.Y. (2006). Mapping of quantitative trait loci for
salt tolerance at the seedling stage in rice. Mol. Cells 21, 192-
196.

Lim, K.B., De Jong, H., Yang, T.J., Park, J.Y., and Kwon, S.J.
(2005). Characterization of rDNAs and tandem repeats in het-
erochromatin of Brassica rapa. Mol. Cells 19, 436-444.

Lim, K.B., Yang, T.J., Hwang, Y.J., and Kim, J.S. (2007). Charac-
terization of the centromere and peri-centromere retrotrans-
posons in Brassica rapa and their distribution in related Brassica
species. Plant J. 49, 173-183.

Livak, K.J., and Schmittgen, T.D. (2001). Analysis of relative gene
expression data using real-time quantitatve PCR and the 2
(-Delta DeltaC(T))method. Methods 25, 402-408.

Martineau, B., Voelker, T.A., and Sanders, R.A. (1994). On defining
T-DNA. Plant Cell 6, 1032-1033.

Park, J.Y., Koo, D.H., Hong, C.P., Lee, S.J., and Jeon, J.W. (2005).
Physical mapping and microsynteny of Brassica rapa ssp. pe-
kinensis genome corresponding to a 222 kb gene-rich region of
Arabidopsis chromosome 4 and partially duplicated on chromo-
some 5. Mol. Gen. Genet. 274, 579-588.

Ramanathan, V., and Veluthambi, K. (1995). Transfer of non-T-
DNA portions of the Agrobacterium tumefaciens Ti plasmid
pTiA6 from the left terminus of TL-DNA. Plant Mol. Biol. 24,
1149-1154.

Ryu, KH., Lee, G.P., Park, KW., Lee, S.Y., and Park, W.M. (1998).
Transgenic tobacco plants expressing the coat protein of cu-
cumber mosaic virus show different virus resistance. J. Plant
Biol. 41, 255-261.

Szabados, L., Kovécs, I., Oberschall, A., Abraham, E., Kerekes, I.,
Zsigmond, L., Nagy, R., Alvarado, M., Krasovskaja, I., Gal, M.,
et al. (2002). Distribution of 1000 sequenced T-DNA tags in the
Arabidopsis genome. Plant J. 32, 233-242.

Tsuchiya, T., and Gupta, P.K. (1992). Chromosome engineering in
plants: genetics, breeding, evolution, (Elsevier Press), pp. 161-
180.

Tsuei, D.J., Chen, P.J., Lai, M.Y., Chen, D.S., Yang, C.S., Chen,
J.Y,, and Hsu, T.Y. (1994). Inverse polymerase chain reaction
for cloning cellular sequences adjacent to integrated hepatitis B
virus DNA in hepatocellular carcinomas. J .Virol. Meth. 49, 269-
284.

Van Der Graaff, E., Den Dulk-Ras, A., and Hooykaas, P.J.J. (1996).
Deviating T-DNA transfer from Agrobacterium tumetaciens to
plants. Plant Mol. Biol. 31, 667-681.

Van Ooijen, J.W., and Voorrips, R.E. (2001). JoinMap® version 3.0:
software for the calculation of genetic linkage maps, Wagenin-
gen, Plant Research International.

Wenck, A., Czako, M., Kanevski, I., and Marton, L. (1997). Fre-
quent collinear long transfer of DNA inclusive of the whole bi-
nary vector during Agrobacterium-mediated transformation.
Plant Mol. Biol. 34, 913-922.

Yang, T.J., Kim, J.S., Kwon, S.J., Lim, K.B., and Choi, B.S. (2006).
Sequence-level analysis of the diploidization process in the trip-
licated FLC region of Brassica rapa. Plant Cell 18, 1339-1347.

Yanofsky, M.F., Ma, H., Bowman, J.L., Drews, G.N., Feldmann,
K.A., and Meyerowitz, E.M. (1990). The protein encoded by the
Arabidopsis homeotic gene agamous resembles transcription
factors. Nature 346, 35-39.



