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Abstract A binary vector carrying Bacillus thuringiensis
crylla8 and crylBa3 genes was introduced into an inbred
line of white cabbage by Agrobacterium tumefaciens-
mediated transformation for control of diamondback moth
(DBM, Plutella xylostella), and 14 kanamycin-resistant
plantlets were obtained. Presence and expression of the
crylla8 and crylBa3 genes in five transformed plants were
confirmed by polymerase chain reaction (PCR), Southern
blot, reverse transcription-polymerase chain reaction (RT-
PCR), and Western blot analyses. Insect bioassays showed
that these transgenic plants were able to effectively control
both susceptible and CrylAc-resistant DBM larvae as
compared to non-transformed counterparts. Ten homozy-
gous insect-resistant cabbage lines were obtained in the T,
generation through self-pollination, and molecular methods
and insect bioassays. After natural infestation under
greenhouse and field conditions, the pyramided lines
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exhibited excellent efficacy against DBM. Furthermore,
data from field trials indicated that there were no significant
differences in most agronomic traits between most the
homozygous lines and the original variety. These trans-
genic lines may allow field study of resistance management
strategies involving gene pyramiding and serve as novel
insect-resistant resources in cabbage breeding.
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Introduction

Cabbage (Brassica oleracea L. var. capitata) is an extre-
mely important cruciferous crop imparting a significant
contribution to global vegetable supply. Sustainable pro-
duction of cabbage is subject to diverse biotic and abiotic
stresses including various insect pests. Diamondback moth
(DBM, Plutella xylostella), one of the most destructive
lepidopteran insects of crucifers worldwide, causes severe
damage to the quality and production of cabbage (Dutta
et al. 2012; Macharia et al. 2005). At present, insecticides
are the primary method of controlling insect pests; how-
ever, chemical insecticides pollute land and water, are toxic
to non-target organisms, and have adverse effects on
human and animals (Frutos et al. 1999; Tu et al. 2000).
Furthermore, some DBM populations have evolved resis-
tance to many insecticides (Cheng 1988; Furlong et al.
2013; Talekar and Shelton 1993). The use of insect-resis-
tant cultivars is the most economical and effective method
of controlling DBM (Furlong et al. 2013). However, the
availability of suitable insect-resistance genes in the cab-
bage germplasm base is limited. Therefore, introducing
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foreign insect-resistance genes into cabbages through
genetic engineering may provide effective germplasm
resources for breeding.

Insect-resistant transgenic crops that produce insecti-
cidal toxins from Bacillus thuringiensis (Bt) were first
cultivated commercially in 1996 (James 2012). The utili-
zation of Bt crops has significantly reduced the use of
chemical insecticides and brought great economic benefits
to growers (Yang et al. 2011). Although Bt crops show
excellent control against major insect pests, there are
concerns that efficacy of Bt proteins would be lost because
the extensive adoption of Bt crop places strong selection
pressure on the target pest populations, which could result
in development of resistance to Bt toxin. So far, control
failure or reduced efficacy of Bt crops due to insect resis-
tance development under field conditions has been clearly
documented in four cases in the world: Busseola fusca to
Bt corn producing CrylAb in South Africa (Van Rensburg
2007), Spodoptera frugiperda to Bt corn producing CrylF
in Puerto Rico (Matten et al. 2008), Pectinophora gos-
sypiella to Bt cotton producing CrylAc in India (Bagla
2010), and Diabrotica virgifera virgifera to Bt maize
producing Cry3Bbl in Iowa (Gassmann et al. 2011). All
the cases of field-evolved resistance have emerged from
systems where the Bt crops expressed only a single Bt
protein. The risk of resistance to single-gene Bt crops has
caused concern in many pest management systems because
the target insects may be able to more rapidly adapt to a
single toxin than to multiple toxins (Roush 1998; Zhao
et al. 2003). To delay the development of pest resistance,
several insect resistance management (IRM) strategies
have been adopted in the United States and Australia,
including gene stacking (Bates et al. 2005; Yang et al.
2011).

Gene stacking, pyramiding of two or more Bt genes into
one variety, is currently considered to be one of the most
effective strategies to inhibit pest resistance evolution.
Computer simulations predicted that the likelihood of pests
evolving simultaneous resistance to two Bt toxins would
decrease if the toxins had different binding sites (Roush
1998). Therefore, many efforts have been made to develop
and deploy transgenic crops expressing two or more Bt
toxins. Magbool et al. (2001) reported that transgenic rice
stacked with gna, crylAc, and cry2A genes showed higher
levels of insect pests (rice leaf folder, yellow stemborer,
and brown planthopper) resistance compared to the trans-
formants expressing single genes. Broccoli plants pyram-
ided with crylAc and crylC genes were able to effectively
control diamondback moths resistant to either single Bt
protein (Cao et al. 2002) and significantly postpone insect
resistance evolution (Zhao et al. 2003). Second generation
transgenic cottons, Bollgard II (crylAc + cry2Ab) and
Widestrike (crylAc + crylF), producing different Bt
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toxins have been developed to raise the level of resistance
against cotton bollworm (Gahan et al. 2005; Jackson et al.
2003). Thus, it is desirable and practical to develop insect-
resistant crops with two or more exogenous insecticidal
genes.

In our previous studies, we produced transgenic cabbage
plants carrying either a cry/la8 gene (Cui et al. 2009) or a
crylBa3 gene (Yi et al. 2011). Therefore, crylla8 and
crylBa3 gene could be pyramided into cabbage by con-
ventional cross-pollination. However, the biennial nature
of cabbage is a significant limitation of this strategy
because no flowers or seeds are produced without vernal-
ization. Moreover, cross-pollination is labour intensive and
time consuming. Co-transformation has been identified to
be one of the most promising strategies employed to date
for pyramiding of multiple exotic genes (Halpin 2005). The
method is simple and involves Agrobacterium tumefaciens-
mediated transformation with one plasmid carrying dif-
ferent genes. To date, however, there are no reports of
production of transgenic cabbages carrying two or more Bt
genes by A. tumefaciens-mediated co-transformation and
evaluation of Bt cabbages in the field.

Our goal is to introduce two Bt genes (crylla8 and
crylBa3) with different modes of action into white cabbage
for an effective control of DBM and maintenance of a
sustainable pest resistance management. As initial step
toward the goal, a binary vector carrying Bt crylla8 and
crylBa3 genes was introduced into an inbred line of white
cabbage by A. fumefaciens-mediated transformation. In this
paper, we report the development, molecular character-
ization, insect bioassays, insecticidal activity, and agro-
nomic performance of these transgenic cabbage plants.

Materials and methods
Genes and binary vector

CrylBa3 gene, encoding a 140 kD insecticidal CrylBa3
protein, has been cloned from the Bt strain UV17 (Wang
et al. 2008). The crylla8 gene was isolated from the Bt
strain Btc008. It encodes the 81 kD Crylla8 protein (Cui
et al. 2009). The genes were kindly provided by Institute of
Plant Protection, Chinese Academy of Agricultural Sci-
ences (CAAS). Bioassays showed that the Crylla8 and
Cry1Ba3 toxins possessed highly toxic against DBM and
predominantly Lepidopteran larvae, and there was no cross
resistance with the CrylAc (Cui et al. 2009; Wang et al.
2008).

The binary vector pCSIaBaN, which contains crylla8,
crylBa3, and the neomycin phosphotransferase-1I (nptll)
genes, was constructed by Biotechnology Research Insti-
tute, CAAS. The T-DNA region of the binary vector is
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Fig. 1 The T-DNA region of the binary vector pCSIaBaN used for
cabbage transformation. LB is T-DNA left border, RB is T-DNA right
border, eCaM V35 is enhanced CaM V35S promoter, Tnos is nopaline

shown in Fig. 1. Crylla8 and crylBa3 were both driven by
the enhanced cauliflower mosaic virus 35S promoter and
terminated by nopaline synthase terminator. The nptIl gene
was used as a selectable marker allowing transformed
shoots to grow and develop in Murashige and Skoog (MS)
salts (Murashige and Skoog 1962) regeneration medium
containing kanamycin. The crylla8 and crylBa3 fragments
were introduced into expression vector pCAMBIA2300,
which carried the nptll gene with CaMV35S promoter, and
then transformed into Escherichia coli strain JM110. The
resulting plasmid was transferred to A. tfumefaciens strain
LBA4404 by electroporation (Mersereau et al. 1990).

Plant materials and transformation

An elite inbred line of cabbage (Brassica oleracea L. var.
capitata) ‘A21-3" with superior quality and high yield was
used as transformation target. ‘A21-3’ was derived from
recurrent self-pollination and selection of a landrace
‘heiyexiaopingtou’.

A protocol optimized in our laboratory (Yi et al. 2011)
was adopted for the routine transformation of cabbage. Full-
strength MS salts and 28 mg L ™' sucrose were present in all
the following media except Luria—Bertani (LB) medium.
Cabbage seeds were surface-sterilized in 70 % ethanol for
2 min, and then in 10 % (v/v) Clorox for 10 min. The seeds
were then rinsed five times with sterilized water and placed
on hormone-free MS medium for germination at 25 °C under
16/8 hlight (150 umol m 2 s~ ')/dark regime. Five-day-old
hypocotyls were cut into 10 mm segments and laid on MS
medium for 2 day pre-culture at 25 °C under 16/8 h light
(150 umol m~2 s~ ")/dark regime. For transformation, A.
tumefaciens cells, derived from a single colony harboring
pCSIaBaN, were suspended in liquid LB medium containing
100 mg L™ kanamycin and cultured at 28 °C with shaking
at 250 rpm until the ODgqg reached to 0.6-0.9. Pre-cultured
explants were immersed in the Agrobacterium suspension
for 10 min, and then rinsed once with MS liquid medium.
Inoculated explants were placed on MS regeneration med-
jum containing 2 mg L™' 6-benzyladenine[BA, Sigma
(Saint Louis, Missouri, USA)Jand 0.1 mg L! o-naphtha-
leneacetic acid (NAA, Sigma) for co-cultivation at 28 °C in

cry1Ba3 Tnos

eCaMV35S crylla8 Tnos RB

2.221 kb
—

synthase terminator. The Hind III sites were used for DNA digestion
in Southern blot. A 0.769 kb PCR fragment containing part of the
crylla8 gene was used as a probe for DNA hybridization

dark for 3 days. Explants were first transferred to and cul-
tured on MS regeneration medium supplemented with
150 mg L™" Timentin (Biomed-tech Company, Beijing,
China) for 7 days to eliminate bacterial cells, and then on MS
regeneration medium supplemented with 150 mg L™" Ti-
mentin and 20 mg L™ kanamycin for selection of resistant
plants. The explants were sub-cultured once every two
weeks. Initially emerged green plantlets were excised from
the calli and further cultured on MS regeneration medium
containing a higher concentration (25 mg L™") of kanamy-
cin to reduce the number of escapes. Plantlets that remained
green were transferred to rooting medium supplemented
with0.1 mg L™'NAA and 0.1 mg L™ 3-indolebutyric acid
(IBA, Sigma). Rooted plants were transplanted into soil and
grown in a greenhouse.

Molecular analysis
PCR and southern blot analyses

Genomic DNA was isolated from the fresh leaves of
putative transformants and untransformed plants using a
modified CTAB method (Doyle 1990; Liu et al. 2011).
PCR was performed employing primer pairs specific for the
coding sequence of crylla8 (forward: 5-AGCCGTTTGTT
AGTGCCT-3, reverse: 5'-ACTTGGATGCGGATGGAC-
3) and crylBa3 (forward: 5-CCAGAGACTACTCCGAC
TATTGCG-3', reverse: (5-TACACTTCCCCATTGCCAC
TAA-3’). Reactions were carried out in a 20 pL volume
containing 300 ng DNA, 1 x Buffer, 1.2 mM MgCl,,
160 pmol dNTP, 4 pmol of each primer, and 1 unit of Taq
DNA polymerase. PCR was conducted in a thermal cycler
with the following amplification program: 1 cycle of 4 min
at 94 °C; 30 cycles of 60s at 94 °C, 60 s at 55 °C
(crylla8) or 60 °C (crylBa3), and 90 s at 72 °C; and a
final cycle of 10 min at 72 °C. The amplified products were
electrophoresed in 1 % agarose gel, stained with ethidium
bromide, and visualized under ultraviolet light.

For Southern blot analysis, approximately 15 pg geno-
mic DNA per sample was digested with Hind III, electro-
phoresed in 1 % agarose gel, and then transferred onto
Hybond N* nylon membrane. The DNA probe was
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prepared with a non-radioactive digoxigenin-labeled
0.769 kb fragment covering part of the crylla8 gene. DNA
gel blots hybridization was performed according to the
manufacture’s instruction with a digoxigenin (DIG) high
prime DNA labeling and detection kit II from Roche
Molecular Biochemicals to verify the presence of T-DNA
and check the number of T-DNA insertions in transgenic
plants.

RT-PCR analysis

Total RNA was extracted from fresh leaves of transgenic
plants and non-transformed counterparts using a total RNA
extraction ksit from Biomed-tech Company (Beijing, China)
and the manufacturer’s protocol. Synthesis of the cDNA was
performed with revert AID™ first strand cDNA synthesis kit
from Fermentas Company (Burlington, Ontario, Canada),
and then cDNA was used as the template for PCR to amplify
crylla8 (769 kb) and crylBa3 (1.222 kb), respectively.
B-actin (forward primer: 5'-CGGAATGGTCAAGGCTGGTT
TC-3' and reverse primer: 5'-GCTCGTTGTAGAAAGTGT
GATGCC-3’) was used as an internal reference. Conditions
of the PCR reaction described in the previous section were
followed. The PCR products were electrophoresed in 1 %
agarose gel.

Western blot analysis

Total proteins were extracted from fresh leaves of
transgenic and non-transformed plants in the buffer
(200 mM Tris-HC], 100 mM:-NaCl,400 mM sucrose,14 mM
B-Mercaptoethanol,]1 mM phenylmethylsulfonyl fluoride,
and 0.05 % Tween-20) as described by Sambrook et al.
(1989). The mixture was centrifuged at 5000 x g for
20 min at 4 °C, and the supernatant was collected. Protein
concentrations in the supernatant were determined using a
Lowry protein assay (Larson et al. 1986). For immuno-
blots, Protein samples were subjected to 10 % SDS-PAGE,
and then the separated proteins were electro-transferred
onto polyvinylidene-fluoride membrane. Western blot
analysis was carried out according to the enhanced
chemiluminescence Western blotting protocol described by
Bradd and Dunn (1993). The membrane was probed with
polyclonal rabbit anti-Crylla8 or anti-CrylBa3 serum
(1:500 dilution). Secondary antibody against rabbit IgG
(whole molecule) produced in goat was purchased from
Sigma Company (Saint Louis, Missouri, USA).

Diamondback moth and insect bioassays
Second instar larvae of susceptible and CrylAc-resistant

DBM were used for insect bioassays. The DBM popula-
tions were started with material collected from American in
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2005 and since then maintained in the laboratory of
Entomology, Institute of Vegetables and Flowers, CAAS.
Both susceptible and CrylAc-resistant DBM were reared
on cabbage plants and kept in an environmental chamber at
(27 £ 1) °C,(35 £ 2) % relative humidity, and photope-
riod of 16/8 h light (150 umol m~2 s~ ')/dark. At the time
of the bioassays, the CrylAc-resistant strain was approxi-
mately 714.33-fold resistant to CrylAc protoxin compared
to the susceptible one (Yang et al. 2012). For the bioassays
of transgenic cabbage plants, a detached leaf bioassay was
applied. Two leaves were collected from each transgenic
and untransformed plant and cut into 70 mm leaf discs.
One leaf was used for bioassay with susceptible DBM
larvae and the other with CrylAc-resistant ones. Each leaf
section was placed on a moist filter paper in a 90 mm petri
dish. Ten 2nd instar DBM larvae were put on the surface of
each leaf section, and then the petri dishes were sealed with
parafilm. All insect bioassays were carried out in triplicate
and maintained at 25 °C wunder 16/8 h light (150
umol m—2 sfl)/dark regime. Leaf damage (visual estimate)
and mortality of larvae were scored after 6 days.

Selection of homozygous transgenic lines

Morphologically normal T, plants were transferred to
greenhouse under normal operating conditions, followed
by vernalization for 2 months at 4 °C to induce flowering.
Each T, transformant confirmed to have single-copy
crylla8-crylBa3 genes by Southern blot was selfed and
advanced to the T, generation. After seeds were harvested,
each T and T plant was subjected to natural infestation of
insect pests under greenhouse conditions. The presence and
expression of crylla8 and crylBa3 in T| and T, plants
were confirmed by PCR and bioassays. The homozygous
lines were used in the subsequent field evaluation.

Evaluation of agronomic performance and insecticidal
activity in the field

The agronomic performance and insecticidal activity of the
homozygous cabbage lines were evaluated at the Langfang
experimental farm affiliated with CAAS in Hebei province,
China, in 2012. To evaluate the agronomic performance in
the field, seeds of pure lines and the untransformed control
were sown in a seedling bed in July 12, and the seedlings
were transplanted to field in August 22. The arrangement of
the seedlings followed a completely randomized block
design with three replicates. Each replicate consisted of 14
plants in two rows, 45 cm apart within a row and 55 cm
between rows. Each plot was bordered by two rows of non-
transgenic cabbage plants. Normal cultural practices for
growing cabbage were followed during the entire growing
season. The 5 plants in the middle of each plot were
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harvested to evaluate the agronomic traits. The plant
height, plant breadth (two measurements taken 90° across
the plant), number of outer leaves, vertical and transverse
diameter of the head, core length, and head weight were
measured at maturity. Statistical analysis was conducted
with SAS v.8.0, and Duncan’s multiple range test was used
to determine the significance of differences in main agro-
nomic traits between transgenic lines and original variety.
Four homozygous lines were selected for evaluation of
insecticidal activity. Transgenic and non-transgenic lines
were grown in the same way as for the agronomic per-
formance evaluation described above except that no
insecticides were applied during the entire growing season.
The DBM surviving on each plant were investigated and
counted every 7 days up to 10 weeks after planting.

Results
Recovery of T, transformants

The 2 days pre-cultured hypocotyls were inoculated with
Agrobacterium suspension (Fig. 2a) and co-cultivated for
3 days in the dark. Subsequently, the explants were
transferred onto MS regeneration medium allowing cell
division and callus formation within the next 7 days, and
then onto MS regeneration medium containing kanamycin
for selection of resistant plantlets. Kanamycin-resistant
shoots emerged about 5 weeks after transformation

(Fig. 2b). The majority of the initially green shoots
gradually turned white or brown and some became
necrotic after subsequent subcultures. A total of fourteen
plantlets with kanamycin resistance were obtained from
300 hypocotyls (Fig. 2c) and they were allowed to form
root for 2-3 weeks (Fig. 2d). Morphologically normal
plants were transplanted into plastic pots and grown in a
greenhouse (Fig. 2e).

Integration and expression of Bt genes in T
transformants

In initial PCR screening, nine out of the 14 putative
transformants and the plasmid pCSIaBaN showed ampli-
fication of the expected 0.769 kb band representing the
crylla8 fragment and 1.222 kb band representing the
crylBa3 fragment. The PCR-positive plants were desig-
nated as To-l, To-z, T0-3, T0-4, T0-5, T0-6, T0-7, To-S, To-
9, respectively. Neither band was amplified from the
genomic DNA of non-transformed plants. Representative
results of PCR analyses were shown in Fig. 3a, b. Lanes 4,
9, and 10 indicated that neither Bt gene was inserted into
the genome of the kanamycin-resistant plants.

Southern blot hybridization of the nine PCR-positive
plants was conducted to further confirm the integration of
crylla8 and crylBa3. Genomic DNA isolated from the
non-transformed and PCR-positive plants was digested
with Hind III and hybridized with probe from the PCR
products of the crylla8 gene. The results showed that two

Fig. 2 Different stage of cabbage transformation. a Inoculated hypocotyls. b Kanamycin-resistant shoots emerged from callus. ¢ Regenerated
plantlets grew normally on MS regeneration medium. d Rooting of transformed plants. e Transgenic plants in plastic pots
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2000 bp
1000 bp

ST

Fig. 3 a and b PCR analysis of genomic DNA from cryl/la8 +
crylBa3 cabbage plants. / 2 kb molecular weight maker, 2 pCSIaBaN
carrying crylla8 and crylBa3, 3 untransformed cabbage, 4-11
transformants. ¢ Southern blot analysis of crylla8 + crylBa3
cabbages. Genomic DNA isolated from transgenic and untransformed

of the nine tested plants had only one insertion site (To-1
and Ty-9), three contained two insertion sites (Ty-3, Tq-6,
and Ty-7), and no hybridization signal was detected for
the rest of the plants (Ty-2, To-4, To-5, and Ty-8)
(Fig. 3c).

Transgenic cabbage plants (Ty-1, Ty-3, Tp-6, Tp-7, and
Ty-9) confirmed by Southern blot hybridization were ana-
lyzed by RT-PCR and Western blot to evaluate expression
of crylla8 and crylBa3. In RT-PCR analyses, all the
transgenic cabbages showed amplification of the expected
crylla8 (0.769 kb), crylBa3 (1.222 kb), and f-actin
(0.196 kb) fragments while only the 0.196 kb internal
reference band was amplified in non-transformed cabbage
(Fig. 4a, b). Western blot results (Fig. 4c, d) indicated the
presence of the expected 81 kD Crylla8 protein and
140 kD CrylBa3 protein in all the five transgenic plants
but not in the untransformed control.

Fig. 4 a and b RT-PCR 1
analysis of crylla8 + crylBa3
plants. / 2 kb molecular weight

. 1000 bp
maker, 2 pCSIaBaN carrying 750 bp :k
crylla8 and crylBa3, 3 250 bp 1
untransformed cabbage, 4 Ty-1, 100 bp

5Ty-3,6 Tp-6, 7 Tp-7, 8 Tp-9. ¢
and d Western blot analysis of
crylla8 + crylBa3 plants. ]

2000 bp - [
1000 bp 5> [—

protein marker, 2 Cry1la8/ %88 Bg :t
Cry1Ba3 protein, 3 Ty-1, 4 Ty-3,
5 Ty-6, 6 To-7, 7 To-9, 8 non-
transformed cabbage 100 kD 9
70 kD
170 kD »
130 kD »
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plants was digested with HindIII and hybridized with probe from the
PCR products of crylla8 gene [ plasmid pCSlaBaN, 2 non-
transformed cabbage, 3 Ty-1, 4 To-2, 5 Top-3, 6 To-4, 7 Ty-5, 8 To-
6, 9 To-7, 10 Ty-8, 11 Ty-9

Insect bioassays of T plants

To assess the effectiveness of Bt protein in T, transfor-
mants, the five transgenic plants (To-1, T¢-3, Tp-6, To-7,
and T(-9) confirmed through western blot analyses were
tested for insect resistance by exposing in vitro leaves to
susceptible and CrylAc-resistant DBM, respectively. The
results showed that the transgenic cabbages were able to
effectively control both susceptible and CrylAc-resistant
DBM larvae as compared to non-transformed counterparts
(Fig. 5). In the first 48 h, most of larvae began to die on
transgenic leaves; the others ceased feeding and became
stunted. All transgenic cabbages exhibited no leaf damage
and caused complete mortality of larvae within 3 days. Six
days later, there was no mortality of larvae on the control
leaves, and leaf disks from control cabbages were com-
pletely consumed.
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Fig. 5 In-vitro bioassay of the non-transgenic and transgenic cab-
bages 3 days after inoculation with DBM larvae. Left figure is assays
with DBM susceptible to CrylAc, / non-transformed control, 2 Ty-1,

Production of homozygous transgenic lines

The single-copy T, transformants (T,-1 and T(-9) were
self-pollinated to obtain T, seeds. In the T, population
derived from Ty-1, seventeen of 23 plants amplified both
crylla8 and crylBa3 fragments, as shown through PCR
analysis. The T, population derived from T(-9 also showed
a 3:1 segregation ratio (Table 1), suggesting a single-copy
insertion in the parental lines. Fifteen PCR-positive T,
plants developed from each line (Ty-1 and T(-9) were then
vernalized to produce T, seeds by self-pollination. Thirty
T, plants derived from each line were screened for pres-
ence of crylla8 and crylBa3 by PCR as well as bioassays
(data not shown). If the T; line was homozygous, all T,
progeny were expected to inherit the target genes. On this
basis four T, plants of the line Ty-1 (To-1-1, To-1-4, Ty-1-6,
and Ty-1-14) and six T plants of the line Ty-9 (Ty-9-2, Ty-
9-3, Tp-9-5, Tp-9-7, Tp-9-12, and Ty-9-13) were identified
as homozygous lines.

In addition, each Ty and T, plant was subjected to nat-
ural infestation of insect pests after harvesting seeds, and
no insecticides were applied during the entire growing
season under greenhouse conditions. The transgenic plants
exhibited excellent efficacy against insect pests as com-
pared to non-transformed counterparts (Fig. 6a).

3 To-3, 4 Tp-6, 5 Ty-7, 6 Ty-9. Right figure is assays with DBM
resistant to CrylAc, I non-transformed control, 2 Ty-1, 3 T(-3, 4 T(-6,
5 To-7, 6 Tp-9

Agronomic traits and insecticidal activity of pyramided
lines in the field

Ten homozygous lines (Ty-1-1, To-1-4, Top-1-6, Ty-1-14,
T0-9-2, T0-9-3, T0-9-5, T0-9-7, T0-9-12, and T0-9-13) were
selected for agronomic traits evaluation in Langfang
experimental farm in 2012. The untransformed line ‘A21-
3’ were used as control for agronomic traits comparison.
The data showed that the pyramided lines performed as
well as the control for most traits except core length of T-
1-14 and head weight of Ty-9-3 (Table 2). These obser-
vations imply that the introduced transgenes have little or
no effects on the main agronomic traits.

Four homozygous lines (To-1-1, Ty-1-6, T(y-9-5, and
Top-9-13) were chosen to evaluate the insecticidal activity
of pyramided lines. The results (Fig. 7) showed that the
number of DBM on the control ‘A21-3" increased rapidly
after August 22, reaching 25.3 heads plot™' on 13 Sep-
tember. Then the number of DBM decreased gradually as
the temperature dropped. No DBM survived on control
plants after October 25. Almost no DBM were observed
on the transgenic lines during the entire season. By
September 13, the control ‘A21-3’ were eaten severely
but the pyramided lines showed no or little leaf damage
(Fig. 6b).

Table 1 Segregation analysis of populations derived from self-pollination of transformed cabbage lines Ty-1 and Ty-9 using PCR

Plant Number of T, plants Number of PCR-positive Number of PCR-negative Segregation X2 X(2>.05
code analyzed plants plants ratio value®

To-1 23 17 6 3:1 0.014 3.841
To-9 36 28 8 3:1 0.037 3.841

2 All X? values indicated significance fit to the tested ratio (p<0.05)
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Fig. 6 a Insect-resistant performance of transgenic and non-trans-
genic cabbages after harvesting seeds in the greenhouse. The left row
is Cryl1la8 + CrylBa3 cabbages and the right row is non-transgenic
plants. b Insect-resistant performance of transgenic and non-

transgenic cabbage lines under natural infestation conditions in the
field. The left row is Crylla8 4 Cry1Ba3 cabbages and the right row
is non-transgenic plants

Table 2 Agronomic traits of

th i bb li Line Plant Plant Number of Vertical Transverse Core Head
¢ pyramiding ca a‘ge mef . height breadth outer leaves diameter of diameter of length weight
and negative control ‘A21-3” in
2012 (cm) (cm) head (cm) head (cm) (cm) (Kg)
To-1-1 29.6 57.2 x 56.2 16.4 12.8 22.2 5.2 14
To-1-4 29.2 54.2 x 56.0 17.6 13.3 22.6 53 1.5
To-1-6 27.2 522 x 554 16.2 13.6 22.1 5.2 1.5
To-1-14 27.7 58.1 x 57.5 16.8 13.3 22.7 5.9% 1.6
To-9-2 30.2 54.9 x 57.6 17.4 13.9 23.0 5.4 1.6
Ty-9-3 28.9 53.3 x 54.2 17.0 13.0 22.8 5.5 1.7%
To-9-5 27.7 55.9 x 54.7 16.4 12.9 21.9 5.0 1.5
To-9-7 29.4 58.6 x 58.5 16.8 13.1 22.9 5.3 1.6
Ty-9-12 29.4 58.4 x 55.5 18.4 13.1 22.1 5.2 1.5
* Significantly different from Ty-9-13 30.6 58.6 x 55.2 16.0 13.0 214 54 1.6
untransformed control *A21-3" o213 291 550 x 572 162 13.1 221 52 15
at p<0.05
30 - Discussion
25k —=— transgenic lines
§ e AL Many approaches can be adopted by researchers for
3 20 - introduction of multiple foreign genes into one plant, such
=3 5k as sexual crossing between parental lines containing single
E < gene, sequential retransformation of plants with new genes,
S 10F . . . . .
S g 10 and co-transformation with one plasmid carrying different
St
g2< st genes (Halpin 2005). Retransformation and sexual crossing
§ ol . a strategies have been used to develop pyramided genetically
4 modified (GM) cruciferous crops such as broccoli (Cao
5 l l l l l l l l l J et al. 2002), collard (Cao et al. 2005), canola (Liu et al.
Aug30 Sep6 Sepl13 Sep20 Sep27 Oct4 Octll Octl8 Oct25 Novl

Time

Fig. 7 Mean heads of DBM in each plot of the homozygous lines and
control ‘A21-3” in the field during the entire growing season trials
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2011), Indian mustard (Cao et al. 2008), etc. The sexual
crossing strategy needs more time and larger progeny
populations to enable selection of target traits. A drawback
of the accompanied with re-transformation strategy is that
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it requires a variety of selectable marker genes to be
available so that a different one can be utilized with each
sequential transformation. In addition, GM crops with an
accumulation of such genes would encounter significant
hurdles to regulatory approval and consumer acceptance.
Co-transformation is considered to be one of the most
viable methodologies employed to date for pyramiding of
multiple foreign genes. The advantage of this method is
obvious. The co-introduced foreign genes tend to co-inte-
grate at the same chromosomal position, and this ensures
that target genes are unlikely to segregate apart in sub-
sequent generations (Halpin 2005). A handful of impres-
sive examples have been reported in pyramiding GM maize
(Halpin 2005) and rice (Magbool et al. 2001; Ye et al.
2000) developed by co-transformation but very few in
cruciferous crops. To our knowledge, this paper is the first
successful report of introducing two Bt genes into cabbage
using A. tumefaciens-mediated co-transformation.

The target genes, crylla8 and crylBa3, were success-
fully introduced into an elite inbred line of cabbage, ‘A21-
3’, and 10 homozygous cabbage lines harboring the two Bt
genes were obtained in the T, generation by means of
repeated self-pollination and molecular-assisted selection
of two Ty transformants. The resulting homozygous lines
exhibited excellent efficacy against DBM as compared to
non-transformed counterparts in the natural infestation
situation, while there were no significant differences in
main agronomic traits between most homozygous lines and
the original variety. These findings indicated that the pyr-
amided genes in the cabbage plants functioned normally
without altering the main agronomic traits and yield to a
large degree. In contrast, previous studies of transgenic rice
Taipei 309 with nptll and IR72/Koshihikari with bar
indicated poor field performance, which limited their
potential commercial value (Tu et al. 2000).

The use of cabbage heterosis is now becoming an
important technology applied all over the world. In previ-
ous reports (Bhattacharya et al. 2002; Jin et al. 2000; Metz
et al. 1995; Rafat et al. 2010), transformed materials were
predominantly commercial hybrids of cabbage, which may
limit their practical uses to a great extent. Obtaining plants
homozygous for all genes may be virtually impossible
because the complexity of segregation of the independent
genes. The successful expressions of crylla8 (Cui et al.
2009), cryiBa3 (Yietal. 2011), and crylla8 + crylBa3 in
the genome of an elite inbred line in our laboratory will
provide a good resource for development of Bt hybrid
cabbage and management of cabbage pests in China.

Besides the commercial value of Bt plants, Bt brassicas
have served as excellent research tools. For example, Bt
broccoli plants have been used in empirical tests of various
resistance management strategies designed to inhibit the
evolution of resistance insects (Zhao et al. 2005, 2003).

Simulation modeling studies (Roush 1998) have predicted
that adoption of cultivars with pyramided insect-resistance
genes was in general more durable than the sequential
deployment of cultivars with single insect-resistance genes.
Availability of the Cry1Ia8 (Cui et al. 2009), Cry1Ba3 (Yi
et al. 2011), and Crylla8 + Cry1Ba3 cabbage plants will
allow us to test these models experimentally. Using these
plants, we can select for Crylla8®, CrylBa3®, and
Cryl1a8® + CrylBa3® DBM populations in controlled
settings, and learn modes and dynamics of the evolution of
resistance to Crylla8 and Cryl1Ba3 during selection. The
results from these studies may provide valuable informa-
tion relevant to effective control of Bt-resistant insects.
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