
ORIGINAL PAPER

Expression of An Antisense Brassica oleracea GIGANTEA (BoGI)
Gene in Transgenic Broccoli Causes Delayed Flowering,
Leaf Senescence, and Post-Harvest Yellowing Retardation

Muthu Thiruvengadam & Ching-Fang Shih &

Chang-Hsien Yang

Published online: 29 January 2015
# Springer Science+Business Media New York 2015

Abstract Broccoli (Brassica oleracea L. var. italica) is an
important vegetable crop all over the world. However, rapid
post-harvest senescence in harvested floral heads reduces its
value. Mutation inGIGANTEA (GI) caused delay of flowering
and increased tolerance level to H2O2-induced oxidative stress
in Arabidopsis. BoGI, a GI orthologue, was isolated and char-
acterized from B. oleracea. BoGI mRNA is expressed
throughout development and can be detected in leaves, stem,
root, and flowers. Further analysis indicated that the expres-
sion of BoGI is modulated by the circadian clock. To investi-
gate the senescence flowering-associated mechanism regulat-
ed by BoGI gene and the agricultural application of BoGI in
controlling flowering time and floret yellowing for
B. oleracea, constructs containing antisense cDNA of BoGI
driven by 35S or a flower-specific AP1 promoter were trans-
formed into B. oleracea and the transgenic plants were gener-
ated. The flowering time and the senescence of the detached
leaves were significantly delayed in transgenic 35S::BoGI an-
tisense plants. Reverse transcriptase polymerase chain reac-
tion (RT-PCR) analysis showed that clear reduction of BoGI
expression was observed in these 35S::BoGI antisense plants
compared to that in wild-type plants. Furthermore, post-
harvest yellow and flower senescence was delayed in
AP1::BoGI antisense plants. These findings indicate thatBoGI
could be involved in regulation of flowering time, leaf, floret,
and flower senescence in broccoli.
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Introduction

The transition from vegetative rosette leaf to reproductive in-
florescence development has been extensively studied in
Arabidopsis. This process involves regulation by multiple en-
vironmental and endogenous inputs and corresponding genes
which have been identified and characterized (Koornneef
et al. 1991; Amasino 1996; Levy and Dean 1998; Reeves
and Coupland 2000; Araki 2001; Simpson and Dean 2002).
Flowering genes such as FLOWERING LOCUS T (FT) has
been thought to be a floral integrator gene, CONSTANS (CO),
and GIGANTEA (GI) were involved in the photoperiod
flowering pathway, whereas FCA, LUMINIDEPENDENS
(LD), and FLOWERING LOCUS D (FLD) have been thought
to function in the autonomous flowering pathway to promote
flowering (Levy and Dean 1998; Chou and Yang 1998;
Reeves and Coupland 2000; Araki 2001; Simpson and Dean
2002). The Arabidopsis GIGANTEA (GI) gene is an earliest
acting conserved gene encoding a protein of 1173 amino acids
(Koornneef et al. 1991; Fowler et al. 1999; Park et al. 1999;
Mizoguchi et al. 2005). GI protein has no sequence similarity
to any known proteins in the database (Park et al. 1999;
Fowler et al. 1999) and appears to be absent from genomes
of Chlamydomonas (microorganism) and animals (Mittag
et al. 2005). The GI was originally discovered as a late-
flowering mutant (Rédei 1962; Koornneef et al. 1991; Araki
and Komeda 1993) and contains novel nuclear localization
signals (NLSs) (Huq et al. 2000). GI positively regulates the
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expression of flowering time genes and acts upstream of CO
and FT (Kardailsky et al. 1999; Suárez-López et al. 2001).

In Arabidopsis, gi mutants flowered later and produced
more leaves than wild-type plants in long-day (LD) condi-
tions, but not in short-day (SD) conditions (Koornneef et al.
1991). Ectopic expression of Arabidopsis antisense GI gene
fragment also caused late flowering in transgenic radish (Cur-
tis et al. 2002). This data indicated that downregulation of the
GI gene could delay bolting in a heterologous plant.
Arabidopsis GI gene is also important in controlling circadian
rhythms (Park et al. 1999; Fowler et al. 1999; Yanovsky and
Kay 2002; Edwards et al. 2005; Gould et al. 2006; Kim et al.
2007; Sawa et al. 2007) and phytochrome signaling (Huq et al.
2000). In wild-type Arabidopsis,GI expression is regulated by
circadian clock with the highest expression at 8 to 12 h of the
light period and the lowest expression at dawn (Park et al.
1999; Fowler et al. 1999). GI has been thought to have a role
in early phytochrome signaling by transcriptional regulation
ofCCA1 and LHY since the expression patterns of these genes
are altered in gimutants (Park et al. 1999; Fowler et al. 1999).

In addition to regulate flowering, it has been shown thatGI
might also play a role in response to oxidative stress, cold
responses, and salt tolerance (Huq et al. 2000; Cao et al.
2005, 2006, 2007; Kim et al. 2013). Mutation in GI signifi-
cantly increased tolerance level to paraquat or H2O2-induced
oxidative stress (Kurepa et al. 1998). GI has been thought to
play a complex role in regulating plant development in diverse
ways. It is interesting to explore whether mutation in GI can
also cause tolerance to other biotic and abiotic stresses in
plants and to investigate the possible mechanism of GI
regulation.

Broccoli, Brassica oleracea L. var. italica, is a floral veg-
etable that is consumed worldwide. It contains rich amount of
vitamins A and C and isothiocyanine, especially glucorapha-
nin and its derivative sulforaphane. Broccoli is used for the
prevention of breast cancer (Fahey et al. 1997, 2002). Increas-
ing demand for broccoli will necessitate improvement of its
agronomic characteristics, such as disease resistance and en-
vironmental tolerance. In recent years, several reports have
pointed out the merits and biological impacts of transforma-
tion technologies (Potrykus 1991; Walden and Wingender
1995; Christou 1996; Birch 1997). Indeed, the genetics of
broccoli were recently improved via transgenic breeding
(Chen et al. 2008). Antisense approaches regulate fruit ripen-
ing, increase floral longevity, and slow post-harvest yellowing
have been reported (Smith et al. 1988; Oeller et al. 1991; Gray
et al. 1992; Ayub et al. 1996; Aida et al. 1998; Henzi et al.
1999; Giovannoni 2004; Higgins et al. 2006). Broccoli has
been transformed with antisenescence genes such as
isopentenyl transferase (ipt) and broccoli mutated ethylene
response sensor gene (boers) to slow post-harvest yellowing,
and transgenic lines with these genes have been developed
(Chen et al. 2001, 2004). In this study, we describe that BoGI,

the GI orthologue from broccoli, was involved in leaf senes-
cence, flowering time, post-harvest yellowing and flower se-
nescence in broccoli.

Materials and Methods

Plant Materials

Broccoli (B. oleracea var. italica cv. Green King) seeds were
obtained from the Know-You Seed Company (Kaohsiung,
Taiwan). The seeds were surface-sterilized for 2 min with
70%EtOH, then 20min for 1% sodium hypochlorite, follow-
ed by five rinses with sterile distilled water. Seeds were then
germinated under aseptic conditions on a hormone-free ger-
mination medium inMagenta boxes at 25 °C under 16-h light/
8-h dark photoperiod with light intensity of 35 μmol m−2 s−1.
This germination medium containing half strength MS salts
(Murashige and Skoog 1962) plus B5 (Gamborg et al. 1968)
vitamins (MSB5) supplemented with 15 g l−1 sucrose and
8.0 g l−1 agar buffered to pH 5.7. Explants of cotyledon, hy-
pocotyl, and epicotyl from 7-day-old seedlings were used for
transformation.

Determination of Antibiotic Sensitivity

A dose-response assay was conducted to determine the optimal
concentrations of kanamycin and carbenicillin in the selection
medium. Different concentrations of kanamycin (0, 25, 50, 75,
and 100 mg l−1) were added to the callus induction medium
(MSB5, 30 g l−1 sucrose supplemented with 2.0 μM
benzylaminopurine (BAP), 0.5 μM naphthaleneacetic acid
(NAA), and 8.0 g l−1 agar). As a control, uninfected explants
were cultured on selection medium. Explants were cultured on
each selection medium for 5 weeks at 25 °C under 16/8-h
photoperiod. This experiment was performed with three repli-
cations. After 3 weeks, the number of explants producing callus
was calculated. In addition, bacterial cells of A. tumefaciens
were cultured on MSB5 medium containing different concen-
trations of carbenicillin (100–400 mg l−1) to determine the ap-
propriate concentration for inhibiting bacterial growth.

The Cloning of BoGI and the Construction of BoGIAntisense
Constructs

A 2.4-kb cDNA fragment containing the sequence from exon
9 to 3′-UTR of BoGI (Fig. 1a) was cloned from broccoli
(B. oleracea var. italica cv. Green King) using polymerase
chain reaction (PCR) strategy. The 1.7 kb Arabidopsis AP1
promoter fragment was obtained by PCR using primers AP1p
5′ (5′-GTCTTCAAGGCCACAAGCTTAG-3′) and AP1p 3′
(5′-CTCTAAAGGATCCAAACAAAACAAA-3′). The
primers contained the generated HindIII (5′-AAGCTT-3′,
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underlined) or BamHI recognition site (5′-GGATCC-3′,
underlined) to facilitate the cloning of this cDNA into
PBI121 in which 35S promoter was replaced. A 1.5-kb anti-
sense DNA fragment encoding entire exon 9 was obtained by
PCR using primers BoGI-9-1 (5′-AGGATCCGCACTATATG
GG-3′) and BoGI-9-2 (5′-GGATCCCAGGAGAAGCGATC-

3′). Both specific 5′ and 3′ primers contained the generated
BamHI recognition site (5′-GGATCC-3′, underlined) to facil-
itate the cloning of this cDNA. This antisense fragment was
cloned into binary vector PBI121 under the control of cauli-
flower mosaic virus (CaMV) 35S promoter (35S::BoGI-anti)
or flower specific AP1 promoter (AP1::BoGI-anti).

AtGI MASSSSSERW  IDGLQFSSLL  WPPPRDPQQH  KDQVVAYVEY  FGQFT--SEQFP DDIAELVRHQ  YPSTEKRLLD  DVLAMFVLHH   PEHGHAVILP  IISCLIDGSL 
BoGI
OzGI --M.A.N.K.  .........F  ....Q.S..K  QA..L.....  .....AD..... E...Q.IQSC  ...K....V.  E.........   .......VH.  .L.RI...T.   

AtGI VYSKEAHPFA  SFISLVCPSS  ENDYSEQWAL  ACGEILRILT  HYNRPIYKTE  QQNGDTERNC  LSKATTSGSP   TSEPKAGSP-T  QHERKPLRPL  SPWISDILLA 
BoGI
OzGI S.DRNGF..M  .....FSHT.  .KE.......  .......V..  ........VD  H.HSEA.CSS  T.DQAS.CES   MEKRAN...RN  EPD.......  ....T..... 

AtGI APLGIRSDYF  RWCSGVMGKY  AA-GELKPPTI  ASRGSGKHPQ LMPSTPRWAV  ANGAGVILSV  CDDEVARYET   ATLTAVAVPA   LLLPPPTTSL  DEHLVAGLPA
BoGI
OzGI ..........  .-.G......  ..GGELK...T  Y......... ..........  ..........  ..E.......   .N...A....   ........P.  .........P 

AtGI LEPYARLFHR  YYAIATPSAT  QRLLLGLLEA  PPSWAPDALD  AAVQLVELLR  AAEDYASGVR  LPRNWMHLHF   LRAIGIAMSM   RAGVAADAAA  ALLFRILSQP 
BoGI
OzGI .........- ..........  ....F.....  ..........  ..........  .....D..M.  ..K.......   .....T....   ...I...TS.  ..........  

AtGI ALLFPPLSQV  EGVEIQHAPI  GGYSSNYRKQ  ---------- ------IEVP  AAEATIEAT   AQGIASMLCA   HGPEVEWRIC   TIWEAAYGLI  PLNSSAVDLP
BoGI ....  .........   ..........   ..........   ..........  ......I...  
OzGI T......RHA  ....LH.E.L  ...V.S.KR.  LHIDLYFHMC  SFNCTKL...  .S....D..   ..........   ...D......   .........L  ..S....... 

AtGI EIIVATPLQP  PILSWNLYIP  LLKVLEYLPR  GSPSEACLMK  IFVATVETIL  SRTFPPE-SS  RELTRKARSS   FTTRSATKNL   AMSELRAMVH  ALFLESCAGV
BoGI ..........  ..........  ..........  ..........  ..........  .......T.I  ----....A.   LA...S....   ..A.......  ..........
OzGI ..V..A....  .T...S..L.  ....F.....  .........R  .......A..  R......-T.  -.QS..P..Q   ------S...   .VA...T...  S..V....SM

AtGI ELASRLLFVV  LTVCVSHEAQ  SSGSKRPRSE  YASTTENIEA  NQPVSNNQTA  N-----RKSR NVKGQGPVAA   FDSYVLAAVC   ALACEVQLYP  MISGGGNFS-
BoGI .IP.......  ..........  ......R...  D.TAE.---- ..D---...S  .-----....  ..........   ..........   ..........  .........-
OzGI D.........  .......Q.L  PG....---- --TGSD.HSS  EEVTNDSRLT  .-----GRN.  CK.R.....T   ..........   ..S.....F.  F..KN..H.-

AtGI --NSAVAGTI  TKPVKINGSS  KEYGAGIDSA  ISHTRRILAI  LEALFSLKPS  SVGTPWSYSS  SEIVAAAMVA   AHISELFRRS  KALTHALSGL  MRCKWDKEIH
BoGI --.....A..  ..S.......  ......V...  .K....V...  ..........  .....R....  ..........   ..........   ..........  .......... 
OzGI --.LKDSIK.  VI.G.TT.I.  N.LHNS.S..  .L......G.  ..........  ....S.....  N.........   ..V.......   RPCLN...A.  KQ....A..S 

AtGI KRASSLYNLI  DVHSKVVASI  VDKAEPLEAY  LKNTPVQKDS  VTCLNWKQEN  TCASTTCFDT  A-VTSASRTE   MNPRG-NHKY   AR----HSDE  GSG-RPS-EK
BoGI ..........  ..........  ..........  ...A......  LA......Q.  .SS.AGG.G.  .A...T..N.   .A...G....   ..----....  ...S.S.S.. 
OzGI T.........  .L.G.T.T..  .N.......H  .TL...K..E  PP-IEEKNI.  SSDGGALEKK  D-ASRSH.KN   GFA.P-LL.C   .EDVILNG.V  A.---..-G.

AtGI GIKDFLLDAS  DLANFLTAD- RLAGFYCGTQ  KLLRSVLAEK  PELSFSVVSL  LWHKLIAAPE  IQPTAESTSA   QQGWRQVVDA   LCNVVSATPA  KAAAAVVLQA
BoGI ....L.....  .........D  ......R...  V....I....  ..........  .......S..  ..........   ..........   ..........  ..........
OzGI A.ASLQVE..  .......M.- .HG.-.R.S.  T......S..  Q..C......  ..Q.......  M.MS......   H....K....   ..DI...S.T  ..S..I....

AtGI ERELQPWIAK  DDEEGQKMWK  INQRIVKVLV  ELMRNHDRPE  SLVILASASD  LLLRATDGML  VDGEACTLPQ  LELLEATARA    IQPVLAWGPS  GLAVVDGLSN
BoGI ..........  ..........  .........M  ..........  ..........  ..........  ..........  ..........    ..S.......  ..........
OzGI .KD......R  ...Q.....R  V......LIA  .......S..  A.........  ..........  ..........  .....V....    VHLI.E..D.  .VS.......

AtGI LLKCRLPATI  RCLSHPSAHV  RALSTSVLRD  IMNQSSIPI- KVTPKLP--- TTEKNGMNSP  SYRFFNAASI  DWKADIQNCL    NWEAHSLLST  TMPTQFLDTA
BoGI ..........  ......N...  ..........  .....G.TTS  .A...P.PTI  ......TD..  ........A.  .......K..    ..........  ..........
OzGI ......ST..  ..........  ....M.....  .L.SGQ--.- NSSKLIQ--- GEHR..IQ..  T.QCLA.SII  N.Q..VER.I    E.....RRA.  GLTLA..TA.

AtGI ARELGCTISL  -SQ           1173
BoGI .........M  S..          745
OzGI .K....PLTC  --- 1160

3’UTRExon 9
10 11 12 13

BoGI-9-1 BoGI-9-2

a

b

Fig. 1 Sequence information for the BoGI protein. a The genomic
structure of cloned partial BoGI. This 2.4-kb cDNA fragment of partial
BoGI contained the sequence from entire exon 9 to 13 and the 3′-UTR of
BoGI. A 1.5-kb antisense DNA fragment encoding entire exon 9 was
obtained by PCR using primers BoGI-9-1 and BoGI-9-2. b Sequence
comparison of BoGI (B. oleracea), AtGI (Arabidopsis thaliana), and
OzGI (rice). The 2.4-kb cDNA fragment of partial BoGI encodes 745

amino acids which showed 91 and 63 % sequence identity to AtGI and
OzGI, respectively. The boxed regions represent nuclear localization sig-
nals (NLSs) sequence. The underlined regions represent putative trans-
membrane domains. Amino acid residues identical to AtGI are indicated
as dots. To improve the alignment, dashes were introduced into the
sequence
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Plant Transformation

The Agrobacterium tumefaciens strain LBA 4404 harboring
the binary vector pBI121, with 35S::BoGI-anti or AP1::BoGI-
anti, was used for broccoli transformation. Hypocotyl explants
were cultured on callus induction medium for pre-cultivation
(0–4 days). The explants were dipped into an overnight sus-
pension of Agrobacterium. The bacterial concentration was
controlled at 0.8–1.0 OD600 and diluted to tenfold. After
overnight of co-incubation, explants were transferred in me-
dium containing half MSB5 salts, 20 g l−1 sucrose, and
8.0 g l−1 agar at 25 °C under a 16/8-h (light/dark) photoperiod
with light intensity of 45 μmol m−2 s−1 for 2 days. Explants
were washed under shaking in half MSB5 liquid medium con-
taining 300 mg l−1 carbenicillin for 2 days with medium re-
placed daily. After this washing, explants were transferred to
selection medium containing MSB5, 2.0 μM BAP, 0.5 μM
NAA, 300 mg l−1 carbenicillin, and 75 mg l−1 kanamycin
for callus induction. After 3 weeks of culture, well-
developed callus was produced from the cut ends of the ex-
plants and transferred to MSB5 medium with 30 g l−1 sucrose,
8.0 g l−1 agar, and 2.0 μM BAP for induction of transgenic
shoots. After 4 weeks of culture, multiple shoots developing
from the callus were separated and transferred to rooting me-
dium containing half MSB5 media supplemented with 20 g l−1

sucrose, 2.0 g l−1 gelrite, 1.0 μM IBA, and 75 mg l−1 kana-
mycin. The rooted plantlets were washed in sterile distilled
water to remove traces of medium and then transferred to
plastic pots (5 cm diameter) containing sterile soil, sand, and
vermiculite mixture (3:1:1) for 2–3 weeks under
35 μmol m−2 s−1 with 16/8-h photoperiod before transfer to
30 cm pots. The hardened plants were grown to maturity to
collect seeds from the T0 plants and raised T1 plants which
were also observed under greenhouse condition. The plants
(transgenic and non-transgenic) were separately allowed to
undergo self-pollination and seeds were collected.

Polymerase Chain Reaction and Reverse Transcriptase
Polymerase Chain Reaction Analysis

Total DNA or RNAwas isolated from leaves of different puta-
tive transgenic plants and non-transformed plants using the
Trizol method according to the instructions of the manufacturer.
For cDNA synthesis, total RNA (1 μg) was reverse-transcribed
in a 20-μl reaction mixture using the BcaBEST™ RNA PCR
system (TaKaRa Shuzo Co., Shiga, Japan). A 5.0-μl of cDNA
sample fromRT reaction was used for PCR. Primers specific for
BoGI: BoGI-9-1 (5′-AGGATCCGCACTATATGGG-3′) and
BoGI-9-2 (5′-GGATCCCAGGAGAAGCGATC-3′); BoGIin-
1 (5′-AACCGTAAAAGTAGGAACGTCAAGG-3′) and
BoGIin-2 (5′-AGCAGATCTTTGATACCCTTCTCTG-3′).
Primers specific for detection of the presence of BoGI antisense
fragment from genomic DNA of 35S::BoGI antisense and

AP1::BoGI antisense plants: BoGI-9-2 (in BoGI) (5′-GGAT
CCCAGGAGAAGCGATC-3′) and GUS-2 (in T-DNA) (5′-
AGTTCAGTTCGTTGTTCACACA-3′). The fragment was
amplified under the following conditions of initial hot start at
95 °C for 5 min, then 35 cycles of denaturation (95 °C; 1 min),
annealing (56 °C; 1 min), and extension (72 °C; 1), followed by
a final extension of 20 min at 72 °C. The reverse transcriptase
polymerase chain reaction (RT-PCR) products were separated
on a 1% agarose gel by electrophoresis and photographed using
a Kodak EDAS 290 Electrophoresis documentation system.

Phenotypic Analysis of Leaves, Floral Heads, and Flowers

Leaves from lower parts of mature plants without any symp-
tom of yellow were detached, and floret heads were harvested
7–15 days after the beginning of bolting. The detached leaves
and a branch from each floret head were placed in a plastic
container, covered with a transparent plastic film, and exposed
under light (14 h light/10 h dark) at 25 °C in the controlled
room or an incubator for 12 days. Flower senescence analyses
were observed under greenhouse condition.

Inheritance Analysis

Seeds (25 seeds from each plant) collected from five transgen-
ic plants (T0) were sterilized and germinated on MSB5 basal
media supplemented with 75 mg l−1 kanamycin. The plates
were incubated under the conditions described for in vitro
culture. After 1 week, kanamycin sensitive seedlings germi-
nated but bleached quickly, whereas resistant seedlings were
green and formed true leaves and roots. The transgenic T1

plants were analyzed for the presence of the transgenic BoGI
gene by the PCR assay.

Statistical Analysis

All the experiments were set up in a completely randomized
design, and experiments were performed in triplicates and
each experiment was repeated twice. The data was expressed
as means±standard error. One-way ANOVA analysis follow-
ed by Duncan’s test was used to determine significant
(P<0.05) differences. All the statistical analyses were done
by using SPSS software version 9.0 (SPSS Inc. USA).

Results

Isolation of BoGI cDNA from B. oleracea

To investigate the function of GI gene in broccoli, the identi-
fication and functional analysis of broccoli GI homologues is
necessary. For this purpose, a partial sequence of broccoli GI
homologue of (BoGI) (Fig. 1a) was cloned and characterized.
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This 2.4 kb cDNA fragment contained the sequence from
exon 9 to 3′-UTR of BoGI and encodes 745 amino acids
(Fig. 1b). The BoGI showed 91 and 63 % sequence identity
to Arabidopsis AtGI and rice OzGI, respectively (Fig. 1b).
Similar to GI, a region contained four nuclear localization
signal (NLS) sites was also identified for BoGI (Fig. 1b).

Gene Expression of BoGI

To further explore the gene expression patterns, the detection
of BoGI expression is necessary. As shown in Fig. 2a, BoGI
mRNA is expressed throughout development and can be de-
tected in leaves, stem, root, and flowers. In addition to high
sequence homology to GI in Arabidopsis, the expression of
BoGI was also regulated by light. The expression level of
BoGI mRNA varied under LD conditions, with the level
highest at the 8 to 12 h of the light period (Fig. 2b, c) similar
to that observed for GI in Arabidopsis (Fowler et al. 1999).
This result suggested that GI homologue of broccoli was reg-
ulated by mechanisms similar to that in Arabidopsis.

Genetic Transformation of Broccoli

Hypocotyl has a better survival rate than cotyledon or epicotyl
(Table 1). Similar results were reported for B. oleracea by
Chen et al. (2001). After 4 weeks of culture, 90 % callus
induction was attained in explants cultured on callus induction
medium but lacking kanamycin (Tables 1 and 2). On medium
containing kanamycin, the percentage of explants with callus
(36 %) was obtained at 25 mg l−1. At 75 mg l−1, 100 % of
explants bleached and died (Table 2). To analyze the effect of
35S::BoGI antisense and AP1::BoGI antisense in B. oleracea,
Agrobacterium-mediated genetic transformation was per-
formed. In broccoli, the reported kanamycin concentrations
employed for nptII gene selection were 50 mg l−1 (De Block
et al. 1989) and 25 mg l−1 (Metz et al. 1995). Chen et al.
(2001) reported that 75 mg l−1 kanamycin for selection, over
60 % of survival plantlets was positive for both the nptII and
the ipt genes. We have used 75 mg l−1 kanamycin for the
transformation experiments.

The effect of pre-culture on the frequency of transformation
in broccoli was examined using hypocotyl explants cultured on
MSB5 medium supplemented with 2.0 μM BAP and 0.5 μM
NAA for 3 days. Similar reports have also addressed the adap-
tation of pre-culture for the success of transformation
(McHughen et al. 1989; Sangwan et al. 1992; Metz et al.
1995; Villemont et al. 1997), and it was shown that putative
transformation competent cells could be increased by pretreat-
ment (Sangwan et al. 1992). After 2 days of co-cultivation with
35S::BoGI antisense, the explants were transferred onto the
callus induction medium consisted of MSB5 containing
2.0 μM BAP, 0.5 μM NAA, 300 mg l−1 carbenicillin, and
75 mg l−1 kanamycin. This was in accordance with other

Brassica species (Metz et al. 1995; Paul and Sikdar 1999;
Cao et al. 2008). Callus initiation was observed in selective
mediumwithin 4 weeks of culture, while non-transformed con-
trol explants on selective medium turned yellow and did not
produce calli. Transgenic callus were transferred to MSB5 con-
taining 2.0 μMBAP for induction of transgenic shoots. Shoots
that survived this selection stage were transgenic and were
transferred to rooting medium containing half MSB5 media
supplemented with 20 g l−1 sucrose, 2.0 g l−1 gelrite, 1.0 μM
IBA, and 75 mg l−1 kanamycin. The rooted plantlets were
transferred to pots, acclimated for 2 weeks in the culture room,
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Fig. 2 Detection of expression of BoGI by RT-PCR analysis. a Total
RNA isolated at 8 h of the light period from root, stem, cotyledon of a
10-day-old seedlings, and stem, leaf, and flower bud of a 6-month-old
B. oleracea var. italicawere used as templates to detect the expression of
BoGI. rRNA stained in an EtBr gel was used to show the amount of RNA
used for each RT-PCR reactions. b To examine whether the expression of
BoGI was influenced by light, total RNAwas isolated and analyzed from
leaf of 25-day-old B. oleracea var. italica plants every 6 h. Sample col-
lection started at the beginning of the light period (time 0) and continued
every 6 h for 24 h in LD conditions. Each experiment was repeated three
times with similar results. rRNA stained in an EtBr gel was used to show
the amount of RNA used for each RT-PCR reactions. The related strength
of the BoGI expression for each transgenic plant were listed below. c A
statistical result from b which clearly showed that the expression level of
BoGImRNAvaried under LD conditions, with the level highest at the 8 to
12 h of the light period and lowest at dawn
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and were moved to the greenhouse; similar to that for the non-
transgenic rooted plants generated from the tissue culture. Prog-
eny analysis for most transgenic T0 plants in 75 mg l−1 kana-
mycin medium showed a 3:1 ratio for kanamycin resistant/
susceptible phenotype, indicating a likely single gene insertion.

Delay of Flowering and Leaf Senescence was Observed
in 35S::BoGI Antisense of B. oleracea

The construct contained antisense ofBoGI, aGI homologue of
B. oleracea, driven by the CaMV 35S promoter was trans-
formed into broccoli, and ten transgenic plants (T1) were ob-
tained and analyzed. These 35S::BoGI antisense transformants
showed similar late-flowering phenotype that differed strong-
ly from non-transformed broccoli plants. The flowering time
for these 35S::BoGI antisense plants was significantly delayed
(Fig. 3a). Compared to non-transformed wild-type broccoli

that flowered at about 100 days after sowing, 35S::BoGI anti-
sense plants flowered at about 180 days after sowing (Fig. 4a).
When the detached leaves from these 35S::BoGI antisense
plants were examined, their senescence was significantly de-
layed (Fig. 3b–e). Detached leaves from non-transformed
wild-type broccoli were senescent within 3 days by showing
the dehydration of the leaf tissue and diminution of the chlo-
roplasts resulting in the yellowish color of the leaves (Fig. 3c).
By contrast, leaves from 35S::BoGI antisense plant were not
senescent even after 5 days of detachment (Fig. 3c). At 7 days
after detachment, wild-type leaves were completely senescent,
whereas only slight yellowing was observed in 35S::BoGI
antisense leaves (Fig. 3d). At 12 days after detachment,
wild-type leaves were completely dry (Fig. 3e, f), whereas
petiole and part of the leaf were still green in 35S::BoGI anti-
sense leaves (Fig. 3e, g). This result indicated that BoGI reg-
ulates flowering and leaf senescence in broccoli.

The presence of the BoGI antisense gene in transgenic 35S-
::BoGI antisense plants was further confirmed by the PCR assay
(Fig. 5a). To explore whether the phenotype correlated to BoGI
expression in 35S::BoGI antisense plants, RT-PCR analysis was
performed. As shown in Fig. 5b, a clear reduction of BoGI
expression was observed in these 35S::BoGI antisense plants
compared to that in wild-type plants. This result indicated that
the phenotypes generated in 35S::BoGI antisense transgenic
broccoli were due to the repression of the BoGI expression.

Delay of Floret Yellowing was Observed in AP1::BoGI
Antisense of B. oleracea

To provide more evidence that GI function was related with
senescence, construct containing antisense of BoGI driven by
the flower specific AP1 promoter was transformed into

Table 1 Effect of growth regulators on callus induction, shoot formation and root induction from different seedling explants of Brassica oleracea L.
var. italica

Growth
regulators (μM)

Percent of callus per explant No. of shoots per calli Percent of root induction

Hypocotyl Epicotyl Cotyledon Hypocotyl Epicotyl Cotyledon Hypocotyl Epicotyl Cotyledon

BAP NAA

1.0 0.5 58.76±0.23b 39.50±0.50b 34.33±0.66b

2.0 0.5 90.66±0.33a 70.66±0.88a 60.66±0.66a

3.0 0.5 57.83±0.16c 35.33±0.33c 31.33±0.33c

1.0 15.33±0.86b 10.33±0.33b 8.06±0.24b

2.0 35.66±0.66a 21.33±0.66a 17.33±0.33a

3.0 16.60±0.40b 7.60±0.40c 6.16±0.44c

IBA

0.5 68.00±1.00b 55.50±0.28b 47.00±0.57b

1.0 86.66±0.66a 71.06±0.63a 62.00±0.28a

1.5 64.50±0.50c 49.33±0.88c 43.03±0.57c

Data represents mean values±SE of three replicates; each experiment was repeated twice. Mean separations within column by Duncan’s multiple range
test at P<0.05 level are indicated by different letters. Mean values of three independent experiments (±) with standard errors

Table 2 Effect of kanamycin concentrations on the callus formation
and bud induction from hypocotyl explants of B. oleracea L. var. italica

Kanamycin
(mg l−1)

Number of
explants used

Callus
formation rate
(%)

Average number of
buds/explant

0 35 90.33±0.88a 35.33±0.88a

25 32 36.00±1.15b 1.06±0.008b

50 30 15.66±0.88c 0.53±0.003b

75 32 0 0

100 32 0 0

Data represents mean values±SE of three replicates; each experiment was
repeated twice. Mean separations within column by Duncan’s multiple
range test at P<0.05 are indicated by different letters. Mean values of
three independent experiments (±) with standard errors
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broccoli and ten transgenic plants (T1) were obtained and an-
alyzed. The flowering time for these AP1::BoGI antisense
plants was similar to the non-transformed plants (Figs. 3a
and 4a). When the post-harvested florets from these AP1::-
BoGI antisense plants were examined, their yellowing was
significantly delayed (Fig. 3h). Post-harvested florets from
non-transformed wild-type broccoli were yellow within
3 days. By contrast, florets from AP1::BoGI antisense plant
were not yellow even after 7 days of harvested florets
(Fig. 3h). At 7 days after harvested florets, wild-type florets
were completely yellowing, whereas no yellowing was ob-
served in AP1::BoGI antisense florets (Fig. 3h). When the
flower senescence time was measured in plants from
flowering until fading, the flower senescence for these AP1::-
BoGI antisense plants was also significantly delayed (Fig. 4b).

Compared to non-transformed wild-type broccoli flowers that
were senescent at about 15 days after flowering, AP1::BoGI
antisense flowers faded at about 25–30 days after flowering
(Fig. 4b). This result indicated that BoGI also regulates floret
and flower senescence in broccoli. The presence of the BoGI
antisense gene in transgenic AP1::BoGI antisense plants was
further confirmed by the PCR assay (Fig. 5c).

Discussion

In an attempt to investigate the roles for the GI gene in regu-
lating plant development beside flowering, GI orthologue
BoGI was cloned and characterized from B. oleracea. BoGI
contains several characteristics that were conserved amongGI

c d

he f g

a

wt 35S::BoGI-anti AP1::BoGI-anti

b

Fig. 3 Phenotypic analysis of
transgenic (T1) B. oleracea var.
italica ectopically expressing
antisense of BoGI. aA 35S::BoGI
antisense broccoli plant (middle)
flowered significantly later than
wild-type (left) and AP1::BoGI
antisense plant (right). At
180 days after germination, wild-
type and AP1::BoGI antisense
plants already flowered and set
siliques and seeds, whereas
35S::BoGI antisense plant
remained in vegetative stage
without flowering. b–e Detached
leaves from wild-type broccoli
(left) were senescent within
3 days by showing the
dehydration of the leaf tissue and
diminution of the chloroplasts
resulting in the yellowish color of
the leaves. By contrast, leaves
from 35S::BoGI antisense plant
(right) was not senescent after
5 days of detachment. b 1 day, c
5 days, d 7 days, and e 12 days
after detachment. f Close-up of
the wild-type leaf petiole in e. In
this stage, leaf tissue was
completely dried. g Close-up of
the 35S::BoGI antisense leaf
petiole in e. In this stage, some
leaf tissue still remained green. h
The floral head of an AP1::BoGI
antisense broccoli plant (top) was
not senescent 7 days after
detachment, whereas the floral
head of a wt broccoli plant
(bottom) was completely
senescent and turned to yellow in
the same stage
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orthologues. For example, all four putative NLS regions iden-
tified in GI protein (Fowler et al. 1999; Huq et al. 2000) were
found in the BoGI proteins (Fig. 1b). Furthermore, similar to
GI (Park et al. 1999; Fowler et al. 1999), BoGImRNA is also
regulated by circadian clock with the level highest at 8 to 12 h
of the light period and lowest at dawn (Fig. 2b, c). Based on
the sequence, structure, and expression similarity, it is clear
that BoGI is B. oleracea GI orthologue.

Leaf senescence exhibits chloroplast degradation and de-
clined photosynthetic activity that finally results in cell death,
which could be regarded as a form of programmed cell death
(Noodén and Leopold 1978; Gan and Amasino 1997; Lim
et al. 2003; van Doorn and Woltering 2004). The terminal
phase of leaf senescence was indicated by loss of antioxidant
capacity and increased release of reactive oxygen species
(ROS) in plants (Leshem 1988; Buchanan-Wollaston 1997;
Zimmermann and Zentgraf 2005). Since gi mutants signifi-
cantly increased tolerance level to H2O2-induced oxidative
stress (Kurepa et al. 1998), the senescence of the leaf was
therefore analyzed in antisense BoGI plants of B. oleracea in

this study. Ectopic expression of GI homologue BoGI anti-
sense did not only cause the late flowering but also the delay
of leaf senescence phenotypes in transgenic broccoli. There-
fore, in addition to promote flowering time, the ability for GI
homologues to regulate leaf senescence in plants was con-
firmed. Since we only tested the flowering time and leaf se-
nescence under long-day conditions (14 h light/10 h dark),
whether the delay of the flowering time and leaf senescence
in 35S::BoGI antisense transgenic broccoli was similar under
short-day conditions remains to be investigated. Interestingly,
the correlation between flowering time and leaf senescence
has been reported. For example, the development of early
flowering and leaf senescence under long-day condition was
observed in vtcl and vtc2mutants (Barth et al. 2006). Delay of
flowering and senescence was also reported in HDA6 mutant
of axe1-5 (Wu et al. 2008). These data further support the idea
that a complex mechanism regulating both flowering and leaf
senescence.

More recently, researchers have been studying early gene
changes in an attempt to understand the regulation of post-
harvest senescence (Coupe et al. 2003; Eason et al. 2005;
Gapper et al. 2005a, b; Page et al. 2001; Pogson et al. 1995;
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Fig. 4 Comparison of flowering time in non-transgenic and BoGI anti-
sense transgenic plants (T1) of B. oleracea var. italica. a Flowering time
of wild type, AP1::BoGI antisense, and 35S::BoGI antisense transgenic
broccoli under long-day condition. The genotype tested is shown along
the horizontal axis and the average from 10 (T1) anti-BoGI transformants
(AP1:: and 35S::), and non-transgenic plants were compared. Vertical bar
represented SD. b Comparison of flower senescence time in non-
transgenic and transgenic plants of AP1::BoGI antisense and 35S::BoGI
antisense. The data measured survival days of 10 mature flowers from
flowering until fading. Vertical bar represented SD

WT          1         2          3          4

rRNA

BoGI

b

1            2        WT
AP1::BoGI-anti
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BoGI
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1            2        WT
35S::BoGI-anti

a

Fig. 5 PCR andRT-PCR assay for transgenic (T1)B. oleracea var. italica
ectopically expressing antisense of BoGI. a Detection of the presence of
the DNA fragment for BoGI antisense gene in two 35S::BoGI antisense
transgenic (T1) Brassica plants (1–2) by PCR. A 1.5-kb fragment was
amplified in these two transgenic plants, whereas no band can be ampli-
fied in wild-type (WT) plant. b Detection of the BoGI expression in four
35S::BoGI antisense transgenic (T1) Brassica plants (1–4) and in a non-
transgenic wild-type (WT) plant through RT-PCR analysis. rRNA stained
in an EtBr gel was used to show the amount of RNA used for each RT-
PCR reactions. cDetection of the presence of theDNA fragment forBoGI
antisense gene in two AP1::BoGI antisense transgenic (T1) Brassica
plants (1–2) by PCR. A 1.5-kb fragment was amplified in these two
transgenic plants, whereas no band can be amplified in wild-type (WT)
plant
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Pramanik et al. 2005). External application of cytokinins is
known to retard yellowing in broccoli (Rushing 1990; Clarke
et al. 1994; Tian et al. 1995). Rushing (1990) reported that
post-harvest broccoli florets deteriorated rapidly and became
unmarketable in 3 to 4 days, while florets treated with
benzyladenine or zeatin lasted yellow retardation for 5 to
6 days. Harvested broccoli deteriorates quickly due to relative-
ly high respiration and susceptibility to wilting when stored at
room temperature (Gillies and Toivonen 1995). Wang (1977)
studied the length of broccoli shelf life and observed that
florets showed significant yellowing after 2–3 days at 20 °C
and essentially complete yellowing in 4 days. The yellowing
is caused by sepal chlorophyll degradation, but the pedicel and
stem did not turn yellow after harvest (Corcuff et al. 1996). In
this study, we found that the floret of AP1::BoGI antisense
transgenic broccoli did not turn yellow even after 7 days of
being harvested. By contrast, wild-type florets were complete-
ly yellowing at 7 days after being harvested. Furthermore, the
flower senescence of the mature flowers in these AP1::BoGI
antisense plants was significantly delayed compared to non-
transformed wild-type and 35S::BoGI antisense broccoli
flowers. 35S::BoGI antisense flowers faded at about 20 days
after flowering, slightly later than that in non-transformed
wild-type plant (about 15 days) (Fig. 4b). Thus, we have dem-
onstrated that the expression of an anti-GI homologue gene
fragment in broccoli could cause effects in delaying flowering
time, leaf senescence, and post-harvest yellow retardation.
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