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Abstract The hydrolytic products of glucosinolates in

brassica crops are bioactive compounds. Some glucosinolate

derivatives such as oxazolidine-2-thione from progoitrin in

brassica oilseed meal are toxic and detrimental to animals, but

some isothiocyanates such as sulforaphane are potent anti-

carcinogens that have preventive effects on several human

cancers. In most B. rapa, B. napus and B. juncea vegetables

and oilseeds, there is no or only trace amount of glucoraph-

anin that is the precursor to sulforaphane. In this paper, RNA

interference (RNAi) of the GSL-ALK gene family was used to

down-regulate the expression of GSL-ALK genes in B. napus.

The detrimental glucosinolate progoitrin was reduced by

65 %, and the beneficial glucosinolate glucoraphanin was

increased to a relatively high concentration (42.6 lmol g-1

seed) in seeds of B. napus transgenic plants through silencing

of the GSL-ALK gene family. Therefore, there is potential

application of the new germplasm with reduced detrimental

glucosinolates and increased beneficial glucosinolates for

producing improved brassica vegetables.
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Introduction

Glucosinolates are secondary plant products that are syn-

thesized in the order Capparales. The hydrolytic breakdown

products of glucosinolates, especially isothiocyanates, are

beneficial bioactive constituents that have cancer-pre-

ventive properties in humans, that contribute to flavors in

brassica vegetables and condiments and that are used as

biopesticides in biofumigation. In contrast, in rapeseed

meal, the dominant glucosinolate progoitrin (2-hydroy-

3-butenyl glucosinolate) is changed into an oxazolidine-2-

thione, which causes goiter and has other detrimental

effects on animal health. Therefore, enrichment of benefi-

cial glucosinolate and reduction of detrimental glucosino-

lates are given great attention in Brassica crops’ breeding.

In canola, progoitrin has been dramatically reduced

through conventional breeding although it might be reduced

further through gene manipulation (Liu et al. 2010). In

broccoli and a few other B. oleracea vegetables, gluco-

raphanin predominates and its hydrolysis product, sulfora-

phane, is identified as a potent anticarcinogenic compound.

For this reason, sulforaphane has been extensively investi-

gated due to its potent cancer-preventive effects (Fahey et al.

1997; Shapiro et al. 2001; Zhang et al. 1992). Sulforaphane

also induces apoptosis in cancer cells through inhibition of

histone deacetylase, which leads to cancer cell cycle arrest

(Gamet-Payrastre et al. 2000). Increasing interest in gluco-

sinolates and their degradation products is due to their

potential as human cancer-prevention agents, crop-protec-

tion compounds and biofumigants in agriculture.

High concentrations of glucoraphanin are only found in

broccoli and several other B. oleracea vegetables such as

kale, Chinese kale, cabbage and purple cauliflower (Li

et al. 2001). In B. oleracea, glucoraphanin concentration

was enriched through conventional breeding (Mithen et al.
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2003). However, in many brassica species such as B. na-

pus, B. rapa, B. juncea, only undetectable or trace amounts

of glucoraphanin occur (Rosa et al. 1997). It is desirable to

develop other brassica vegetables with enriched gluco-

raphanin concentration and improved food quality. In

Brassica species including vegetables such as Chinese

cabbage, pak choi and turnip, gluconapin, the precursor of

glucoraphanin according to the biosynthetic pathway of

aliphatic glucosinolates, predominates (Fig. 1). Therefore,

it is possible to block the side chain modification to pro-

duce glucoraphanin-enriched B. rapa vegetables and other

brassica species.

Glucoraphanin accumulation is associated with non-

functional GSL-ALK genes in B. oleracea (Li and Quiros

2003), which is homologous to AOP genes in Arabidopsis

(Neal et al. 2010). The corresponding homologs of AOP2

(GSL-ALK) have been identified in broccoli and purple

cauliflower (B. oleracea). A two bp deletion of GSL-ALK

gene ensures the non-functional GSL-ALK gene, which

abolishes the conversion of methylsulfinyl glucosinolates

into alkenyl glucosinolates so glucoraphanin is enriched in

these B. oleracea vegetables (Li et al. 2003; Li and Quiros

2003). However, except for the deletion found in broccoli

and purple cauliflower, there is no other mutation of the

GSL-ALK gene family that is found in other B. oleracea

varieties or other brassica species. Since there are multi-

copy tandem repeats of the AOP homologs (Gao et al.

2004), it is not easy to change several functional genes into

non-functional ones. Moreover, in amphidiploid brassica

species such as B. napus and B. juncea, gene duplication

and function redundancy is extensively increased. It is even

more difficult to develop a mutant where multiple genes are

knocked out simultaneously. RNA interference (RNAi) has

been demonstrated to be an effective method to silence

genes and gene families with sequence similarity to down-

regulate GSL-ELONG gene expression in B. napus (Liu et al.

2010). In this research, RNAi was undertaken to silence the

entire GSL-ALK gene family to reduce the detrimental

glucosinolate progoitrin and increased the beneficial gluc-

osinolate glucoraphanin in B. napus.

Materials and methods

Preparation of GSL-ALK RNAi construct

The fragments from the B. oleracea GSL-ALK gene (NCBI

Accession no. AY044424), the pyruvate orthophosphate

dikinase (PDK) intron and modified USER binary vector

pBI121U (Liu et al. 2010) were used to make an RNAi

construct. Two pairs of primers UOD13A, UOD24A, and

UOD13B, UOD24B, located in the middle exons of the

broccoli GSL-ALK gene were used to amplify sense and

anti-sense fragments (427 bp) with cDNA. An intron was

amplified with two primers, INT5 and INT6, designed with

the sequence of the PDK intron in pHellsgate 8 vector

(Fig. 2a). These three amplified fragments GSL-ALK sense,

PDK intron and GSL-ALK anti-sense, were inserted into the

modified binary vector pBI121U to have an RNAi con-

struct 35S::UOD (Fig. 2b). All primers were synthesized

by Invitrogen, Toronto, Canada (Table 1).

A procedure similar to that described by Nour-Eldin et al.

(2006) was used to assemble the RNAi construct. The 50

universal uracil primer tails were ‘‘50 -GGAGTTAAU?’’

and ‘‘50 -GGTCTTAAU?’’ that were added to the forward

primers UOD13A and UOD13B. The 30 universal reverse

primer tails ‘‘50 -ACGAACAGGU?’’ and ‘‘50 -ATCCT

CTAGU?’’ in UOD24A and UOD24B were complementary

to the tails of two uracil-containing primers INT5 and INT6.

‘GCTGAGGAGTTAATTAAGACCTCAGC’ was inserted

into a binary vector pBI121 to produce the modified USER

binary vector pBI121U. The vector was prepared by digesting

with PacI and subsequent nicking by Nt.BbvCI (New England

Biolabs, Toronto, Canada) according to the USER cloning

method described by Nour-Eldin et al. (2006). Two GSL-ALK

gene fragments and the intron fragment were digested with a

USERTM enzyme (New England Biolabs, Toronto, Can-

ada).The inserts and the linearized vector DNA were incu-

bated for 20 min at 37 �C followed by 20 min at 25 �C and the
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Fig. 1 A model of the biosynthetic pathways of aliphatic glucosin-

olates in B. napus depicted on the basis of genetic analysis (Magrath

et al. 1993; Li et al. 2001; Liu et al. 2010). In this model, all aliphatic

glucosinolates are derived from methionine and classified into C3, C4

and C5 glucosinolates based on the length of side chains. GSL-

ELONG, GSL-PPO, GSL-OX, GSL-ALK and GSL-OH are the major

genes in the pathways detected in Brassica species. GSL-PRO is

involved in C3 side glucosinolates and GSL-ELONG, in C4 and C5

glucosinolates. GSL-OX and GSL-ALK modify all side chains, but

GSL-OH, only C4 and C5 side chains. All gene function is inferred

from genetic and transgenic analysis. Asterisks indicating that C3

glucosinolates were detected in new synthetic B. napus (Magrath

et al. 1993) and induced in transgenic B. napus with RNAi construct

of GSL-ELONG gene (Liu et al. 2010)
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hybridized product transformed into chemically competent E.

coli DH10B cells (Invitrogen Canada). The positive clones

were isolated and sequenced to confirm the accuracy of the

sequence. The recombination RNAi construct, named

35S::UOD, was electroporated into Agrobacterium tumefac-

iens strain GV3101.

Plant transformation and development of transgenic

plants

The protocol of B. napus transformation described by

Moloney et al. (1989) was used with modifications. Seeds

of a canola cultivar ‘Westar’ were surface-sterilized for

15 min in 4 % sodium hypochlorite, with 0.1 % Tween 20

added as a surfactant. Then the seeds were washed thor-

oughly with sterile distilled water and germinated on 1/2

MS medium (2.2 g l-1 MS basal medium) (SIGMA,

Canada) with 10 g l-1 sucrose. Hypocotyls were harvested

from 5 day old seedlings, cut into 4–6 mm pieces and

placed onto a pre-culture/co-culture MS medium (4.4 g l-1

MS basal medium) with 30 g l-1 sucrose, 1.0 mg l-1 2,4-D,

1.0 mg l-1 kinetin and 8 g l-1 agar. Incubation was

performed for 3 days at 25 �C to prepare explants for

transformation. Agrobacterium containing 35S::UOD was

Fig. 2 Structure of GSL-ALK in B. oleracea and RNAi construct.

a Gene structure of GSL-ALK in B. oleracea ((NCBI Accession no.

AY044424). Forward primers UOD13A and UOD13B and reverse

primers UOD24A and UOD24B used to amplify ALK gene fragments.

Forward primers INT5 and reverse primers INT6 used to amplify

PDK gene fragment from pHellsgate vector. b RNAi construct

35S::UOD contains the gene inserts amplified from the middle exon 2

of GSL-ALK, PDK as intron and 35S promoter. Two arrows are the

locations of primers 35SB inside the 35S promoter and INUP1 inside

the PDK intron part that were used to confirm transgenic individuals

Table 1 Primers used in experiments

Name of primer Forward primers, 50–30 Reverse primers, 50–30

Designing RNAi construct

UOD13A, UOD24A GGAGTTAAUAGCGAAACGATCCAGAAG ACGAACAGGUCATCAGCACCAACACTAG

UOD13B, UOD24B GGTCTTAAUAGCGAAACGATCCAGAAG ATCCTCTAGUCATCAGCACCAACACTAG

INT5, INT6 ACCTGTTCGUATTCGGTACCCCAGCTTG ACTAGAGGAUTCCCAACTGTAATCAATCC

Identify RNAi transgenic plants

35SB, INUP1 GAGGAGCATCGTGGAAAAAG TTTCCTTACCAAGCTGGG

Semi quantitative RT-PCR

ALKP1, ALKP2 TATTGATGACGATGCTAATGCC TCGATGATGTAATCTCCGTTTG

BRUBQ1, BRUBQ2 CGGATCAGCAGAGGTTGATCTT CCTGCAGTTGACAGCCCTTGG

INT5A, INT6A ATTCGGTACCCCAGCTTG TCCCAACTGTAATCAATCC
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grown overnight on a shaker at 28 �C in 50 ml LB broth

with 30 mg l-1 gentamicin and 50 mg l-1 kanamycin. The

bacterial cells were harvested and re-suspended in the same

volume of liquid hormone-free MS with 30 g l-1 sucrose.

The explants were collected and mixed thoroughly with a

tenfold dilution of Agrobacterium suspension of hormone-

free MS with 30 g l-1 sucrose. The excess liquid medium

was discarded and the explants were co-cultured with

Agrobacterium containing 35S::UOD on the pre-culture/

co-culture MS medium for 5 days. The explants were

transferred to SIM medium (MS with 30 g l-1 sucrose,

8 g l-1 agar, 3 mg l-1 6-benzylaminopurine, 1 mg l-1

zeatin, 5 mg l-1 silver nitrate, 0.5 g l-1 MES and

300 mg l-1 timentin and 20 mg l-1 kanamycin) to perform

selection of transformed cells. After a further 2 weeks of

incubation at 25 �C, the explants were sub-cultured to fresh

SIM medium. The first shoots were developed after

3–4 weeks. The proliferated green shoots were transferred

to SEM medium (MS medium with 20 g l-1 sucrose,

8 g l-1 agar, 0.5 mg l-1 6-benzylaminopurine, 150 mg l-1

phloroglucinol, 0.03 mg l-1 GA3, 0.5 g l-1 MES) and the

antibiotics as mentioned above for shoot elongation. The

elongated shoots were transferred to RIM medium (1/2 MS

medium containing 10 g l-1 sucrose, 0.5 mg l-1 IBA,

0.5 g l-1 MES and 300 mg l-1 timentin, 25 mg l-1 kana-

mycin). The rooted shoots were transferred to soil for

acclimatization and plants were grown till maturity to

harvest transgenic seeds (T1). Since the original trans-

formed material was the canola cultivar ‘Westar’ with low

concentration of glucosinolates (about 10 lmol g-1 seed).

The T1 plants were crossed with a doubled haploid (DH)

line DH241 in rapeseed with high concentration of gluco-

sinolates (about 100 lmol g-1 seed) to test the effect of

gene silencing in a genetic background of high glucosin-

olate concentration. The generated F1 transgenic plants and

F2 seeds from F1 transgenic plants were analyzed to

determine the effect of GSL-ALK gene silencing using

semi-quantitative RT-PCR, HPLC and LC-MS analysis

methods.

DNA extraction and PCR analysis

PCR was used to confirm the presence of the transgene in

the positive T0, T1 and F1 transgenic plants. Plant genomic

DNA was extracted using a CTAB (cety-trimethyl-

ammonium bromide) method described by Li and Quiros

(2003). The primer pair 35SB and INUP1 was used to

identify 35S::UOD RNAi transgenic plants. PCR reactions

were carried out in a 20 ll mixture at 94 �C for 3 min; 35

cycles of amplification at 94 �C for 1 min, 55 �C for

1 min, 72 �C for 1 min. PCR products were separated on

1 % agarose gel and sequenced to confirm that the inserts

were correct.

Southern blot analysis

Copy numbers of inserts were determined by Southern blot

analysis. Quantity and quality of genomic DNA was

measured by NanoDrop 2000 (Thermo Scientific, DE,

USA) with UV absorption at 260 nm. Seven micrograms of

DNA was digested with EcoRI restriction enzyme and

electrophoresed on 0.7 % agarose gel. DNA was trans-

ferred onto positively charged nylon membranes (Roche

Applied Science, IN, USA) by overnight capillary transfer

using 209 SSC buffer. The probe labelling was performed

using PCR DIG probe synthesis kit (Roche Applied Sci-

ence, IN) and primer pair INT5A and INT6A. Immobili-

zation of DNA to nylon membrane was performed by UV

radiation. Subsequent pre-hybridization, hybridization and

immunological detection were performed following the

procedure described by the DIG luminescent detection kit

(Roche Applied Science, IN).

Semi-quantitative RT-PCR analysis of GSL-ALK gene

expression

Semi-quantitative RT-PCR was used to analyze GSL-ALK

gene expression in F1 transgenic plants. RNA was extracted

from young leaves of F1 transgenic and non-transgenic

plants using TRIZOL (Invitrogen, Toronto, Canada). Total

RNA was used to synthesize single strand cDNA using

Superscript III reverse transcriptase kit (Invitrogen, Toronto,

Canada). Each 20 ll reaction mixture contained 50-100 ng

RNA, oligo (dT18) primers and other components according

to the manufacturer’s instructions. In semi-quantitative

RT-PCR, primers ALKP1 and ALKP2 covering the partial

coding region of the B. oleracea GSL-ALK gene were used to

check the gene expression in transgenic and non-transgenic

individuals and primers BRUBQ1 and BRUBQ2 were used

to amplify the brassica ubiquitin (UBQ) gene as a check. A

50 ll RT-PCR reaction was set up and run at 94 �C for

3 min; 36 cycles for amplification of GSL-ALK cDNA and

26 cycles for UBQ at 94 �C for 1 min, 55 �C for 1 min,

72 �C for 1 min. PCR products were visualized by electro-

phoresis on 1 % agarose gel and sequenced to confirm that

they were the correct ones. Quantification of RT-PCR

products was scanned and measured by an Alpha Innotech

digital gel documentation system and AlphaEase FC soft-

ware (Fischer Scientific, Ottawa, Canada). Primers were

listed in table 1.

Analysis of desulfoglucosinolates by LC-MS

Desulfoglucosinolates in seeds of an F1 individual of

transgenic line (DH241 9 UOD-20)-4 was analyzed on a

Varian 212-LC binary gradient LC-MS equipped with

PolarisTM C18 A column (100 mm 9 2.0 mm, 3 lM)
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(Varian Inc., CA, USA). The binary mobile phase system

consisted of solvent A, distilled water with 0.1 % formic

acid and solvent B, acetonitrile with 0.1 % formic acid at a

flow rate of 300 ll/min. For better separation of non-polar

and polar compounds, the following gradient elution pro-

gram was used: 0.01 min, 98:2 A/B; 8 min, 93:7 A/B;

12 min 85:15 A/B; 30 min, 45:55 A/B; 35 min, 8:92 A/B;

40 min, 8:92 A/B; 45 min, 98.5:1.5 A/B; 48 min, 98.5:1.5

A/B and 52 min, 100:0 A/B. The system was equilibrated

by running the above mobile phase for 15 min before

loading samples. Twenty microliter of desulphoglucosin-

olates samples were injected using an HTS Pal autosampler

(Varian Inc, CA, USA). For MS analysis, the flow was

diverted to a Varian 500 mass spectrometer LC Ion Trap

(Varian Inc., CA, USA) equipped with an electro spray

ionization (ESI) interface and configured for positive ion-

ization mode. The interface and MSD detector parameters

were set as follows: positive polarity capillary voltage

80 V, needle voltage 5,000 V, electron multiplier voltage

1,325 V, trap damping gas flow rate 0.8 ml/min, infusion

flow rate 20.0 ll/min, purge flow rate 200 ll/min, nebu-

lizer gas pressure 50 psi, drying gas pressure 30 psi, drying

gas temperature 350 �C, scan rage 110–700 m/z and scan

time 3.34 s/scan. Nitrogen was used as nebulizing and

drying gas. Data were processed and analyzed by Varian

MS workstation software.

Determination of profile and concentration

of glucosinolates in seeds

HPLC was used to identify the profile and concentration of

glucosinolates in seeds from T0 and F1 transgenic and non-

transgenic plants. Two hundred mg of seeds were ground in

liquid nitrogen. Total desulfoglucosinolates were extracted

and purified using Sephadex/sulfatase protocols as previ-

ously described (Kliebenstein et al. 2001) with some

modifications. Fifty microliters of desulfoglucosinolate

extract was injected into a 5-mm column (Lichrocart 250–4

RP18e, Fisher Scientific, Ottawa, Canada) on a Waters

HPLC. Desulfoglocosinolates were detected at 229 nm.

The running program was an 8-min gradient from 1.5 to

7.0 % (v/v) methanol, a 4-min gradient from 7 to 15 % (v/v)

methanol, a 18-min gradient from 15 to 55 % (v/v) meth-

anol, a 5-min gradient from 55 to 92 % (v/v) methanol,

5 min at 92 % (v/v) methanol, a 5-min gradient from 92 to

1.5 % (v/v) methanol, 3 min at 1.5 % (v/v) methanol and

final 4 min at 0 %(v/v) methanol. All desulfoglucosinolate

absorbance data (measured at 229 nm) were converted to

micromoles glucosinolates per gram dry weight seeds

using response factors determined from the purified stan-

dards for each of the glucosinolates (Vinjamoori et al.

2004).

Results

Development of transgenic plants and altered seed

glucosinolate concentration in transgenic canola

A canola cultivar ‘Westar’ was transformed with an RNAi

construct through Agrobacterium-mediated method. Over

40 T0 transgenic plants were identified using 35SB and

INUP1 primers. Most transgenic plants did not show mor-

phological changes and set seeds, except for a few plant.

The T1 seeds were harvested from 28 independent trans-

formants and seed glucosinolates were analysed using

HPLC. Among these T1 seeds, eighteen transgenic lines

contained detectable glucoraphanin concentration, ranging

from 0.1 to 0.98 lmol g-1 (Supplementary material S1).

The ratio of glucoraphanin to progoitrin, however, varied

considerably. The highest ratio of glucoraphanin to pro-

goitrin in the T1 seeds of transgenic line UOD-20 was 0.31

and others ranged from zero to 0.23. Therefore, the different

concentration of a new detectable glucosinolate component

glucoraphanin and ratio of glucoraphanin to progoitron in

T1 seeds of transformants implied different effect of GAL-

ALK gene silencing. The B. napus canola cultivar contains

low concentrations of glucosinolates, making it difficult to

detect glucosinolate changes. The copy numbers in eight

transgenic lines were determined through PCR amplifica-

tion of gene inserts with the primer pair 35SB and INUP1

(Supplementary material S2). Transgenic and non-trans-

genic individuals in six transgenic lines fitted a ratio of 3:1,

suggesting that there was one T-DNA insert in each line,

while in other two lines, they fitted a ratio of 15:1, sug-

gesting that there were two copies of T-DNA inserts. To

determine the effect of GSL-ALK gene silencing on the

genetic background of high glucosinolate concentration,

one T1 line UOD-21 with two copies of T-DNA inserts and

two T1 lines UOD-18 and UOD-20 with a single copy of

T-DNA insert were used. These three T1 lines displayed

different concentrations of glucoraphanin and the ratio of

glucoraphanin to progoitrin were selected to cross with the

DH 241, a DH line with high concentration of glucosino-

lates (approximately 100 lmol g-1 seed). The generated F1

transgenic lines, UOD-21 9 DH241, UOD-18 9 DH241

and DH241 9 UOD-20 and the history of development of

transgenic plants was presented in Supplementary material

S3. Seeds from those F1 transgenic plants were analyzed to

further determine the effect of GSL-ALK gene silencing.

The copy numbers of inserts in these three crosses were

confirmed by Southern blot analysis (Fig. 3). The results

were the same as those obtained by analysis of segregation

ratio through amplification of inserts. Two transgenic lines

UOD-18 and UOD-20 contained one copy of insert while

two copies of inserts in the transgenic line UOD-21 was

confirmed.
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Semi-quantitative RT-PCR analysis of GSL-ALK gene

expression

To determine the effect of GSL-ALK gene silencing, thir-

teen F1 individuals, including three transgenic individuals

as biological repeats within each F1 transgenic lines (UOD-

21 9 DH241, UOD-18 9 DH241 and DH241 9 UOD-20)

and four non-transgenic individuals as negative control,

were analyzed. The F1 transgenic individuals were con-

firmed through amplification of the T-DNA inserts. The

expression of the GSL-ALK genes in nine transgenic indi-

viduals of three transgenic lines and four non-transgenic

individuals was analyzed using semi-quantitative RT-PCR.

The results showed that the expression levels of the GSL-

ALK genes in non-transgenic plants was relatively high,

and in the transgenic plants, dramatically reduced, sug-

gesting that the gene silencing was very effective (Fig. 4

and Supplementary material S4).

HPLC and LC-MS analysis for identification

of glucosinolates

To identify the glucosinolate components, the (F2) seeds of

F1 transgenic individual (OUD20 9 DH241)-D and non-

transgenic individual were analyzed using HPLC. Com-

pared with non-transgenic individuals, the (F2) seeds of the

F1 transgenic plant produced a new glucosinolate peak

while other peaks were common between transgenic and

non-transgenic individuals (Fig. 5). To accurately analyze

the changes in glucosinolates, extracted desulfoglucosino-

lates were analyzed with LC-MS. Individual glucosinolates

were identified on the basis of their [M ? H]? and

[M ? Na]? ions. In LC-MS spectra of desulfoglucosino-

lates in seeds of an F1 transgenic individual (DH241 9

UOD-20)-D, the [M ? Na]? ions were m/z 332 desulfo-

progoitrin, m/z 380 desulfoglucoraphanin, m/z 394 desul-

foglucoalyssin, m/z 316 desulfogluconapin, m/z 364

desulfoglucoerucin, and the [M ? H]? ion was m/z 385

4-hydroxy-desulfoglucobrassicin (Fig. 5c). Besides these

major peaks, a few other peaks detected such as desulfo-

gluconapoleiferin, desulfoglucobrassicanapin and desul-

foglucobrassicin. The results showed that the new

component of glucosinolate desulfoglucoraphanin was

dramatically induced in seeds of the transgenic F1 plant

compared to non-transgenic F1 plants, which confirmed the

effect of the GSL-ALK gene silencing.

Determination of seed glucosinolate concentration

in transgenic rapeseed

Seed glucosinolates of F1 transgenic plants were analyzed by

HPLC. The seeds (F2) harvested from three F1 transgenic

lines UOD-21 9 DH241, UOD-18 9 DH241 and DH241 9

UOD-20, 4-6 individuals within each transgenic line were

considered replicates and three non-transgenic F1 individu-

als were used as negative controls. ANOVA was performed

and the results showed that the concentration of seed gluc-

osinolates of three F1 transgenic lines was significantly

different to the negative control (Fig. 6). Glucoraphanin was

produced in all F1 transgenic individuals. The average

concentration of glucoraphanin in the seeds from F1 trans-

genic lines UOD-21 9 DH241, UOD-18 9 DH241 and

DH241 9 UOD-20 was 15.1, 19.2 and 42.6 lmol g-1 seed,

respectively. The highest glucoraphanin concentration

(57.4 lmol g-1 seed) was detected in one F1 individual

(DH241 9 UOD-20)-D (Table 2). In the F1 transgenic line

DH241 9 UOD-20, the average ratio of progoitrin to

glucoraphanin was about 0.65, indicating that the concen-

tration of glucoraphanin was higher than that of progoitrin.

Moreover, in these F1 individuals derived from the transgenic

line UOD-20, the reduction of progoitrin and the increase of

glucoraphanin, glucoalyssin and glucoerucin concentration

were statistically significantly different to the other two

transgenic lines UOD-18 and UOD-21. It was suggested that

RNAi effects in transgenic line UOD-20 were stronger than in

the other two transgenic lines. The concentrations of pro-

goitrin, gluconapoleiferin and glucobrassicanapin were dra-

matically reduced, whereas glucoraphanin, glucoalyssin and

glucoerucin increased dramatically in all transgenic rapeseed

lines (Fig. 6). However, gluconapin was reduced only in the

UOD-20 derived individuals, and the average concentrations

of gluconapin in transgenic UOD-21 9 DH241, UOD-18 9

DH241 lines were similar to that of negative controls, sug-

gesting reduction of gluconapin occurred only when gene

silencing was stronger. The levels of gene silencing effects

1 2 3 4 5 6 7 8

Fig. 3 Southern blot analysis of F1 plants of three tranformant and

non-tranformant crosses. Genomic DNA was digested with EcoRI and

probed with PDK intron fragment obtained by PCR DIG labeling

reaction. Lane 1 UOD-18 9 DH241 (single copy); 2 DH241 9 UOD-

20 (no insert); 3 DH241 9 UOD-20 (single copy); 4 UOD-

21 9 DH241 (single copy); 5 UOD-21 9 DH241 (two copies); 6
DH241 (control); 7 UOD-18 9 DH241 (no insert); 8 DH241 9

UOD-20 (single copy)
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are considered to be insertion position effect. The results

indicated that the glucosinolates in up-stream were enriched,

most glucosinolates, especially progoitrin in down-stream

were reduced when the biosynthetic pathway of aliphatic

glucosinolates was partially blocked by silencing the GSL-

ALK genes. It further confirmed that silencing the GSL-ALK

genes was achieved very effectively.

Discussion

All brassica species have relatively high levels of gene

duplication and gene functional redundancy. Therefore, it

is difficult to knock out all members of a gene family to

create a non-functional mutant with desired traits. To

enrich glucoraphanin concentration, it is necessary to block

the chain modification of aliphatic glucosinolate biosyn-

thesis, that is, to knock out or knock down all GSL-ALK

genes. According to the published literature, there are two

to four members of the AOP gene family in B. oleracea

(Gao et al. 2004) and two mapped loci in the A genome of

B. rapa (Lou et al. 2008). Actually, when using the whole

genome sequence of B. rapa available at the website

http://brassicadb.org/brad/, three loci and five members of

GSL-ALK homologs were identified after blasting the

whole B. rapa genome sequence with the B. oleracea GSL-

ALK gene (NCBI Accession no. AY044424). Two loci on

R3 and R9 and each containing two members might cor-

respond to the two loci mapped previously (Lou et al.

2008). One locus on R5 with single copy was also
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Fig. 4 A Semi-quantitative RT-PCR analysis of GSL-ALK gene

expression in F1 RNAi transgenic and non-transgenic plants. ALK
gene expression showed down-regulated expression in the RNAi

transgenic lines. a Panel 1 PCR amplification products of genomic

DNA of RNAi inserts in crosses of rapeseed and RNAi transgenic

canola lines with primers S35B and INDOWN1; panel 2 semi-RT-

PCR products of GSL-ALK gene cDNA in the same set of samples as

in panel 1 with primers ALKP1 and ALKP2; panel 3 RT-PCR

products of ubiquitin cDNA as a check. Lanes 1–4 four negative

controls of non-transgenic F1 individuals; lanes 5–13, three lanes

within each transgenic F1 individuals, UOD-21 9 DH241 (lanes
5–7), UOD-18 9 DH241 (lanes 8–10), DH241 9 UOD-20 (lanes
11–13). B Quantification of GSL-ALK gene transcripts in the RNAi

transgenic lines and non-transgenic controls was scanned in Alpha-

Imager HP and measured AlphaImager EP Software. The error bars
indicating SE from three or four repeats. Double asterisk indicates

changes that are highly significantly difference (p \ 0.01) compared

to the negative controls
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identified (unpublished data). Therefore, there are five

members of the AOP gene family in B. rapa, two to four

members of the AOP gene family in B. oleracea (Gao et al.

2004), and nine members of the AOP gene family in

B. napus. Since there is no mutant of the GSL-ALK gene

family that has ever been found in other brassica species

except in broccoli and purple cauliflower of B. oleracea,

glucoraphanin has not been detectable in most brassica

species including B. rapa, B. napus and B. juncea, from

which dozens of vegetables are commonly cultivated

globally. B. napus vegetables such as rutabaga and swede

are mainly consumed in Japan and China, whereas B. rapa

vegetables are more popular worldwide. Since B. rapa is

recalcitrant to Agrobacterium-mediated transformation, it

is feasible to have transgenes in B. napus and then to

introduce transgenes easily from B. napus to B. rapa

through interspecific hybridization and gene introgression.

In this report, RNAi of the GSL-ALK gene family in

B. napus leads to the reduction of progoitrin and increase

of glucoraphanin, that is, the reduction of a toxic gluco-

sinolate and the enrichment of a cancer-preventive com-

pound in the RNAi transgenes. Glucoraphanin was

increased to a relatively high level in some transgenic

individuals and progoitrin was reduced by about 60 %.

Thus, the GSL-ALK RNAi transgenic rapeseed with high

concentration of glucoraphanin might be grown as sprouts

(Shapiro et al. 2006) or made into health supplements for

human consumption to capture the cancer preventive effect.

The RNAi effects varied in different transgenic plants.

The positional effects of trangenes might be important and

relatively large transgenic populations are essential to

identify the best transgenic plants that have the beneficial

trait for practical use. The copy numbers in transgenic

plants might have less effect than positional effect accord-

ing to the results of seed glucosinolates in T1 and F1 gen-

erations (Table 2, Supplementary material S1 and S2) since

the transgenic line UOD20 with single copy T-DNA insert

produced highest concentration of glucoraphanin in seeds of

the F1 plants. From the twenty-eight transgenic individuals

that were generated, the best transgenic line that was

identified contained approximately 60 % reduction of pro-

goitrin. Therefore, there is potential to reduce progoitrin

concentration and increase glucoraphanin in B. napus

through production of more transgenic plants. The sequence

of different genes in the same family and their expression

levels and functionality are diverse. Another strategy is to

have double RNAi transgenic plants since one construct

might not be enough to silence all related gene members.

The current rapeseed DH line contains approximately

100 lmol g-1 seed of total glucosinolates and transgenic

plants with about 40 lmol g-1 seed glucoraphanin were
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Fig. 6 Glucosinolate concentrations in seeds of F1 transgenic lines

UOD21 9 DH241, UOD18 9 DH241, DH241 9 UOD20 and F1

non-transgenic negative control. Asterisks (1) progoitrin; (2) gluco-

raphanin; (3) gluconapoleiferin; (4) glucoalyssin; (5) gluconapin; (6)

hydroxy-glucobrassicin; (7) glucobrassicanapin; (8) glucoerucin; (9)

glucobrassicin. Data were subjected to statistical analysis by analysis

of variance (ANOVA) with Duncan’s multiple range test (p = 0.05 or

0.01) in software SPSS v13.0. Bars represent SE (n [ 3). Different
letters in a column show significant differences (p \ 0.01)

Fig. 5 HPLC chromatograms of desulfoglucosinolates in seeds of F1

non-transgenic and transgenic individuals and MS spectra of desul-

foglucosinolates in seeds of an F1 transgenic individual

(DH241 9 UOD-20) in B. napus. a HPLC profile in an F1 individual

(B. napus rapeseed DH241 9 canola ‘Westar’); b HPLC profile in an

F1 transgenic individual (DH241 9 UOD-20); peak 1 Desulfopro-

goitrin (C4); peak 2 desulfoglucoraphanin (C4); peak 3 desulfoglu-

conapoleiferin (C5); peak 4 desulfoglucoalyssin (C5); peak 5
desulfogluconapin (C4); peak 6 hydroxy-desulfoglucobrassicin; peak
7 desulfoglucobrassicanapin (C5); peak 8 Desulfoglucoerucin (C4);

peak 9 desulfoglucobrassicin. c MS spectra of desulfoglucosinolates

in seeds of an F1 transgenic individual (DH241 9 UOD-20) in B.
napus. Dominant ions at m/z 332, 380, 346, 394, 316, 385, 330, 364

and 391 in MS spectra 1–9 correspond to desulfoglucosinolates with

the same numbers in HPLC profiles of F1 transgenic individual

b
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produced. In broccoli, glucoraphanin concentration is

about 20 lmol g-1 DW of head tissue (Kushad et al. 1999)

and 70 lmol g-1 seed (Velasco and Becker 2000).

Through selection for high concentration glucosinolates, it

may be possible to increase glucoraphanin concentration

further if the selected rapeseed contains higher glucosino-

lates than the DH line used in this study. Therefore, it is

possible to produce B. napus that contains higher concen-

tration of glucoraphanin as health vegetables than broccoli.

Additionally, when seeds and sprouts are manufactured as

health-supplementary food, it is much easier to produce

large quantities of B. napus seeds than broccoli.

RNAi of the GSL-ALK gene family in B. napus did not

show much change in total glucosinolates’ concentration in

either the low glucosinolate background of canola or the

high glucosinolate background of rapeseed. This is

advantageous for the enrichment of glucoraphanin through

silencing of GSL-ALK gene family. According to the lit-

erature, knock-out and knock-down of transcription factors

MYB28, MYB29 and MYB76 in the biosynthetic pathways

lead to reduced aliphatic glucosinolates (Gigolashvili et al.

2007; Sønderby et al. 2007) and in the double mutants of

MYB28/MYB29, the gene expression of MAM1 and MAM3

controlling side chain elongation are significantly down-

regulated (Beekwilder et al. 2008). Moreover, cytochrome

P450 monooxygenases coded for by CYP79F1, CYP79F2

and CYP83A1 are involved in the formation of oldoxime

and knock out mutant of CYP79F1 nearly eliminated

all short chain aliphatic glucosinolates in Arabidopsis

(Reintanz et al. 2001). Therefore, manipulation of these

transcription factors, side chain elongation and cytochrome

P450 genes might change the total concentration of ali-

phatic glucosinolates. However, since the GSL-ALK genes

function in the modification step of alkenyl to alkyl gluc-

osinolates (Fig. 1), their silencing might not affect the

expression of B. napus genes homologous to those Ara-

bidopsis transcription factors, side chain elongation and

cytochrome P450 genes mentioned previously. Interest-

ingly, gene silencing of the GSL-ELONG homologous to

Arabidopsis MAM1 resulted in dramatic reduction of 4C

and 5C aliphatic glucosinolates and induction of 3C side

chain aliphatic glucosinolates (Liu et al. 2010), suggesting

that the regulation of aliphatic glucosinolates’ biosynthesis

in B. napus is quite complex.
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