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Summary
Glucosinolate content in the two major oilseed Brassica crops—rapeseed and mustard has been

reduced to the globally accepted Canola quality level (<30 lmoles/g of seed dry weight, DW),

making the protein-rich seed meal useful as animal feed. However, the overall lower

glucosinolate content in seeds as well as in the other parts of such plants renders them

vulnerable to biotic challenges. We report CRISPR/Cas9-based editing of glucosinolate

transporter (GTR) family genes in mustard (Brassica juncea) to develop ideal lines with the desired

low seed glucosinolate content (SGC) while maintaining high glucosinolate levels in the other

plant parts for uncompromised plant defence. Use of three gRNAs provided highly efficient and

precise editing of four BjuGTR1 and six BjuGTR2 homologues leading to a reduction of SGC from

146.09 lmoles/g DW to as low as 6.21 lmoles/g DW. Detailed analysis of the GTR-edited lines

showed higher accumulation and distributional changes of glucosinolates in the foliar parts.

However, the changes did not affect the plant defence and yield parameters. When tested

against the pathogen Sclerotinia sclerotiorum and generalist pest Spodoptera litura, the GTR-

edited lines displayed a defence response at par or better than that of the wild-type line. The

GTR-edited lines were equivalent to the wild-type line for various seed yield and seed quality

traits. Our results demonstrate that simultaneous editing of multiple GTR1 and GTR2

homologues in mustard can provide the desired low-seed, high-leaf glucosinolate lines with an

uncompromised defence and yield.

Introduction

The allopolyploid Brassica species, Brassica napus (commonly

referred to as rapeseed) and B. juncea (referred to as mustard)

have emerged as significant oilseed crops due to increasing

demand for edible oils globally. The seed meal left after oil

extraction is rich in proteins and a promising substitute for

soybean-based protein feed for livestock (Gatrell et al., 2014).

However, the presence of a high amount of glucosinolates in the

seeds, and in addition, their hydrolysis products in the seed meal

reduces the value of the meal as it is unpalatable and harmful,

particularly to swine and poultry (Bell et al., 2018; Cartea and

Velasco, 2008). Reducing the seed glucosinolate content (SGC) to

the Canola-quality level of <30 lmoles per gram of dry seed

weight (DW) has been a major breeding objective in rapeseed and

mustard (Potts et al., 1999; Raymer, 2002; So and Duncan,

2021).

All the area under rapeseed, mostly in the sub-temperate

regions of the world, is sown with Canola quality varieties and

hybrids. Low glucosinolate content in all parts of the Canola

quality lines makes them vulnerable to pests and requires the

application of pesticides for the protection of the crop (Milovac

et al., 2017; Sekulic and Rempel, 2016; Zheng et al., 2020). The

increasing cost and restrictions on the use of some of the

insecticides, particularly in Europe, and declining insecticide

efficacy have threatened the overall production of rapeseed,

worldwide (Insecticide Resistance Action Group, 2019).

Mustard is mostly grown in the Indian subcontinent in semi-

arid agroecologies and is a potential crop for many other regions

with limited water availability. Canola quality low glucosinolate

lines have been available in mustard for quite some time (Burton

et al., 2004; Love et al., 1990; Ramchiary et al., 2007). However,

large-scale cultivation of these lines has not been possible in the

Indian subcontinent due to their higher vulnerability to some of

the known insect pests of mustard and some generalist pests that

have not been reported to feed on the high glucosinolate

varieties.

Glucosinolates and their hydrolysis products are the key

arsenals of Brassicaceae family members against invading pests

and pathogens (Clay et al., 2009; Halkier and Gershenzon, 2006;

Hopkins et al., 2009). While lowering the SGC for increasing the

nutritional value of the Brassica seed meal, a concomitant

reduction of glucosinolates in the whole plant needs to be

avoided. Pioneering work on the model species Arabidopsis

thaliana showed that glucosinolates are synthesized in leaves and

silique walls (source tissues) and translocated to the seeds (sink
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tissues) through the involvement of two related but distinct

glucosinolate transporters, GTR1 and GTR2 (Nour-Eldin et al.,

2012). Analysis of the glucosinolate content of seeds from gtr1

and gtr2 single mutants showed a 48 � 11% reduction in total

glucosinolate levels in seeds of the gtr2mutant, whereas the seed

glucosinolate content in the gtr1 mutant was not significantly

different from that in the wild-type plants. However, the total

glucosinolate content of seeds in the gtr1gtr2 double mutant was

reduced to below detection limits. The loss-of-function of GTR1

and GTR2 was accompanied by approximately 10-fold increased

accumulation of methionine-derived aliphatic glucosinolates in

the leaves and silique walls and highly altered distribution of

glucosinolates within the leaf (Madsen et al., 2014; Nour-Eldin

et al., 2012; Xu et al., 2019). Additionally, the gtr1gtr2 double

mutant plants exhibited morphological penalties, reduced seed

size and seed weight compared to the wild-type seeds.

In comparison to A. thaliana, the allopolyploid B. juncea (AABB)

and B. napus (AACC) contain multiple homologues of both GTR1

and GTR2 genes (Nour-Eldin et al., 2017; Tan et al., 2022). The

genome of B. juncea contains six homologues of GTR1 and a

similar number of GTR2 homologues (Nambiar et al., 2021).

Nour-Eldin et al. (2017) developed B. juncea lines containing

mutations by TILLING in four out of the six GTR2 homologues.

The four gene mutant contained 44 � 11 lmoles/g DW of

glucosinolate in the seeds, a 60% reduction from the content in

the wild-type seeds, which was more than the Canola quality

level of 30 lmoles/g DW. However, no information was provided

on the leaf and silique wall glucosinolate content, morphology,

and agronomic performance of the GTR2 quadruple mutants.

In two recent reports, GTR2 homologues of B. napus have

been mutated by CRISPR/Cas9-based gene editing. Tan

et al. (2022) identified BnaC02.GTR2 by association mapping as

the key homologue regulating seeds glucosinolate transport.

Editing of BnaC02.GTR2 along with three other GTR2 homo-

logues resulted in a significant lowering of the SGC. However,

null mutations in the four GTR2 homologues also resulted in a

significant reduction in the leaf glucosinolate content (LGC),

1000 seed weight, seed size, changes in amino acid and sugar

accumulation, and fatty acid composition in the seeds. In

contrast, He et al. (2022) showed that loss-of-function mutation

in the sole BnaA06.GTR2 (an orthologue of the BnaC02.GTR2

mutated by Tan et al., 2022) could significantly reduce the SGC;

however, no information was provided on the LGC. A

significantly lower-than-normal amount of glucosinolate content

was observed in the developing silique walls of the three progeny

plants of the GTR2-mutated B. napus line. However, the two

studies where a single GTR2 gene or four different GTR2

homologues were mutated did not provide the desired low SGC,

high LGC plants with normal growth and yield.

Based on the earlier work on glucosinolate transporters in A.

thaliana and the polyploid nature of B. juncea, we initiated our

study with the hypothesis that both GTR1 and GTR2 family genes

will have to be mutated to develop low SGC lines in B. juncea.

Whether such plants will have normal glucosinolate levels in other

parts of the plant for an uncompromised defence and normal

yield was an open question. We used the CRISPR/Cas9 system for

targeted editing of multiple BjuGTR1 and BjuGTR2 homologues in

B. juncea to generate lines that contained SGC below the Canola

quality threshold (<30 lmoles/g DW). The transgene-free GTR-

edited low SGC lines were identified and evaluated for tissue-

specific glucosinolate accumulation and distribution in source

tissue, seed yield-influencing traits, and defence against a major

necrotrophic pathogen of mustard—Sclerotinia sclerotiorum and

a generalist pest—Spodoptera litura. Our report presents a

breakthrough in the breeding of oilseed mustard for improved

oil and seed-meal quality without compromising the protection

provided by glucosinolates to the plant.

Results

Selection of gRNAs targeting multiple BjuGTR1 and
BjuGTR2 homologues and development of GTR-edited
B. juncea lines

A high-seed glucosinolate containing B. juncea line Varuna, a

mega variety belonging to the Indian gene pool of mustard, was

selected for gene editing. The genome of B. juncea cv. Varuna

contains six functional homologues each of the GTR1 and GTR2

genes (Nambiar et al., 2021; Paritosh et al., 2021). To achieve a

strong reduction of SGC, we aimed for the simultaneous

targeting of most of the BjuGTR1 and BjuGTR2 homologues.

Scanning of BjuGTR homologues in CRISPR-P V2.0 identified a

highly conserved 20 nucleotide (nt) region, from where three

guide RNAs (gRNA1, gRNA2, and gRNA3) were designed, which

altogether could target nine BjuGTR homologues with 100%

similarity while displaying one-two nt mismatch with BjuGTR2-B3

homologue (Figure S1). BjuGTR1-A3 and BjuGTR1-B3 showing

sequence divergence in their corresponding Protospacer Adjacent

Motif (PAM) sites (AGG to AGA) were not considered for editing

in the study as their expression levels were found to be relatively

lower than the other BjuGTR1 homologues (Nambiar et al.,

2021).

The target sites for gRNA1, gRNA2, and gRNA3 mapped to the

second exon of their respective BjuGTRs (Figure 1a), which

corresponds to the second transmembrane domain in the

encoded BjuGTR proteins (Figure S1). The three 20 nt sgRNAs

(PtAtU6-26-gRNA-scaffold) fragments targeting BjuGTR1 and

BjuGTR2 homologues were amplified separately (Figure S2) and

cloned in a PtCsVMV-SpCas9 containing binary vector to develop

GTR1::GTR2(GEd) construct (Figure 1b). B. juncea cv. Varuna was

transformed following an Agrobacterium-mediated genetic

transformation protocol described earlier (Augustine et al.,

2013). A total of 37 primary transformation events (hitherto

referred to as the T0 generation) were generated, and the seed

glucosinolate content (SGC) in the T1 seeds, collected from each

T0 event was estimated using HPLC. The SGC in the T1 seeds of

GTR1::GTR2(GEd) lines ranged from 6.21 to 145.88 lmoles/g DW

compared to 146.09 � 4.59 lmoles/g DW present in the wild-

type (WT) Varuna (Figure 2a; Table S1). Thirty out of 37 T0 events

displayed a significant reduction in the SGC, bringing it at par or

lower than the Canola quality standard of <30 lmoles/g DW. All

the major aliphatic glucosinolate fractions (sinigrin, gluconapin,

and glucobrassicanapin) were found to be significantly reduced in

the T1 seeds of the GTR1::GTR2(GEd) events compared to the WT

Varuna (Table S1).

Low SGC events exhibited loss-of-function mutations in
multiple BjuGTR1 and BjuGTR2 homologues

A strong reduction of SGC in GTR1::GTR2(GEd) events prompted

us to screen the CRISPR/Cas9-induced mutations in the target

BjuGTR homologues. A total of 22 representative T0 events were

selected for the screening of mutations in the BjuGTR1 and

BjuGTR2 homologues. Primers specific to each homologue were

designed to amplify the DNA segments spanning the gRNA target

site and the DNA sequence chromatogram of the amplicon was
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used to determine the mutation efficiency, mutation types, and

the zygosity of mutations observed for each BjuGTR homologue

using the ICE analysis tool. In all the 22 T0 events, the editing

frequency ranged from 86% to 100% for the nine BjuGTR

homologues, showing an overall mutation efficiency of >84%
(Figure 2b). The BjuGTR2-B3 displayed the lowest mutation

frequency (31.81%), which could be due to its mismatches with

the three gRNAs used. As is the characteristic of CRISPR/Cas9, all

the mutations detected were 3–4 nt upstream of the PAM site.

Around 90% of the mutations were found to be single nucleotide

insertions leading to frame-shift mutations (Figure S3, Table S2).

Biallelic homozygous (BHo) and biallelic heterozygous (BHt) were

the most frequent mutations observed in the BjuGTRs in the T0

events.

The mutation profile of all the BjuGTR homologues was

compared in T0 events having low SGC (17 events with <30
lmoles/g DW) and high SGC (five events with >70 lmoles/g DW).

Sequence analysis suggested that the lines with low SGC

exhibited frame-shift mutations in both the alleles of most of

the target BjuGTR1 and BjuGTR2 homologues, leading to a

complete abolishment of the gene function (Figure 2c; Table S2).

In the T0 events containing high SGC (L9, L24, L13, L32, and

L49), most of the BjuGTR2 homologues remained either unedited

or were in monoallelic (Mo)-edited condition (Figure 2c). Muta-

tion analysis thus suggested that simultaneous editing of multiple

BjuGTR1 and BjuGTR2 homologues led to low SGC meeting the

Canola quality standard.

The low SGC trait and CRISPR/Cas9-induced mutations
were inherited stably in the transgene-free GTR-edited
lines

The inheritance of low SGC trait was analysed in the T1

generation plants of 17 T0 events having low SGC. To identify

the transgene-free (Cas9-free) plants, the T1 progenies were

tested by painting the herbicide ‘Basta’ on the young leaves

followed by PCR analysis for the bar gene (Figure S4, Table S3).

Based on ‘Basta’ sensitivity analysis, transgene-free T1 progenies

could be identified for most of the low SGC events. A total of 270

T1 progenies were analysed for SGC in the T2 seeds, and almost

all progenies showed SGC <30 lmoles/g DW (Table S4). The low

SGC trait was found to be stably inherited in the transgene-free

lines, with some lines having SGC as low as 3.40 lmoles/g DW in

Figure 1 Genomic location of gRNA target sites and generation of GTR1::GTR2(GEd) construct. (a) Genomic localization of target sites of three gRNA viz.,

gRNA1 (targeting BjuGTR1-A1, BjuGTR1-B1, BjuGTR1-A2, and BjuGTR1-B2), gRNA2 (targeting BjuGTR2-A1, BjuGTR2-B1, and BjuGTR2-B2), and gRNA3

(targeting BjuGTR2-A2, BjuGTR2-A3, and BjuGTR2-B3) were designed from the second exon of the target BjuGTR genes. (b) T-DNA map showing SpCas9-

based BjuGTR1::GTR2(GEd) transformation construct used for targeting the BjuGTRs in B. juncea cv. Varuna. The three sgRNA fragments containing

gRNA1, gNRA2, and gRNA3 were cloned sequentially into the multiple cloning sites of pZP200debar:SpCas9 vector, containing the bar gene as the plant

selection marker.
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Figure 2 Glucosinolate content and mutation analysis of GTR-edited B. juncea lines. (a) Comparison of mean seed glucosinolate content (SGC) in T1 seeds

(lmoles/g DW) of the 37 primary transgenic (T0) events generated using BjuGTR1::GTR2(GEd) construct and in wild-type (WT) Varuna. The dotted line

represents the Canola quality limit of 30 lmoles/g DW. The amounts of total and individual glucosinolate fractions in T1 seeds are provided in Table S1. (b)

Mutation frequency and mutation efficiency recorded in different BjuGTR1 and BjuGTR2 homologues of 22 T0 events. The analysis was performed using

the ICE analysis tool v3.0 and data are provided in Table S2. (c) Analysis of BjuGTR editing pattern and genetic zygosity of the CRISPR/Cas9-induced

mutations in 22 GTR-edited T0 events. Different colour coding shows the functionality (based on mutation) in both the alleles of each BjuGTR homologue.

The true BHo, and BHt are marked in orange; unedited (wt/wt) alleles are in solid green; and a gradient of orange and green represents the case where one

of the alleles remained unedited (Mo) or has an in-frame mutation while reflecting the mutation efficiency.
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their T2 seeds. Overall, the mean SGC in the transgene-free GTR-

edited lines ranged from 17.72 to 30.46 lmoles/g DW in the T3

seeds, all below the Canola quality threshold (Figure 3a;

Table S5).

The lower SGC observed in the GTR-edited lines led us to

perform a detailed mutation analysis in the transgene-free T2

generation plants. A comparison of mutations between T0 and T2

plants suggested that mutations in the ten BjuGTR homologues

had acquired BHo status in the advanced generation plants,

suggesting that the CRISPR/Cas9-induced mutations followed a

Mendelian inheritance pattern (Tables S2 and S6). A total of 14

transgene-free low SGC lines with distinct mutations in the

BjuGTR1 and BjuGTR2 homologues were selected in the T2

generation and maintained by strict self-pollination (Figure 3b).

While most of the selected low SGC lines had loss-of-function

mutation alleles in BjuGTR1 and BjuGTR2 homologues, a few low

SGC lines contained in-frame mutations (shorter deletion in the

multiple of 3 nt) in a few BjuGTR1 (L18-6, L18-16, L34-3, L34-4,

and L47-1) homologues, suggesting that these lines could have

retained the GTR1 functionality in the edited lines. A few low

SGC lines (L47-1, L47-3, and L47-6) also contained in-frame

mutations in the BjuGTR2-B1 homologue. The CRISPR/Cas9-

induced mutations in the target BjuGTR1 and BjuGTR2 homo-

logues of two representative GTR-edited low SGC lines are

presented in Figure 3c,d.

GTR-edited lines displayed distinct glucosinolate profiles
in source and sink tissues during the early vegetative
stage

GTR1 and GTR2 have been shown in A. thaliana to be involved in

the bidirectional transport of glucosinolates during early vegeta-

tive growth from leaves to roots and vice versa (Andersen et al.,

2013; Chen et al., 2001). To investigate the effect of BjuGTR

editing on long-distance transport of glucosinolates, the leaf and

root glucosinolate content, and profile were analysed in 30-day-

old plants of the 14 GTR-edited low SGC T2 lines and compared

with the content and profile in WT Varuna. The total leaf

glucosinolate content (LGC) of GTR-edited lines ranged from

69.12 to 92.34 lmoles/g DW which was similar to or higher than

the LGC of WT Varuna (68.70 � 2.67 lmoles/g DW) (Figure 4a).

The concentration of the predominant aliphatic glucosinolates as

well as indolic and benzenic glucosinolates was found to be

increased in the young leaf of the GTR-edited low SGC lines

(Table S7).

A somewhat higher accumulation of leaf glucosinolates in

young leaves prompted us to compare the root glucosinolate

profile of the GTR-edited lines with that of the WT Varuna, in

30-day-old plants. The total root glucosinolate content (RGC) in

GTR-edited lines ranged from 24.94 to 40.67 lmoles/g DW,

somewhat similar to that present in the WT roots (40.45 �
1.71 lmoles/g DW) (Figure 4b). However, when individual

glucosinolate fractions were analysed, it was found that both

aliphatic and indolic glucosinolate pools were reduced by 0.22–
0.75 folds in the roots of the GTR-edited lines compared to the

WT plant (Table S8). Interestingly, the root-predominant

benzenic glucosinolate—gluconastrutiin (NAS) was found to

have a concomitant increase by 1.03–2.05 folds in the GTR-

edited low SGC lines over the level recorded in the WT roots

(14.97 � 1.32 lmoles/g DW), thereby compensating for the

total RGC in the GTR-edited lines to some extent. It can be

concluded that mutations in BjuGTR1 and BjuGTR2 homologues

have a significant effect on the bidirectional transport of

glucosinolates between roots and shoots in the GTR-edited B.

juncea lines.

GTR-edited lines had higher glucosinolate accumulation
in source tissues during the reproductive stage

The glucosinolate accumulation in source tissues was estimated

again when the plants of the selected events reached the

reproductive stage. Glucosinolate content was analysed in the

flag leaf of the 14 GTR-edited T2 lines, at the 2-month-old stage,

and compared with the WT Varuna plants at the same stage. The

LGC of the flag leaf in the low SGC lines ranged from 75.84 to

107.71 lmoles/g DW, which was significantly higher than that of

the WT Varuna (68.48 � 0.73 lmoles/g DW), with an over-

accumulation of the predominant aliphatic glucosinolates

(Figure 4c; Table S9).

The silique walls enclose the developing seeds and protect

them from pests and pathogens. Siliques are important source

tissues for glucosinolates that are transferred to the developing

seeds. We, therefore, estimated glucosinolate content in the

silique walls as well as in the developing green seeds of the 14

transgene-free GTR-edited T2 lines. The silique wall glucosinolate

content (SWGC) of the GTR-edited lines ranged from 33.57 to

63.54 lmoles/g DW, which was either similar to or higher than

the WT Varuna (37.87 � 1.36 lmoles/g DW) (Figure 4d;

Table S10). The developing green seeds accumulated significantly

lower amounts of glucosinolates (gSGC) in all the GTR-edited

lines compared to the WT plants (Table S11), suggesting an

impaired glucosinolate transport from the silique walls to the

developing seeds.

GTR-edited lines displayed uneven glucosinolate
distribution in mature leaves

GTRs in Arabidopsis have been found to affect the spatial

distribution of glucosinolates in the leaves (Madsen et al., 2014).

To investigate the effect of GTR-editing on glucosinolate distribu-

tion in the mature leaves, we picked eight out of 14 GTR-edited low

SGC T2 lines for detailed analysis. Leaves were dissected across the

two horizontal planes viz., the x-axis (margin, lamina, and midrib)

and the y-axis (tip, base, and petiole), and glucosinolate

concentrations were estimated in these regions using HPLC.

In the WT Varuna leaves, glucosinolates accumulated at almost

similar concentrations across the margin, lamina, and midrib

suggesting an active glucosinolate transport across the leaf

(Figure 5a). In comparison, in the GTR-edited low SGC lines, the

glucosinolate concentration across the x-axis leaf sections was

strikingly different from that in the wild-type leaves (Figure 5a;

Table S12). Glucosinolate concentration in the margin of GTR-

edited lines ranged from 164.10 to 226.54 lmoles/g DW,

significantly higher than in the WT Varuna (53.21 � 6.08

lmoles/g DW). We observed an interesting trend wherein

glucosinolate concentration in the margin of GTR-edited lines

having in-frame mutations in at least one BjuGTR1 homologue

(L18-16, L34-3, and L34-4; hereafter referred to as Category-I

(Ct-I) lines) ranged from 190.22 to 226.54 lmoles/g DW, which

was somewhat higher than the lines having mutations in all the

four BjuGTR1 homologues (L4-11, L4-15, L15-19, L30-13, and

L40-9; referred to as Ct-II lines) with glucosinolates ranging from

160.10 to 190.95 lmoles/g DW (Figure 5a). Similarly, the

glucosinolate concentration in leaf lamina in Ct-I (147.70–
189.20 lmoles/g DW) lines was significantly higher than the Ct-
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Avni Mann et al.2186

 14677652, 2023, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pbi.14121 by L

ibrarian/Info Scientist N
atl Inst O

f Plant G
enom

e R
es., W

iley O
nline L

ibrary on [29/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Figure 3 Analysis of the 14 transgene-free GTR-edited low SGC B. juncea lines in T2 generation. (a) Mean glucosinolate content in T3 seeds of 14 GTR-

edited lines along with wild-type (WT) Varuna. Mature seeds obtained from 8 to 12 T2 plants of each transgene-free event were analysed for glucosinolate

content (lmoles/g DW) using HPLC. The dotted line represents the Canola quality limit of 30 lmoles/g DW. Asterisk indicates statistically significant

differences between GTR-edited lines and WT seeds (two-tailed Student’s t-test, P ≤ 0.05). The individual glucosinolate data are provided in Table S5. (b)

Mutation pattern and genetic zygosity of the CRISPR/Cas9-induced mutations in 14 GTR-edited T2 plants. Different colour coding shows the functionality

of alleles for each BjuGTR homologue. The BHo and BHt mutations are marked in orange, unedited (wt/wt) alleles in solid green, and gradient of orange/

green are the cases where one of the alleles is either unedited (Mo) or has an in-frame mutation. ‘+’ and ‘�’ denote the number of nucleotides inserted or

deleted in both alleles. The mutation data in T2 lines are provided in Table S6. Sequence alignment showing the mutations at the target sites of well-

expressed (c) BjuGTR1 and (d) BjuGTR2 homologues of two representative GTR-edited low SGC lines.
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II (133.65–159.42 lmoles/g DW) lines and compared to that in

the WT plants (64.61 � 7.07 lmoles/g DW) (Figure 5a;

Table S12). In the leaf midrib, a marginal over-accumulation of

glucosinolate concentration was observed in the Ct-I lines

compared to the Ct-II lines and WT plants (Figure 5a; Table S12).

In the WT Varuna leaf, glucosinolates were distributed evenly

across the tip and base, whereas the petiole had significantly

lower glucosinolate concentration (Figure 5b). In comparison, the

glucosinolate concentration in the GTR-edited lines was found to

be highest at the leaf tip followed by the base and the petiole

(Table S13). The glucosinolate concentration in the tip of the Ct-I

lines (ranged from 184.95 to 209.43 lmoles/g DW) and Ct-II lines

(147.90–187.39 lmoles/g DW) were significantly higher than

that of the WT Varuna (72.20 � 2.55 lmoles/g DW) (Figure 5b).

Similarly, glucosinolate concentrations in the leaf base of Ct-I

(164.80–183.38 lmoles/g DW) and Ct-II (137.50–185.45 lmoles/

g DW) lines were significantly higher compared to that in the WT

Varuna plants (79.77 � 4.29 lmoles/g DW) (Figure 5b;

Table S13). The glucosinolate concentration in the petiole of

GTR-edited Ct-I and Ct-II lines was almost similar to the WT plants

(Figure 5b; Table S13). Thus, mutations in BjuGTR1 and BjuGTR2

homologues seem to have a significant effect on leaf glucosino-

late distribution in the GTR-edited B. juncea lines.

GTR-edited low-seed, high-leaf glucosinolate lines had
uncompromised defence response

The performance of transgene-free GTR-edited low-seed, high-

leaf glucosinolate lines, and WT Varuna was tested against a

broad-host range necrotrophic pathogen S. sclerotiorum and a

generalist pest Spodoptera litura. Low-leaf, low-seed glucosino-

late Varuna lines (DH-3325 and DH-2901) developed by marker-

assisted breeding (Bisht et al., 2009; Ramchiary et al., 2007) and a

BjuMYB28-RNAi line C3/15 developed earlier in our laboratory

(Augustine et al., 2013) served as controls. Detached young

leaves from 1-month-old plants were used for the pathogen and

pest assays under controlled conditions.

Forty-eight hours post S. sclerotiorum inoculation, the Canola

quality DH lines (LGC ranging from 0.25 to 0.34 lmoles/g DW)

and BjuMYB28-RNAi line (LGC 8.73 � 0.94 lmoles/g DW) had

significantly larger lesions as compared to the GTR-edited lines

(LGC ranging from 65.30 to 92.32 lmoles/g DW) and WT Varuna

(LGC 67.42 � 1.45 lmoles/g DW) (Figure 6a). The lesion areas in

Figure 4 Comparison of glucosinolate content and profile in different developmental tissues of the 14 transgene-free GTR-edited B. juncea lines. Bar plot

showing the mean glucosinolate content and profile (lmoles/g DW) in (a) young leaves (1-month-old plant); (b) root (1-month-old plant); (c) flag leaf (2-

month-old plant); and (d) Silique wall of the GTR-edited lines and wild-type (WT) Varuna plants. A total of 4–10 T2 plants were analysed and each bar

represents the mean glucosinolate content �SE estimated using HPLC. Different letters on top of the bars indicate significant differences in glucosinolate

content using Tukey’s post hoc test at P ≤ 0.05. Glucosinolate data in the young leaf, root, flag leaf, and silique wall are provided in Tables S7–S10

respectively. GSL, glucosinolate; DAS, days after sowing.
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the GTR-edited lines were either comparable to or less than the

WT Varuna (Table S14). The uncompromised defence response of

the GTR-edited lines against the tested pathogen infection was

quite in accordance with their LGC. The results showed that the

GTR-edited lines were similar to the WT plants in their defence

response while the low-seed, low-leaf Canola quality lines were

more susceptible to the pathogen.

We also tested the performance of the GTR-edited lines

against a generalist pest, S. litura using a no-choice insect

feeding assay, and the larval weight gain was determined at 6

and 9 days post-infestation (dpi). At 6 dpi, the larvae fed on the

GTR-edited lines showed either similar or lower weight gain

compared to the WT Varuna leaves; however, GTR-edited lines

performed significantly better than the low-seed, low-leaf

Canola quality breeding lines (Figure 6b; Table S15). This trend

remained consistent at 9 dpi, with differences in weight gain of

larvae inoculated on Canola quality DH lines becoming more

pronounced and statistically significant compared to that of

the WT Varuna and GTR-edited lines. As with the pathogen, the

GTR-edited lines had an uncompromised defence against the

insect pest.

GTR-edited lines had unaltered seed quality and yield-
related traits

The 14 transgene-free low-seed, high-leaf glucosinolate lines

were grown in a containment net-house along with the WT

Varuna. The major seed yield-related trait namely, the 1000 seed

weight (Tsw) of the GTR-edited lines was found to be similar to

Tsw of the WT Varuna (Figure 7a, Table S16). Mature seeds were

tested for various seed traits including oil content, protein

content, and fatty acid profile. No significant difference was

observed in the total oil content in the WT Varuna and the tested

GTR-edited lines (Figure 7b). The major fatty acid fractions namely

oleic acid (C18:1), linolenic acid (C18:3), and erucic acid (C22:1)

were also found to be unaltered in the GTR-edited lines compared

to the control plants (Table S16). The total protein content of the

GTR-edited low SGC lines ranged from 22% to 24%, marginally

higher than the WT Varuna seeds (Figure 7c). These results

together suggest that the GTR-edited low-seed, high-leaf

glucosinolate lines developed in this study performed at par with

the WT Varuna for the tested traits.

Discussion

Glucosinolates are the major defence compounds in species

belonging to the Brassicaceae family, including the Brassica

species belonging to the U’s triangle that are cultivated globally as

oilseed and vegetable crops. It is now well-established that seed

lacks the glucosinolates biosynthesis machinery and most of the

seed-bound glucosinolates are synthesized in reproductive organs

including silique walls and rosette (Jørgensen et al., 2015; Xu

et al., 2023). The most involved work on the glucosinolate

transport mechanism has been carried out on the model plant A.

thaliana where two genes, GTR1 and GTR2, were shown to be

involved with the transport of glucosinolates from source tissues

to the seeds (Nour-Eldin et al., 2012). Analysis of glucosinolate

content of seeds of Arabidopsis mutants showed that while the

gtr2 mutant could provide a 48 � 11% reduction in SGC, the

gtr1 mutant did not differ significantly from the WT Col-0 for

SGC (Nour-Eldin et al., 2012). However, in the gtr1gtr2 double

mutant, the SGC was reduced dramatically and was below the

detection limits.

Figure 5 Glucosinolate distribution in mature

leaves of GTR-edited low SGC B. juncea lines. The

mature leaf of eight representative GTR-edited

low SGC lines and wild-type (WT) Varuna was

dissected across the two horizontal planes viz., the

(a) x-axis (margin, lamina, and midrib) and (b) y-

axis (tip, base, and petiole) planes and

glucosinolate concentrations (lmoles/g DW) were

estimated using HPLC. Dashed lines on the leaf

photograph depict the dissected leaf parts. Each

bar represents mean glucosinolate concentration

and error bars (n = 6). Letters above-grouped

columns indicate statistically significant

differences within dissected leaves (one-way

ANOVA, P ≤ 0.05). Asterisk indicates statistically

significant differences between GTR-edited leaf

parts and the equivalent WT Varuna leaf part

(two-tailed Student’s t-test, P ≤ 0.05). For

individual glucosinolate data, see Tables S12 and

S13.

ª 2023 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 21, 2182–2195

CRISPR/Cas9 editing of GTR gene family in oilseed mustard 2189

 14677652, 2023, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pbi.14121 by L

ibrarian/Info Scientist N
atl Inst O

f Plant G
enom

e R
es., W

iley O
nline L

ibrary on [29/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Mutations in the Arabidopsis GTR1 and GTR2 genes also

resulted in substantial alterations in the glucosinolate distribution

pattern in the leaves and other vegetative parts. For instance, the

gtr1gtr2 mutant had low glucosinolate content in stem, roots,

and root exudates (Madsen et al., 2014; Xu et al., 2017, 2019),

and over-accumulation in the leaf tip (Madsen et al., 2014),

cauline leaves (Xu et al., 2019), and silique walls (Nour-Eldin et al.,

2012). Furthermore, gtr1gtr2 mutant plants also exhibited

morphological penalties including reduced seed size and seed

weight compared to the WT Col-0 plants (Nour-Eldin et al.,

2012). In Arabidopsis, it has been shown that the GTR1 has other

accessory roles including the phytohormones-mediated stamen

and root development (Kuo et al., 2020; Saito et al., 2015). Thus,

fine manipulation of glucosinolate transporters is critical for

eliminating the accumulation of anti-nutritional glucosinolates in

sink tissues, without affecting the overall distribution of defence

metabolite in other plant parts.

In comparison to Arabidopsis, the Brassica species belonging to

U’s triangle contain multiple homologues of the GTR1 and GTR2

genes (Nambiar et al., 2021; Nour-Eldin et al., 2017). It is now

well established that the three diploid genomes of Brassica U’s

triangle—B. rapa (AA), B. nigra (BB), and B. oleracea (CC) are

allohexaploids where the three sub-genomes, represented as LF,

MF1, and MF2, have undergone differential gene fractionation

with LF sub-genome retaining much larger repertoire of genes as

compared to the MF1 and MF2 sub-genomes (Cheng et al., 2013;

Lysak et al., 2007). However, all three genomes—AA, BB, and CC

have retained three homologues of both GTR1 and GTR2 genes,

whereas the three allopolyploids in the U’s triangle—B. juncea

(AABB), B. napus (AACC), and B. carinata (BBCC) contain six

homologues each of GTR1 and GTR2 (Nambiar et al., 2021).

Whether these genes have undergone sub-functionalization or

neo-functionalization in the extant Brassica species is not known.

Since the discovery of glucosinolate transporters in Arabidop-

sis, limited studies in Brassica crops have used GTR2 homologue(s)

as the key target for engineering the SGC. The loss-of-function

mutations (generated through TILLING) in four GTR2 homo-

logues, singly and in combination, were first tested in B. juncea

for reducing the SGC; however, lines having SGC within the

desired Canola quality level could not be obtained even in the

BjuGTR2 quadruple mutants (Nour-Eldin et al., 2017). Two recent

reports in B. napus demonstrated that CRISPR/Cas9-generated

loss-of-function mutations in one of four BnaGTR2 homologues

were not sufficient to achieve the ideal low-seed, high-leaf

glucosinolate phenotype (He et al., 2022; Tan et al., 2022).

Further, loss-of-function in GTR2 homologues was associated

with lower glucosinolates levels in leaf and silique walls and

impacted various seed metabolite traits negatively in the

BnaGTR2-edited B. napus lines. These studies have unequivocally

shown that achieving SGC below the Canola threshold level (<30
lmoles/g DW) is not possible by mutating only a subset of GTR2

homologues in rapeseed and mustard.

Our study demonstrates that simultaneous editing of multiple

homologues of the B. juncea GTR1 and GTR2 gene family

provides a desirable level of low SGC at par with the Canola

quality standard in oilseed mustard. CRISPR/Cas9-based multiplex

gene-editing construct used in our study could edit up to ten

BjuGTR homologues with very high mutation efficiency in the

polyploid B. juncea. The strategy led to complete loss-of-function

mutations in the target BjuGTR homologues and the development

of low SGC events in the first generation itself. Subsequently, a

large number of transgene-free B. juncea lines inheriting the

CRISPR/Cas9-induced mutations in multiple BjuGTR1 and

BjuGTR2 homologues could be achieved easily, which is another

example of the usefulness of the genome-editing technology

(Wolt and Wolf, 2018).

Despite the differences in the gene number, our study shows

that there are parallels between Arabidopsis and B. juncea while

having some differences. The mutations in BjuGTR1 and BjuGTR2

homologues provided a marginally increased accumulation of leaf

glucosinolates in the early vegetative stage of the GTR-edited B.

juncea lines. However, at the reproductive stage, 1.2–1.5-fold
over-accumulation of glucosinolates in the source tissues such as

flag leaves and silique walls was quite evident in the GTR-edited

Figure 6 Defence performance of GTR-edited low-seed, high-leaf

glucosinolate B. juncea lines. (a) The detached leaf assays of GTR-edited

lines against S. sclerotiorum under controlled conditions. One-month-old

leaves of wild-type (WT) Varuna, GTR-edited lines, doubled-haploid lines

(DH-3325, DH-2901), and a BjuMYB28-RNAi (C3/15) line were infected

with S. sclerotiorum and lesion areas (cm2) were recorded at 48 hpi. Data

represent the mean � SE (n ≥ 14) of the two independent experiments

conducted. Different letters on top of bars indicate significant differences

(P ≤ 0.05) using Tukey’s post hoc range tests. (b) Performance of

generalist pest S. litura on GTR-edited lines. Young leaves of the tested

lines were fed to the second instar larvae and the average weight gain of

the larvae was recorded on the sixth and ninth day post-infestation (dpi) in

a no-choice experimental design. Data represent the mean � SE (n ≥ 10)

of two independent experiments. Different letters on top of bars indicate

significant differences (P ≤ 0.05) across the lines for each time point, using

Tukey’s post hoc range tests. The data on pathogen and pest assays is

provided in Tables S14 and S15 respectively.
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lines. This was quite in contrast with the Arabidopsis, where

gtr1gtr2 mutants have a 10-fold increased accumulation of

methionine-derived aliphatic glucosinolates in the leaves and

silique walls (Nour-Eldin et al., 2012). Nonetheless, studies in both

Arabidopsis and polyploid B. juncea strengthen the fact that the

GTR1 and GTR2 genes play a critical role in transporting

glucosinolates from source tissues (silique walls and flag leaves)

to the seeds (sink). Further, our findings are in agreement with a

recent study in Arabidopsis which suggests that de novo synthesis

and transport within the reproductive tissues are sufficient to

supply the seeds with glucosinolates (Xu et al., 2023).

The impaired glucosinolate transport from the source to sink in

the GTR-edited B. juncea lines could turn the source (leaf) into a

permanent sink. Consequently, the leaf-synthesized aliphatic and

indolic glucosinolates may not be loaded in the phloem for

transport to the root, thus explaining their higher accumulation in

the leaf with a concomitant reduced accumulation in the roots of

the GTR-edited lines. A predominantly high concentration of

gluconasturtiin (NAS) in the GTR-edited lines is an interesting

observation. Since the targeted BjuGTR homologues are well

expressed in the 1-month-old root (Nambiar et al., 2021; Nour-

Eldin et al., 2017), the reduced transport of the root-synthesized

glucosinolate NAS towards the above-ground tissues in all

probability has led to a higher accumulation of NAS in the roots

of the GTR-edited lines compared to the WT Varuna. The low

volatility and hydrophobicity of the breakdown product of NAS

(2-phenyl-ethyl-isothiocynate) may make its over-accumulation

advantageous for the plant as it could reduce the below-ground

herbivore performance (van Dam et al., 2009; van Leur etal.,

2008).

Further, in the mature leaf of GTR-edited lines, a significantly

higher glucosinolate concentration in the leaf tip compared to the

petiole as well as in the leaf margin compared to the midrib was

also quite evident in our study. Our observations are quite in

agreement with the altered leaf glucosinolate concentrations

reported for the Arabidopsis gtr1gtr2 mutant (Madsen et al.,

2014), thereby confirming that GTR1 and GTR2 are involved in

the retention of glucosinolates at the base of the mature leaf and

are also required for proper intra-leaf distribution of glucosino-

lates along the vasculature and outer leaf perimeters (Jørgensen

et al., 2015). It seems plausible that due to the impaired BjuGTR1

and BjuGTR2 functions in the GTR-edited lines, the leaf-

synthesized glucosinolates are not loaded into the phloem and

remained in the apoplast of the leaf thereby leading to their

increased accumulation in the leaf margin as well as in the leaf

tip.

The differential distribution of glucosinolates in the mature leaf

of the GTR-edited lines, belonging to Ct-I and Ct-II types, is

another interesting observation in this study. The distinct

mutation profile in BjuGTR1 homologues between Ct-I and Ct-II

lines somewhat explains this variation. It is possible that due to

short in-frame mutations in Ct-I lines, a few functional BjuGTR1

homologues might provide the import of the apoplastic

glucosinolates back into the symplasm to some extent while

maintaining the intra-leaf glucosinolate distributions in these

lines. Nonetheless, the GTR-edited lines, having mutations in up

to ten BjuGTR homologues, can be segregated in the near future

work to identify the combinations of BjuGTR mutations that are

necessary to generate the agronomically viable low-SGC, high-

LGC lines with least impact on glucosinolate over-accumulation

and distribution in the source tissues.

Our work clearly demonstrates that simultaneous editing of

multiple BjuGTR1 and BjuGTR2 homologues, but not all, can

generate low-SGC, high-LGC mustard lines with uncompromised

defence and yield performance. We demonstrated the benefits of

the high-leaf glucosinolate content by testing the performance of

Figure 7 Performance of 14 transgene-free GTR-edited low-seed, high-

leaf glucosinolate lines for seed yield and quality parameters. Bar plot

showing the (a) 1000 seed weight (TSW, in grams), (b) Oil content (in %),

and (c) Protein content (in %) in T3 mature seeds of the GTR-edited low

SGC B. juncea lines in comparison with the wild-type (WT) Varuna. The

data represent the mean � SE of measurements from 8 to 12 T2 plants of

each transgene-free GTR-edited line. Different letters on top of the bars

indicate significant differences using Tukey’s post hoc test at P ≤ 0.05. The

seed yield and quality parameters of GTR-edited lines are provided in

Table S16.
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GTR-edited lines against a necrotrophic pathogen (S. sclero-

tiorum) and a generalist pest (S. litura). The high-leaf glucosino-

lates in the GTR-edited lines helped them to perform better or at

par with the WT Varuna against the tested pest and pathogen,

while displaying a significant advantage over the Canola quality

lines that have reduced glucosinolates in all parts of the plant. The

GTR-edited lines also performed at par with the wild-type plants

for their various seed-related parameters. It is proposed that the

presence of a few functional BjuGTR1 and BjuGTR2 homologues,

which were either non-targets or remained unedited in the GTR-

edited lines, did not allow a complete blockage of the

glucosinolate transport from and within the source tissues, which

might otherwise affect the plant growth and developmental

phenotypes as reported in the Arabidopsis gtr1 and gtr1gtr2

mutants (Kuo et al., 2020; Nour-Eldin et al., 2012; Saito et al.,

2015).

The strategy of simultaneous editing of both GTR1 and GTR2

homologues may also work in rapeseed where editing of only

GTR2 homologues has not provided the ideal low-SGC, high-

LGC plants (He et al., 2022; Tan et al., 2022). The

conventionally bred Canola quality lines of rapeseed have

become increasingly susceptible to generalist pests in Europe

and elsewhere leading to increased use of pesticides for crop

protection (Zheng et al., 2020). The recent discovery of

glucosinolate exporters (UMAMIT29, UMAMIT30, and UMA-

MIT31) in Arabidopsis could provide new opportunities to

improve the seed meal quality of the Brassica oilseed crops,

without disturbing the distribution of defence compounds in the

whole plant (Xu et al., 2023).

We earlier developed mustard lines with low SGC using

conventional breeding (Bisht et al., 2009; Ramchiary et al., 2007)

and RNAi-suppression of BjuMYB28 genes (Augustine et al.,

2013). However, the conventionally bred low SGC lines, due to

reduced glucosinolate accumulation throughout the plant have

been found to be vulnerable to heavy damage by termites,

generalist pests, birds, and herbivores. The multiple GTR-edited

lines reported in this study having Canola quality seed glucosi-

nolate content and uncompromised defence and yield could

prove to be a major breakthrough for mustard cultivation in the

Indian subcontinent and elsewhere where mustard is a potential

crop. Recently, India has adopted a conducive regulatory

framework for the genome-edited crops belonging to the SDN-

1 and SDN-2 categories. We could now carry out multisite trials of

the transgene-free low-seed, high-leaf glucosinolate mustard

lines developed in this study for their agronomical and defence

performance. The study will contribute immensely towards

developing ideal Canola quality lines with low SGC and high

LGC in the related Brassica oilseeds, thus raising their oil- and

seed-meal quality in the global market as well as reducing the

dependency on agrochemicals in rapeseed and mustard

cultivation.

Experimental procedures

Selection of gRNAs and generation of CRISPR/Cas9
construct

Full-length genomic sequences of GTR1 (BjuGTR1) and GTR2

(BjuGTR2) homologues from the B. juncea genome (Paritosh

et al., 2021) were used as queries to identify the 20 nt gRNAs

using CRISPR-P v2.0 (http://crispr.hzau.edu.cn/CRISPR2/). Three

gRNAs targeting a total of ten BjuGTR homologues were selected

based on maximum on-score and minimum off-targets while

containing 50 G and 30 NGG as PAM sequences for Streptococcus

pyogenes Cas9. To generate the sgRNA cassette, the 20 nt seed

sequence of gRNA was introduced between the AtU6-26

promoter and the scaffold in a two-step PCR reaction strategy,

using customized PCR primers (Table S17). In the first step, two

PCR reactions were performed to amplify the ‘promoter-gRNA’

and ‘gRNA-scaffold’ fragments, independently. In the second

step, the two fragments were linked through another round of

overlapping PCR to generate the AtU6-26 promoter:gRNA:

scaffold expression cassette (Figure S2).

The S. pyogenes wild-type Cas9 gene (SpCas9), driven by the

constitutively expressing Cassava Mosaic Virus (CsVMV) promoter

was cloned into the binary vector pZP200debar (Augustine et al.,

2013) containing the bar gene conferring resistance to herbicide

‘Basta’ (active ingredient phosphinothricin; Bayer, Germany) as a

selectable marker to develop the pZP200debar::SpCas9 binary

vector. All three sgRNA fragments were cloned at the appropriate

restriction sites in the pZP200debar::SpCas9 vector to develop the

GTR1:GTR2(GEd) construct.

Genetic transformation of B. juncea and development of
GTR-edited lines

A high glucosinolate B. juncea variety—Varuna obtained from the

Department of Genetics, UDSC, New Delhi had been maintained

by selfing through several generations in the field. The 5-day-old

hypocotyl explants were used to transform B. juncea using

Agrobacterium-mediated genetic transformation, as per the

protocol established in the laboratory (Augustine et al., 2013).

The T0 transformed plants were grown and maintained under

contained net-house field conditions of NIPGR from November to

April, following the guidelines laid by the Department of

Biotechnology, Government of India. T0 transformants were

confirmed through ‘Basta’ spray (200 mg/L). The confirmed T0

events were maintained by self-pollination to obtain the T1 and

T2 seeds.

Isolation of genomic DNA and mutation screening

Genomic DNA was isolated from the young leaves for mutation

analysis using the CTAB method (Murray and Thompson, 1980).

Approximately 200 bp of the genomic sequence flanking the

target site of each BjuGTR homologue was amplified using the

homologue-specific primers (Table S17) and ExTaq DNA poly-

merase (TaKaRa Bio Inc.). PCR product was gel-eluted and

sequenced by Sanger sequencing. The chromatogram file of each

edited line was compared with that of the wild-type plant using

the ICE analysis tool version 3.0 (Synthego Corporation) to

identify the mutations in the target genes (Conant et al., 2022).

The percentage of plants showing editing of the target gene was

used to calculate the editing frequency. Mutation efficiency for

each gene was calculated based on the percentage of the cell

population having insertions or deletions. The edited and wild-

type sequences were aligned using different modules of the

DNASTAR software (Lasergene).

Identification of transgene-free GTR-edited lines

Around 40–50 T1 seeds from each independent transformation

event were grown in a containment net-house and checked for

their sensitivity/resistance to herbicide ‘Basta’ (200 mg/L) by

painting a few young leaves of 3–4-week-old plants with the

herbicide. Segregation of T1 progeny for Basta-resistant (Cas9-

containing) and sensitive (Cas9-free) phenotypes were recorded.

Basta-sensitive transgene-free lines were confirmed for the
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absence of the Cas9 and selectable marker (bar) genes by PCR

analysis (Table S17).

Glucosinolate estimation

Total seed glucosinolate content (SGC) in seeds was estimated by

the near-infrared reflectance spectroscopy in NIRS DS 2500

(FOSS, Denmark) using a calibrated equation (Gohain et al.,

2021). The total and component glucosinolates from different

tissue types namely seeds, leaves, roots, green pods, and

developing seeds were analysed following an established HPLC-

based protocol (Augustine et al., 2013; Gohain et al., 2021).

Briefly, glucosinolates were extracted from 10 to 20 mg of the

lyophilized tissue in 1 mL of 70% methanol containing the

internal standard (50 lM sinalbin), the extract passed through a

customized Sephadex-A column, and treated with sulphatase

overnight. The desulpho-glucosinolates were eluted in 1 mL

water and 10 lL run in a Shimadzu CLASS–VP V 6.14 HPLC

machine on a reversed-phase C-18 column (Shimadzu Shim-pack

GIST; 4.0 mm 9 250 mm, 5 lm) using water (solvent A)

and acetonitrile (solvent B) gradient (0.1–1 min, 1.5% B; 1–
3 min, 1.5%–5% B; 3–5 min, 5%–7% B; 5–12 min, 7%–21% B;

12–15 min, 21%–29% B; 15–20 min, 29%–43% B; 20–24.50
min, 93% B and 24.50–30 min 1.5% B; flow rate of 1.0 mL/min),

and peaks were detected and integrated at 229 nm using

photodiode array detector. Glucosinolates concentration

(lmoles/g DW) was determined by identifying the substrate peak

of known glucosinolates and referencing it with the known

internal standard peak (sinalbin) and applying the relative

response factors (Burow et al., 2006). For each low SGC line,

8–10 independent T2 progeny (transgene-free) were analysed for

determining the mean glucosinolate content and profiles in

mature seeds, young leaf and root (1-month-old), flag leaf (at

50% flowering stage; ~2 months post sowing), developing green

seeds, and silique walls (14–21 days post anthesis). One-way

ANOVA was performed using Tukey’s post hoc test in SPSS and P

<0.05 was considered significant. Graphs were plotted using

GraphPad Prism 9.

Leaf sectioning of B. juncea plants

Fully expanded mature leaves from 2-months-old B. juncea plants

grown in net-house were sectioned as described earlier (Kumar

et al., 2017; Madsen et al., 2014). Briefly, the leaf in x-axis plane

was dissected into margin (1 cm from the leaf outer margin),

lamina (up to 2 cm from mid-vein), and mid-vein; while y-axis

dissection separated the leaf tip (upper half), leaf base (lower

half), and petiole. Similar-sized leaves from 6 independent T2

plants of each line were harvested in the morning and each leaf

was subsectioned using a sharp scalpel, snap-frozen in liquid

nitrogen, and lyophilized. Glucosinolate concentration was

estimated using HPLC.

S. sclerotiorum detached leaf assays

The detached leaf assay was performed on GTR-edited lines,

Canola quality doubled-haploid lines (DH-3325 and DH-2901;

Ramchiary et al., 2007) and a BjuMYB28-RNAi line (C3/15;

Augustine et al., 2013) along with wild-type Varuna plants as

described previously (Kull et al., 2003). Similar-sized young

leaves from 4-week-old plants grown in controlled growth

chamber (Conviron, Canada) were harvested and infected with

mycelial plugs of S. sclerotiorum strain SSD1 in square Petri

plates. The detached leaves were inoculated at a fixed position

in the leaf lamina with a 4 mm mycelial plug excised from the

edge of an actively growing S. sclerotiorum culture over PDA.

Infected leaves were incubated at 22 � 2 °C under dark for

48 h and high >90% RH during infection, post which they

were photographed to estimate the entire lesion areas (cm2)

using the ImageJ tool (1.52a, Rasband, 2018). Two indepen-

dent experiments were conducted and the data was subjected

to one-way ANOVA using SPSS and P <0.05 was considered

significant.

Feeding assay of Spodoptera litura

Spodoptera litura eggs obtained from the National Bureau of

Agricultural Insect Resources (Bengaluru, India) were hatched on

castor leaves, and subsequently, the larvae were maintained on

an artificial diet at 22 � 1 °C, 10 h light/14 h dark cycle and

60% RH. The second instar-staged larva was placed singly on a

freshly detached young leaf (with an intact petiole) harvested

from the 1-month-old plant and a no-choice feeding experiment

was performed as described previously (Kumar et al., 2017).

Larval weight gain was measured at 3, 6, and 9 days post-

infestation (dpi), and the larval weight gain at 6 dpi and 9 dpi was

estimated by subtracting the weight recorded at 3 dpi. Two

independent experiments were conducted and the data were

subjected to one-way ANOVA using Tukey’s post hoc test in SPSS

and P <0.05 was considered significant. Graphs were plotted

using GraphPad Prism 9.
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