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Abstract Fine mapping of six seed glucosinolate QTL
(J2Gsll, J3Gsl2, J9GsI3, J16Gsl4, J17Gsl5 and J3Gsl6)
(Ramchiary et al. in Theor Appl Genet 116:77-85, 2007a)
was undertaken by the candidate gene approach. Based on
the DNA sequences from Arabidopsis and Brassica olera-
cea for the different genes involved in the aliphatic gluco-
sinolate biosynthesis, candidate genes were amplified and
sequenced from high to low glucosinolate Brassica juncea
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lines Varuna and Heera, respectively. Of the 20 paralogues
identified, 17 paralogues belonging to six gene families
were mapped to 12 of the 18 linkage groups of B. juncea
genome. Co-mapping of candidate genes with glucosinolate
QTL revealed that the candidate gene BjuA.GSL-ELONG.a
mapped to the QTL interval of J2Gsll, BjuA.GSL-
ELONG.c, BjuA.GSL-ELONG.d and BjuA.Myb28.a
mapped to the QTL interval of J3Gsl2, BjuA.GSL-ALK.a
mapped to the QTL interval of J3Gsl6 and BjuB.Myb28.a
mapped to the QTL interval of J17Gsl5. The QTL J9Gs!3
and J16Gsl4 did not correspond to any of the mapped can-
didate genes. The functionality and contribution of different
candidate genes/QTL was assessed by allelic variation
study using phenotypic data of 785 BC,DH lines. It was
observed that BjuA.Myb28.a and J9Gsi3 contributed sig-
nificantly to the base level glucosinolate production while
J16Gsl4, probably GSL-PRO, BjuA.GSL-ELONG.a and
BjuA.GSL-ELONG.c contributed to the C3, C4 and C5
elongation pathways, respectively. Three A genome QTL:
J2Gsl1harbouring BjuA.GSL-ELONG.a, J3Gsl2 harbouring
both BjuA.GSL-ELONG.c and BjuA.Myb28.a and J9Gsl3,
possibly the ‘Bronowski genes’, were identified as most
important loci for breeding low glucosinolate B. juncea.
We observed two-step genetic control of seed glucosinolate
in B. juncea mainly effected by these three A genome QTL.
This study, therefore, provides clues to the genetic mecha-
nism of ‘Bronowski genes’ controlling the glucosinolate
trait and also provides efficient markers for marker-assisted
introgression of low glucosinolate trait in B. juncea.

Introduction

Improvement of quality of the meal through the develop-
ment of low glucosinolate lines (<18 pmol/g of seed) has
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been a major objective in the breeding of oilseed rape
(Brassica napus) and mustard (Brassica juncea). Low gluc-
osinolate lines of B. napus have been successfully culti-
vated in Europe and Canada for more than 20 years.
Although low glucosinolate lines have been reported in the
East European type germplasm of B. juncea (Potts et al.
1999), no productive and commercially viable low gluco-
sinolate lines have yet been reported in the Indian type
germplasm of B. juncea. Previous works have shown that
the aliphatic glucosinolates (major types of glucosinolates
present in Brassica species) profile of east European type
mustard lines is less complex than that of the Indian types
as the former contain mostly 2-propenyl glucosinolate. In
comparison, the Indian types contain both 2-propenyl and
3-butenyl glucosinolates (Gland etal. 1981; Love et al.
19904, b; Sodhi et al. 2002). The difference in the glucosin-
olate profile is also reflected at the genetic level; aliphatic
glucosinolates in the east European lines have been shown
to be controlled by two loci (Love et al. 1990b) while the
cross involving low glucosinolate east European and high
glucosinolate Indian type lines revealed the contribution of
six to eight loci to the glucosinolate content (Stringam and
Thiagarajah 1995; Sodhi et al. 2002).

QTL mapping of aliphatic glucosinolate loci has been
carried out in B. juncea using different F,DH mapping pop-
ulations (Cheung et al. 1998; Mahmood et al. 2003; Lion-
neton etal. 2004; Ramchiary etal. 2007a); each study
reporting variable number of QTL. However, the study of
Ramchiary et al. (2007a) provided an insight into the com-
plexity of the trait and the importance of the epistatic inter-
actions and context by comparing the QTL data from early
(F,DH) and advanced backcross (BC,DH) generations. The
most significant observation was the disappearance of a
major QTL detected in the F;DH and appearance of a new
major QTL in the BC,DH generation. Another significant
observation of the study was the presence of negative link-
age between QTL alleles of low glucosinolate and yield
related QTL in a few linkage groups (Ramchiary et al.
2007a, b).

Extensive analysis of glucosinolate pathways in the
model species, Arabidopsis thaliana (Kliebenstein et al.
2001) and Brassica species like B. oleracea (Li and Quiros
2002) and B. napus (Magrath et al. 1994) has led to a basic
scheme of the metabolic pathway for glucosinolate biosyn-
thesis (Fig. 1). Aliphatic glucosinolates are controlled by
two different sets of genes, one set controlling the side
chain elongation (GSL-ELONG and GSL-PRO) and another
set controlling the modification of side-chain carbons
(GSL-OXID, GSL-ALK and GSL-OH) (reviewed by Witt-
stock and Halkier 2002; Halkier and Gershenzon 2006). In
arecent study in A. thaliana, Hirai et al. (2007) have shown
that the basal-level of aliphatic glucosinolate is also con-
trolled by R2R3 transcripton factors, Myb28 and Myb29.
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Fig. 1 Aliphatic glucosinolate biosynthetic pathway in Arabidopsis
and Brassica (Hirai et al. 2007). Genes isolated and analyzed in the
present study have been underlined

In the present work, we report fine mapping of loci
involved with the low glucosinolate trait in B. juncea
through the use of candidate gene-specific markers. These
markers were developed using the sequence information
available from comparative genomics studies of Arabidop-
sis and Brassica species. Fine dissection of the loci through
the identification of candidate genes involved with seed
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glucosinolate content has allowed the study of genetic
mechanisms underlying this complex trait in B. juncea.
This has also resulted in the development of accurate and
easy-to-use markers for the diversification of low glucosin-
olate trait in B. juncea lines belonging to the Indian gene
pool. We show that manipulation of three gene specific loci
and two anonymous loci can result in B. juncea lines with
as low as 4 umol of glucosinolates per gram of seed.

Materials and methods
Plant materials and mapping populations

Gene isolation was carried out from two contrasting lines of
B. juncea (AABB) viz., Heera (low glucosinolate) and Var-
una (high glucosinolate) as well as from the diploid progen-
itor species of B. juncea namely, B. rapa (AA) cv. YID1
and B. nigra (BB) line IC257.

Two populations were used for mapping the genes. Pop-
ulation 1 consisted of 123 DH lines derived from the F, of a
cross between a high glucosinolate variety, Varuna (gluco-
sinolate content ~110 pmol/g of seed) and a low glucosino-
late line, Heera (glucosinolate content ~12 umol/g seed).
This population has been used earlier for the development
of a high-density linkage map in B. juncea (Pradhan et al.
2003; Ramchiary et al. 2007b), QTL mapping of glucosino-
late content (Ramchiary et al. 2007a) and other agronomi-
cally important traits (Ramchiary et al. 2007b) and more
recently, in the development of a comparative map of B.
juncea and Arabidopsis (Panjabi et al. 2008). Population 2
consisted of 1160 BC,DH lines derived from a recurrent
selection backcross (RSB) scheme for the transfer of low
glucosinolates trait from Heera to Varuna. Details of the
RSB breeding scheme and the field experimental design for
growing the populations have been described earlier (Ram-
chiary et al. 2007a).

Cloning, sequencing and mapping of candidate genes

DNA was isolated from the leaves of parental lines and
individuals of the mapping population following the proto-
col of Rogers and Bendich (1994). DNA sequences of can-
didate genes involved with the aliphatic glucosinolate
biosynthesis pathway (Fig. 1) in Arabidobsis and Brassica
species were aligned and used to design primers for the iso-
lation of corresponding genes from B. juncea. Primers were
designed from regions that were highly conserved and
flanked the variable regions of the genes. The list of starting
primers used for the amplification of various candidate
genes is given in Table 1. Isolation of the candidate genes
was carried out in two steps. In the first step various homo-
logs of some of the candidate genes viz., GSL-ELONG,

GSL-PRO and GSL-ALK were amplified from the two dip-
loid progenitor parents viz., B. rapa (AA) and B. nigra
(BB) and sequenced. In the second step, primers specific to
the A and the B genome were used to amplify candidate
genes from B. juncea lines Varuna and Heera. Polymor-
phism between Heera and Varuna for specific genes was
established either through length polymorphism or by SNPs
in the coding region or the 5’ or 3’ flanks of the gene.
Wherever polymorphism was not observed in the structural
part of the gene, genome walking was performed to find
polymorphism in the 5" and 3’ regions of the gene using the
PCR genomic libraries developed in B. juncea cvs. Heera
and Varuna, using Genome Walker Kit (Clontech). Allele-
specific primers for the two parents were subsequently used
for mapping the candidate genes.

All PCR amplifications were carried out using Titanium
Tag DNA polymerase (Clontech) with amplification cycle
of 95°C (30 s), 68-72°C (2—4 min) for 35 cycles. Amplified
fragments were cloned in the pGEMTEasy TA cloning vec-
tor (Promega). To exclude the possibilities of PCR based
mutations giving false polymorphism, cloning was done
from three independent PCR amplifications. Sequence
matching in at least two of the three independent amplifica-
tions was used as the correct sequence of the target gene or
its 5" or 3’ regions. DNA sequencing of the clones was per-
formed using the ABI Prism 310 Genetic Analyzer (Applied
Biosystems). Sequence assembly and analysis was done
using the DNASTAR (Madison, WI) software package.

Candidate genes showing polymorphism (length and/or
SNP) between Heera and Varuna were mapped to a
recently published map of B. juncea based on intron-poly-
morphism (IP) markers (Panjabi et al. 2008) using the soft-
ware JoinMap version 2.0 (Stam 1993; Stam and Van
Ooijen 1996). The map described by Panjabi et al. (2008) is
an extension of the map of Ramchiary et al. (2007a, b).
Classification of linkage groups follows the nomenclature
proposed by Panjabi et al. (2008) and gene nomenclature is
that followed by @stergaard and King (2008).

Glucosinolate analysis

Seed glucosinolate profiles of parents and different map-
ping populations were determined by high pressure liquid
chromatography (Shimadzu HPLC model LC-10) follow-
ing the protocol of Kraling et al. (1990). The percentage of
propyl, butyl and pentyl were calculated following Magrath
et al. (1993) and propenyl, butenyl and pentenyl glucosino-
lates are expressed as pmol/g of seed.

Genotype—phenotype association study

Genotyping was carried out by the candidate gene markers
for the co-localized QTL (where a candidate gene(s)
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Table 1 List of starting primers and their sequence used to amplify various candidate genes of the glucosinolate biosynthesis pathway in B. rapa

(AA), B. nigra (BB) and B. juncea (AABB)

S. no. Candidate gene Arabidopsis homolog(s) Primers used
1 GSL-ELONG At5g23010, At5g23020 F 5'-tctstmecgectgammegtecgtacaaca-3’
R 5'-gccatcttcgcamcecaaaytsgatgtc-3’
2 GSL-ALK At4g03050, At4g03060 F 5'-ygstttygaggtgtcatatgatagagtg-3'
R 5'-ctcagtgtgatagaaactcatcaagtca-3’
3 GSL-PRO Atlg18500, Atlg74040 F 5'-gactacatccccaaymgnathwsnga-3’
R 5'-aagcttccccaaaacdarncengertc-3’
4 Myb28 At5g61420 F 5'-aaggggcatggaccaccga-3’
R 5'-tatcctcttcattgmsaatctgetcag-3’
5 Myb29 At5g07690 F 5'-ggagggtggcgtgacattc-3’
R 5'-gcttgttgatgagacatcagaca-3’
6 CYP83A1 At4g13770 F 5'-gagcttctcaagacgcaaga-3’
R 5'-tcgtaaccagcgatcttggt-3’
7 CYP79F1 Atlgl6410 F 5'-tcatgaagatgaaaagagtgatca-3’
R 5'-acggcctacatgaatgtgg-3’
8 CYP79C2 At1g58260 F 5'-gaggagattagrgctcaatgcaag-3’
R 5'-cccatatcttaggrttccgaccaag-3’
9 AtSOTI17/19 (sulphotransferase) Atlg18590, Atl1g74090 F 5'-aacgacttcttcgtctgyagetacc-3’
R 5'-aatacgagccaccatctccg-3’
10 UDP-glycosyltransferase At1g24100 F 5'-cctactccgaatecttcaagete-3’
R 5'-ctacctcagcgagttgcttctcaa-3’
11 ESP (epithio specifier proteins) Atlg54040 F 5'-tgcaaggcgagtggatcaag-3’
R 5'-aggtccctetectecetttetge-3’
12 GG At5g25980, At5g26000 F 5'-aaagacttcatcttcggtgttgcatc-3’

R 5'-tttgcgakgagkscatctatgag-3’

F forward primer, R reverse primer

mapped to the genetic interval of a QTL) and the flanking
anonymous markers for the other QTL. The average allelic
effect of individual locus was estimated from the mean phe-
notypic value and the test of significance (P < 0.05) was
done by 7 test.

Results

Isolation and mapping of candidate genes involved with
glucosinolate biosynthesis in B. juncea

GSL-ELONG gene family

PCR amplification of GSL-ELONG identified four differ-
ent paralogues in B. rapa and two in B. nigra. Based on
the sequence data of the GSL-ELONG paralogues from
the two progenitor genomes, four A genome paralogues
designated as BjuA.GSL-ELONG.a, b, ¢ and d and two B
genome paralogues designated as BjuB.GSL-ELONG.a
and b were isolated from B. juncea cvs. Varuna and
Heera. In the A genome specific genes, length polymor-
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phism was detected in BjuA.GSL-ELONG.a, c and d and
a SNP in the BjuA.GSL-ELONG.b between Heera and
Varuna [Table 1S of Electronic supplementary material
(ESM)]. The B genome specific paralogues did not show
polymorphism in the transcribed regions of the two
genes. Genome-walking in the 3" flank revealed SNP in
both BjuB.GSL-ELONG.a and BjuB.GSL-ELONG.b
(Table 1S of ESM). These polymorphisms were used to
map all the six paralogues of the GSL-ELONG family in
B. juncea.

While the two A genome specific genes BjuA.GSL-
ELONG.a and b mapped to linkage groups A2 and A4,
respectively, the remaining two A genome specific genes
BjuA.GSL-ELONG.c and d mapped to the same position in
the linkage group A3 (Table 1S of ESM; Fig. 2).
BjuA.GSL-ELONG.d from both Heera and Varuna was
observed to contain a stop codon in the exon 7 of the gene
suggesting that the gene is encoding a truncated protein
which in all probability is nonfunctional. The two B
genome specific genes BjuB.GSL-ELONG.a and b mapped
to linkage groups B6 and B8, respectively (Table 1S of
ESM and Fig. 2).
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Fig. 2 A framework map of B. juncea based on the study of Panjabi
et al. (2008) showing positions of 17 paralogues of different glucosin-
olate biosynthesis pathway genes (in bold italics) along with the six

GSL-PRO gene family

The primers for GSL-PRO amplified a total of four different
paralogues, two each from B. rapa and B. nigra. Sequenc-
ing of these paralogues from B. juncea cvs Varuna and
Heera revealed SNP between alleles of the two B genome
specific paralogues designated as BjuB.GSL-PRO.a and b
and were mapped to linkage groups B7 and B6, respec-
tively, using CAPS markers (Table 1S of ESM; Fig. 2). No
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polymorphism was observed between the alleles of the two
A genome specific paralogues (BjuA.GSL-PRO.a and b)
(Table 1S of ESM).

GSL-ALK gene family
Degenerate primers for GSL-ALK amplified two paralogues

each from B. rapa and B. nigra. On the basis of the
sequence information from the two progenitor species, all
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the four full length genes (BjuA.GSL-ALK.a and b from the
A genome and BjuB.GSL-ALK.a and b from the B genome)
were isolated and sequenced from B. juncea lines Varuna
and Heera. No polymorphism was detected between Var-
una and Heera in the transcribed regions of any of the four
genes. Genome walking upstream of the start codon identi-
fied SNPs in BjuA.GSL-ALK.a and BjuB.GSL-ALK.a and an
in/del in BjuA.GSL-ALK.b. These polymorphisms in the 5’
flank of the genes BjuA.GSL-ALK.a, BjuA.GSL-ALK.b and
BjuB.GSL-ALK.a were mapped to three independent link-
age groups A3, A9 and B2, respectively (Table 1S of ESM;
Fig. 2). After extensive chromosome walk (up to
—3,864 bp upstream of the start codon and up to +1,440 bp
downstream to the stop codon), no polymorphism could be
detected in the flanks of BjuB.GSL-ALK.b.

Myb transcription factor gene family

Primers for Myb28 amplified two bands in Varuna and
Heera. Sequencing of these two bands revealed the pres-
ence of two homologues, BjuA.Myb28.a and BjuB.Myb28.a
and showed length polymorphism between Varuna and
Heera (Table 1S of ESM). Using these allelic length poly-
morphisms, BjuA.Myb28.a was mapped to linkage group
A3 showing tight linkage with BjuA.GSL-ELONG.c (at a
distance of 0.6 cM) and BjuB.Myb28.a was mapped to link-
age group B1 (Table 1S of ESM; Fig 2).

Amplification of Myb29 was carried out on B. juncea
lines Varuna and Heera by use of intron spanning primers
(Table 1). Three bands were observed in Varuna and two in
Heera. All the five bands were polymorphic and detected
three loci which were mapped in the linkage groups A10
(BjuA.Myb29.a), B3 (BjuB.Myb29.a) and B8 (BjuB.Myb29.b)
(Table 1S of ESM; Fig. 2).

Other glucosinolate related genes

Genes implicated in core glucosinolate biosynthesis such as
CYP450 gene family—CYP79F1 (Atlgl6410), CYP79C2
(At1g58260) and CYP83A1 (Atdgl13770), sulphotransfer-
ase (AtSOT17/18) (Atlgl8590, Atlg74090) and UDP-
gylcosyltransferase (At1g24100) were amplified from B.
juncea using gene specific primers (Table 1). Only one
orthologue of CYP79C2 showed polymorphism between
Varuna and Heera and was mapped (BjuB.CYP79C2.a) to
linkage group B4 (Table 1S of ESM; Fig 2).

Co-localization of candidate genes
with seed glucosinolate QTL

Figure 2 shows the location of six seed glucosinolate QTL

(J2Gsl1, J3Gsl2, J9GsI3, J16Gsl4, J17Gsl5 and J3Gsl6)
identified by Ramchiary et al. (2007a). Of the 17 candidate
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genes of glucosinolate biosynthesis pathway mapped to B.
Jjuncea genome in the present study, map positions of six
candidate genes corresponded to the position of four QTL.
BjuA.GSL-ELONG.a mapped to the QTL interval J2Gsl!,
BjuA.GSL-ELONG.c, BjuA.GSL-ELONG.d and BjuA.Myb28a
mapped to the QTL interval J3Gsi2, BjuA.GSL-ALK.a
mapped to the QTL interval J3Gsl6 and BjuB.Myb28a
mapped to the QTL interval J17Gsl5. The remaining two
QTL, J9GsI3 and J16Gsl4 could not be co-localized with
any of the mapped candidate genes (Table 2; Fig. 2).

Contribution of candidate genes/QTL to seed glucosinolate
phenotype through genotype—phenotype association

Of the 1,160 BC,DH lines used in the present study, com-
plete genotype and phenotype data could be obtained only
for 785 lines. Out of the expected 64 genotypic combina-
tions for six segregating QTL, only 57 genotypic combina-
tions could be recovered from the 785 lines. Details of
genotypic and phenotypic data of 57 genotypic combina-
tions have been provided in Table 2S of ESM. The frequen-
cies of different genotypic classes were highly variable,
ranging from 1 to 31. In general, at all the loci, the Varuna
alleles (scored as ‘a’) were represented at higher frequen-
cies than the Heera alleles (scored as ‘b’) with the excep-
tion of QTL J9Gsi3 (Table 3S of ESM). This bias could be
due to selective advantage of Varuna alleles over the Heera
alleles in microspore embryogenesis used for the produc-
tion of mapping populations (Mukhopadhyay et al. 2007).
Analysis of data revealed that the alleles contributed by
the low glucosinolate parent Heera reduced the aliphatic
glucosinolate content with significant reductions contrib-
uted by QTL J3Gsi2, J9Gsi3 and J3Gsl6. The locus J3Gsi2
was found to be most important as the Heera allele at this
locus contributed more than twofold reduction in the level
of aliphatic glucosinolates (Table 3S of ESM). This QTL
harbours two candidate genes, BjuA.GSL-ELONG.c and

Table 2 Summary information on co-localization of candidate genes
with glucosinolate QTL in B. juncea

Name of Linkage Genetic Co-localized
the QTL? Groupb interval of  candidate gene(s)
QTL (cM) (map position in cM)
J2Gsll A2 82.2-92.6 BjuA.GSL-ELONG.a (85.8)
J3Gsl2 A3 23.2-37.2  BjuA.Myb28.a (29.3)
BjuA.GSL-ELONG.c,d (29.9)
J9GslI3 A9 5.6-26.5 -
J16Gsl4 B4 56.3-73.6 -
J17Gsl5 Bl 45.5-58.1 BjuB.Myb28.a (53.1)
J3GSI6 A3 58.6-69.5 BjuA.GSL-ALK.a (66.6)

# Ramchiary et al. (2007a)
b Panjabi et al. (2008)
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BjuA.Myb28.a at a distance of 0.6 cM (Fig. 2). The func-
tionality and contribution of each gene was deciphered
from the analysis of recombinants and is reported in the
later part of the result section. Another locus, J3Gsl6,
showed significant allelic variation for the aliphatic gluco-
sinolate content (Table 3S of ESM).

The relative contribution of all the loci was ascertained
by analyzing the QTL-NIL for these loci. We identified all
the six QTL-NILs for the Heera allele and five QTL-NILs
for the Varuna allele (defined as the line having the Varuna
allele for one locus while others have Heera allele) from the
genotyping data of the 785 lines (Table 4S of ESM). Var-
una allele QTL-NIL for J9Gsi3 could not be found in the
population. The analysis of QTL-NILs for the Heera allele
confirmed the contribution of J3Gsi2 and J9Gsi3 in reduc-
ing the aliphatic glucosinolate content. On the other hand,
the significant allelic variation shown by J3Gsl6 was found
to be the effect of linkage with J3Gsi2 (Fig. 2) as the Heera
allele QTL_NIL for J3Gsl6 did not contribute significantly
in reducing aliphatic glucosinolate content. In addition,
J16Gsl4, BjuA.GSL-ELONG.a in J2Gsll and J3Gsl2 were
found to be involved in C3, C4 and C5 elongation pathways
in which Heera alleles are weak alleles in the C3 and C4
pathways and strong alleles in the C5 pathway.

The analysis of Varuna allele QTL-NILs (Table 4S of
ESM) revealed that all the low glucosinolate lines con-
tained the Heera allele for the loci J2Gsll, J3Gsl2 and
J9Gsi3 and the presence of the Varuna allele either in
J2Gsll or J3Gsl2 made the lines high glucosinolate. The
analysis also revealed that although the Heera alleles of
J16Gsl4 (Heera allele QTL-NIL for J16Gsi4 in Table 4S of
ESM) and J2Gsll (Heera allele QTL-NIL for J2GslI in
Table 4S of ESM) are weak alleles in the C3 and C4 elon-
gation pathway, respectively, these two alleles when pres-
ent together with the Varuna allele of J3Gsi2 led to the
production of equal amounts of propenyl and butenyl gluc-
osinolates (Varuna allele QTL-NIL for J3Gsi2 in Table 4S
of ESM and genotypic class from 37 to 40 in Table 2S of
ESM). It suggests that the Varuna allele of J3Gsi2 is epi-
static to the Heera alleles of J16Gsl4 and J2Gsll when
present together in the same individual.

High-resolution mapping of the QTL J3GsI2 and analysis
of recombinants between BjuA.GSL-ELONG.c
and BjuA.Myb28a

High resolution mapping of the QTL J3GsI2 was carried out
by genotying 1718 DH lines from BC, and BCs generations
(Ramchiary et al. 2007a) using markers for both the candi-
date genes. A total of 17 recombinants were recovered
between BjuA.GSL-ELONG.c and BjuA.Myb28.a mapping
these two genes at a distance of 1 cM. Association of pheno-
type with genotypic data of 17 recombinants (Table 5S of

ESM) revealed that the Heera allele of BjuA.Myb28.a was
responsible for major reduction in the total aliphatic gluco-
sinolate content by proportionately reducing both the prope-
nyl and butenyl glucosinolates without any influence on the
chain elongation pathways. This was observed prominently
in the Heera allele NIL for BjuA.Myb28.a (Recombinant no.
3, Table 5S of ESM) which reduced the total aliphatic gluco-
sinolate content to 78.9 umol from the wild type content of
128.6 pumol (Table 4S of ESM). On the other hand, the
BjuA.GSL-ELONG.c was observed to be functional in the C5
chain elongation pathway in which the Heera allele is respon-
sible for the formation of pentyl glucosinolates (Recombinant
no. 4, 5,9, 10, 13, 14, 15 and 16 of Table 5S of ESM)
and the epistatic genetic control of J3GsI2 on J2GslI and
J16Gsl4 was due to BjuA.GSL-ELONG.c located in this
QTL (Recombinant no. 12 of Table 5S of ESM). Analysis
of recombinants between BjuA.GSL-ELONG.c and
BjuA.Myb28.a further revealed that the total glucosinolate
content could not be brought down below 18-20 pmol with-
out additional contribution of the Heera allele of BjuA.GSL-
ELONG.c (Recombinant no. 2 of Table 5S of ESM).

Discussion

The Polish spring rape variety ‘Bronowski’ (Kondra and
Stefannson 1970) is regarded as the sole donor source of
low glucosinolate trait to the present day ‘canola’ quality B.
napus and B. rapa (Howell et al. 2003). In B. juncea, the
first low glucosinolate breeding line BJ 1058 was devel-
oped by interspecific cross between an Indian type 3-bute-
nyl glucosinolate containing B. juncea selection and a
‘Bronowski gene(s)’ containing low glucosinolate B. rapa
followed by backcrossing to the B. juncea parent (Love
et al. 1990a). The low glucosinolate parent Heera used in
the present study was developed through pedigree breeding
using BJ 1058 as a donor source for low glucosinolate (Sri-
vastava et al. 2001). The genetic control of seed glucosino-
lates has been studied in detail in both B. napus and B.
Jjuncea through QTL analysis. In B. napus, the studies have
primarily laid emphasis on the genetics of total glucosino-
late content (Uzunova etal. 1995; Toroser etal. 1995;
Howell et al. 2003; Quijada et al. 2006; Hasan et al. 2008).
In B. juncea, though some of the studies have also laid
emphasis on QTL analysis of different types of aliphatic
glucosinolates along with the total glucosinolate content
(Cheung et al. 1998; Mahmood et al. 2003; Lionneton et al.
2004), no detailed studies on elucidating the genetic mecha-
nism of aliphatic glucosinolate accumulation are available
in any of the Brassica species. The present study is an
extension of the work of Ramchiary et al. (2007a) and has
provided detailed dissection of individual QTL of seed
glucosinolates through candidate genes association.
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The comparative analysis of QTL controlling seed gluco-
sinolates between B. napus and B. juncea by aligning the
published genetic maps revealed that the QTL detected in
linkage groups N2 and N9 (Quijada et al. 2006) correspond
to QTL detected in LG16 and LG18 of Uzunova et al. (1995)
and LG1 and LG20 of Toroser et al. (1995) of B. napus are
homoeologous to A2 and A9 of B. juncea (Panjabi et al.
2008). On the basis of the comparative map based on com-
mon RFLP markers, it was observed that the QTL detected in
LG2 of Uzunova et al. (1995) corresponds to LG18 of Toro-
ser et al. (1995) and are homoeologous to A3 of B. juncea
(Fig. 1 of ESM). In the present study, we observed that three
QTL: J2Gsll, J3Gsl2 and J9Gsi3 located in the linkage
groups A2, A3 and A9 of B. juncea, respectively are the most
important loci for breeding low glucosinolate B. juncea.
These three A genome loci in all probability could be the
‘Bronowski gene(s)’ which have been introgressed from B.
napus to B. juncea through interspecific hybridization.
Hence, our work, in addition to developing efficient markers
for marker-assisted introgression of low glucosinolate trait,
provides clues to the genetic mechanism behind the histori-
cally important ‘Bronowski gene(s)’ controlling low gluco-
sinolate trait in oilseed Brassica species.

The results of the present study show that the genetic
control of seed glucosinolates in B. juncea operates at two
levels, mainly controlled by the three A genome QTL dis-
cussed above. At the first level, there is allelic variation,
which contributes to the overall production of aliphatic
glucosinolates. This overall control of glucosinolate level
was found to be primarily effected by BjuA.Myb28.a con-
tained in QTL J3Gsl2 and some sequence contained in
QTL J9Gsl3. Presence of the Heera alleles at these two loci
significantly reduced the glucosinolate content without
interfering with the chain elongation pathways (Recombi-
nant no. 3 of Table 5S of ESM, Heera allele QTL-NIL for
J9Gsi3 of Table 4S of ESM and Table 3S of ESM). We
have not been successful in mapping any candidate gene to
the QTL locus J9Gsi3. However, mapping of some of the
Arabidopsis genes (At5g67590 and At5g63950) proximal
to Myb28 (At5g61420) in this QTL region (Fig. 2 and Pan-
jabi et al. 2008) indicates that one more Myb28 functional
paralogue or a regulatory gene having function similar to
Myb28 might be present in this region. The R2R3-Myb
transcription factors Myb28 and Myb29 have been shown to
control the biosynthesis of aliphatic glucosinolates in A.
thaliana. Analysis of knockout and knockdown mutants
demonstrated that Myb28 is a positive regulator for basal-
level production of aliphatic glucosinolate and Myb29 pre-
sumably plays a role in the induction of aliphatic glucosino-
late biosynthetic genes in response to plant hormone methyl
jasmonate (Hirai et al. 2007). It has been shown that double
knockout of Myb28 and Myb29 leads to complete absence
of aliphatic glucosinolates in A. thaliana (Beekwilder et al.
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2008). It is fortuitous that a dysfunctional Myb28 does not
create any negative pleiotropic effects on the plant pheno-
type. Otherwise, productive low glucosinolate lines would
not have been possible.

The second level of genetic control was observed in the
chain elongation pathways. BjuA.GSL-ELONG.a possibly
controls the C4 elongation pathway and BjuA.GSL-ELONG.c
controls the C5 elongation. The wild type parental alleles at
these two loci act in opposite ways for their respective path-
ways. For example, the Heera allele at BjuA.GSL-ELONG.a
reduced the butyl glucosinolates while the Heera allele at
BjuA.GSL-ELONG.c increased the pentyl glucosinolates
(Table 4S). Although we could not recover any individual
having the Heera allele at both these loci, the epistatic control
of the Varuna allele of BjuA.GSL-ELONG.c together with
the Heera alleles of BjuA.GSL-ELONG.a and J16Gsl4 indi-
cated that the Heera allele of BjuA.GSL-ELONG.c would be
essential for lowering the glucosinolate content below
20 umol (Recombinant 2 of Table 5S of ESM).

QTL J16Gsl4 was found to control the C3 elongation path-
way. A Heera allele at this locus reduced the formation of
propyl glucosinolates. GSL-PRO has been shown to control
the C3 elongation pathway in A. thaliana (At1g18500; Field
etal. 2004) and B. oleracea (Gao et al. 2006). Although we
could map two B genome specific paralogues of GSL-PRO to
linkage groups B6 and B7 in the present study, no GSL-PRO
paralogue could be mapped to the region of QTL JI6Gsi4.
The synteny information from the comparative map of B. jun-
cea (Fig. 2 and Panjabi et al. 2008), however, indicates that
J16Gsl4 could be one of the potential locations for GSL-PRO.
We observed that around 30% of the low glucosinolate indi-
viduals (18 out of 58 in Table 2S of ESM) did not have the
Heera allele at this locus indicating that QTL J16Gsl4 is not
required in breeding low glucosinolate B. juncea. In Indian B.
Jjuncea types, propyl glucosinolates contribute marginally
(around 18-20%) to the total glucosinolate content (Sodhi
et al. 2002). Hence, the two-step genetic control enumerated
above, (1) an overall decrease by BjuA.Myb28.a and J9Gsi3
and (2) control of the elongation process by BjuA.GSL-
ELONG.a and BjuA.GSL-ELONG.c, would be enough to
reduce the seed glucosinolate content below 18 pumol without
involvement of the low allele from locus J16Gsl4. However,
manipulation of this locus will be essential for developing low
sinigrin (2-propenyl) B. juncea.

Ramchiary et al. (2007a,b) highlighted negative linkages
between some yield component QTL and glucosinolate
QTL J2Gslland J3GsI2. With the development of candi-
date gene markers in these loci, marker-based precision
breeding would be possible for the development of produc-
tive low glucosinolate B. juncea cultivars belonging to the
Indian gene pool. It may also be interesting to further study
the role of ‘Bronowski genes’ on low glucosinolate content
at the molecular level in other oilseed Brassica species.
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