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Abstract

Key message Seed weight QTL identified in differ-
ent populations were synthesized into consensus QTL
which were shown to harbor candidate genes by in sil-
ico mapping. Allelic variation inferred would be useful
in breeding B. juncea lines with high seed weight.
Abstract Seed weight is an important yield influencing trait
in oilseed Brassicas and is a multigenic trait. Among the
oilseed Brassicas, Brassica juncea harbors the maximum
phenotypic variation wherein thousand seed weight var-
ies from around 2.0 g to more than 7.0 g. In this study, we
have undertaken quantitative trait locus/quantitative trait
loci (QTL) analysis of seed weight in B. juncea using four
bi-parental doubled-haploid populations. These four popu-
lations were derived from six lines (three Indian and three
east European lines) with parental phenotypic values for
thousand seed weight ranging from 2.0 to 7.6 g in differ-
ent environments. Multi-environment QTL analysis of the
four populations identified a total of 65 QTL ranging from
10 to 25 in each population. Meta-analysis of these compo-
nent QTL of the four populations identified six ‘consensus’
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QTL (C-QTL) in A3, A7, A10 and B3 by merging 33 of the
65 component Tsw QTL from different bi-parental popula-
tions. Allelic diversity analysis of these six C-QTL showed
that Indian lines, Pusajaikisan and Varuna, hold the most
positive allele in all the six C-QTL. In silico mapping of
candidate genes with the consensus QTL localized 11
genes known to influence seed weight in Arabidopsis thali-
ana and also showed conserved crucifer blocks harboring
seed weight QTL between the A subgenomes of B. jun-
cea and B. rapa. These findings pave the way for a better
understanding of the genetics of seed weight in the oilseed
crop B. juncea and reveal the scope available for improve-
ment of seed weight through marker-assisted breeding.

Introduction

Seed weight is one of the most important traits in crops in
which seeds are the direct product to be used, like cereals
or oilseeds. An understanding of genetics of seed weight is
of particular importance regarding to not only the economic
and nutritional aspects, but also physiological, biochemical
and molecular aspects. Since the beginning of plant domes-
tication, plant breeders have been selecting varieties with
bold seeds and increased seed weight. Genetic improvement
of Indian mustard (Brassica juncea) for high seed weight
has led to the development of bold-seeded varieties using
the natural variation in the crop. It has generated a prefer-
ence among the Indian farmers for the bold-seeded varieties.

Brassica juncea, an allotetraploid (AABB) with dip-
loid genomes of B. rapa (AA) and B. nigra (BB), is an
important oilseed crop of the Indian subcontinent, having
two distinct gene pools—Indian and east European (Prad-
han et al. 1993; Srivastava et al. 2001). The major breed-
ing objectives in the B. juncea target yield enhancement,
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oil quality and resistance against pathogens and tolerance
for abiotic stresses (Pradhan and Pental 2011). It has been
shown that F| hybrids between the lines of these two gene
pools are more productive than those involving genotypes
within a gene pool (Pradhan et al. 1993). In B. juncea, the
first commercial F; hybrid DMH-1 released in India has
been developed from a cross between an Indian gene pool
line Pusa bold and an east European gene pool line EH-2
that shows about 30 % higher yield than the best check
varieties (Sodhi et al. 2006). However, the farmers’ prefer-
ence for the hybrid DMH-1 is relatively low because the
seed weight of the hybrid is less than 4.0 g per thousand
seeds due to the smaller seed size of the pollinator parent,
EH-2 (thousand seed weight ~2.5 g).

The current challenge in the improvement of seed size,
however, lies in the identification of genomic regions quan-
titative trait locus/quantitative trait loci (QTL) directly
influencing seed size and yields. QTL mapping studies
identifying seed weight QTL have been carried out in vari-
ous plant species like Arabidopsis (Alonso-Blanco et al.
1999; Herridge et al. 2011), tomato (Doganlar et al. 2000),
chickpea (Hossain et al. 2010), soybean (Sun et al. 2012)
and various Brassica species (Ramchiary et al. 2007; Fan
et al. 2010; Yang et al. 2012; Yadava et al. 2012; Li et al.
2014; Qi et al. 2014). Seed weight, a highly heritable trait,
has been reported to be governed by a relatively large num-
ber of QTL with small effects and a few QTL with large
effects controlling the trait.

Seed weight in dicots is determined by regulating the
growth of the embryo, endosperm, integuments and cell
number/cell size or both in the female gametophyte (Sunda-
resan 2005; Alonso-Blanco et al. 1999). Different studies on
factors influencing seed size in Arabidopsis have implicated
several important genes. HAIKU (IKU), a transcription fac-
tor, was the first to be shown to affect seed size by influ-
encing endosperm development (Garcia et al. 2005). IKU1,
IKU2 and MINI3 and SHBI act in the same developmental
pathway affecting endosperm size (Luo et al. 2005; Zhou
et al. 2009). Genes involved in hormone signaling such as
the Brassinosteroid hormone play a central role by regulat-
ing endosperm and embryo development (acting upstream
to SHBI, IKUI, MINI3 and IKU2) and growth of integu-
ments [acting upstream of AP2, MNT/ARF?2 and cytochrome
P450 KLUH (KLU)/CYP78A5] (Jiang et al. 2013; Jiang and
Lin 2013). Cytokinins and ethylene-mediated signaling also
play a major role in seed size regulation (Li et al. 2013; Ben-
nett et al. 2014). Flavonoids communicate signals from seed
coat to endosperm, thus affecting its proliferation (Doughty
et al. 2014). The ubiquitin pathway controls the seed size by
targeting proteins for degradation (Li and Li 2015). A poly-
comb (PcG) group of genes and other epigenetic regulators
also affect seed size (Li and Li 2015).
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In this article, we have made concerted attempts on
genetic analysis of seed weight in the oilseed crop B. jun-
cea. By encapsulating maximum genetic variability from
four different bi-parental mapping populations and QTL
analyses, we have defined major QTL for seed weight.
Using meta-analysis, consensus QTL for seed weight have
been identified highlighting the underlying allelic vari-
ations. The candidate genes for seed weight from various
Brassica species and the model crucifer Arabidopsis over-
lapping the consensus QTL have also been identified and
their relevance in breeding programs for increasing seed
weight in B. juncea is described.

Materials and methods
Plant materials

Four bi-parental microspore-derived doubled-haploid (DH)
mapping populations covering maximum variability for
seed weight in B. juncea were used in the present study.
These four populations have been developed from six
parents including three Indian (Pusajaikisan, Varuna and
TM-4) and three east European lines (Heera, Donskaja-IV
and EH-2). Two of these populations, namely, VH (derived
from F, between Varuna and Heera) and TD (derived from
F, between TM-4 and Donskaja-IV) used in the study
have been earlier reported by Ramchiary et al. (2007) and
Yadava et al. (2012), respectively. Two new DH popula-
tions, DE (derived from F; of Donskaja-IV and EH-2)
and EPJ (derived from F, of EH-2 and Pusajaikisan), were
developed in the present study. Detailed phenotypic con-
trasts for seed weight among the parental lines of these four
populations are shown in Table 1.

The EPJ and DE map used for the QTL analysis of
seed weight consisted of 182 and 184 DH lines, respec-
tively. The EPJ map was constructed with a total of 860
markers consisting of 241 intron polymorphisms (IP),
462 genic SSRs and 157 BAC-derived SSRs with a total
genetic length of 2073.6cM (Dhaka 2015). The DE linkage
map with 653 markers has 344 IPs, 278 SSRs (both genic
and BAC-derived), 26 SNPs and 5 Indels that cover a total
genetic length of 1598.5 cM (Rout 2014). Details of these
two linkage maps will be reported elsewhere.

Field experimental design and trait measurements

The EPJ population along with the parents, EH-2 and
Pusajaikisan, was planted in three environments of north-
west India in Delhi, Bharatpur and Alwar during the winter
growing season. The field trials of the DE population along
with the parents Donskaja-IV and EH-2 was conducted at
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Table 1 Mean thousand seed weight (Tsw) of the parental and doubled-haploid lines of the four B. juncea mapping populations

Mapping Number of Environment Tsw value of parents (g) Mean Tsw of  Range of Tsw  References
population lines mapping popu- in mapping
Female parent Male parent lation (g) population (g)
(gene pool®) (gene pool)
DE 184 Delhi year 1 Donskaja-IV 2.8 EH-2 (E) 24 24 1.7-33 Present study
Delhiyear2 (B 2.8 25 28 1.6-3.9
Delhi year 3 2.6 23 2.6 1.6-3.7
EPJ 182 Delhi EH-2 (E) 2.8 Pusajaikisan 7.6 43 2.5-8.6 Present study
Alwar 24 (O 59 3.6 22-6.2
Bharatpur 24 6.2 3.5 1.9-7.2
TD 100 Delhi T™M-4 (I) 2.7 Donskaja-IV 2.3 23 1.3-3.2 Yadava et al.
Bharatpur 20 B 22 17 0.7-2.5 (2012)
Leh 3.1 3 30 2.0-4.1
VH 123 Delhi Varuna (I) 6.3 Heera (E) 23 33 1.9-6.4 Ramchiary et al.
Gwalior 53 23 3.1 22-5.6 (2007)
Leh 4.5 25 32 1.9-4.6

 Brassica juncea gene pool: Indian (I)/east European (E)

Delhi for 3 years. The experiments were conducted in a
randomized block design with three replications. Each line
was planted in a single row with a row-to-row distance of
40 cm and a plant-to-plant distance of 10 cm. Five repre-
sentative plants from the middle of the row were used for
phenotyping. Seed weight trait was phenotyped as thousand
seed weight (Tsw) measured in grams. The mean weight of
thousand seeds from the mixed seeds of 15 plants, with 5
plants from each of the three replications was used as the
trait value for statistical and QTL analyses.

QTL analysis for seed weight

Marker genotyping data of the four DH populations were
scored as ‘a’ (female parent allele) and ‘b’ (male parent
allele) with an exception to EPJ population where male
parent allele (Pusajaikisan) was scored as ‘a’ and female
parent allele as ‘b’ (EH-2). All the statistical analyses
were performed using SPAR 2.0 (2005). Composite inter-
val mapping (CIM) using Windows QTL Cartographer 2.5
(Wang et al. 2006) was used for analyzing QTL for seed
weight (Tsw). A window size of 10 cM and a walk speed
of 1 cM with five control markers were used. For declar-
ing the presence of a QTL, genome-wide threshold values
(P = 0.05) were estimated from 1000 permutations of trait
data across all genetic intervals (Churchill and Doerge
1994; Doerge and Churchill 1996). QTL detected with
more than 10 % of the phenotypic variance (R%) were con-
sidered as major QTL.

For identification of consensus QTL by meta-analysis,
QTL maps of the four bi-parental populations were used.
In addition to QTL mapping of seed weight trait of EPJ and
DE populations in the present study, a QTL re-analysis of

the trait was also undertaken for VH and TD populations,
using the multi-site trait data of VH (Ramchiary et al. 2007)
and TD (Yadava et al. 2012) (Table 1). The VH and the TD
genetic maps used for the purpose consisted of 2205 and
970 markers, respectively. Prior to meta-analysis, a consen-
sus map was developed using the genetic maps of TD, EPJ
and DE projected on to the VH map using the ‘Map pro-
jection’ command of BioMercator 2.1 (Arcade et al. 2004;
Goffinet and Gerber 2000). Arabidopsis genomic blocks
(Schranz et al. 2006) were assigned to the consensus map
based on the corresponding IDs of the intron polymor-
phisms and the genic-SSR markers based on synteny with
B. rapa available in the Brassica database.

The Tsw QTL identified were then integrated into con-
sensus QTL using the meta-analysis method followed by
Yadava et al. (2012). QTL obtained from different popula-
tions which merged into a single QTL upon meta-analysis
were regarded as ‘consensus’ QTL (C-QTL), while those
which did not merge by meta-analysis were designated as
‘population-specific’ QTL. The population-specific QTL
were further classified into either ‘stable’ QTL (S-QTL)
when at least two QTL from different environments merged
into a single QTL or ‘environment’ QTL (E-QTL) which
did not merge. The allelic effects at these QTL merging into
a consensus QTL were estimated in each of the component
bi-parental populations by calculating the phenotypic dif-
ference between the two parental genotypes at the marker
closest to the consensus QTL following the procedure of
Chardon et al. (2014). Similar exercise of allelic effects
estimation was also undertaken for ‘population-specific’
QTL using the respective bi-parental QTL maps.

The epistasis and QTL x environment interactions influ-
encing seed weight (Tsw) were identified by QTL Network
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2.0 (Yang et al. 2007). It simultaneously investigates the
additive QTL, QTL x environment, QTL x QTL (epista-
sis) as well as epistasis x environment interactions. The
analyses were based on a mixed linear model approach
with 1 cM walk speed and a testing window of 10 cM. To
detect epistatic effects among loci with or without indi-
vidual additive effects, 2D genome scans were carried out.
1000 permutations were performed for generating thresh-
olds for the presence of QTL.

Results
Phenotypic variation in seed weight

The phenotypic variation for the trait among the six parents
of the four bi-parental populations ranged from 2.0to 7.6 g
in different environments (Table 1). The maximum paren-
tal contrast was recorded for EPJ population ranging from
2.4 g in EH-2 to 7.6 g in Pusajaikisan. The parents of the
VH population also showed high contrast in seed weight
ranging from 2.3 g in Heera to 6.3 g in Varuna. The par-
ents of the other two bi-parental populations (DE and TD)
were not contrasting for seed weight trait. The frequency
distributions of the trait in all the four populations over dif-
ferent environments showed continuous variation indicat-
ing the quantitative mode of inheritance for Tsw (Fig. 1).
Transgressive segregants were observed in all of the popu-
lations with Tsw beyond the parental values, wherein DE
and TD populations showed a higher frequency of trans-
gressive segregants as compared to the EPJ and VH popula-
tions (Fig. 1). The trait showed high broad-sense heritabil-
ity (ranging from 73.0 to 94.0 %) in all the four populations
(Online Resource 1).

QTL mapping of seed weight (Tsw) in four bi-parental
populations

QTL analysis of the trait in the EPJ population showing
very high parental contrast for the phenotype identified a
total of 25 QTL with LOD scores greater than 2.5 from the
three environments (Table 2). These QTL were detected
over 12 linkage groups, wherein 12 QTL mapped to A and
13 to the B subgenome. Pusajaikisan contributed the posi-
tive alleles for all the 25 QTL. The additive effects of these
QTL ranged from 0.1 to 0.4 g and the phenotypic variance
explained (R?) by each QTL ranged from 3.3 to 16.5 %.
The analysis identified four major QTL with R* greater
than 10 % located on LGs A3, B3 and BS.

The DE population derived from the parents Donskaja-
IV and EH-2 lacking much variability in the phenotype
identified a total of ten QTL from 3 years of trials. The
QTL were distributed over six linkage groups, three each in
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the A and B subgenomes (Table 2). Unlike the EPJ popula-
tion, where all the positive alleles were contributed by the
high parent (Pusajaikisan), the DE population identified
positive alleles from both the parents. While Donskaja-IV
contributed positive alleles for seven QTL, EH-2 contrib-
uted positive alleles for three QTL. Except two major QTL
in LG A3, all others were detected as minor QTL.

The pattern of QTL re-analysis of the TD population
developed from TM-4 and Donskaja-IV with no pheno-
typic contrast for seed weight was also similar to that of the
DE population with both the parents contributing the posi-
tive alleles. Of the 14 Tsw QTL detected in the population,
8 had trait enhancing alleles from TM-4 and 6 had trait
enhancing alleles from Donskaja-IV. Of these, five QTL in
the LGs A7, A8, A9 and B7 were detected as major QTL
with R? greater than 10 % (Table 2).

The QTL re-analysis of the VH population identified
a total of 16 QTL for seed weight. In all the 16 detected
QTL, the parent Varuna with high trait phenotype con-
tributed positive alleles to all the QTL showing a similar
genetic architecture as that of the EPJ population. The QTL
were distributed over eight LGs with five major QTL in
LGs A3, A10 and B3 (Table 2).

The QTL analysis in the four bi-parental populations
identified a total of 65 Tsw QTL, of which 39 and 26 QTL
were detected in the A and B subgenomes, respectively. Of
these 65 QTL, 25 % of the QTL (=16) were detected as
major QTL explaining more than 10 % of the phenotypic
variance.

Identification of consensus 7sw QTL

The 65 QTL for seed weight identified in the four mapping
populations phenotyped in different environments were
projected onto the consensus genetic map of B. juncea for
the identification of ‘consensus’ QTL (C-QTL). A meta-
analysis was performed with the hypothesis that the Tsw
QTL identified in different environments and located in a
given region of a chromosome could be different estima-
tions of the same QTL. Meta-analysis of 65 QTL resulted
in six consensus Tsw (Tsw-C) QTL distributed on LGs A3,
A7, A10 and B3 (Fig. 2; Table 3). These six Tsw-C QTL
were formed by integrating 33 component Tsw QTL, while
the remaining 32 Tsw QTL remained as population-specific
QTL. The number of component QTL that merged into
each of these six Tsw-C QTL ranged from three to nine.
Of the six Tsw-C QTL, LGs A3 and B3 included two C-
QTL each and LGs A7 and A10 harbored one C-QTL each.
One C-QTL each in LGs A3 (Tsw-C-A3-1) and B3 (Tsw-
C-B3-1) were formed by merging the maximum number of
major component QTL, while the second C-QTL in these
LGs (Tsw-C-A3-2 and Tsw-C-B3-2) were formed by merg-
ing minor component QTL. The remaining two C-QTL in
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Fig. 1 Frequency distributions of thousand seed weight in four mapping populations of Brassica juncea. a DE, b EPJ, ¢ TD and d VH in multi-
ple environments

LGs A7 and A10 were formed by merging the maximum  into population-specific stable QTL (S-QTL) as they were
number of minor component QTL. detected in more than one environment. The remaining 17

Of the 32 Tsw QTL from the four bi-parental populations =~ QTL which did not merge were detected as environment
that did not merge to a consensus QTL, 15 QTL merged QTL (E-QTL) (Online Resource 2). The maximum number
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Table 2 Tsw QTL data of DE,
EPJ, TD and VH populations
used for meta-QTL analysis

@ Springer

QTL LG Location LOD score Additive effect R? (%) Interval (cM)
EPJ population
EPJ-Tsw-Al-1 Al Delhi 6.2 0.3 9.7 62.9-64.6
EPJ-Tsw-Al-2 Al Bharatpur 2.7 0.1 33 67.6-68.6
EPJ-Tsw-A3-1 A3 Delhi 10 04 16.5 28.8-41.5
EPJ-Tsw-A3-2 A3 Alwar 8.7 0.2 14.6 46.2-49.2
EPJ-Tsw-A3-3 A3 Alwar 2.8 0.2 3.8 63.4-64.7
EPJ-Tsw-A3-4 A3 Bharatpur 6.7 0.2 9.2 56.0-58.3
EPJ-Tsw-A6-1 A6 Delhi 5.5 0.3 8.5 51.9-67.5
EPJ-Tsw-A7-1 A7 Delhi 3.1 0.2 4.2 31.6-34.4
EPJ-Tsw-A7-2 A7 Delhi 3 0.2 4.2 61.4-70.4
EPJ-Tsw-A7-3 A7 Alwar 2.5 0.1 3.7 51.0-57.4
EPJ-Tsw-A7-4 A7 Bharatpur 55 0.2 7.6 65.5-82.5
EPJ-Tsw-Al10-1 Al10 Delhi 35 0.2 5.7 67.7-78.3
EPJ-Tsw-BI-1 B1 Alwar 2.6 0.1 3.6 50.7-52.0
EPJ-Tsw-B2-1 B2 Delhi 29 0.2 5.6 66.7-71.3
EPJ-Tsw-B3-1 B3 Delhi 43 0.2 6.5 70.4-75.7
EPJ-Tsw-B3-2 B3 Alwar 4.8 0.2 8.4 62.2-77.4
EPJ-Tsw-B3-3 B3 Bharatpur 10.1 0.3 14.5 37.8-39.3
EPJ-Tsw-B4-1 B4 Alwar 2.5 0.2 54 57.1-60.5
EPJ-Tsw-B4-2 B4 Alwar 2.8 0.1 4.6 72.1-83.6
EPJ-Tsw-B4-3 B4 Bharatpur 6.7 0.2 9.2 44.2-46.5
EPJ-Tsw-B5-1 B5 Delhi 32 0.2 5.6 44.3-61.7
EPJ-Tsw-B7-1 B7 Alwar 5.7 0.2 9.2 81.5-87.7
EPJ-Tsw-B7-2 B7 Bharatpur 34 0.1 4.2 101.8-108.3
EPJ-Tsw-BS§-1 B8 Alwar 3.8 0.2 6.5 110-113.6
EPJ-Tsw-BS-2 B8 Bharatpur 8.4 0.2 12.6 110-124.3
DE population
DE-Tsw-A3-1 A3 Delhi3 32 0.1 6.4 72.6-74.5
DE-Tsw-A3-2 A3 Delhil 8.9 0.2 18.6 37.7-50.1
DE-Tsw-A3-3 A3 Delhi2 7.3 0.2 13.1 30.8-42.4
DE-Tsw-A7-1 A7 Delhil 5.5 0.1 9.5 18.4-21.4
DE-Tsw-A7-2 A7 Delhi2 34 0.2 5.7 21.4-23.4
DE-Tsw-A10-1 Al0 Delhi3 29 —0.1 53 31.3-32.7
DE-Tsw-A10-2 Al10 Delhil 42 —0.1 9.6 0-17.9
DE-Tsw-B3-1 B3 Delhi2 32 —0.1 54 15.3-33
DE-Tsw-B4-1 B4 Delhi2 3 0.1 5.1 9.7-19.7
DE-Tsw-B7-1 B7 Delhi3 4 0.1 7.4 85.6-93.3
TD population
TD-Tsw-Al-1 Al Delhi 3.8 —0.1 8.6 72.3-75.1
TD-Tsw-Al-2 Al Leh 2.6 —0.1 6.6 59.4-68.5
TD-Tsw-A2-1 A2 Bharatpur 2.5 —0.1 7.7 0-6
TD-Tsw-A7-1 A7 Leh 43 0.1 11.8 39.2-44.9
TD-Tsw-AS8-1 A8 Delhi 3.8 0.1 8.3 35.7-61.4
TD-Tsw-AS8-2 A8 Leh 5.1 0.2 14.7 61.4-77.4
TD-Tsw-A9-1 A9 Delhi 45 —0.2 10.7 46.4-49.6
TD-Tsw-A9-2 A9 Bharatpur 4.1 -0.2 13.1 51.9-53.1
TD-Tsw-A9-3 A9 Leh 2.8 —0.1 72 51.7-52.5
TD-Tsw-A10-1 A10 Delhi 33 0.1 7.5 9.1-14.7
TD-Tsw-A10-2 A10 Bharatpur 29 0.1 8.7 4.9-14.7
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Table 2 continued QTL LG  Locaton  LODscore  Additiveeffect  R*(%)  Interval (cM)
TD-Tsw-BI-1 Bl Leh 27 0.1 8.4 62.5-87.2
TD-Tsw-B7-1 B7  Delhi 2.8 0.1 77 11.3-30.8
TD-Tsw-B7-2 B7  Bharatpur 4.1 0.2 133 22.4-41.6
VH population
VH-Tsw-A3-1 A3 Gwalior 2.8 02 6.1 17.6-23.3
VH-Tsw-A3-2 A3 Delhi 6.8 03 12.6 22.2-38.9
VH-Tsw-A4-1 A4 Gwalior 3.1 02 7 442483
VH-Tsw-A4-2 A4 Leh 3.1 02 8.1 42.0-48.5
VH-Tsw-A7-1 A7 Delhi 25 02 3.8 31.5-46.5
VH-Tsw-A7-2 A7 Gwalior 33 02 6.3 343-522
VH-Tsw-Al10-I  A10  Leh 3.8 03 9.8 1.4-10.9
VH-Tsw-A10-2  A10  Gwalior 47 0.2 10.7 26.6-36.1
VH-Tsw-A10-3  A10  Delhi 7.4 03 13.9 25.4-46.2
VH-Tsw-BI-1 Bl Gwalior 25 0.2 49 62.1-86.9
VH-Tsw-B3-1 B3  Leh 47 03 12.5 33.2-48.5
VH-Tsw-B3-2 B3  Delhi 6.8 03 125 45.1-66.8
VH-Tsw-B3-3 B3  Gwalior 25 0.2 5.6 70.8-77.6
VH-Tsw-B3-4 B3  Delhi 3.9 0.2 6.8 99.2-118.1
VH-Tsw-B4-1 B4  Delhi 5 03 8.9 1.5-26.4
VH-Tsw-B6-1 B6  Gwalior 3 02 6.7 0.0-9.6

of three S-QTL were detected in the TD population wherein
one S-QTL was formed by merging the component QTL
from three environments (Tsw-S-A9-1-TD), while the other
two S-QTL were formed by merging the component QTL
from two environments. In the other three populations, thec
EPJ population identified two S-QTL (Tsw-S-Al-1-EPJ and
Tsw-S-B8-1-EPJ) and the VH population identified one S-
QTL (Tsw-S-A4-1-VH). All the population-specific QTL in
the DE population were detected as E-QTL.

Tsw-C-A3-1 in LG A3 was formed by merging six com-
ponent QTL and all included positive alleles from both
Indian and east European gene pool lines in the ‘J’ Bras-
sica genomic block. This C-QTL that merged the QTL from
three populations (DE, EPJ and VH) showed the highest
allelic effects from Pusajaikisan, showing an increase in
seed weight by 0.6 g followed by Donskaja-IV by 0.3 g
and Varuna by 0.2 g in the respective populations (Table 4).
In the second C-QTL, Tsw-C-A3-2 in F block, formed by
merging minor QTL from two populations (DE and EPJ),
revealed the maximum allelic effects in the EPJ population,
wherein the Pusajaikisan allele increased the trait pheno-
type by 0.4 g as compared to Donskaja-IV allele in the DE
population showing an increase by 0.2 g (Table 4).

The Tsw-C-A7-1 that merged QTL from all the four
populations and located at the junction of E and N blocks
showed contribution of positive alleles from both Indian
(Pusajaikisan, TM-4 and Varuna) and east European
(Donskaja-IV) lines. Among the Indian parents, Varuna
increased the phenotype by 0.5 g followed by Pusajaikisan

(0.3 g) and TM-4 (0.2 g) in the respective populations. In
the DE population, the parent Donskaja-IV increased the
phenotype by 0.2 g (Table 4).

Tsw-C-A10-1 also merged QTL from all the four popu-
lations. The contribution of trait enhancing alleles to this
C-QTL was observed to be from both female (TD and VH
populations) and male parents (EPJ and DE populations).
The allelic effect of Varuna allele was found to be maxi-
mum, as it increased the phenotype by 0.6 g while the other
three parents, Pusajaikisan, EH-2 and TM-4, increased the
trait phenotype by 0.2 g each in the respective mapping
populations (Table 4).

The two C-QTL in LG B3, Tsw-C-B3-1 and Tsw-C-B3-2
were formed by merging QTL from three and two popula-
tions, respectively. In Tsw-C-B3-1, Varuna allele increased
the phenotype by 0.6 g followed by Pusajaikisan (0.5 g)
and EH-2 (0.1 g). In Tsw-C-B3-2, both Varuna and Pusajai-
kisan increased the phenotype by 0.4 g each in the respec-
tive populations (Table 4).

On the basis of the diversity in allelic effects of the six
parents utilized in the development of the four bi-parental
populations, a comparative allelic status has been deci-
phered for these parental lines. For the purpose, it has
been hypothesized that Heera/EH-2 is the common parent,
as EH-2 is the EMS-induced early mutant of Heera (Rout
et al. 2015) and would therefore possess the same alleles
since both these lines have the same phenotype for the trait
(Table 1). The exercise revealed that Indian parents—Pusa-
jaikisan or Varuna—possess the most positive allele in all
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Fig. 2 Positions of six consensus Tsw (C-Tsw) QTL distributed on
LGs A3, A7, A10 and B3 in Brassica juncea consensus map. Marker
names are on the right of the linkage group bar and the positions in

the six C-QTL among the B. juncea lines studied (Table 4).
In three C-QTL (Tsw-C-A3-1, Tsw-C-A3-2 and Tsw-
C-B3-2), Puasjaikisan had the most positive alleles and
in the other three C-QTL (Tsw-C-A7-1, Tsw-C-A10-1 and
Tsw-C-B3-1) Varuna had the most positive alleles.
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centiMorgans (cM) are on the left. The component QTL identified in
EPJ, DE, TD and VH populations integrating into the consensus QTL
are shown on the left side of the linkage group bar

Epistatic and QTL x environment interactions

Genome-wide analysis for epistatic (additive x addi-
tive) and QTL x environment interactions for Tsw trait
in the four bi-parental populations revealed no significant
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Table 3 Characteristics of consensus Tsw (C-Tsw) QTL identified by meta-analysis through merging four component QTL maps (VH, TD, DE

and EPJ)
LG Component QTL Donor parent R? (%) Consensus QTL Peak position (interval)* (cM) Crucifer genomic block
A3 DE-Tsw-A3-2 Donskaja-IV 18.6 Tsw-C-A3-1 44 (38.9-49.1) J
DE-Tsw-A3-3 Donskaja-1V 13.1
EPJ-Tsw-A3-1 Pusajaikisan 16.5
VH-Tsw-A3-1 Varuna 6.1
VH-Tsw-A3-2 Varuna 12.6
EPJ-Tsw-A3-2 Pusajaikisan 14.6
DE-Tsw-A3-1 Donskaja-IV 6.4 Tsw-C-A3-2 74.4 (61.2-87.6) F
EPJ-Tsw-A3-3 Pusajaikisan 3.8
EPJ-Tsw-A3-4 Pusajaikisan 9.2
A7 DE-Tsw-A7-1 Donskaja-IV 9.5 Tsw-C-A7-1 33.5(25.6-41.5) E,N
DE-Tsw-A7-2 Donskaja-IV 5.7
EPJ-Tsw-A7-1 Pusajaikisan 4.2
EPJ-Tsw-A7-2 Pusajaikisan 4.2
EPJ-Tsw-A7-3 Pusajaikisan 3.7
EPJ-Tsw-A7-4 Pusajaikisan 7.6
TD-Tsw-A7-1 T™-4 11.8
VH-Tsw-A7-1 Varuna 6.3
VH-Tsw-A7-2 Varuna 3.8
A10 DE-Tsw-A10-1 EH-2 53 Tsw-C-A10-1 30.1 (21-39.3) R
EPJ-Tsw-A10-1 Pusajaikisan 5.7
TD-Tsw-Al10-1 T™M-4 7.5
TD-Tsw-A10-2 T™M-4 8.7
VH-Tsw-A10-1 Varuna 9.8
VH-Tsw-A10-2 Varuna 10.7
VH-Tsw-A10-3 Varuna 13.9
B3 DE-Tsw-B3-1 EH-2 54 Tsw-C-B3-1 46.6 (35.7-57.5) O,P
EPJ-Tsw-B3-3 Pusajaikisan 14.5
VH-Tsw-B3-1 Varuna 12.5
VH-Tsw-B3-2 Varuna 12.5
EPJ-Tsw-B3-1 Pusajaikisan 6.5 Tsw-C-B3-2 93.6 (79.4-107.8) R,J
EPJ-Tsw-B3-2 Pusajaikisan 8.4
VH-Tsw-B3-3 Varuna 5.6
VH-Tsw-B3-4 Varuna 6.8

 Interval implies the confidence interval of C-QTL on the consensus map

Table 4 Estimation of allelic

effects (measured in grams)

of six consensus QTL for seed

weight trait involving four

bi-parental populations of B.
Jjuncea and determination of

allelic status of six parents

Consensus Tsw QTL

Allelic effect of consensus Tsw QTL as
estimated from original bi-parental mapping

Comparative allelic status
of parents

population

DE EPJ TD VH
Tsw-C-A3-1 0.3 0.6 - 0.2 PI>D=T>V>E=H
Tsw-C-A3-2 0.2 0.4 - - PI>D=T>E=H=V
Tsw-C-A7-1 0.2 0.3 0.2 0.5 V>T>PI>D>E=H
Tsw-C-A10-1 -0.2 0.2 0.2 0.6 V>PI>E=T=H>D
Tsw-C-B3-1 —0.1 0.5 - 0.6 V>PI>E=H>D=T
Tsw-C-B3-2 - 0.4 - 0.4 PI=V>E=H=D=T

V Varuna, PJ Pusajaikisan, 7 TM-4, D Donskaja-1V, E EH-2, H Heera
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Table 6 Candidate genes for seed weight showing in silico co-localization with C-Tsw QTL and the corresponding A subgenome seed weight

QTL identified in B. rapa

S.no. Gene At 1D Crucifer Consensus Tsw Flanking Brassica rapa paralog Corresponding A
genomic QTL showing markers genome QTL? in
. . LG Bra ID ;
block in silico co-locali- B. rapa (Li et al. 2013)
zation
1 ATGRF3 At2g36400 J Tsw-C-A3-1 A12g33120- A3 Bra023066(MF2) 17.0 D)
Ar2g45690
2 CKX1 At2g41510 J Tsw-C-A3-1 A12g33120- A3 Bra000229(MF2)
At2g45690
3 HAIKUI  At2g35230 J Tsw-C-A3-1 At2g33120- A3 Bra023004(MF2)
At2g45690
4 TTG2 At2g37260 J Tsw-C-A3-1 At2g33120- A3 Bra023112(MF2)
Ar2g45690
5 ARRI At3gl6857 F Tsw-C-A3-2 Ar3g06480- A3 Bra001641(MF2) -
At3g21400
6 SGT At3g07020 F Tsw-C-A3-2 At13g06480- A3 Bra001230(MF2)
At3g21400
7 BZR1 At1g75080 E Tsw-C-A7-1 Atlg67230- A7 Bra015868(LF) -
Atlg79970
8 DA2 At1g78420 E Tsw-C-A7-1 Atlg67230- A7 Bra035036(LF)
Atl1g79970
9 MYB56  At5g17800 R Tsw-C-A10-1 At5g13440- A10 Bra002108(LF) 7.1-9.0 (R)
At5g18650
10 T4 At5g13930 R Tsw-C-A10-1 At5g13440- Al0 Bra008792(LF)
At5g18650
11 GASA4*  At5g15230 R Tsw-C-B3-2 At5g14030- - - -
At5g17410

LF least fractionated, MF2 most fractionated 2
* GASA4 shows physical co-localization with C-Tsw QTL in LG B3

b Phenotypic variance explained in percentage

QTL x environment interactions in any of the bi-parental
populations (data not shown). Analysis of digenic interac-
tions (A x A) in these four populations revealed five inter-
actions each in the EPJ and VH populations and one inter-
action each in the DE and TD populations (Table 5). It was
also observed that in the EPJ and VH populations, where
the populations were developed with high phenotypic
contrasts between the parents, a greater number of Type 1
digenic interactions (four out of five interactions in EPJ and
three out of five in VH) were detected compared to that in
the populations with low phenotypic contrasts between the
parents (DE and TD).

In silico co-localization of candidate genes

An in silico search for candidate genes for seed weight trait
from the heterologous systems identified a total of 77 genes
from Arabidopsis and 11 from other agricultural crops
(rice, maize and tomato) (Online Resource 3 and Online
Resource 4). The orthologs of 11 crop genes in Arabidop-
sis were established using BLASTX tool of TAIR database
(http://www.arabidopsis.org/Blast/index.jsp). The probable

positions of these candidate genes were predicted in B.
juncea on the basis of the syntenic blocks of C-QTL. B.
rapa paralogs of these genes were identified by search for
the ‘syntenic gene’ in BRAD (http://brassicadb.org/brad/
searchSyntenytPCK.php).

In silico co-localization of candidate genes with C-
QTL was carried out based on the arrangement of Brassica
building blocks on the B. juncea consensus genetic map.
There were ten candidate genes which showed in silico
co-localization with four A subgenome C-QTL (Table 6).
In the absence of B genome sequence of Brassica spe-
cies, no candidate genes could be co-localized to the B
subgenome C-QTL. However, the candidate gene GASA4
(At5g15230) mapped in the EPJ and VH populations due
to a polymorphism in the gene and was found to co-map
to the Tsw-C-B3-2 region on LG B3. Among the ten candi-
date genes co-localizing to four A subgenome C-QTL, four
candidate genes (ATGRF3, CKXI, HAIKUI and TTG2)
could be located in Tsw-C-A3-1, two genes (ARRI and
SGT) in Tsw-C-A3-2, two (BZR1 and DA2) in Tsw-C-A7-1
and two (MYB56 and TT4) in Tsw-C-A10-1. While all the
six candidate genes in Tsw-C-A3-1 and Tsw-C-A3-2 QTL
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correspond to the MF2 (most fractionated 2) region in the
‘J> block, other candidate genes co-locating to the QTL
regions of LG A7 (Tsw-C-A7-1) and A10 (Tsw-C-A10-1)
correspond to the LF (least fractionated) regions in the ‘E’
and ‘R’ blocks of B. rapa, respectively. Comparisons of
identified C-QTL in the present study with QTL data for
seed weight in B. rapa (Li et al. 2013) revealed that C-
QTL in LG A3 (Tsw-C-A3-1) (J block) and in A10 (Tsw-
C-A10-1) (R block) could be common between the two
species (Table 6).

Discussion

Seed weight is an important yield component trait in oil-
seed Brassica species and is quantitative in nature. Among
the cultivated Brassicas, B. juncea holds the maximum
genetic variation for the trait. While extensive breeding
efforts in Indian B. juncea gene pool lines have resulted
in the development of varieties with higher seed weight,
the east European gene pool lines are small seeded due to
lack of breeding efforts in this direction (Ramchiary et al.
2007). Although there are several studies on genetic analy-
sis of seed weight in B. rapa (Li et al. 2013; Basnet et al.
2015), B. napus (Yang et al. 2012; Li et al. 2014; Fu et al.
2015; Geng et al. 2016) and in B. juncea (Ramchiary et al.
2007; Yadava et al. 2012), no systematic study on the trait
harvesting maximum available genetic variation has been
undertaken in any of these Brassica species. The present
study, therefore, has been attempted at understanding the
genetics of this important quantitatively inherited trait in
B. juncea describing the maximum genetic variation in the
species. As the B. juncea germplasm is highly structured
(Srivastava et al. 2001) and might run the risks of associa-
tion mapping, the genetic dissection of the trait was under-
taken using four bi-parental populations involving six lines
from both Indian and east European gene pools. The seeds
of the six parents involved in the present study showed a
wide range in weight varying from 2.0 to 7.6 g per 1000
seeds in different environments (Table 1).

We observed higher frequencies of transgressive seg-
regants in the populations derived from parents with low
contrast (DE and TD) than those derived from the parents
with high contrasts (EPJ and VH) in seed weight (Fig. 1).
It clearly indicates that the positive alleles for seed size
are still dispersed among parental lines with low contrast
and the transgressive segregants have inherited combina-
tions of alleles acting in the same direction contributed
by both the parents. This was substantiated by the QTL
analysis of the DE and TD populations wherein both the
parents contributed the positive alleles for increased seed
weight (Table 2). This observation also indicates that
breeding efforts are lacking for improving seed weight in

@ Springer

these lines. On the contrary, the occurrence of very few
transgressive segregants in populations derived from the
parents with high phenotypic contrasts (EPJ and VH) could
be due to accumulation of all positive alleles in the high
parents. QTL analysis in these two populations confirmed
this hypothesis, as no positive allele was identified from the
phenotypically inferior parents in EPJ and VH populations
(Table 2). It reaffirms the strong breeding efforts made in
the Indian germplasm lines for higher seed size.

The present study identified 65 Tsw QTL from four
bi-parental populations distributed over 13 of 18 LGs, of
which 75 % were minor QTL (explaining <10 % of the
phenotypic variance). It indicates that in B. juncea also a
sizable portion of the genetic variation of seed weight is
controlled by a large number of loci with minor effects as
has been reported in B. napus (Li et al. 2014). The study
also identified around 50 % of the population-specific QTL
as environmental QTL (E-QTL). The occurrence of envi-
ronment-specific QTL is also a characteristic of quantita-
tive traits. It has been proposed that they may be exhibiting
‘conditional neutrality’ (they affect the trait in one environ-
ment but not in the other) or ‘pleiotropy’ (they affect T'sw in
one environment, but affect another trait in a different envi-
ronment because of pleiotropic nature of the underlying
genes). The appearance of QTL which show conditional
neutrality and antagonistic pleiotropic effects and their
importance in adaptation to different environments have
been shown in Boechera stricta (Anderson et al. 2013),
Arabidopsis and other species (EI-Soda et al. 2014).

Quantitative trait variation is also influenced by epistatic
and QTL x environment interactions, which contribute
to the observable phenotypic variation (Mackay 2014).
Our results did not indicate significant QTL x environ-
ment interactions. It could primarily be due to the fact that
seed weight is a highly heritable trait in B. juncea and has
a strong additive component. However, the observation of
a higher number of epistatic interactions (additive x addi-
tive) that were primarily of Type 1 in populations derived
from parents with high phenotypic contrasts (EPJ and VH)
than the populations with lesser parental contrasts (DE and
TD) (Table 5) is suggestive of the fact that the Type 1 inter-
actions have been fixed during the selection and fixation of
additive loci for higher seed weight in the Indian gene pool
lines. The effects attributed to epistasis are deemed impor-
tant while conceiving marker-assisted breeding programs
for QTL introgression.

Meta-QTL analysis that merges overlapping QTL of a
trait detected in multiple populations is a synthetic genetic
model based on the hypothesis that different QTL that are
common between the populations are controlled by the
same gene(s) (Chardon et al. 2014). The analysis results
in the identification of ‘consensus’ QTL which could
have broader application in marker-assisted breeding as
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compared to a QTL detected in a single bi-parental popu-
lation. Meta-analysis also precisely quantifies the allelic
effects at the QTL participating in the formation of consen-
sus QTL. The estimated allelic effects could then be further
used to establish the diversity among the parental alleles
contributing to a consensus QTL in a particular case where
all the bi-parental populations have been derived using
common parents.

The meta-QTL analysis undertaken in the study identi-
fied a total of six consensus QTL (Table 3) by merging 33
of the 65 component QTL. The estimated allelic effects on
seed weight showed maximum effects from Indian gene
pool lines, Pusajaikisan or Varuna, in all the six consen-
sus QTL. However, in the DE population (derived from
two east European lines), Donskaja-IV showed maximum
allelic effects (Table 4). Further comparative analysis of
allelic diversity using EH-2/Heera as the common parent
revealed that either Pusajaikisan or Varuna hold the most
positive allele among the six parents (Table 4). Hence, the
allelic diversity identified in the present study from two
gene pool lines reveals the scope for genetic improvement
of seed size by allele replacement between and/or within
the two gene pools of B. juncea. However, the decision on
inter-gene pool introgression of QTL for a component trait
related to yield should only be made based on the genetic
analysis of other yield component traits, as the majority of
these traits are significantly correlated due to pleiotropy
and/or close linkage (Yadava et al. 2012; Yang et al. 2012;
Liet al. 2014).

Due to allelic diversity, QTL identified in a population
may not be useful in other populations without marker
validation and/or fine mapping (Xu and Crouch 2008;
Nicholas 2006). Candidate gene analysis in the QTL
regions that are shared across populations would permit
the development of polymorphic markers, speeding up
marker-assisted selection. In the present study, the synteny
of candidate genes with the Tsw QTL localized 11 genes
mapping to the regions harboring C-Tsw QTL (Table 6).
These candidate genes could be validated and the poly-
morphism detected in the candidate genes be used for the
precise transfer of QTL.

The comparative QTL map alignment for seed weight
between the A subgenome of B. juncea (present study)
with B. rapa (Li et al. 2013) identified two conserved QTL
blocks, one in the J block of LG A3 (Tsw-C-A3-1) and the
other in the R block of LG A10 (Tsw-C-A10-1). It indi-
cates that these QTL blocks are evolutionarily conserved in
the A subgenome of B. juncea. The in silico co-mapping
study also identified four candidate genes, ATGRF3, CKX1,
HAIKUI and TTG2, locating to the J block of QTL Tsw-
C-A3-1 whose paralogs were detected in the J block in LG
A3 of B. rapa (Table 6). The J block in LG A3 in B. rapa
has been shown to be a most fractionated block (MF2)

which is more ancient than the other two blocks LF and
MF1 (LF: least fractionated and MF1: medium fraction-
ated) (Wang et al. 2011). We, therefore, believe that one or
more of these genes might be functionally conserved across
the Brassica species and play an important role in deter-
mining seed size.

In conclusion, this study addresses a very important
aspect of genetic improvement of B. juncea by identifying
consensus seed weight QTL based on data from multiple
segregating populations developed by utilizing the maxi-
mum genetic variation existing in the two gene pools of B.
Jjuncea. Meta-analysis simultaneously revealed six consen-
sus QTL and uncovered the allelic diversity of the trait in
B. juncea. The candidate genes which show in silico syn-
teny to the genomic blocks containing consensus 7sw QTL
in B. juncea would be physically mapped and functionally
validated in future. In the context of heterosis breeding in
B. juncea, the Indian parents having positive alleles for
seed weight trait may find application in improving the east
European gene pool lines.
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