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Abstract

Key message C genome chromosome substitution
lines of B. juncea constitute a key genetic resource for
increased genetic diversity and hybrid performance.
Abstract C genome chromosome substitution lines were
found in the progenies of derived B. juncea (2n = 36;
AABB), synthesized through hybridization between B.
napus and B. carinata. These were originally recognized
based on the morphology and genomic in situ hybridization.
Genotyping using the Brassica lllumina 60K Infinium SNP
array confirmed the presence of C genome chromosomes
in a large number of derived B. juncea genotypes. Three
whole chromosome substitutions and 13 major C genome
fragment substitutions were identified. Fragment substitu-
tions were primarily terminal, but intercalary substitution(s)
involving chromosome C1 and C2 were identified in three
genotypes. The size of substituted C genome fragments
varied from 0.04 Mbp (C1) to 64.85 Mbp (C3). In terms of
proportions, these ranged from 0.10 % (C1) to 100 % (C1,
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C3 and C7) of the substituted chromosome. SSR genotyp-
ing with B genome specific primers suggested that substi-
tuting C genome chromosome(s) are likely to have replaced
B genome chromosome(s). C1 was the most common sub-
stituting chromosome while substituted B chromosome
seemed random. Study of the phenotypic traits underlined
the importance of the substitution lines (especially of chro-
mosome C1) for conferring superior trait performance
(main shoot length and pods on the main shoot). High het-
erosis was also indicated in hybrid combinations of sub-
stitution lines with natural B. juncea. These substitution
genotypes constituted a valuable resource for targeted gene
transfer and QTL identification.

Introduction

Brassica juncea (L.) Czern and Coss. (2n = 36; AABB),
also known as Indian mustard, is a premier oilseed crop of
the Indian sub-continent. It is a condiment and edible oil-
seed crop in Russia and parts of Eastern Europe. It arose
several times through hybridization between the diploid
genome donor species B. rapa (2n = 20; AA) and B. nigra
(2n = 16; BB), with both figuring as cytoplasm donors dur-
ing independent hybridization events (Kaur et al. 2014).
These two diploid species, along with B. oleracea (CC;
2n = 18), are primary paleopolyploids (Truco et al. 1996)
having arisen from a common hypothetical hexaploid
ancestor with 42 chromosomes (Cheng et al. 2013).

Like most other field crops, Indian mustard is facing
challenges of stagnating yields and susceptibility to biotic
and abiotic stresses. Narrow genetic diversity in the breed-
ing pools is arguably a major cause of yield stagnation and
failure to enhance current levels of resistance to biotic and
abiotic stresses (Banga and Banga 2009). Intensive selection
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and hybridization efforts in the past helped to increase
crop productivity by substituting superior alleles at bottle-
neck loci. Though this strategy facilitated the evolution of
high-yielding varieties, it also tempted plant breeders to
restrict hybridization to elite but closely related germplasm.
In fact, most of the current mustard varieties in India have
been bred through crosses between high-value, and closely
related genotypes or are reselections from old cultivars. For
example, a very old but widely adapted cultivar, Varuna,
figures repeatedly in the pedigrees of most mustard geno-
types released for commercial cultivation in India (Chauhan
et al. 2011). A similar situation has been documented for the
Australian B. napus breeding programme (Cowling 2007).
It is plausible that majority of favorable alleles have become
fixed in a small set of elite germplasm. Any further genetic
enhancement for productivity and stress resistance would
require genetic augmentation across gene pools. Geneti-
cally diverse germplasm resources have been exploited as
sources of beneficial alleles in many crop species (Zamir
2001). Extensive and exploitable variation is available
within B. juncea, related crop Brassica species and wild
crucifers (Banga et al. 2003; Warwick 2011). It was possi-
ble to introgress wild alleles for tolerance to various biotic
stresses into B. juncea (Garg et al. 2010; Kumar et al. 2011;
Atri et al. 2012; Banuelos et al. 2013) or exploit alien cyto-
plasmic variation through development of a several alloplas-
mic CMS lines (Janeja et al. 2003; Prakash et al. 2009; Atri
et al. 2016). Some of these CMS sources have been used to
develop hybrids in both B. napus and B. juncea.

In spite of demonstrated breeding gains, exotic germ-
plasm resources are largely underutilized in this crop.
Negative trait associations, linkage drag, meiotic barriers,
distorted allele segregation ratios and loss of alien genes in
early generations of backcrossing are the primary impedi-
ments. Probability of unwanted linkages can be extremely
high as rates of recombination can be very low in intro-
gressed chromosome segments. Fixing beneficial genes
while eliminating undesirable ones can be very difficult
and may require many generations of planned hybridiza-
tions and specialized breeding strategies. B. napus and
B. carinata are especially valuable and accessible reser-
voirs of novel genetic variation for B. juncea. However,
potential utility of specific alien genes is compromised by
uncontrolled and complex chromosome pairing in crosses
involving allotetraploid species. Chromosome addition and
chromosome substitution lines in allotetraploids offer the
possibility of limiting introgressions to specific chromo-
somes. Chromosome addition lines have been developed in
Brassica. For example, B. napus—Diplotaxis erucoides, B.
napus—B. nigra and B. rapa—B. alboglabra have been pro-
duced (Delourme et al. 1989; Jahier et al. 1989; Chen et al.
1997). Although C-genome chromosome substitution lines
have been reported in B. juncea (Banga 1988), these were
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never adequately investigated in terms of molecular charac-
terization and breeding value.

In this communication we report molecular—cytogenetic
characterization of C genome chromosome substitution
lines in derived B. juncea forms obtained through hybridi-
zation between B. napus and B. carinata. We also demon-
strate their value for trait introgression and increased het-
erosis in crosses with natural B. juncea.

Methods and materials

Spontaneous C genome chromosome substitution lines
were identified in the progenies of derived B. juncea devel-
oped through hybridization between B. napus and B. cari-
nata (Gupta et al. 2015). In addition four natural B. juncea
genotypes namely PBR 210, RLC 1, AMH2 and CBJ 002
were used for developing F, hybrids with chromosome
substitution lines. Of these, PBR 210 and RLC 1 are com-
mercial B. juncea varieties in India. AMH 2 and CBJ 002
are B. juncea introductions from China.

Fluorescent genomic in situ hybridization (-GISH)
Slide preparation

To prepare meiotic spreads, anthers with pollen mother
cells at meiotic stages between prophase I and metaphase
I were collected from derived B. juncea lines and fixed in
Farmer’s solution (3 ethanol:lacetic acid) in the morning
hours. For mitotic slide preparations, roots of 30 mm in size
were treated with water saturated with a-bromonaphthalene
for 4 h and then fixed in alcohol:acetic acid (3:1) for at least
2 h at 4 °C. Anthers and root tips were first washed in a
citrate buffer for 30 min to remove the fixative and subse-
quently incubated in the enzyme mixture containing 2 %
(w/v) cellulase and 20 % (v/v) pectinase in 4 mmol citrate
buffer (Citric acid monohydrate and trisodium citrate dehy-
drate), pH 4.8 for about 1 h at 37 °C. The treated anthers
and roots were agitated with a micropipette tip to meiotic
and mitotic cells in the micro-centrifuge tubes. These were
centrifuged for 3 min at 600-800g, followed by 45 min
treatment in 150 mmol KCI for 20 min. The cells were
washed thrice at 800g for 3 min in freshly prepared fixa-
tive to clear the cytoplasm. One drop of 7 ul of suspension
was released on acid cleaned chilled slide from a height of
50 mm to spread the cells on the slide. Slides were air-dried
in a desiccator before further use.

In situ procedure

Total genomic DNA from Brassica species was extracted
using the DNeasy plant mini kit (Qiagen) according to
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manufacturer’s instructions to prepare probes and block-
ing DNA. To know whether the substitution happened
between B and C genome or between A and C genome, two
colour GISH was performed for simultaneous representa-
tion of all three genomes (A, B and C) in derived B. juncea
lines. Purified and sheared DNA of B. nigra var. UP was
labelled with fluorescein-12-dUTP and from B. oleracea L
var. alboglabra Bailey was labelled with tetramethyl rhoda-
mine-5-dUTP using a nick-translation kit to identify B and
C genomes in lines. Autoclaved B. rapa DNA (200-500 bp)
and an excess of unlabelled PCR product of the C genome
45S rDNA intergenic spacer was added to the hybridization
solution as a blocker to prevent non-specific inter-genomic
cross-hybridization between A and C genomes of Brassica.
DNA of B. oleracea L var. alboglabra was used to develop
a C genome probe as it could selectively hybridize with C
genome chromosomes. The GISH protocol as proposed by
Schwarzacher and Heslop-Harrison (2000) was followed
with minor modifications to study C genome substitu-
tions. For in situ hybridization, 40 pl of hybridization mix-
ture containing 50 % formamide, 2x SSC, 10 % dextran
sulphate, 0.025 pg salmon sperm DNA, 1.25 mM EDTA,
0.125 % SDS, 100 ng of each labelled probes and 200-fold
blocking DNA was applied on slides with good chromo-
some spreads. After hybridization, the slides were washed
at 42 °C for 2 min in 2x SSC and 5 min in high stringent
solution (20 % formamide and 0.1 x SSC at 42 °C), two
times respectively. Then slides were washed in 0.1x SSC
at 42 °C for 10 min and then allowed to cool at room tem-
perature for 5 min. The slides were rinsed in detection
buffer (4x SSC containing 0.2 % Tween-20) for 5 min.
Chromosomes were counterstained by incubating the slides
in 20 pl DAPI II Counterstain (Abbott Molecular, India)
(pH = 7) under a plastic coverslip at room temperature
for 10-30 min in the dark and fluorescence was visualized
using Carl Zeiss microscope (Imager. Z 2 AX10). At least
25 cells were observed for each preparation. These were
photographed using a computer assisted cooled charge-
coupled device (CCD) camera, and images were merged
with Image-J software.

DNA extraction, molecular characterization and data
analysis

DNA was extracted from fresh leaves using the CTAB
(Cetyl trimethyl ammonium bromide) method (Doyle and
Doyle 1990). The Illumina Infinium B. napus SNP array
was used for SNP genotyping (Mason et al. 2014a, b). Ini-
tial SNP data curating was carried out according to methods
described previously (Mason et al. 2015). SNP positions
were obtained on the published B. rapa and B. oleracea
genome sequences (Wang et al. 2011; Parkin et al. 2014)
using BLAST to align probe sequences to the reference

genome using an e value cutoff of 0.000001. Single nucleo-
tide polymorphisms were filtered through Genome Studio
software to retain genome-specific SNPs, using parental
genotypes as controls. All SNPs giving >20 % heterozy-
gous calls (AB), or >10 % no calls (NC) were removed.
Finally, 1458 A-genome and 1936 C-genome SNPs (a total
of 3394) were retained. No B-genome specific SNPs that
did not also amplify A or C genome loci were able to be
identified. The chromosome substitution lines were also
analyzed using 48 B genome specific SSR markers distrib-
uted at the rate of six markers per chromosome across the B
genome as per the procedure described earlier (Gupta et al.
2015). Sequence information of these SSR primers was
obtained from Dr. Isobel Parkin, under a materials transfer
agreement with Agriculture and Agri Food Canada.

Circular genome data visualization software (CIRCOS)
was used to depict C genome chromosome substitutions
(Krzywinski et al. 2009). Software Graphical GenoTypes
(GGT) (Van Berloo 2008) was used for graphical represen-
tation of molecular marker data to confirm the presence/
absence of B genome chromosomes. Software SAS was
used for statistical analyses.

Results

Chromosome substitution lines were initially identified in
the progenies of the derived B. juncea genotypes based on
distinct morphological features normally associated with
the Brassica C genome. These included delayed flower-
ing, bolting habit and leathery leaves. Meiotic analysis of
selected genotypes showed a euploid chromosome number
(2n = 36 with 18 II) for all these lines. Dual colour GISH
allowed unambiguous identification of A, B and C genome
chromosomes (Fig. 1). In nine derived genotypes namely,
DJ15, DJ 16, DJ17, DJ19, DJ20, DJ21, DJ22, DJ31, and
DJ 41, appearance of seven chromosome pairs strongly
labeled with green colour and one chromosome pair with
red colour distinctly indicated that B genome chromosome
substituted a C genome chromosome each in these substitu-
tion lines (Fig. la). Fourteen green painted chromosomes
and two red painted chromosomes in mitotic spreads con-
firmed disomic chromosome substitutions (Fig. 1b).

Identifying C-genome chromosome substitutions
with SNP genotyping

Results from SNP genotyping assays confirmed the pres-
ence of 10 intact A-genome chromosomes in all the derived
B. juncea lines, with no large missing regions detected.
C-genome chromosomes were absent in most derived B. jun-
cea lines. However, in some instances C genome chromo-
somes revealed amplification for the entire length or part of
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Fig.1 C genome chromosome substitution in derived B. juncea. a
Diakinesis, all the 10 A genome chromosomes are stained blue due
to staining with DAPI. Seven B genome chromosomes stained green
due to labelling with B genome probe. C genome chromosome sub-

Fig. 2 Circos diagramme docu-

stitution for one B genome chromosome is indicated by red colour
due to labelling with C genome specific probe. b Mitotic metaphase

showing disomic C genome chromosome substitution (colour figure
online)
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a chromosome. These were construed to be C genome whole
chromosomes or fragment substitutions (Fig. 2). Availabil-
ity of physical positions for all C genome SNPs allowed us
to delineate these chromosomes and chromosome regions
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(Figs. 2, 3; Table 1). Complete substitutions of chromosome
C1 were indicated in DJ15, DJ17, DJ19, DJ21, DJ22 and
DJ41. Very large fragment substitutions were also recorded
in the genotypes DJ14 (34.75 Mbp), DJ20, 31 (38.79 Mbp),
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Fig. 3 Chromosome cartoons showing B genome chromosomes (blue) by complete or segment substitution from C genome chromosome(s) as

indicated by red colour (colour figure online)

DJ24 (31.50 Mbp), DJ25 (33.07 Mbp), DJ70 (28.93 Mbp)
and DJ5 (29.56 Mbp). Comparatively smaller fragment sub-
stitutions involving chromosome C1 were observed in DJ16
(13.86 Mbp) and DJ28 (10.85 Mbp). Almost all the frag-
ment substitutions were terminal, but there were variations
in the chromosome segments substituted. Three derived B.
juncea genotypes: DJ25 (44.52 Mbp), DJ17 (41.29 Mbp)
and DJ 52, 71 (26 Mbp), harboured very large chromosome
fragment substitutions from chromosome C2. These cov-
ered almost 50 to 84 % of the chromosome. DJ52, DJ71 and
DJ70 were unique as these carried intercalary C genome
substitutions (Fig. 3). Chromosome C3 was identified as a
complete chromosome substitution in DJ17 (64.85 Mbp).
This genotype also harboured almost a complete (97 %)
chromosome substitution for C8 (39.79 Mbp). Small ter-
minal substitutions were also observed in DJ5 and DJ17,
constituting 26.9 % of the donor C8 chromosome. Chromo-
somes C4, C5, C6 and C9 were not recovered in any chro-
mosome substitution line using a minimum cut-off value of
10 % for fragment substitution. However, very small substi-
tuted chromosome fragments (less than 10 %) were recov-
ered in many derived B. juncea genotypes involving all of
the chromosomes, and ranged from 0.04 to 6.83 Mbp in
size. Stable inheritance of whole chromosome substitutions
was established by confirming the expected chromosome
number and meiotic stability in the progenies obtained fol-
lowing selfing of identified chromosome substitution lines.

Genotyping with B-genome specific SSR primers

A set of 48 B-genome specific SSR primers, distributed
at six per chromosome were used to detect the presence/

absence of B chromosomes in 14 derived B. juncea lines
showing either complete or a large chromosome fragment
substitution. B. rapa (AA), B. oleracea (CC), B. nigra
(BB), B. carinata (BBCC), B. juncea (AABB) and B. napus
(AACC) were used as controls. Forty eight markers ampli-
fied 67 alleles. Of these 62 alleles were retained to develop
graphical genotypes as these were also present in all the
three B genome bearing species, but were absent in B. rapa
(AA), B. oleracea (CC) or B. napus (AACC). Graphical
genotypes are presented in Fig. 4. These indicated absence
of either whole B chromosome(s) or fragments thereof in
the test genotypes. The presence of C genome chromosome
in a test genotype coupled with the corresponding absence
of B chromosome in the same genotype helped us to identi-
fied both substituted B genome chromosome and substitut-
ing C genome chromosome (Table 1). There seemed to be
no pattern in substituted B or substituting C genome chro-
mosome in the test genotypes. For example, C1 was the
most prevalent substitution. However, it replaced different
B genome chromosomes (B2, B3, B4, BS, etc.).

Breeding values

All the chromosome substitution lines were fully fertile.
The pollen grain fertility as evidenced by pollen grain stain-
ability with acetocarmine varied from 93 to 97 %. The cor-
responding values for natural B. juncea were in excess of
96 %. Available agronomic data (Gupta et al. 2015) from
selected genotypes was used to establish the breeding values
of C-genome substitution lines carrying complete chromo-
some substitutions or at least 50 % fragment substitutions.
The morpho-physiological traits included: chlorophyll
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Fig. 4 Graphical genotyping based on polymorphism for B- genome specific SSR markers. These indicate absence of either whole B
chromosome(s) or fragments thereof in the test genotypes as indicated by blue colour (colour figure online)

values at flowering using SPAD meter, days to flowering,
days to maturity, plant height, branch number, main shoot
length, no. of pods on the main shoot, pod length and seed
yield. Data regarding oil, protein and meal glucosinolates
were also collected from both normal euploid derived B.
juncea and corresponding substitution lines with complete
chromosome and chromosome fragment (>10 %) substitu-
tions. Data are depicted in Figs. 5 and 6 over 2 years. Based
on averages over both the datasets, it was apparent that the
euploid B. juncea and substitution lines differed primar-
ily for main shoot length and number of pods on the main
shoot. There was a marginal depression in the pod length in
the chromosome/chromosome fragment substitution lines as
compared to euploid B. juncea. For other traits, the differ-
ences were statistically non-significant,

In order to analyze the impact of chromosome substitu-
tions on these two traits, we compared the performance of
individual chromosome/chromosome substitution lines. As
is apparent from Fig. 7, genotype DJ16 that carried almost
complete chromosome substitutions for two C genome
chromosomes (C7 and C8) outperformed the derived B.
Jjuncea genotypes for main shoot length, and pods on the
main shoot. One substitution line (DJ20) carrying a com-
plete chromosome C1 showed varied performance. On
the basis of the average over six genotypes carrying a Cl
substitution, the main shoot length and consequently the
number of pods on the main shoot were higher than those
observed for euploid B. juncea genotypes. The longest
shoot length and highest number of pods on the main shoot
were recorded for the genotype DJ19, while DJ20 showed
the lowest values for these two traits.

Better parent heterosis

F, hybrids were produced between C genome chromosome
substitution lines of derived B. juncea with four natural

@ Springer

B. juncea (PBR 210, RLC 1, AMH2 and CBJ 002). These
were compared against a set of corresponding derived B.
Jjuncea genotypes showing no C genome presence. The tri-
als were conducted over 2 years. The results are summa-
rized in Figs. 8 and 9. It was very interesting to note that all
derived B. juncea lines carrying disomic substitutions for
chromosome C1 showed excellent heterosis for yield (7.5—
31.5 % with an average of 24.6 %) in crosses with natural
B. juncea. The only exception was DJ31 (C1). The results
were consistent over both the years. However, maximum
heterosis was recorded between the genotypes DJ25 (Cl1,
C2) and PBR 210 (59.3 %). In contrast to the chromosome
substitution lines, the average heterosis in crosses involving
euploid derived B. juncea was 5.6 %, which was signifi-
cantly lower than the average heterosis (13.25 %) recorded
for the crosses involving chromosome substitution lines.
Against consistent heterotic performance of chromosome
substitution lines in the hybrid combinations, the euploid
B. juncea lines showed varied performance with heterosis
ranging from —30.83 to 44 %. There were certain geno-
types (e.g., DJ73 and DJ1) which produced much higher
heterosis (38.42 %, 44 %) than that recorded by the com-
binations involving C-genome chromosome substitution
lines. Superior performance of chromosome substitution
lines in hybrid combinations was also reflected in crosses
involving natural B. juncea cvs. RLC 1 and PBR 210 as
testers. However, the average performance of hybrids
involving C chromosome substitution lines and two exotic
B. juncea testers, AMH2 and CBJ002 were only margin-
ally superior to the average performance of corresponding
hybrids involving euploid derived B. juncea genotypes. All
the substitution lines (except for DJ31-C1) carrying C1 as
a complete chromosome or chromosome fragment substi-
tution produced heterotic hybrids, out-yielding the check
by margins ranging from 7.5 to 31.5 %. In contrast, the
average heterosis for euploid derived B. juncea lines was
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negative, and it varied from —30.83 to 44 %. This broadly
confirmed the results for other two testers.

Discussion

Introgressing useful genetic variation from a related allo-
tetraploid species into the B. juncea gene pool is difficult
in spite of the extensive synteny that exists in crop Bras-
sica species. This is primarily due to genetic limitations,
such as the level of accessible genetic variation and meiotic
complexities resulting from simultaneous occurrence of a
large number of homologous, homoeologous and even par-
alogous associations. An alternative approach to promote
controlled recombination among Brassica allotetraploids is
to limit recombination to individual chromosomes by using
chromosome substitution lines. A similar and possibly
superior approach is marker-assisted chromosome segment
substitution, as first demonstrated in Lycopersicon “intro-
gression lines (ILs)”. Random chromosome substitutions
occur naturally among the interspecific crosses from the
crop Brassica species, owing to their origin from a com-
mon ancient polyploidization event. Cytological observa-
tions of interspecific hybrids and comparative molecular
mapping suggest that synteny and colinearity are still con-
served among three Brassica genomes. However, major
cytostructural barriers exist to interspecific gene transfer
from chromosomes belonging to the B genome.

We had previously reported an alternate approach to
synthesize B. juncea through hybridization between B.
napus and B. carinata (Gupta et al. 2015). An unintended

@ Springer

outcome of this procedure was the development of chro-
mosome and chromosome segment substitution (CS)
lines, which we used for downstream quantitative evalu-
ation. GISH is an excellent procedure for characteriz-
ing alien chromosome segments in expected introgressed
lines, allowing identification of alien chromosomes and
large translocations (Schwarzacher et al. 1992). Major C
genome chromosome substitutions greater than 10 % were
recorded for 18 derived B. juncea genotypes out of 89 gen-
otypes assessed. These included three complete C genome
chromosome substitutions, putatively for B genome chro-
mosomes. All these were disomic chromosome and were
stably inherited. This was evident from GISH and simple
cytogenetic analysis of whole chromosome substitution
lines and their selfed progenies. That the C genome chro-
mosome substitutions occurred at the cost of B chromo-
somes was evident when results of SNP genotyping were
supplemented with graphical genotypes developed on the
basis of genotyping with B genome specific SSR primers.
Large size of many fragment substitutions and their termi-
nal locations seemed to suggest that chromosome fragment
substitutions may have arisen due to breakages and reun-
ion of chromosomes or due to homeologous recombina-
tion between C and B genome chromosomes. In the case
of DJ52, DJ71, which carried intercalary substitutions for
chromosome C2 and DJ70 which carried intercalary substi-
tutions for chromosome C1, a large part of the C chromo-
some may have participated in recombination events with
B chromosome fragments from two different chromosomes
or two fragments of the same B chromosome. Reciprocal
segment exchange between A and C genome chromosomes
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Derived Juncea Genotypes

Substitution Genotypes
past reports suggesting the presence of QTL for shoot

length traits on chromosomes C1 and C8 and for pod num-
ings, as these opened up the concept of QTL transportabil-

ity across species as all these substituted C genome chro-
mosomes in B. juncea were obtained from B. napus. The

corresponding genes were not only transferred to B. jun-
cea, but also retained their expression and breeding value.

substitution of C1, C7 and C8, which seemed to confirm
ber on chromosomes C1 and C9 in B. napus (Ding et al.
2012; Zhou et al. 2014). Raman et al. (2014) also identi-
fied QTL for pod number on chromosomes C3 and C5. Shi
et al. (2009) associated chromosomes C1 and C6 for trait
pod number in B. napus. These are very important find-
Apparently, these chromosome substitution lines constitute
important breeding assets for increasing the genetic diver-
sity available in B. juncea.

Derived Juncea Genotypes

Substitution Genotypes
In a series of complementary quantitative analyses, the

Fig. 8 Expression of heterosis in the hybrids developed by crossing chromosome substitution lines and derived B. juncea with natural B. juncea
chromosome substitutions were related to available data

genotypes from India: PBR 210 and RLC 1
may be a less likely factor as GISH analysis did not sup-

port this possibility for substitution lines involving whole
chromosomes or large chromosome fragments (>50 %).
Allosyndesis in Brassica genomes is generally observed as
quently as A-B genome associations (0.8 per cell) and B-C
genome associations (0.3 per cell), although B—C allosyn-
increase in main shoot length and consequently, the num-
ber of pods on the main shoot was observed following

desis may be influenced by the genome structure and allelic
for different agronomic traits and expression of heterosis
in hybrid combinations between derived B. juncea with
C chromosome substitutions and natural B. juncea. An

A-C genome associations (mean 4.0 per cell) and less fre-
composition (Mason et al. 2010, 2014a, b).
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allosyndetic pairing in B-C genomes. Chromosome sub-

stitution allows greater chances of allosyndetic pairing
between targeted traits located on a substituted chromo-

some, as single chromosome substitutions generally do not
impose an extra biological penalty in terms of reproductive
fitness of the recipient genotype. Restricting recombina-
tion to target chromosomes may also help to reduce link-
age drag compared to the complex genome interactions
observed in interspecific hybrids with a full chromosome

complement. It may also be possible to develop mapping

populations by involving chromosome substitution lines to

initiate fine mapping of large as well as small effect QTLs

which can later be used for map-based cloning. Studies
in cotton have shown that for QTL localization does not

require segregating populations and chromosome substitu-

tion lines provide statistical advantages and opportunities
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Fig. 9 Expression of heterosis in in the hybrids developed by crossing chromosome substitution lines and derived B. juncea with natural B. jun-

cea genotypes from China: AMH 2 and CBJ 002

Testing of hybrids involving chromosome substitution
lines and euploid B. juncea demonstrated positive as well
as negative effects of chromosome substitution on yield

heterosis. With the exception of DJ31 (C1) all the derived
B. juncea lines carrying disomic substitutions for chromo-
some C1 expressed excellent yield heterosis (7.5-31.5 %

with an average of 24.6 %) in crosses with Indian geno-

types of natural B. juncea. In contrast, the average perfor-

mance of hybrids involving C chromosome substitution

lines and Chinese B. juncea testers, AMH 2 and CBJ 002

were only marginally superior. This indicated the role of
background genotypes on the expression of heterosis. In

spite of this, use of CSLs in the study of heterosis may help

in understanding heterosis at a single chromosome level.

Interspecific transfer of alien genes associated with
key economic traits can be difficult due to restricted

fH's
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to associate QTLs with a specific substituted chromosome
(Nadeau et al. 2000). Characterized chromosome substi-
tution lines can also potentially be used to validate NGS
based genome assemblies.
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