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Abstract We report a novel cytoplasmic male sterility
(CMS) system in Brassica juncea (oilseed mustard)
which could be used for production of hybrid seed in
the crop. A male sterile plant identified in a microspore
derived doubled haploid population of re-synthesized
B. napus line ISN 706 was found to be a CMS as the
trait was inherited from the female parent. This CMS,
designated ‘126-1’, was subsequently transferred to ten
different B. juncea varieties and lines through inter-
specific crosses followed by recurrent backcrossing.
The F;s of inter-specific crosses were invariably par-
tially fertile, but irrespective of the variety/line used,
the recipient lines became progressively male sterile
over five to seven generations and could be maintained
by crossing the male sterile lines with their normal
counterparts. The male sterile lines were found to be
stable for the trait under both long and short day con-
ditions. CMS lines when crossed with lines other than
the respective maintainer line were restored for fertil-
ity, implying that any variety could act as a restorer for
‘126-1’ cytoplasm in B. juncea. These unique features
in maintenance and restoration of CMS lines coupled
with near normal floral morphology of the CMS lines
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have allowed the use of ‘126-1" cytoplasm for hybrid
seed production. The uniqueness of ‘126-1° has been
further established by Southern hybridization with
mitochondrial DNA probes and by a histological study
of the development of male sterile anthers.

Introduction

Heterosis breeding could be used for enhancing crop
productivity in Brassica juncea, a major oilseed crop of
the Indian subcontinent. Divergent gene pools and their
possible potential for heterosis breeding has already
been shown in B. juncea (Pradhan et al. 1993; Srivastava
et al. 2000). However, besides the identification of suit-
able combiners, a pollination control mechanism for the
production of hybrid seed on a large scale is also
required. Cytoplasmic male sterility (CMS), a pheno-
typic manifestation of incompatibility between nuclear
and cytoplasmic genomes, is a maternally inherited trait
that has been successfully exploited as an effective polli-
nation control mechanism for the production of hybrid
seed in many crop plants (reviewed by Havey 2004).

A number of CMS systems of spontaneous and allo-
plasmic origin have been reported in Brassica species
(Budar et al. 2004). Spontaneous CMS arises without
any intentional intervention, an example being ‘Polima’
CMS in B. napus (Fu 1981). Recently, Liu et al. (2005)
reported a spontaneous CMS in a mutant line of a B.
napus cultivar Xiangyu 13. Several alloplasmic CMS-
systems also have been reported in B. juncea. Alloplasmic
lines of B. juncea containing cytoplasm of B. oxyrrhina
(Prakash and Chopra 1990), B. tournefortii (Pradhan
et al. 1991; Arumugam et al. 1996), Diplotaxis siifolia
(Rao et al. 1994), Trachystoma ballii (Kirti et al. 1995a),
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Raphanus sativus (Kirti et al. 1995b), Moricandia arven-
sis (Prakash etal. 1998) and FErucastrum canariense
(Prakash et al. 2001) have been found to be male sterile.
However, it has not been possible to exploit these allo-
plasmic CMS systems effectively for heterosis breeding,
either due to chlorosis and floral abnormalities in the
CMS lines or due to lack of lines within B. juncea which
could restore male fertility of the CMS lines. For many
of the alloplasmic CMS systems, which were corrected
for floral abnormalities and chlorosis by somatic hybrid-
ization (Kirti etal. 1995b; Arumugam etal. 1996;
Arumugam et al. 2000), attempts have also been made
to introgress the restorer gene(s) from the alien species
which have been the cytoplasm-donors. Most of the
attempts to transfer restorer functions from the cyto-
plasm donor species have been beset with the problem
of linkage drag. Kirti et al. (1997) reported a restorer
plant for 7. ballii CMS in B. juncea with 90% pollen via-
bility. However, the identified restorer plant showed
leaf serration of 7. ballii, intermediate flower morphol-
ogy, contorted pods and yellow cylindrical seeds typical
of T. ballii, indicating an imperfect transfer of the
restorer gene from the alien species. Proper restoration
could not be achieved for the alloplasmic CMS lines of
B. juncea containing E. canariense cytoplasm (Prakash
et al. 2001). Restored plants showed 90% pollen viabil-
ity but suffered from a reduction in female fertility.
Prakash et al. (1998) reported transfer of restoration
function with 96% pollen viability for a CMS system
derived from M. arvensis. However, the restorer plant
exhibited severe chlorosis similar to that observed in
the CMS plants and also had reduced female fertility.
Thus, none of the alloplasmic CMS systems tested in
B. juncea have proved to be adequate for hybrid seed
production.

In this paper, we report the identification of a novel
CMS system (named ‘126-1’) in B. napus and its transfer
to B. juncea which could be used for hybrid seed produc-
tion in this crop. CMS ‘126-1" was initially identified as a
spontaneous CMS in a microspore derived doubled hap-
loid population of B. napus and was subsequently trans-
ferred to B. juncea lines through inter-specific crosses.
We also report in this paper the maintenance and resto-
ration characteristics of B. juncea lines containing ‘126-1’
cytoplasm. The CMS in B. juncea has also been charac-
terized through Southern hybridization and develop-
mental histology of the male sterile anthers.

Materials and methods

The experimental lines and varieties of B. juncea used
in this study are BNF-5, D-205, D-247, DYJ-III, EH-2
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(breeding lines) and Pusa bold, Varuna, Pusa agrani,
TM-4, TM-18 (varieties). The synthetic B. napus line
ISN 706 used in this study was derived from a cross
between B. campestris ssp. oleifera var. brown sarson
and B. oleracea var. botrytis cv. ‘Pusa Katki’ (Prakash
and Raut 1983). The germplasm used for the study was
grown under short-day conditions from October to
March in Delhi (normal growing season) and under
long-day conditions from May to September at Leh for
off-season generation advance. For microspore culture,
B. napus ISN 706 plants were grown under controlled
environment conditions in a growth chamber (relative
humidity 80%); initially under 10 h/14 h and 20/15°C
day/night for 4-5 weeks till the onset of flowering, fol-
lowed by 14 h/10 h, 10/5°C day/night for a minimum of
15 days prior to the isolation of microspores. Produc-
tion of doubled haploids (DH) from microspores of B.
napus ISN 706 was carried out following Mollers et al.
(1994). The ploidy status of putative DH plants was
analyzed following Arumuganathan and Earle (1991)
using a ploidy analyzer. Confirmed DH plants were
grown in the field during the normal growing season.
The male sterility status of the putative CMS plants
was studied by monitoring the seed set in bagged inflo-
rescences.

To study the development of anthers and microsp-
ores, entire inflorescence containing up to 1-2 open
flowers from both male sterile and normal plants were
fixed either in 10% ethanol or in Karnovsky’s fluid fol-
lowing O’Brien and McCully (1981). Buds ranging in
size from 1 to 7 mm were used for squash preparation
to study microspore development as well as for histo-
logical preparations to study the overall development
of the anther. For squash preparations, anthers from
buds at selected stages were dissected, crushed
between slide and coverslip in a drop of Alexander’s
stain (Alexander 1969), sealed with nail-enamel and
incubated overnight at 30°C. Squash preparations were
stained with 0.1% acetocarmine to study meiosis in the
CMS and normal lines. Pollen viability tests were con-
ducted by staining microspores with fluorescein di-ace-
tate (FDA) following the protocol of Heslop-Harrison
et al. (1984). For histological studies, buds fixed in Kar-
novsky’s fluid were dehydrated through ethanol series,
embedded in glycol methacrylate which was polymer-
ized at 60°C and the block was cut into 3—4 pm semi-
thin sections. Slides were stained in Toluidine blue O
(O’Brien and McCully 1981). Autoflourescence of spo-
ropollenin and lignified tissue was visualized by UV
transmission microscopy.

For the RFLP profiling of ‘126-1° CMS, total DNA
was isolated from the experimental lines using the
CTAB method described by Rogers and Bendich
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(1994). DNA was digested with EcoRI restriction
endonuclease in accordance with the recommendations
of the manufacturer, electrophoresed on 0.8% agarose
(Sigma) gels and transferred to nylon membranes
(Amersham, USA). Southern hybridizations were car-
ried out using three different mitochondrial DNA
cosmid clones (pCos'®, pCos'” and pCos*?) containing
B. oxyrrhina mitochondrial DNA as inserts (Arumu-
gam et al. 1996).

Results
Origin of ‘126-1° CMS in B. napus

In a population of about 5,000 doubled haploid plants
of B. napus ISN 706, one plant was found to be male
sterile. This individual plant was normal in its pheno-
type in all aspects except that anthers were reduced in
size and did not contain viable pollen. This male sterile
plant was crossed with normal ISN 706 and the trait of
male sterility was inherited by all the progeny plants
showing thereby that the trait was inherited from the
female parent. This CMS system was designated ‘126-
1’ and has been maintained stably in B. napus ISN 706
for more than seven backcross generations.

Transfer of ‘126-1° CMS to B. juncea

B. napus ISN 706 with ‘126-1’ cytoplasm was crossed
with different B. juncea lines namely BNF-5, D-205, D-
247, DYJ-III and EH-2 and some popular Indian varie-
ties namely Pusa bold, Pusa agrani, Varuna, TM-4 and
TM-18. The F;s of the inter-specific crosses were
observed to be partially fertile. Successive backcrosses
to the respective recurrent parent led to progressive
decrease in the percentage of viable pollen grains even-
tually leading to complete male sterility. The number
of backcross generations required for the expression of
complete male sterility varied for the different lines.
Lines BNF-5, D-205, D-247, Pusa agrani, TM-4 and
TM-18 became completely male sterile by the BC, gen-
eration; EH-2 and Pusa bold were sterile by BCs and
Varuna required seven backcrosses to achieve com-
plete male sterility. No seed set was observed on selfing
in the male sterile lines and the pollen of such lines did
not show any fluorescence when stained with FDA.
The male sterile line of Pusa bold with ‘126-1" cyto-
plasm has been grown for six generations both in Delhi
under short day and at Leh under long day conditions
and found to be stable for the trait of male sterility.
Flowers of the male sterile line showed normal floral
morphology. However, the anthers were lighter in

color and devoid of viable pollen grains. Seed set on
male sterile plants was comparable with normal coun-
terpart indicating no female sterility.

In order to search for a restorer of ‘126-1° CMS in B.
juncea germplasm, crosses were made between the CMS
and normal B. juncea lines. It was observed that crosses
between any one of the ‘126-1" CMS lines and any nor-
mal line, except the respective maintainer line, produced
fully fertile F; plants with a pollen viability of more than
90%. Such hybrids set normal seed on selfing. Thus, it
was observed that any variety could act as a restorer as
well as a maintainer for the cytoplasm ‘126-1°.

Microspore development and histology of anthers

Meiosis was studied in anthers of normal and male
sterile flowers by making squashes and staining with
acetocarmine. Squash preparations of anthers taken
from the flower buds (1-3 mm) of the normal and CMS
lines showed normal meiosis leading to normal devel-
opment of microspores till the tetrad stage. Post-tetrad
stages were studied by staining of the squash prepara-
tions with Alexander’s stain. Post-tetrad stage microsp-
ores in normal flower buds (4-7 mm) showed
progressive development of healthy pollen grains with
dense cytoplasm that stained deep red and well devel-
oped tricolpate exine that stained green. In contrast,
microspores from flower buds of male sterile plants at
comparable stages of development, showed progres-
sive degeneration through necrosis of cytoplasm and
collapse of exine.

The developmental histology of normal and male
sterile anthers was studied to ascertain the stage at
which degeneration of microspores and other anther
tissue occurred. Sections of the anthers of normal buds
collected just prior to anthesis showed well developed,
intact tapetum layer surrounding fully formed microsp-
ores in the locules (Fig. 1a). In comparison, anthers of
the CMS line showed plasmolysed microspores with
irregular exine. Cells of the tapetum layer were intact
at this stage but showed some abnormalities. The cyto-
plasm stained more heavily, there was vacuolation in
the cells and intercellular spaces were more prominent
(Fig. 1b). It can be concluded that the degeneration of
microspores preceded the degeneration of the tapetal
layer.

Degenerating tapetum in Brassicaceae is character-
ized by a high lipid content, which can be visualized by
its autofluorescence under UV light. Cross sections of
normal anthers at post-anthesis stages showed that the
lipid material from the degenerating tapetum was
deposited around the exines of fully developed
microspores (Fig. 1¢). In comparison, sections of male
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Fig. 1 Light micrographs of thin (3-4 um) transverse sections of
floral buds from normal plants of B. juncea var. Pusa bold (a, c, e)
and male sterile plants of B. juncea Pusa bold with ‘126-1’ cyto-
plasm (b, d, f). a Anther from a male fertile flower showing well
developed microspores (arrow head) surrounded by a well differ-
entiated tapetum and exine. b Anther from a male sterile flower
showing degenerated microspores with plasmolysed cytoplasm
(arrow head), irregular exines and vacuolated tapetal cells (V). ¢
A normal anther showing bright auto-fluorescence of lipids in the
microspores and endothecial layer showing well differentiated

sterile anthers at similar stages of development
showed deposition of the lipid material into the outer
periphery of the tapetal layer (Fig.1d) indicating
impairment in intercellular trafficking of the lipid
materials in the male-sterile anthers. At this stage the
anther locules of the male-sterile contained only
empty exines and microspores had completely degen-
erated.

Cross sections of normal anthers before anthesis
also showed well developed endothecial layers with
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secondary wall thickenings (arrow head). d An anther from a ster-
ile bud showing lipidic material (/) leaking from the tapetal ()
cells and degenerated microspores. e An anther of a normal plant
at the dehiscence stage showing properly developed microspores
and a well defined stomium (asterisk). f Indehiscent anther of a
male sterile flower showing absence of the stomium (asterisk) and
collapsed microsporangia containing empty sporoderms (magni-
fication for a, b, ¢, d, bar=1cm =58.3 um, for e, f bar=
1 cm = 87.5 um)

secondary wall thickenings (Fig. 1c). At maturity, the
dehisced anthers were characterized by the presence of
stomium and an absence of interlocular septum
(Fig. 1e). In the male sterile anthers the endothecial
layer was made up of only flattened cells which lacked
secondary wall thickenings (Fig. 1d). At maturity,
male-sterile anthers showed an absence of stomium
and a functional endothecial layer (Fig. 1f). The interl-
ocular septum did not rupture and the anthers
remained indehiscent.
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RFLP profiling of ‘126-1" CMS

Southern hybridization of DNA extracted from B.
napus ISN 706, ISN 706 with ‘126-1" cytoplasm and
different B. juncea normal and CMS ‘126-1’ lines was
carried out with three cosmid clones (pCos'®, pCos"’
and pCos*) containing mitochondrial DNA inserts of
B. oxyrrhina. The hybridization patterns of CMS lines
of B. napus and B. juncea were similar and could be
distinguished from the normal lines on the basis of the
RFLP pattern generated by Southern hybridization.
The RFLP pattern of mitochondrial DNA hybridized
to pCos™ has been shown in Fig. 2a. Examination of
the RFLP patterns of mitochondrial DNA of different
CMS systems (‘Ogura’, ‘Oxy’, ‘Diplotaxis’, “Tour’ and
‘Moricandia’) and CMS ‘126-1’ in Pusa Bold back-
ground with pCos'® mitochondrial DNA cosmid clone
revealed that the RFLP pattern of ‘126-1° CMS was
distinct from all the other tested CMS systems. This
distinct RFLP pattern could be readily used for the
identification of ‘126-1" CMS (Fig. 2b).

Discussion

Most of the CMS systems that have been described in
Brassica species are alloplasmic in nature. Of these
only ‘Ogu” CMS in B. napus has been used for hybrid
seed production with some success. ‘Ogu’ CMS was
first discovered in R. sativus as a spontaneous mutant
(Ogura 1968). This CMS was subsequently transferred
to B. napus by wide hybridization and recurrent back-
crossing. Resultant lines were chlorotic and suffered
from floral abnormalities and bud death (Bannerrot
et al. 1974). Problems of chlorosis and floral abnormal-
ities were corrected by somatic hybridizaion (Pelletier
et al. 1983). As restorer genes could not be identified in
Brassica species, a restorer locus identified in R. sativus
was transferred from radish to B. napus by hybridiza-
tion followed by recurrent backcrossing to B. napus
lines (Heyn 1976). Resultant restorer lines were agro-
nomically inferior as these contained undesirable
Raphanus characters due to linkage drag (Delourme
and Renard 1988). Further improvement came from

Fig. 2 RFLP profiling of ‘126- kb 123 456 78 91011121314 kb 1. 2 3 4 5 6 7
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selecting rare recombinants with reduced linkage drag
(Delourme et al. 1991). ‘Oguw’> CMS has been trans-
ferred to B. juncea through somatic hybridization to
correct the chlorosis problem (Kirti et al. 1995b) but
there is no report of transfer of the restorer gene(s). A
number of other CMS systems described in B. juncea
have been found inadequate for hybrid seed produc-
tion due to lack of proper restorer lines.

The ‘126-1° CMS system described in this study is of
a special nature, both in terms of maintenance and res-
toration. This CMS has a distinct RFLP profile and a
distinct developmental pattern. The degeneration of
microspores in ‘126-1° CMS occurs at the late anther
development stage and floral morphology is near nor-
mal except for the presence of shorter indehiscent
anthers that contain aborted pollen.

The development of anthers in plants with ‘126-1’
CMS differs significantly from the development of
anthers described for ‘Ogu’ CMS in B. napus (Gourret
etal. 1992). In ‘126-1° CMS, normal development of
microspores continues till the tetrad stage. The degen-
eration of microspores in ‘126-1° CMS seems to be
independent of the degeneration of the tapetum at
least in the initial stages. In comparison, the degenera-
tion of the tapetum seems to precede microspore abor-
tion in the ‘Ogu’ cytoplasm. The leakage of lipid
materials into the outer periphery of the tapetal layer is
also a characteristic feature of ‘126-1° CMS. However,
‘126-1’ CMS and ‘Ogu’ CMS show similarities in terms
of the indehiscent nature of the anther at maturity. As
anatomical details of other CMS systems described in
Brassica species is not available, a comparison cannot
be made with other systems.

There are many advantages in the utilization of ‘126-
1’ CMS for hybrid seed production. In field studies we
have observed extensive seed set on the male sterile
lines in maintainer plots and hybrid seed production
plots (approximately 95% of the normal lines). The
most unique and agronomically interesting feature of
‘126-1 CMS in B. juncea is that any line can act as a
fertility restorer in the F; generation and can also be
used as a maintainer after a few generations of back-
crossing. The molecular mechanism underlying CMS
“126-1’ could be unique and is currently being studied.

The first B. juncea hybrid (DMH-1) developed with
‘126-1’ cytoplasm has given around 30% heterosis over
the best national and regional checks in multi-site trials
conducted in the north-western states of India where
mustard is grown extensively during the winter grow-
ing season. These trials were conducted for two consec-
utive seasons in small plot replicated trials and in the
2004-2005 growing season in farmer’s fields (data not
presented). As the male sterile lines with ‘126-1°
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cytoplasm are stable both under long day and short day
conditions, CMS ‘126-1’ besides its use in India may
also be of value in developing B. juncea hybrids for
regions where B. juncea is grown in the summer season.
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