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Abstract Yellow-seeded Brassica napus was for the first
time developed from interspecific crosses using yellow-
seeded B. juncea (AABB), yellow-seeded B. oleracea
(CQO), and black-seeded artificial B. napus (AACC). Three
different mating approaches were undertaken to eliminate
B-genome chromosomes after trigenomic hexaploids
(AABBCC) were generated. Hybrids (AABCC, ABCC)
from crosses AABBCC x AACC, AABBCC x CC and
ABCC x AACC were advanced by continuous selfing in
approach 1, 2 and 3, respectively. To provide more insight
into Brassica genome evolution and the cytological basis
for B. napus resynthesis in each approach, B-genome
chromosome pairing and segregation were intensively
analyzed in AABCC and ABCC plants using genomic in
situ hybridization methods. The frequencies at which
B-genome chromosomes underwent autosyndesis and
allosyndesis were generally higher in ABCC than in
AABCC plants. The difference was statistically significant
for allosyndesis but not autosyndesis. Abnormal distribu-
tions of B-genome chromosomes were encountered at
anaphase I, including chromosome lagging and precocious
sister centromere separation of univalents. These abnor-
malities were observed at a significantly higher frequency
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in AABCC than in ABCC plants, which resulted in more
rapid B-genome chromosome elimination in the AABCC
derivatives. Yellow or yellow-brown seeds were obtained
in all approaches, although true-breeding yellow-seeded
B. napus was developed only in approaches 2 and 3. The
efficiency of the B. napus construction approaches was in
the order 1 > 3 > 2 whereas this order was 3 > 2 > 1 with
respect to the construction of yellow-seeded B. napus. The
results are discussed in relation to Brassica genome
evolution and the development and utilization of the
yellow-seeded B. napus obtained here.

Introduction

The most economically important Brassica species are
three basic diploid species, specifically, B. rapa (AA,
2n = 20), B. nigra (BB, 2n = 16) and B. oleracea (CC,
2n = 18), and three amphidiploids, each of which evolved
as a natural allopolyploid following hybridization between
pairs of the three diploids, viz., B. napus (AACC,
2n = 38), B. juncea (AABB, 2n = 36) and B. carinata
(BBCC, 2n = 34) (U 1935). It is believed that these three
diploids descended from a now-extinct ancestor (Robbelen
1960). There is strong evidence that the ancestor was
hexaploid (Parkin et al. 2005; Lysak et al. 2007). However,
the origin and evolution of the ancestral karyotype remains
somewhat controversial.

Brassica interspecific hybrids are ideal organisms for
elucidating genomic homoeology, and they are essential as
bridges and breeding materials (Chen et al. 2011). Homol-
ogies between the A, B and C genomes were initially
revealed by conventional cytogenetic analyses in digenomic
diploids, e.g., AC, BC and AB, digenomic triploids such as
AAB, BBC and BCC, and trigenomic haploid ABC, all
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obtained from interspecific crosses in Brassica (U 1935;
Attia and Robbelen 1986; Attia et al. 1987; Busso et al.
1987; Choudhary et al. 2002). In recent years, researchers
have shown increasing interest in Brassica trigenomic
hybrids, especially trigenomic tetraploids, for cytogenetic
analysis and assessing gene introgression utilizing modern
genomic in situ hybridization (GISH) and molecular marker
techniques (Ge and Li 2007; Nelson et al. 2009; Mason
et al. 2010, 2011; Navabi et al. 2011). A small number of
studies has been published on Brassica trigenomic hybrids,
where GISH has been used to study autosyndesis within
B-genome and allosyndetic pairing between B and A/C
genome chromosomes, e.g., trigenomic haploids (ABC)
derived from B. carinata x B. rapa (A'B°C°), natural
B. napus x B. nigra (A"B"C"), synthetic B. napus x
B. nigra (A'B"C®), trigenomic tetraploids derived from
B. juncea x B. napus (AJA"B'C™), B. napus x B. carinata
(A"BC°C™), B. juncea x B. carinata (A'B'B°CY), and
pentaploid hybrids (A"A'B°C°C") derived from hybridiza-
tions between B. carinata, B. rapa and B. napus (Li et al.
2004, 2005; Ge and Li 2007; Mason et al. 2010). There is
evidence that remarkable genomic diversity existed in the
subgenomes of different original Brassica species (Jiang
et al. 2011), and this diversity may be responsible for the
significant differences in the chromosome pairing configu-
rations reported in several ABC hybrids derived from dif-
ferent interspecific hybridizations (Busso et al. 1987; Ge
and Li 2007). Therefore, a complete study of chromosome
pairing in all the hybrid forms with different subgenomes
but the same genomic constitution could provide additional
insight into the evolutionary relationships and homologies
among the A, B and C genomes. Moreover, from a breeding
perspective, it would be instructive to conduct a detailed
meiotic analysis, including an evaluation of anaphase
stages, of the trigenomic hybrids, which may allow the
monitoring of target chromatin during introgression and
prediction of the stability of the hybrid offspring.

Brassica juncea (AABB, 2n = 36) is currently grown as
an oilseed in India, China, Eastern Europe and Pakistan.
This species offers many desirable and complementary
traits, including tolerance to heat and drought and resis-
tance to blackleg and pod shattering (Woods et al. 1991;
Roy 1984; Getinet et al. 1996). The transfer of blackleg and
pod-shattering resistance from B. juncea to B. napus has
been achieved (Roy 1984; Prakash and Chopra 1988).
B. oleracea L. contains a wide array of wild taxa and many
cultivated races that exhibit extensive morphological and
physiological diversity (Gladis and Hammer 2001). Several
favorable traits have been identified in B. oleracea, such as
cold tolerance and resistance to blackleg and Sclerotinia
sclerotiorum (Mithen et al. 1987; Mei et al. 2011). Inter-
specific hybridizations between B. juncea and B. oleracea
could be used to synthesize bridging materials for
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elucidating genomic homoeology, expanding the genetic
variability of Brassica crops and transferring desirable
traits between different Brassica species.

In comparison with its black-seeded counterpart, yellow-
seeded B. napus has several advantages, including higher
oil and protein contents, lower fiber content and higher feed
value (Stringam et al. 1974; Slominski et al. 1999; Rakow
et al. 2011). Therefore, the development of yellow-seeded
varieties has been an ongoing global objective in rapeseed
quality breeding. Breeding efforts in the last several dec-
ades have led to the extensive development of yellow-see-
ded B. napus using yellow-seeded forms that exist in the
natural germplasm of Brassica species, such as B. rapa
(Chen and Heneen 1992, Rahman 2011), B. carinata
(Qi et al. 1995), B. juncea (Tang et al.1997), B. juncea and
B. carinata (Rashid et al. 1994), B. rapa and B. carinata
(Meng et al. 1998; Rahman 2001) and B. rapa and B. juncea
(Potapov and Osipova 2003). However, it is still difficult to
obtain true-breeding B. napus that consistently yields pure
bright yellow seeds (Rahman 2001; Rakow et al. 2011),
which may be partly attributed to the lack of truly yellow-
seeded B. oleracea as a parent for such crosses (Chen
et al.1988; Rakow et al. 1999).

Few reports have yet been published on the occurrence
and utilization of genes for yellow seed coat color from
B. oleracea. Li et al. (2007) reported the discovery and
improvement of several yellow-seeded B. oleracea var.
acephala lines. By mating these lines with yellow-seeded
B. rapa, we previously obtained stable yellow-seeded
B. napus (Wen et al. 2008). The objective of the current
study was to develop yellow-seeded B. napus through
interspecific crosses between yellow-seeded B. juncea,
yellow-seeded B. oleracea and black-seeded B. napus and
to provide complementary information on the underlying
cytogenetic basis of the production of B. napus through
interspecific hybridization. We report herein the charac-
terization of the cytogenetics, fertility and reproduction of
the interploid hybrids obtained thereof. To the best of our
knowledge, this is the first report rigorously comparing the
exclusion efficiency of B-genome chromosomes in the
development of B. napus from trigenomic tetraploids and
pentaploids and it is also the first attempt to synthesize
yellow-seeded B. napus by combining the yellow seed color
genes from the A genome of yellow-seeded B. juncea and
the C-genome of yellow-seeded B. oleracea var. acephala.

Materials and methods

Plant materials and field crosses

A pure yellow-seeded B. juncea line (breeding accession
6-142; AABB, 2n = 36), a yellow-seeded B. oleracea var.
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acephala accession (Tg; CC, 2n = 18) and a black-seeded
double haploid line (DH-6; AACC, 2n = 38) of resynthe-
sized B. napus were selected for the hybridizations. Strain
Tg originated from a yellow-seeded mutant of black-seeded
B. oleracea var. acephala at XiNan University (Li et al.
2007). DH-6 was a stable line obtained from microspore
culture of a resynthesized B. napus, which was produced
through crosses between yellow-seeded B. campestris JB,
and yellow-seeded B. oleracea var. acephala Tg, but that
produced only black seeds in selfing generations. All the
materials were planted in the field of Huazhong Agricul-
tural University in Wuhan.

B. juncea 6-142 was used as the maternal parent in
crosses with Tg in March 2004. Approximately 16-20 days
after pollination, immature embryos were cultured on MS
agar medium (Murashige and Skoog 1962). After plantlet
formation, sequential culture and chromosome doubling
were conducted to generate trigenomic hexaploids
(AABBCC) using a method described previously (Wen
et al. 2008). Plantlets with roots were transferred to the
field in the middle of October. Thereafter, three different
crossing approaches were performed in attempt to elimi-
nate the B-genome chromosomes and to develop yellow-
seeded B. napus (Fig. 1). In approach 1, the AABBCC
plants were used as the maternal parents in a cross with
DH-6 to generate trigenomic pentaploid (AABCC) hybrids.
Subsequent self-pollination over six flowering seasons
resulted in F; seeds. For approach 2, embryo cultures were
used to obtain trigenomic tetraploid hybrids (ABCC) after

B. juncea x B. oleracea var. acephala March 2004
(AABB, 2n = 36) (CC,2n=18)
Embryo culture, cytological identification
ABC
Chromosome doubling
AABBCC
x DH-6 x CC March 2005
(AACC, 2n =38)
AABCC (F, of approach 1) ABCC (F, of approach 2)
x DH-6 March 2006
Selfed for Selfed for (AACC, 2n =38)
six generations six generations F, of approach 3
Selfed for
five generations
F; seeds F; seeds Fg seeds May 2011
approach 1 approach 2 approach 3

Fig. 1 Schematic diagram showing the development process of
yellow-seeded B. napus through three different approaches. DH-6 was
a stable, black-seeded line originating from microspore culture of a
black-seeded resynthesized B. napus

AABBCC plants were pollinated with the pollen of T¢ in
March 2005, and the ABCC hybrids were subsequently
self-pollinated up to the F; generation. In approach 3,
ABCC plants were pollinated with the pollen of DH-6 in
March 2006. The resulting hybrids from this ABCC x
AACC cross were advanced to Fg seeds by self-pollination
until 2011. To breed yellow-seeded B. napus in each
approach, pedigree selection for seed color was applied,
and only lighter-colored seeds harvested from the selected
plants were sowed and advanced to the next generation.

Cytological methods and pollen stainability

To determine the chromosome numbers of the hybrids and
the hybrid progeny, shoot tips, root tips or young ovaries
were treated with 2 mM 8-hydroxyquinoline for 3—4 h at
22°C, fixed in a mixture of ethanol and acetic acid (3:1,
v:v) for 24 h, and stored at —20°C (Liu and Li 2007). For
meiotic analysis, flower buds were fixed in ethanol:acetic
acid (3:1, v:v) for 24 h, transferred to a fresh mixture and
then stored at —20°C. Mitotic and meiotic observations
were made according to the methods of Li et al. (1995).
Pollen stainability was determined as the percentage of
pollen grains stained with 1% acetocarmine by counting
more than 300 pollen grains collected from three flowers of
each plant.

DNA extraction, probe labeling and GISH analysis

Three plants each of the AABCC and ABCC hybrids were
used for chromosome pairing and separation analysis in
pollen mother cells (PMCs). The total genomic DNA of
B. nigra cv. Giebra (BB, 2n = 16) was labeled with biotin-
11-dUTP (Sino-American Biology Co, Henan, P.R. China)
by nick translation and used as a probe. The DNA of
B. napus cv. Oro was sheared by boiling for 15 min and
used as a blocking agent. Chromosome spreads were pre-
pared according to Zhong et al. (1996). GISH was per-
formed according to Ge and Li (2007). Two-by-two »>
contingency tests were performed to compare the differ-
ence significance of B-genome chromosome pairing and
segregation configurations in different interploids.

Pod-setting evaluation

The ratio of siliques to flowers was determined by counting
all effective siliques and dividing by the total number of
flowers from the main inflorescence or three primary
branches. Seed yield in the siliques was assessed by
recording the number of seeds per silique obtained from ten
effective siliques.
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Assessment of seed color in advanced progeny

Hybrid plants arising from the different approaches were
self-pollinated in the field up to the Fg or F; generation,
with selection for yellow seed color in each generation.
Seed color was assessed visually. Self-pollinated seeds
produced on individual plants were classified as yellow,
yellow-brown, brown-yellow, brown or black. The term
yellow-brown was used when the majority of the seeds
(above 60%) were yellow and a small fraction was
brown-yellow and/or brown. The term brown-yellow was
used when the majority of the seeds (above 60%) were
brown and a small fraction was yellow-brown and/or
yellow.

Results

Production of hexaploid (AABBCC), pentaploid
(AABCC) and tetraploid (ABCC) plants

From 1,024 B. juncea buds pollinated with pollen from
B. oleracea, 32 (3.13%) embryos were obtained, and 27
plantlets with intermediate phenotypes were recovered, all
having an expected chromosome number of 27 (ABC,
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Fig. 2 Chromosome counting and GISH analysis of the interploids
derived from B. juncea x B. oleracea var. acephala. a Mitotic
metaphase in a trigenomic haploid with a genomic constitution of
ABC, 2n = 27. b A somatic cell from the shoot-tip meristem of a
trigenomic hexaploid (AABBCC) showing the expected 54 chromo-
somes at prometaphase. ¢ One diakinesis PMC from a trigenomic
hexaploid showing eight labeled B-genome chromosome bivalents
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Fig. 2a). The addition of colchicine to the medium resulted
in 9 (33.33%) chromosome-doubled plants, which exhib-
ited a chromosome number of 2n = 54 at leaf mitotic
metaphase (Fig. 2b). Compared with the trigenomic hap-
loids (ABC), the hexaploids (AABBCC) exhibited larger
flowers, greatly enhanced pollen fertility, thicker leaves
and shorter internodes. GISH analysis of AABBCC plants
showed eight labeled bivalents at diakinesis in most of the
PMCs observed and an 8:8 segregation of the labeled
chromosomes at anaphase I (AI) in all PMCs observed
(Fig. 2c, d), revealing that these plants were completely
chromosome-doubled. The selfed seeds from AABBCC
plants were brown or black.

For approach 1, to generate trigenomic pentaploids
(AABCC), female AABBCC plants were crossed with re-
synthesized B. napus DH-6. Of the 105 hybrids tested, 39
were found to be pentaploids with 2n = 46 (Fig. 2e),
whereas the others were aneuploids as a result of dyads or
polyads from AABBCC plants. For approaches 2 and 3,
crosses between AABBCC plants and B. oleracea var.
acephala Tg were conducted to obtain trigenomic tetrap-
loids (ABCC). A total of 153 hybrid plants survived to
flowering of which 127 were aneuploids and 26 were
trigenomic tetraploids with the expected chromosome
number of 36 (Fig. 2f).

(red signals, arrow). d One anaphase I PMC from a trigenomic
hexaploid showing an 8:8 segregation of labeled B-genome chromo-
somes (red signals, arrow). e Mitotic metaphase in a trigenomic
pentaploid with a genomic constitution of AABCC, 2n = 46.
f Mitotic metaphase in a trigenomic tetraploid with a genomic
constitution of ABCC, 2n = 36. Scale bar 10 pm
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Chromosome associations in the PMCs of pentaploid
(AABCC) and tetraploid (ABCC) plants

Chromosome pairing was examined at diakinesis or meta-
phase I(MI) in 99 PMCs from the AABCC hybrids. Except
for 26 cells with the expected chromosome associations of
1911 + 8I, 73.74% of the 99 PMCs analyzed exhibited var-
iable configurations (Table 1). A maximum of 21II was
found in 15 cells (15.15%), indicating two bivalents of
B-genomic origin. In addition to the bivalents, multivalents
such as trivalents, quadrivalents and even one heptavalent
were noted in 38.38% of the PMCs (Fig. 3a). The mean
association of the pentaploid hybrids was 6.981 + 18.85II +
0.321IT + 0.07IV. The pairing specificities of the ABCC
hybrids are summarized in Table 1. Among a total of 56
PMCs studied, 71.39% of the chromosome complement was
paired, suggesting the occurrence of considerable intra- or
intergenomic chromosome associations. The pairing was
mostly observed as bivalency with a frequency of 10.86 per
cell. More than nine bivalents occurred in 42 (75%) of the
cells (Fig. 3b), with only one (1.79%) cell having the max-
imum of 13 bivalents. Compared with the AABCC hybrids, a
notably higher frequency of multivalents, i.e., trivalents and
quadrivalents, was recorded in the ABCC hybrids—more
than 1.0 multivalent per PMC at diakinesis. The mean
association of the ABCC hybrids was 10.301 4 10.86II +
0.88 I1II + 0.34 1V.

B-genome chromosome pairing in the PMCs
of pentaploid (AABCC) and tetraploid (ABCC) plants

GISH analysis of the PMCs from the AABCC and ABCC
hybrids indicated that genome composition affected

B-genome chromosome behavior at diakinesis ()(2 = 17.57,
p < 0.05; Table 2; Fig. 3c-h). In 31 (31.63%) AABCC
cells, all eight B-genome chromosomes remained as
univalents, whereas in the other cells, one to four B-gen-
ome chromosomes were involved in inter- or intragenomic
associations (Table 2). In the ABCC plants, the frequency
of PMCs with eight B-genome univalents (20.91%) was
rather low compared with the AABCC hybrids. Accord-
ingly, in the PMCs analyzed, the percentage of total
B-genome univalents was lower in ABCC plants (76.49%)
than in AABCC plants (80.36%), but the difference
between them was not significant (> = 3.45, p > 0.05). In
17.35 and 12.73% of the PMCs analyzed, a maximum of
two bivalents originating from B-genome autosyndesis
were encountered in the AABCC and ABCC hybrids,
respectively (Fig. 3c). Trivalents of such autosyndetic
origin were also observed (Fig. 3d). Strikingly, one quad-
rivalent formed by B-genome chromosomes was found in
two cells from the ABCC hybrids (Fig. 3e). With respect to
the frequency of autosyndetic B-genome chromosomes, the
difference between these two interploids was not signifi-
cant (*> = 0.03, p > 0.05).

No more than two B-genome chromosomes undergoing
allosyndesis in the same cell were observed in AABCC
plants (Fig. 3f). However, up to four were observed in
ABCC plants (Fig. 3g). A low frequency of allosyndetic
multivalents, mainly trivalents and quadrivalents, was
found (Fig. 3h). The frequency of B-genome chromosomes
involved in allosyndesis was significantly higher in ABCC
than in AABCC plants (x> = 6.78, p <0.01). In both
interploids, the frequency of B-genome chromosomes
involved in autosyndesis was significantly higher than that
for allosyndesis (AABCC: ;{2 = 13.72, p < 0.01; ABCC:

Table 1 Chromosome associations at diakinesis in pentaploid (AABCC) and tetraploid (ABCC) plants derived from crosses between B. juncea

and B. oleracea var. acephala

Percentage of PMCs
observed in AABCC (%)

Chromosome pairing
configuration (99 PMCs)

Percentage of PMCs
observed in ABCC (%)

Chromosome pairing
configuration (56 PMCs)

I II 11 v I II 1 v
15.15 4 21 1.79 10 13
13.13 6 20 21.43 9 12 1
26.26 8 19 28.57 8 12 1
3.03 5 19 1 8.93 14 11
23.23 7 18 1 7.14 8 11 2
7.07 10 18 5.36 13 10
1.01 6 18 0 1.79 8 10 2
5.05 9 17 1 0 1.79 15 9 1
5.05 8 17 14.29 12 9 2
1.01 81 + 12I1 + I + 11V + 1VIL 7.14 14 8 2
1.79 15 7 1 1
Mean 6.98 18.85 0.32 0.07 Mean 10.30 10.86 0.88 0.34
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<« Fig. 3 Cytology and GISH analysis of pentaploid (AABCC) and
tetraploid (ABCC) hybrids between B. juncea and B. oleracea var.
acephala. Blue and red indicate DAPI fluorescence and signal from
the B. nigra probe, respectively. a An AABCC PMC at diakinesis
showing a chromosome configuration of 81 (arrowheads) + 1211 +
UII (long arrow) + 11V (the short arrow) +1VII (hollow arrow).
b An ABCC PMC at diakinesis showing a chromosome configuration
of 111I (arrowheads) + 141. ¢ An ABCC PMC at diakinesis with two
B-genome bivalents (arrows). d An ABCC PMC at diakinesis with
one trivalent of B-genomic origin (arrow). e An ABCC PMC at
diakinesis with one quadrivalent formed by four labeled B-genome
chromosomes (arrow). f An AABCC PMC at early diakinesis with
two allosyndetic bivalents formed by two B-genome and two
A/C-genome chromosomes. g An ABCC PMC at diakinesis with
four B-genome chromosomes associated with A/C-genome chromo-
somes (arrows). h An ABCC PMC at diakinesis with one trivalent
formed by one labeled B-genome chromosome and two A/C-genome
chromosomes (arrow). i An AABCC PMC at metaphase showing
laggards, several of which are labeled with the B. nigra probe. j An
ABCC PMC showing four laggards, which were all labeled by the
B. nigra probe at anaphase I (AI). k An AABCC PMC showing 1:7
segregation of B-genome chromosomes at Al. 1 An AABCC PMC at
Al showing the separation of one B-genome chromosome into sister
chromatids. m An ABCC PMC at Al showing 10 red signals in the
centromeric regions, four of which are smaller or of weaker intensity
(arrows), indicating the separation of two B-genome chromosomes
into sister chromatids. n An ABCC PMC at Al showing 11 red signals
in the centromeric regions, six of which are smaller or weaker in
intensity (arrows), indicating the separation of three B-genome
chromosomes into sister chromatids (arrows). o An AABCC PMC
showing B-genome chromosome laggards at anaphase II (AII).
p An ABCC PMC showing B-genome chromosome laggards at All.
a-n share the same scaling, and o—p share another scaling. Scale bar
10 pm (color figure online)

¥* = 5.11, p < 0.05). The average numbers of unpaired,
autosyndetic and allosyndetic B-genome chromosomes
were, respectively, 6.43, 1.12, and 0.45 in AABCC plants
and 6.12, 1.15, and 0.73 in ABCC plants.

B-genome chromosome segregation in the PMCs
of pentaploid (AABCC) and tetraploid (ABCC) plants

Using GISH methods, we further investigated the segre-
gation and elimination of the labeled B-genome chromo-
somes detected in the PMCs of the AABCC and ABCC
plants (Tables 3, 4; Fig. 3i—p). At MI, the majority of
chromosomes that orientated away from the equatorial
plate were of B-genomic origin (Fig. 3i). At Al, most of the
B-genome univalents in the PMCs from AABCC and
ABCC, as a rule, failed to orient properly between the
poles, either moving to the poles at random or remaining
on the equatorial plate as laggards. In no cases were all
eight B-genome chromosomes found as laggards at Al
A maximum of 5 and 4 B-genome chromosomes were
observed as laggards in the PMCs from the AABCC and
ABCC hybrids (Fig. 3j), respectively. The frequency of
laggard B-genome chromosomes was significantly higher
in the AABCC hybrids (10.27%) than in the ABCC hybrids
(4.02%) (;{2 = 20.03, p < 0.01). Among those PMCs that
did not exhibit B-genome chromosome irregularities, the
most frequent distributions of B-genome chromosomes to

Table 2 B-genome
chromosome pairing patterns at
diakinesis in pentaploid

Percentage of

PMCs observed of B-genome

Pairing patterns

Percentage of
PMCs observed

Pairing patterns
of B-genome

(AABCC) and tetraploid plants in AABCC (%) gléolrnnl\;)[s((j)gr;les in ABCC (%) g%’?ﬁg:;es
(ABCC) derived from crosses ) )
between B. juncea and I II m IV I i m I
B. oleracea var. acephala

31.63 8 2091 8

15.31 7 1* 29.09 7 1*

6.12 7 1* 13.64 6 1

14.29 6 1 10.00 6 24

1.02 6 1" 1.82 6 1* 1"

8.16 6 2t 3.64 5 1+1°

2.04 5 1 12.73 4 2
a . 3.06 5 1+ 1* 0.91 4 1 1*

Number of bivalents or a

multivalents of allosyndetic 1.02 4 1+2 091 3 1 ' 1
B-genome chromosomal origin 17.35 4 2 1.82 3 143"
® Average numbers of unpaired, 0.91 2 2 1”
autosyndetic and allosyndetic 0.91 2 2412 12
lje—lglenomc chromosomes per 091 ) 1440
=4 Total number and b ‘ 1.82 b ! T+l !
percentage, respectively, of Mean 6.43 + 1.12 4+ 0.45% Mean 6.12 + 1.15 + 0.73*
unpaired, autosyndetic and Total® 630 + 110 + 44 Total® 673 + 127 + 80
allosyndetic B-genome %4 80.36 + 14.03 + 5.61 %4 76.49 + 14.44 + 9.09

chromosomes
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Table 3 B-genome chromosome behavior at anaphase I in 112 PMCs from pentaploid (AABCC) plants derived from crosses between B. juncea

and B. oleracea var. acephala

Number and percentage =~ Number of B-genome

B-genome chromosome

Number of B-genome chromosomes

of various PMCs chromosome laggards segregation with precocious centromere division

1 2 3 4 5 7:1 6:2 5:3 4:4 1 2 3
Number 13 15 9 3 2 3 7 18 21 14 5 2
Percent 11.60 1340 8.04 268 179 268 625 1607 1875 1250 4.46 1.79
Total 42 (37.50%) 49 (43.75%) 21 (18.75%)

the poles were 4:4 in AABCC and 5:3 in ABCC. Addi-
tionally, a segregation of 1:7 was scored at a low frequency
in both plant types (Fig. 3k). A notable feature at Al was
that in some cases, more than eight signals (9-11) were
detected in PMCs of AABCC and ABCC hybrids. Some of
those signals were smaller in size or weaker in intensity,
indicating the occurrence of precocious division of
B-genome centromeres (Fig. 31-n). One to three B-genome
chromosomes were assumed to undergo sister chromatid
separation at Al, and in most cases, only one labeled
chromosome evidenced this kind of abnormality. The fre-
quency of PMCs with precociously divided B-genome
chromosomes was slightly higher in the AABCC hybrids
than in the ABCC hybrids, but the difference between them
was not significant (12 = 0.54, p > 0.05). In general, the
frequency of B-genome chromosomes exhibiting irregular
distributions, such as chromosome lagging and precocious
division of univalent centromeres, was significantly higher
in the AABCC hybrids than in the ABCC hybrids
(r* = 20.58, p < 0.001).

At anaphase 1II, the precociously divided chromosomes
either migrated to the poles at random without further
division or remained in the center as laggards. In the
AABCC and ABCC hybrids, 78.31 and 67.95% of the
PMCs showed labeled laggards, respectively (Fig. 3o, p).
Occasionally, triads and dyads were observed as a conse-
quence of abnormalities in spindle orientation. All the
abnormalities reported herein compromised pollen fertility
by generating mini-microspores or multispores. Pollen
fertility was estimated at 73.07 + 8.27% in the AABCC
hybrids and 39.32 4+ 10.38% in the ABCC hybrids.

Seed set and chromosome number distribution in early
generation plants derived from the different approaches

An AABCC plant (F; in approach 1; see Fig. 1) and an
ABCC plant (F; in approach 2; see Fig. 1), each possessing
the expected chromosome number, were selected and
assessed for selfed and hybrid seed sets. Consistent with
the various meiotic abnormalities displayed in the PMCs
and the pollen fertility data, selfed seed set was much lower
for ABCC than AABCC plant (Table 5). As expected, the
seed set of the ABCC plant was greatly enhanced upon
pollination with pollen from DH-6. For the ABCC plant,
the number of hybrid seeds per flower was approximately
six times higher than the number of selfed seeds per flower.
Root tips from 20 selfed and 20 hybrid seeds of the
AABCC and ABCC plants were subjected to chromosome
counting. Chromosome number varied greatly in the seeds
derived from the different approaches. Presumably because
of the abortion of most pollen with unbalanced chromo-
some numbers, the chromosome number distribution in the
progeny from approach 2 was quite narrow in contrast with
the broadly distributed chromosome number in the progeny
from approaches 1 and 3. One seed with 2n = 38 was
found among the seeds derived from approach 1, whereas
among the seeds from approaches 2 and 3, none had a
chromosome number of 38.

In March 2008, a total of 147 (F5), 167 (F3) and 225 (F,)
plants obtained through approaches 1, 2 and 3, respec-
tively, were randomly selected and subjected to somatic
chromosome counting. As shown in Fig. 4, the chromo-
some number distribution of the plants from approach 1

Table 4 B-genome chromosome behavior at anaphase I in 87 PMCs from tetraploid (ABCC) plants derived from crosses between B. juncea and

B. oleracea var. acephala

Number and percentage Number of B-genome

B-genome chromosome

Number of B-genome chromosomes

of various PMCs chromosome laggards segregation with precocious centromere division

1 2 3 4 7:1 6: 2 5:3 4:4 1 2 3
Number 3 3 5 1 4 17 25 17 8 3 1
Percent 3.45 3.45 5.75 1.15 4.60 19.54 28.74 19.54 9.20 3.45 1.15
Total 12 (13.79%) 63 (72.41%) 12 (13.79%)
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Table 5 Pollen stainability, seed set and seed chromosome number of one early generation plant from each approach

Approach® Generation Genome Pollen Siliques/ Seeds/ Seeds/ Chromosome number
constitution staining % flowers® siliques® flowers of seeds®

1 F, AABCC 61.70 0.91 (S) 3.46 (S) 3.15 34-72 (F,)

2 F, ABCC 30.54 0.36 (S) 1.13 (S) 0.41 31-44 (F,)

3 Female plant ABCC 30.54 0.87 (C) 2.89 (O) 2.51 29-51 (Fy)

S self-pollination, C cross-pollination with DH-6 (AACC)

* Approach 1, AABBCC x AACC — AABCC (F;) » — F3; approach 2, AABBCC x CC —» ABCC (F,;) -» — F5; approach 3, ABCC

x AACC — F; - — Fg; AABBCC obtained from chromosome doubling of hybrids from cross AABB x CC

® Range of chromosome numbers; data collected from 20 seeds harvested from a single plant
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Fig. 4 Chromosome number distribution in early generations
obtained from the different approaches using B. juncea, B. oleracea
var. acephala and artificial B. napus as parents. Approach 1: F3
generation of cross AABBCC x AACC; approach 2: F5 generation of
cross AABBCC x CC; approach 3: F, generation of cross
(AABBCC x CC) x AACC. Trigenomic hexaploid AABBCC were
obtained by doubling the chromosomes of hybrids from AABB x CC

was the narrowest: 78.23% (115 out of 147) of the plants
examined had 38 or 39 chromosomes. The widest range of
chromosome numbers was encountered in plants from
approach 2. The numbers in these plants varied from 31 to
52, with 66.47% of the plants between 36 and 40. The
frequency of plants with a chromosome number of 38
decreased from the plants of approach 1 (53.74%) to
approach 3 (28.00%) to approach 2 (14.37%). A contin-
gency y° test showed that significant differences existed in
the frequency of plants with 2n = 38 among the different
approaches (approaches 1 and 2, y*> = 53.07; approaches 1
and 3, )(2 = 23.89; approaches 2 and 3, ;(2 = 9.53;
p < 0.01).

Identification and characterization of newly derived
B. napus lines

After selfing for two more generations, in March 2010,
flower buds from partial progeny of plants with 2n = 38
were fixed and stored as described in the “Materials and
methods” section. Buds from plants that produced seeds

with lighter color were subjected to GISH analysis after
harvesting. Ten Fs plants from approach 1 producing yel-
low-brown and brown-yellow seeds were tested and found
to be free of B-genome chromosomes. In the case of
approach 2, five Fs plants producing yellow or yellow-
brown seeds were selected, and four of the plants, includ-
ing one derived from a yellow-seeded F, plant, carried only
AC chromosomes. The remaining plant was found to have
two labeled chromosomes (Fig. Sal—a2), indicating the loss
of two AC chromosomes and their substitution with two
B-genome chromosomes. GISH analysis of one yellow-
seeded F4 plant from approach 3 detected no B-genome
chromosomes, and all the cells displayed normal chromo-
some segregation (Fig. 5b1-b2). Another yellow-seeded F,
plant produced only faint B-genome signals, indicating
minor cross hybridization (Fig. 5cl-c2). A cytological
analysis of the newly derived B. napus lines in the next
spring showed that the number of multivalents and univa-
lents was decreasing with advancing generations, and that
meiotic stabilization with regular bivalent formation had
been achieved (data not shown).

Having characteristics most similar to natural B. napus,
the newly derived B. napus line was readily differentiated
from the female B. juncea plant. However, the most con-
spicuous differences between the new and natural B. napus
strains were observed in leaf shape and floral morphology.
The radical leaves of the new B. napus lines were found to
be elliptical to oblong-ovate, pinnatipartite to pinnatisect,
with sinuate-dentate margins, obtuse tips and lobes on the
long petioles. Larger and more distinct petals also facili-
tated the identification of the new B. napus. The newly
developed B. napus lines displayed vigorous vegetative
growth, high pollen stainability and good seed set. Nine
derivative lines were subjected to evaluation for yield traits
in June 2011. The range and mean number of seeds per
silique in these lines were 15.11-23.83 and 20.59,
respectively. The range and mean weight of 1,000 seeds
were 2.83—4.48 and 3.74 g, respectively. The seed yield per
plant ranged from 12.78 to 17.15 g with an average of
14.48 g (Supplemental Table S1).
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Fig. 5 al-c2 Identification of B-genome chromosomes in selfed
progeny of interploid hybrids. al-a2 A diakinesis PMC of a
38-chromosome derivative from approach 2, showing a configuration
of 18 bivalents and 2 labeled univalents (arrows). b1-b2 An Al PMC
of a 38-chromosome derivative from approach 3. No intact B-genome
chromosomes were detected. c1-¢2 A diakinesis PMC of a 38-chro-
mosome derivative from approach 3, showing a configuration of
1611 + UIII (arrowhead) +31 (short arrows). Only faint signals were
detected (long arrow). Scale bar 10 pm. d-1 Seed color of B. juncea,

Seed color of progeny obtained through the different
approaches

In approach 1, the F; seeds (genome AABCC) were brown
or black. Of the 127 F, plants, six had brown seeds. From
the six brown-seeded families, about 180 F; plants were
raised, and 65 produced brown seeds, whereas 26 produced
brown-yellow seeds (Supplemental Table S2, Fig. 5f).
Seeds of these 91 plants were used to grow the F, families.
No pure yellow-seeded plants occurred in subsequent
generations of these plants. However, yellow-brown seeds
were observed in the Fs and F¢ plants (Fig. 5g).

In approach 2, among 91 F, plants, three produced
yellow-brown seeds (Supplemental Table S2, Fig. 5h), 18

@ Springer

B. oleracea var. acephala and the progeny of interploid hybrids of
B. juncea x B. oleracea var. acephala. d Yellow seeds from B. juncea
142. e Yellow seeds from B. oleracea var. acephala T¢. £ Brown-
yellow seeds from an F; plant from approach 1. g Yellow-brown
seeds from an Fg plant from approach 1. h Yellow-brown seeds from
an F, plant from approach 2. i Yellow seeds (F;) from a true-breeding,
pure yellow-seeded line from approach 2. j Yellow seeds from an F,
plant from approach 3. k, 1 Yellow seeds (Fg) from two true-breeding,
pure yellow-seeded lines from approach 3. Scale bar 1 cm

had brown-yellow seeds, and the others segregated for
brown and black seeds. Therefore, 210 F; plants were
generated from these 21 F, plants. All F; families segre-
gated for seed color. Lighter-colored F, seeds were sown,
and one F,4 plant bearing almost all yellow seeds was found
among 2,000 plants. Segregation for seed color continued
in the following generation, but the yellow-seed-bearing F,
plant bred true for yellow, as confirmed by the Fs, Fg and
F; seeds (Fig. 51).

In approach 3, 21 yellow-brown seeds occurred among
the hybrid seeds (F;) of ABCC x AACC. Two hundred
and fifty yellow and yellow-brown seeds harvested from
these F, plants were selected to grow the F, generation.
Two F, plants produced almost all yellow seeds
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(Supplemental Table S2, Fig. 5j), nine had yellow-brown
seeds, and the other plants segregated for brown-yellow,
brown and black seeds. Yellow, yellow-brown and brown-
yellow seeds were then selected and sown, resulting in
2,113 F3 plants, among which 17 plants producing yellow
seeds were found. In the successive generations, two lines
raised from two F, plants produced consistent and uniform
yellow seeds from generations F3 to Fs (Fig. Sk-1).

Discussion

Interspecific hybridization between B. juncea and B. oler-
acea has been used to synthesize bridging materials for
transferring desirable traits between Brassica species
(Arumugam et al. 1996; Tonguc and Griffiths 2004; Chen
et al. 2011). In this study, the AABCC and ABCC hybrids
were synthesized as bridges for introducing yellow seed
traits from B. juncea and B. oleracea to B. napus. Three
different mating approaches were designed to eliminate
B-genome chromosomes and synthesize yellow-seeded
B. napus, and we compared the efficiency of the approa-
ches. A detailed cytological analysis of the bridges used in
each approach and their progeny could track the fate of
B-genome chromosomes in the process of B. napus
resynthesis, thereby providing new information on homo-
eologous pairing within the B-genome (autosyndesis) and
between the B and A/C genomes (allosyndesis), as well as
revealing the cytological basis for B. napus resynthesis in
each approach.

It is widely accepted that the three Brassica diploid
species, viz., B. rapa, B. nigra and B. oleracea, diverged
from a common ancestor and exhibit considerable homol-
ogy with each other (Lagercrantz and Lydiate 1996; Parkin
et al. 2005). Thus, it was not unexpected to observe more
than 19 bivalents in the AABCC hybrids and nine bivalents
in the ABCC hybrids. In this study, a maximum of 21 and
13 bivalents were encountered in the AABCC and ABCC
hybrids, respectively. Li et al. (2004) reported a maximum
of 22 bivalents in AABCC hybrids derived from B. cari-
nata X B. rapa. Mason et al. (2010) observed no more than
ten bivalents in ABCC hybrids derived from B. napus x
B. carinata. The present observations are inconsistent with
their findings, which may be due to structural differences
between subgenomes originating from different species
(such as B’ and B¢, AJ and A™). Given that homologous
chromosomes can pair well even when the mating partners
are of different species (Li et al. 2004; Mason et al. 2010;
Navabi et al. 2011), the occurrence of two and four addi-
tional bivalents more than was expected in the AABCC and
ABCC hybrids may be due to autosyndesis in the B-gen-
ome and allosyndesis between the B and A/C genomes.
This speculation is strongly supported by our results of

GISH analysis. We found that a maximum of two bivalents
represented autosyndetic B-genome pairs in both the
AABCC and ABCC hybrids, which is in agreement with
the findings of Prakash (1973) in haploid B. nigra, Li et al.
(2005) and Ge and Li (2007) in ABC hybrids and Mason
et al. (2010) in ABCC hybrids. No significant difference
was found in the frequency of autosyndetic B-genome
chromosomes between the AABCC and ABCC hybrids,
suggesting that autosyndesis within the B-genome is
unaffected by the potential for allosyndesis between the B
and A/C genomes. Mason et al. (2010) also reported that
autosyndesis occurs independently of allosyndesis in
ABBC hybrids. Thus, the results strongly suggest that the
B-genome chromosomes involved in autosyndesis share a
closer relationship with each other compared with the A/C
genome chromosomes involved in allosyndesis (Quiros
1999). A maximum of two and four B-genome chromo-
somes were involved in the formation of allosyndetic
bivalents in the AABCC and ABCC hybrids, respectively,
suggesting that genome composition affects the rate of
B-genome allosyndesis, as previously reported by Mason
et al. (2010). The frequency of B-genome chromosomes
involved in allosyndesis in ABCC plants was significantly
higher than that in AABCC plants. The likely explanation
for this phenomenon lies in the fact that AABCC hybrids
provide conditions for the preferential pairing of the A- and
C-genomes because of the presence of homologs whereas
in ABCC hybrids, the haploid genome facilitates allosyn-
detic pairing. In previous investigations, maximum of one
to four B-genome chromosomes involved in allosyndesis
have been reported in various trigenomic hybrids (Ge and
Li 2007; Mason et al. 2010). These inconsistencies imply
that structural differentiation of the B-genome in different
species and different parental genotypes also influence al-
losyndesis between the B and A/C genomes in trigenomic
hybrids.

Precocious sister centromere separation of univalents at
Al is undoubtedly an important mechanism leading to
B-genome chromosome elimination in the progeny of the
AABCC and ABCC plants. We speculated that this
abnormal separation is not unique to B-genome chromo-
somes because, in several cases, additional unlabeled ele-
ments were encountered at Al in PMCs from the ABCC
hybrids (Fig. 3n, 40 elements counted). Sister chromatid
disjunction of univalent chromosomes at Al is a widely
reported meiotic abnormality in wheat, Begonia, Vigna
hybrids, Citrus hybrids and other plants, but it has scarcely
been mentioned for Brassica species (Aragon-Alcaide et al.
1997; Dewitte et al. 2010; Benavente and Orellana 1986;
Del Bosco et al. 1999). This phenomenon may arise
spontaneously at a low frequency, or it may be caused by
genetic factors (Del Bosco et al. 1999; Dewitte et al. 2010;
Clayberg 1959; Chelysheva et al. 2005). However, the
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possibility that it occurs at random can be excluded in our
material because all the plants we tested underwent this
abnormality, and the frequency of PMCs exhibiting this
phenomenon was over 13%. Studies on mutants have
revealed that gene deletions impairing meiosis cohe-
sion complexes, the monopolar attachment of sister kine-
tochores at meiosis I or the protection of centromeric
cohesion throughout meiosis I are responsible for this
anomaly (Watanabe 2004). In Arabidopsis, Rec8 and SCC3
are necessary to maintain centromere cohesion and the
monopolar kinetochore orientation during meiosis [
(Chelysheva et al. 2005). In maize, Hamant et al. (2005)
reported the evidence that Sgol plays a major role in the
protection of centromere cohesion until AIl. Moreover,
there is considerable evidence that both defects in homolog
synapsis and the absence of a homologous partner are
associated with an increased frequency of premature sep-
aration of sister chromatids at MI or Al in a variety of
species (Moore and Orr-weaver 1998). However, the situ-
ation observed in the present study is quite different from
those mentioned above. At Al, almost all the chromo-
somes, both from bivalents and univalents, split into sister
chromatids in the mutants mentioned above, whereas in our
materials, the prematurely dividing chromosomes
undoubtedly proceed from the univalents at MI. Aragon-
Alcaide et al. (1997) proposed that the presence of the Phl
and Ph2 genes, which suppress homoeologous pairing in
wheat, leads to centromeres with more condensed struc-
tures and increased sister chromatid cohesion, thereby
preventing the disjunction of univalents at Al. Given that
homoeologous pairing in haploid B. napus is under the
genetic control of the major gene PrBn, it is reasonable to
assume that there are genetic factors responsible for the
homoeologous pairing in haploid B. juncea (Jenczewski
et al. 2003; Mason et al. 2011). On the basis of these data,
together with the prevalence of homoeologous pairing at
diakinesis, we speculate that the premature division of
univalents at Al is probably due to an afunctional homo-
eologous pairing control of the alleles from both B. juncea
and B. napus parents in the A"AJB/C°C° and A/B'C°C°
hybrids.

That genes for yellow seed color exist in both the A and
C genomes holds the key to the successful breeding of
yellow-seeded B. napus. To retain these yellow seed color
genes and even the overall C-genome of B. oleracea in the
progeny, crossing programs were performed using artificial
B. napus but not natural B. napus. We observed as a gen-
eral trend that the efficiency of B-genome chromosome
elimination and new B. napus reconstruction decreased
from approaches 1 to 3 to 2, in that order. This result is in
accordance with the cytological observations of the
AABCC and ABCC hybrids and their progeny in each
approach, suggesting that a higher frequency of B-genome
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laggards and univalents undergoing precocious division at
Al led to a lower frequency of their transition into gametes.
The fact that yellow or yellow-brown seeds were produced
in each approach indicates that our crossing scheme was
effective. In Arabidopsis thaliana, yellow seed color occurs
when one or more gene(s) encoding important enzymes are
mutated in the pathway for dark-pigment synthesis or
accumulation (Rahman 2007), and different Brassica
genomes and subgenomes may harbor different but related
pathways for pigmentation (Chen and Heneen 1992).
Taken together, we conclude that functional complemen-
tation took place between the two flavonoid biosynthetic
pathways encoded by the A" and C° genomes, resulting in
normal seed pigmentation and black seed color in the
resynthesized B. napus A'A'C°C° (DH-6), whereas in
the newly derived B. napus, the relationship between the
A and C° genomes is in the opposite situation, resulting in
yellow seed color. We expected that plants combining
genes for yellow seed color in the A’ and C° genomes
would be isolated most efficiently by approach 1. However,
yellow seeds were instead produced most abundantly in
approach 3, followed by approaches 2 and then 1. Given
that the frequency of allosyndetic B-genome chromosomes
was significantly higher in ABCC than in AABCC plants,
there may be more opportunity for recombination to take
place between the B and A/C component genomes in
ABCC than in AABCC plants, as also evident from the
report by Navabi et al. (2011), and the transfer of yellow
seed color genes from the B to A genome may partly
account for the more rapid occurrence of yellow seeds in
approaches 2 and 3. One of the most important points to
consider in generating yellow-seeded B. napus through
interspecific hybridization is the genotype of the parents.
Studies of three crosses using various B. juncea inbred
lines as female parents have indicated an influence of
parental genotype on the seed color of newly derived
B. napus lines (data not shown), as we found in the
hybridization of B. rapa and B. oleracea (Wen et al. 2008).
This observation again clearly demonstrates the complexity
of the underlying genetic mechanism responsible for seed
color. Nevertheless, our schemes represent a step forward
in developing more systematic and meaningful procedures
for breeding yellow-seeded B. napus.

In summary, this study demonstrated that interspecific
hybridization between yellow-seeded B. juncea and yel-
low-seeded B. oleracea is a feasible strategy for breeding
yellow-seeded B. napus. The advantage of using the
AABCC and ABCC hybrids as bridge materials is that
homoeologous recombination may occur between the A, B
and C genome chromosomes in these interploids, thus
making it possible to produce more variations. Using
molecular marker techniques, it is possible to detect
translocations and to differentiate B-genome linkage
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groups that were retained in the new B. napus line and
aneuploids generated incidentally during the breeding
process (Navabi et al. 2011). The newly derived B. napus
line may become a source of germplasm for broadening the
genetic base and expanding yellow seed resources for
B. napus. Importantly, by taking advantage of hybrids
between the newly derived line and natural B. napus,
stronger intersubgenomic heteroses between the subge-
nomic A’ and A", A" and A", and C° and C" components
could be studied and utilized (Zou et al. 2010). From a
breeding viewpoint, it is imperative that the reproductive
efficiency and combining ability of the new B. napus lines,
including those studied here, be properly evaluated in field
trials before being used for heterosis.
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