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A “directional transfer program” was designed and carried out according to the genotype on the male
sterility locus of the target line, in order to improve the utilization of the multiple-allele inherited male
sterile gene in Chinese cabbage and solve the problems in the transfer process of this gene. In the
program, recurrent backcrossing was employed to transfer botanical traits, while the genotype was
identified through test cross. In addition, we began to develop the male sterile line after the transfer of
botanical traits was finished. Following the procedure, the male sterile gene was successfully
transferred from “3A”, a white leafstalk inbred line in Chinese cabbage, to “206”, the target green
leafstalk inbred line in cylindrical ecotype. The “GMS104”, a male sterile line with similar botanical traits
to “206” with 100% male sterility and 100% male sterile plants, was bred. With “GMS104” as the female
parent, an excellent hybridized combination “GMS104xB4” was finally obtained and it passed the
variety certification and registration of minor crops in Liaoning, China. Based on the results, it was
certified that male sterility and the other botanical and economic traits could be transferred to a target

line simultaneously following the “directional transfer program” designed in our study.
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INTRODUCTION

In higher plants, pollen maturation is normally followed by
its release by dehiscence of the anthers (Goldberg et al.,
1993). This normal process of pollen formation and
release may be hampered, resulting in male sterility. This
phenomenon has been, for a long time, recognized as an
important trait for hybrid seed production as self-polli-
nation of male sterile plants is prevented. Over decades,
much advance has been achieved for understanding the
mechanism of plant male sterility and applying male
sterility in the practical production (Hockett et al., 1968;
Gill et al., 1970; Brim and Stuber, 1973; Jan et al., 1977;
Reddy et al.,, 1978; Yaegaki et al., 2003; Long et al.,
2008).

Chinese cabbage (Brassica rapa L.) is an example of a
typically allogamous plant with bisexual flowers, which
has obvious heterosis. The pattern of hybrid seed produc-
tion is very important for the utilization of its heterosis.
Presently, the F; hybrid seeds are mainly obtained from
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the application of self-incompatibility in practice. However,
disadvantages were found in the utilization of self-incom-
patible lines such as costly maintaining of parental mate-
rials, fast degeneration of vigor after several selfing gene-
rations and low purity of hybrid seed (Niu et al., 1980).
The male sterile line is an economical and stable way to
improve the current situation of cross breeding of
Chinese cabbage. Therefore, worldwide breeders paid
much attention on the breeding and utilization of male
sterile lines (Zhang et al., 1990; Ke et al., 1992; Michael,
2004). The already obtained male sterile materials in
Chinese cabbage could be classified into genic male
sterility (GMS) and cytoplasmic male sterility (CMS) (Van
Der Meer, 1987). Most CMS in Chinese cabbage origin-
nated from Ogu and Pol CMS (Zhang et al., 2006). How-
ever, the male sterile line in Chinese cabbage with Ogu
CMS could not be utilized in a large scale in practice,
because it was often characterized by such disadvan-
tages as leaf etiolation, nectary degeneration and slow
growth etc (Ren et al., 1992; Sun et al., 2000). The male
sterile line in Chinese cabbage bred based on Polima
CMS has been employed in the hybrid seed production.
But the thermal-sensitive character limited its perfomance



(AB line ) (Temporary maintainer)
MsMs MsMs msms
L et e | l'ff'\'
Ms™™Ms  MsMs msms

| > |

I

Msms
( Male sterile line }

Figure 1. Genetic model for multiple allele inherited male sterile
line in Chinese cabbage.

in the large scale production (Zhang et al., 2001). The
multiple allele inherited male sterile material in Chinese
cabbage discovered by Feng et al. (1995, 1996) was
characterized by its stable and complete sterility perfor-
mance, with 100% male sterile plants and without any
negative cytoplasmic effects etc, which has become the
focus of many breeders. A series of researches have
been carried out on the breeding of male sterile lines,
based on the “genetic hypothesis of genic multiple allele
male sterile gene in Chinese cabbage” (Wen et al., 2001;
Xu et al.,, 2003). However, most male sterile lines
obtained in these researches could not be utilized in prac-
tice, because of the low evenness degree of hybrid seeds
generated by these male sterile lines. In the genetic
model of these male sterile materials, the male sterile line
was the result of the cross between the male sterile plant
of a male sterile “AB” line and the temporary maintainer. If
significant differences existed in the genetic background
between the “AB” line and the temporary maintainer, the
male sterile line generated from the cross between these
2 materials could be considered as the F; seed. And with
such male sterile line as the female parent, the hybridized
seed is actually a 3-way crossing seed. Thus, a new way
for the breeding and utilization of the male sterile mate-
rials is crucial. In the present study, with the male sterile
material with 100% male sterile plants as the male
sterility source, we designed a “directional transfer prog-
ram”. Therefore the problem in the transfer of such mate-
rials was successfully solved through the breeding of a
new male sterile line, which is inherently stable, with
similar botanical traits to the target line.

MATERIALS AND METHODS
Materials

Male sterile source and test-cross material: “3A”, a white leafstalk
genic male sterile line in Chinese cabbage in cylindrical ecotype.
Target line: “206”, a green leafstalk inbred line in cylindrical ecotype.
Test-cross line: “AB01”, a male sterile “AB” line in Chinese cabbage.
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Methods

The study was performed in the research base of Shenyang agri-
cultural university during the 6 years between 2002 and 2008.
Conventional crossing, backcrossing, test crossing and selfing were
employed to transfer the male sterility and the other traits. Botanical
traits were investigated through a randomized block design with 3
repeats and 9 m? block area.

Formula for the sample size “n”™: n 2 In(0.01)/In(1 - p), P:
probability of occurrence for target individuals

RESULTS

Genetic characteristics of the genic multiple-allele
inherited male sterility in Chinese cabbage

In the “genetic hypothesis of genic multiple-allele male
sterile gene in Chinese cabbage”, the model accounts for
a smgle Iocus with three alleles, “Ms” allele for male
sterility, “ms” allele for fertility and “Ms™ for fertility resto-
ration. The domlnant recessive relationship of these
alleles was Ms>Ms>ms. Based on the genetic model for
obtaining a male sterile line with 100% male sterile
plants, the temporary maintainer is employed to cross
with the homozygous sterile plant in the male sterile “AB”
line (Figure 1). Genotypes of male sterile plants and fer-
tile plants in an “AB” line were MsMs and Ms'Ms respec-
tively. And the “AB” line could be maintained by sib
crossing between the male sterile plant and fertile plant
(MsMs x Ms'Ms —1/2 MsMs, 1/2 Ms'Ms);

Genotyping of “206”

The special inheritance model of this locus results in
totally 6 genotypes, of which 3 conventlonally share an
|dent|cal fertile phenotype, including Ms'Ms', msms and
Ms'ms. These 3 genotypes could be distinguished by the
test cross with a male sterile line (Msms) (Figure 2).

99 F, plants, which were totally fertile, were obtained
from the cross between “3A” as the female parent and the
targr;et line “206”. It indicated that the genotype of “206” is

Breeding of the male sterile line
Genetic model

The genetic model is presented in Figure 3 W|th “3A”
(Msms) as the male sterility source and “206” (Ms Ms) as
the target line.

Result of the breeding

Following the model in Figure 3, the plants with 2 geno-
types, including Ms'Ms and Ms'ms, existed in the F;
population and shared an identical fertile phenotype. For
genotyping each plant in the population, 7 plants were
selected randomly and selfed. The identification result of
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Figure 3. Genetic model for directional transfer of the multiple allele inherited male sterile line in Chinese

cabbage

sterility or fertility was presented in Table 1. Simulta-
neously, these 7 F; plants were backcrossed with “206” to
construct BC; population.

The genotype of the specific F; plant could be identified
according to the segregated ratio for fertility/sterility in the
corresponding F, population. One BC; population that
resulted from the backcross with the F; plants with 2
genotypes, including Ms'Ms and Ms'ms, was selected
respectively. From each selected BC, population, 7 plants
were crossed with the male sterile plant (MsMs) in the
“AB” line “AB01” to identify the genotype of them The
backcross progenies of plants identified as Ms'Ms and
Ms ms were selected, in which the “AB” line (MsMs,
Ms' Ms) and the “temporary maintainer” (msms) in the BC1
generation could be developed, while those of the Ms'Ms'
plants were eliminated. Following this procedure, the “AB”
line and the “temporary maintainer” of BC,, BC3; and BC,
could be developed, too. “GMS101”, “GMS102”,
“GMS103” and “GMS104”, the male sterile line bred
respectively in the BC4, BC,, BC3 and BC, generations,

were obtained from the cross between the male sterile
plant (MsMs) of the “AB” line in each generation and its
corresponding “temporary maintainer” (msms).

In Table 2, we present the genotyping results of selec-
ted individuals in each backcross generation. A ratio of
1:1 for fertility and sterility was observed in all backcross
populatlons It |nd|cates that the genotype of tested plants
is Ms'Ms or Ms'ms. Thus, they were considered as target
plants.

In Table 3, we present the segregated ratio for fertility
and sterility of the selfing progenies of plants identified as
Ms'Ms and Ms'ms in each backcross generatlon
There were totally 3 genotypes, including Ms'Ms', Ms Ms
and MsMs, found in the selfing progenies of Ms'Ms,
which resulted in the fertile and sterile plants segregated
in a ratio of 3: 1 Sib crossmg was made between 5 fertile
plants (Ms'Ms' or Ms'Ms) and the male ster|Ie plant
(MsMs), respectively. The new “AB” line (Ms Ms, MsMs)
was obtained, in case that the sterility of progenies
segregated for 1:1.
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Table 1. Segregation ratio for fertility and male sterility in F> generation between male sterile line “3A” and fertile line “206”.

Fertile plants: Theoretical ratio Genotype of F4

Code of plant sterile plants (X005, 1 = 3.84) plant Genotypes of F. population
(3Ax206)-1 23:9 3:1(0.042) Ms'Ms Ms'Ms' Ms'Ms,MsMs
(3Ax206)-2 24:7 3:1(0.011) Ms'Ms Ms'Ms', Ms'Ms,MsMs
(3Ax206)-3 33:0 All fertile Ms'ms Msstf,Msfms,msms
(3Ax206)-4 30:0 All fertile Ms'ms Msstf,Msfms,msms
(3Ax206)-5 26:5 3:1(0.871) Ms'Ms Ms'Ms', Ms'Ms,MsMs
(3Ax206)-6 22:7 3:1(0.011) Ms'Ms Ms'Ms' Ms'Ms,MsMs
(3Ax206)- 7® 23:8 3:1(0.011) Ms'Ms Ms'Ms' Ms'Ms,MsMs

Table 2. Genotype identification of selected plants in each backcross generation during the transfer of male sterile line in Chinese cabbage.

Genotype Fertile plants : Theoretical ratio
Combinations of tested steril er:ol ants (X%0.05,1=3.841)
plant

ABO1x((3Ax206) -1x206) Ms'Ms 31:28 1:1(0.068)
ABO1x(((3Ax206) -1x206)-1x206)-3 Ms'Ms 27:29 1:1(0.018)
ABO1x((((3Ax206)-1x206)-1x206)-3x206)-2 Ms'Ms 34:32 1:1(0.015)
ABO1x(((((3Ax206)-1x206)-1x206)-3x206)-2x206)-5 Ms'Ms 29:33 1:1(0.145)
ABO1x((3Ax206) -1x206)-2 Ms'ms 33:36 1:1(0.058)
ABO1x(((3Ax206) -1x206)-2x206)-4 Ms'ms 23:22 1:1(0.000)
ABO1x((((3Ax206) -1x206)-2x206)-4x206)-5 Ms'ms 29:28 1:1(0.000)
ABO1x(((((3Ax206)-1x206)-2x206)-4x206)-5x206)-3 Ms'ms 25:22 1:1(0.085)

Table 3. Segregation ratio for fertility and male sterility in the selfing progenies of plants with the genotypes of MsfMs and Msfms in each
backcross generation during the transfer of male sterile line in Chinese cabbage.

N Genotype of i : i io (X2
grope ol Torileplte:— Theorsice ot (e
((3Ax206) -1x206)-1® Ms'Ms 26: 7 3:1(0.091)
(((3Ax208) -1x206)-1x206)-3® Ms'Ms 38:11 1(0.061)
(((3Ax206)-1x206)-1x206)-3x206)-2 ® Ms'Ms 29:7 3:1(0.333)
(((3Ax206)-1x206)-1x206)-3x206)-2x 206)-56 Ms'Ms 31:13 1(0.273)
((3Ax206)-3x206)-2® Ms'ms 33:0 Al fertile
(((3Ax206)-3x206)-2x206)-4® Ms'ms 29:0 Al fertile
(((3Ax206)-3x206)-2x206)-4x206)-56 Ms'ms 36:0 Al fertile
(((3Ax206)-3x206)-2x206)-4x206)-5x 206)-3® Ms'ms 31:0 Al fertile

On the other hand, 3 genotypes, including Ms'Ms', were stably inherited male sterility “AB” line.

Ms'ms and msmes, also exited in the selfing progenies of
the Ms'ms plant, all of which resulted in fertility. 16 fertile
plants were selected and crossed with the male sterile
plant (MsMs) in the selfing progenies of the Ms'Ms plant.
The “temporary maintainer” was obtained, in case that
the progenies were all sterile.

In Table 4, the segregated ratio of 1:1 could be found in
the progenies from the sib crossing between fertile plants
and sterile plants in each generation. It indicated that they

In Table 5, the phenotyping results for fertility and steri-
lity were presented for the progenies from the cross
between the male sterile plant in the “AB” line and
“temporary maintainer”.

The male sterile lines with 100% male sterility and male
sterile plants could be bred, based on the “AB” lines
obtained in the BC,, BC,, BC3 and BC, generations and
their corresponding “temporary maintainers”. And these
male sterile lines were nominated as GMS101, GMS102,
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Table 4. Test-cross result of the “AB line” in each backcross generation during the transfer of genic male sterile line in Chinese cabbage.

Theoretical
P Fertile plants : sterile ratio
Combinations F:olants (X20.05, =
3.841)
((3Ax206) -1x206)-1-1x((3Ax206) -1x206)-1-2 15:17 1:1(0.031)
(((BAx206) -1x206)-1x206)-3-5x(((3Ax206) -1x206)-1x206)-3-3 39:36 1:1(0.053)
((((BAx206)-1x206)-1x206)-3x206)-2-3x((((3Ax206)-1x206)-1x206)-3x206)-2-1 22:19 1:1(0.098)
(((((BA%206)-1x206)-1x206)-3x206)-2x206)-5-2x (((((3Ax206)-1x206)-1x206)-3x206)- 90:05 1:1(0.085)

2x206)-5-6

Table 5. Test-cross result of the temporary maintainer in each backcross generation during the transfer of genic male sterile line in Chinese cabbage.

Male sterile i Fertile plants :

lines Combinations sterile plants
GMS101 ((3Ax206) -1x206)-1-1x((3 Ax206)-3x206)-2-5 0:47
GMS102 (((3Ax206) -1x206)-1x206)-3-5x(((3 Ax206)-3x206)-2x206)-4-2 0:52
GMS103 ((((3Ax206)-1x206)-1x206)-3x206)-2-3x((((3 Ax206)-3x206)-2x206)-4x206)-5-3 0:45
GMS104 ((((3Ax206)-1x206)-1x206)-3x206)-2x206)-5-2x (((((3Ax206)-3x206)-2x206)-4x206)-5x206)-3-9 0:48

Table 6. Observation on botanical traits of the parent “206” and male sterile lines transferred in 4 backcross generations.

Traits GMS101 GMS102 GMS103 GMS104 206
plant height (cm) 46.76 45.69 44.89 44.22 4417
plant width (cm) 61.26 61.03 60.53 59.78 59.64
leaf head height (cm) 38.98 38.67 38.11 37.42 37.26
leaf head diameter (cm) 12.78 12.59 12.04 12.29 12.17
leaf head weight (kg) 2.69 2.52 2.34 2.30 2.24

Note: Data in the table is the average value of 60 plants.

GMS103 and GMS104, respectively.

Effect evaluation of directional transfer

Observation on botanical traits of the male sterile line
and the target line

The optimal number of the backcross generation was
determined according to the similarity between “206” and
4 male sterile lines including “GMS101”, “GMS102”,
“GMS103” and “GMS104” (Table 6).

It could be found in Table 6 that, with the increase of
the backcross generation number, the progenies were
approaching to the recurrent parent “206” in botanical
traits. GMS104, the male sterile line bred in BC, genera-
tion, is almost the same as “206” in botanical traits, which
ultimately reached the objective of the directional transfer.

Observation of evenness degree on hybridized com-
binations with the male sterile line as the female parent.
In order to compare the similarity of genetic back-ground
between newly bred male sterile “AB” lines and their
corresponding temporary maintainers and also evaluate

the value of these male sterile lines in practice, we
observed the botanical traits of hybridized combinations
and calculated the variation coefficients of major bota-
nical traits. We obtained 4 hybridized combinations
employing GMS101, GMS102, GMS103 and GMS105 as
the female parents and an excellent inbred line B1 as the
male parent. With the “Jinlv 75” as the CK, the botanical
traits were observed and the variation coefficients of
major botanical traits were calculated (Figure 4).

As it was showed in Figure 4, with the increase of back-
cross generation number, the variation coefficients of
major botanical traits of each combination declined grad-
ually. The variation coefficients of “GMS104xB1”, the
combination obtained in BC, generation, were signifi-
cantly lower than the CK, which indicated that the
evenness degree of hybrids produced with the male
sterile line bred in BC,4 generation is very high.

Breeding and utilization of hybridized combinations

With the newly bred GMS104 as the female parent, 5
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Figure 4. Variation coefficients of major botanical traits of hybridized combinations made with male sterile lines in four

backcross generations in Chinese cabbage.

Table 7. Yield of hybridized combinations of Chinese cabbage in
comparative experiment plot (unit: kg).

Combination Repeats Average
| Il i value

GMS104 x B4 117.88 12282 119.01 119.90a

Jinlv75 108.72 96.60 11543 106.92b
GMS104 x B2 109.20 102.24 105.77 105.74b
GMS104 x B5 101.75 97.06 108.57 102.46b
GMS104 x B3 9432 103.31 102.01 99.88b
GMS104 x B1 ~ 96.84 100.02 95.04 97.30 b

Note: Area of plot is 10 square meters.

combinations were generated by crossing GMS104 with
5 inbred lines including B1, B2, B3, B4 and B5.
Comparative experiment was performed, employing “Jinlv
75” as the CK (Table 7).

According to the analysis of variance on the data listed
in Table 7, the variance among varieties reached a
significant level (F = 14.33 > F0.01 = 5.99). New multiple
range method was employed to make a multiple compa-
rison. The result indicated that the yield of “GMS104xB4”
is significantly higher than that of the CK and the other
combinations. In 1997, the combination passed the
variety certification and registration of minor crops in
Liaoning, China. It was nominated as “Shennong super
No0.9” and has been cultivated in a large area in China.

DISCUSSION
Selection of male sterile source and the target line

The cross-based transfer of the male sterile gene is an
efficient way to breed male sterile lines in many kinds of
crops. The objective of the directional transfer in the
present study is to develop a new male sterile line which
is similar to the target line in botanical traits. Thus, the
selection of target lines is very important. A target line
with a high combining ability, disease resistance and
quality is the precondition for developing an excellent

male sterile line. The major inbred lines widely used in
the current production should be selected first.

According to the “Genetic hypothesis of genic multiple-
allele male sterile gene in Chinese cabbage”, the male
sterility is controlled by 3 alleles on the same locus. In
order to include all the three alleles in the transfer
system, the genotype of the male sterility source material
and the target line should be complemented.

Genotyping of fertile lines

As it was described in the “genetic hypothesis of genic
multiple-allele male sterile gene in Chinese cabbage”, 4
genotypes, including Ms'Ms', Ms'Ms, Ms'ms and msms,
existed in the fertile plants. Generally, the genotype of the
target lines could not be heterozygous Ms'Ms, because
their selfed progenies segregated for a 3:1 ratio for
fertility and sterility. The genotype of the target line could
be identified by the test cross with a male sterile plant
(MsMs) in an “AB” line and the genic male sterile line
(Msms). If the male sterile line (Msms) is employed in the
test cross, the sefgregated ratio in the test cross
progenies of Ms'Ms', Ms'ms and msms should be all
fertile, 3:1 and 1:1, respectively. However, a large popu-
lation is necessary to distinguish between 3:1 and 1:1. If
we use male sterile plant (MsMs) in the test cross, the
segregated ratio in the test cross progenies is all fertile,
1:1 and all sterile, which is much easier to distinguish.

Advantages of directional transfer

The objective of the directional transfer in the present
study is to develop a new male sterile line which is similar
to the target material in botanical traits. The transfer of
both the male sterility and the other traits were focused
on. The “AB” line and its “temporary maintainer” could be
considered as sib lines which were similar to the target
line in most traits after recurrent backcrossing. As a result
of the similar genetic background, the inheritance of traits
of the male sterile line developed with this system is very
stable. And the combinations bred with such male sterile
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line as the female parent are excellent in evenness
degree. Based on this model, the genic male sterile gene
could be transferred into the target inbred lines in
Chinese cabbage and a new male sterile line which is
similar to the target line in most traits could be developed,
which improves the utilization of such male sterile lines.

Confirm of generation nhumber for backcross

Directional transfer of the genic male sterile line in
Chinese cabbage is performed by recurrently back-
crossing male sterile source with the target lines. The
number of backcross generation is very important for the
directional transfer effect. If the number is too small, the
effect of “directional” could not be reached. While if it is
too big, serious degeneration might occur. Thus, during
the directional transfer process, the number of backcross
generation should be determined according to the simi-
larity degree of botanical traits between the backcross
progenies and the recurrent parent. In the present study,
GMS104, the male sterile line bred in BC4 generation, is
almost the same to “206” in botanical traits. As a result,
backcross for 4 generations is a proper choice for the
directional transfer of genic male sterile lines. However,
this number should increase, in case that significant diff-
erences exit between the target line and the male sterility
source and none unexpected traits were found after the
backcross for many generations.

Application of molecular marker technique

Molecular marker technique has been widely used in
genetic mapping, map-based cloning, genetic diversity
analysis, variety protection and breeding selection. For
male sterility in Brassica crops, various molecular mark-
ers have been identified linked to the male sterile genes
and fertility restorer genes (Hansen et al., 1997; Jean et
al., 1997; Miao et al., 2000; Cao et al., 2005; Zhang et al.,
2008; Wang et al., 2000; Hong et al., 2006; Wang et al.,
2000a, b, 2005). In the directional transfer program, it
requires more time, labor and space to select plants with
desired genotypes, because test cross must be involved in
each generation. Application of molecular markers tightly
linked to the Ms allele provides a potential for effi-cient and
earlier selection of the desired plants. Presently, the Ms-
specific molecular markers are being developed in our
lab.

Conclusion

1.) A “directional transfer program” was designed for the
genic multiple-allele inherited male sterile gene, which
solves the problems in the breeding and utilization of the
male sterile line.

Based on the “Hypothesis for genic multiple male ste-
rile gene in Chinese cabbage”, we designed a “directional

transfer program”, aiming at developing a new male
sterile line which is similar to the target material in
botanical traits. Directional transfer gives attention on the
transfer of both the male sterility and the other traits. The
newly bred male sterile line is inherited stably, which
guarantees a high evenness degree of hybrid seed.

2.) Following the directional transfer program, “GMS104”,
a genic male sterile line in Chinese cabbage, was bred,
which is similar to the target inbred line “206” in both
botanical and economic traits.

After recurrent backcrossing for 4 generations, a new
male sterile line named “GMS104” with 100% male
sterility and 100% male sterile plants was bred based on
the directional transfer program, employing “3A”, a white
leafstalk male sterile line in Chinese cabbage in cylin-
drical ecotype, as the male sterility source and “206”, a
green leafstalk inbred line in cylindrical ecotype, as the
target line. It verified that male sterility and the other traits
could be transferred simultaneously following the “direc-
tional transfer program” and provided a theoretical and
practical basis for solving the problems in the breeding
and utilization of the genic male sterility in Chinese
cabbage.
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