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Abstract

Key message Pyramiding of S5-r and f5-n cumula-
tively improved seed-setting rate of indica—japonica
hybrids, which provided an effective approach for utili-
zation of inter-subspecific heterosis in rice breeding.
Abstract Breeding for indica—japonica hybrid rice is an
attractive approach to increase rice yield. However, hybrid
sterility is a major obstacle in utilization of inter-subspe-
cific heterosis. Wide-compatibility alleles can break the
fertility barrier between indica and japonica subspecies,
which have the potential to overcome inter-subspecific
hybrid sterility. Here, we improved the compatibility of an
elite indica restorer line 9311 to a broad spectrum of japon-
ica varieties, by introducing two wide-compatibility alleles,
S5-n and f5-n, regulating embryo-sac and pollen fertility,
respectively. Through integrated backcross breeding, two
near isogenic lines harboring either S5-n or f5-n and a pyr-
amiding line carrying S5-n plus f5-n were obtained, with
the recurrent parent genome recovery of 99.95, 99.49, and
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99.44 %, respectively. The three lines showed normal fertil-
ity when crossed to typical indica testers. When testcrossed
to five typical japonica varieties, these lines allowed sig-
nificant increase of compatibility with constant agronomic
performance. The introgressed S5-n could significantly
improve 14.7-32.9 % embryo-sac fertility in indica—japon-
ica hybrids. In addition, with the presence of f5-n frag-
ment, S5-n would increase the spikelet fertility from 9.5 to
21.8 %. The introgressed f5-n fragment greatly improved
anther dehiscence, embryo-sac and pollen fertility in
indica—japonica hybrids, thus leading to improvement of
spikelet fertility from 20.4 to 30.9 %. Moreover, the pyra-
miding line showed 33.6-46.7 % increase of spikelet fertil-
ity, suggesting cumulative effect of S5-n and f5-n fragment
in seed-set improvement of inter-subspecific hybrids. Our
results provided an effective approach for exploiting het-
erosis between indica and japonica subspecies, which had
a profound implication in rice breeding.

Introduction

As a main staple food, increase of rice yield is of immense
importance to feed the world population. However, the
yield growth rate for rice has been declining during the last
decade, contrasting to the continuing increase of popula-
tions in major rice-consuming countries (Jeon et al. 2011).
Therefore, improved strategies for further increase in grain
yield are essential. Asian cultivated rice (Oryza sativa L.)
comprises two main subspecies, indica and japonica. Uti-
lization of intra-subspecific heterosis had achieved great
success and contributed considerably to rice yield increase.
Nevertheless, indica—japonica hybrids show stronger het-
erosis than intra-subspecific hybrids (Zhang et al. 1996;
Zhao et al. 1999), which may have the potential to produce
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higher rice yield. Recently, breeders have infiltrated the
Jjaponica genetic material into the genetic background of
typical indica varieties for the breeding of indicaclinous
restorer lines. These indicaclinous strains showed compat-
ibility to japonica cytoplasm male sterility lines, and were
designed for successful breeding of some indica—japonica
hybrid combinations (Lin et al. 2012; Lu et al. 2007), illus-
trating the feasibility of partial utilization of indica—japon-
ica heterosis. However, breeding for typical indica—japon-
ica hybrids is mainly hindered by inter-subspecific hybrid
sterility.

A special group of rice germplasm, known as wide-com-
patibility varieties (WCVs), is able to break the reproduc-
tive barrier between indica and japonica subspecies. The
WCVs bearing neutral allele (S-n) at hybrid sterility locus
are able to produce fertile hybrids when crossed to both
indica varieties carrying S-i and japonica varieties with S-
j. Both WCV/indica (S-n/S-i) and WCV/japonica (S-n/S-
j) hybrids have normal fertility, whereas indicaljaponica
(8-i/S-j) hybrid is semi-sterile (Ikehashi and Araki 1984,
1986). Thus, the neutral allele S-n can be exploited to
improve the seed-setting rate of indica—japonica hybrids
(Ouyang et al. 2010).

Many factors caused indica—japonica hybrid sterility,
such as female gametes abortion (Chen et al. 2008; Yang
et al. 2012), male gametes abortion (Long et al. 2008),
anther indehiscence (Maekawa et al. 1997; Zhang et al.
2004), as well as reduced affinity between the uniting gam-
etes (Liu et al. 2004) and non-synchronization of male
and female gamete development in the same spikelet (Liu
et al. 1997). In addition, adverse environmental conditions
would also reduce the fertility of inter-subspecific hybrids
(Li et al. 1997). Genetic analyses have identified a series
of loci controlling hybrid embryo-sac and pollen fertility in
different indica—japonica crosses (Ouyang et al. 2009), and
four indica—japonica hybrid sterility loci, S5, Sa, DPLI and
DPL?2 have been further cloned (Chen et al. 2008; Long
et al. 2008; Mizuta et al. 2010; Yang et al. 2012).

The S5 and f5 loci were identified as two major loci reg-
ulating hybrid female and male sterility, respectively. The
major locus S5 conferring embryo-sac fertility was regu-
lated by a killer—protector system of three tightly linked
genes (ORFs3-5). The neutral allele S5-n would be compat-
ible with typical indica haplotype ORF3+ORF4—ORF5+
and typical japonica haplotype ORF3—ORF4+ORF5—,
such as ORF3—ORF4—ORF5n from aus variety Dular and
ORF3+ORF4+ORF5n from japonica variety 02428 (Chen
et al. 2008; Yang et al. 2012). Apart from S5-n, the neutral
allele f5-n rescuing pollen fertility had been fine mapped
in the same aus variety Dular (Wang et al. 2006). How-
ever, pyramiding of neutral alleles regulating both hybrid
female and male fertility was still lacking in breeding for
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inter-subspecific hybrid rice, which was of specific interest
for breeders.

Molecular marker-assisted backcross breeding was the
most effective way for integration of superior alleles into
an elite variety. This strategy was widely applied in rice
breeding program involving foreground selection and back-
ground selection (Chen et al. 2000, 2001; Khanna et al.
2015; Zhou et al. 2003). Moreover, this strategy has been
well applied for pyramiding alleles at hybrid embryo-sac
sterility loci (Chen et al. 2011). Therefore, it provided
opportunity for exploiting the maximum heterosis of
indica—japonica hybrids, by the transfer of multiple neu-
tral alleles with minimum donor segment into elite typical
indica or japonica varieties. However, traditional marker-
assisted breeding had almost relied on RFLP, AFLP, and
SSR (Chen et al. 2000, 2001, 2011; Zhou et al. 2003),
which were time-consuming and inconvenient. Today,
the development in rice genome sequence made molecu-
lar markers available for any region of the genome (Zhao
et al. 2015). Recently, two SNP arrays of RICE6K and
RiceSNP50 with high-density markers covering rice 12
chromosomes have been developed (Chen et al. 2014; Yu
et al. 2014), which would speed up the progress of molecu-
lar breeding for rice genetic improvement.

As an elite male parent of indica—indica hybrids, 9311
was the first sequenced variety in indica subspecies. How-
ever, it was highly incompatible with japonica varie-
ties. The present study attempted to establish an effective
molecular breeding system in rice and produce several
wide-compatibility lines for subsequent breeding prac-
tices, including (1) incorporation of the two neutral alleles,
S5-n and f5-n, regulating hybrid female and male fertility,
respectively, into 9311 via integrated backcross breeding
strategy including phenotypic selection in early backcross
generation, positive and negative selection of target region,
and whole genome background selection, and (2) com-
patibility evaluation of neutral alleles in different indica—
Jjaponica heterozygous genetic background and conditions.
This study would facilitate the utilization of strong hetero-
sis between indica and japonica subspecies, which had a
profound implication in rice breeding.

Materials and methods
Plant materials

Two rice varieties, 9311 and Dular, were used as the parents
in this breeding program. 9311 was used as the recipient,
which was an elite indica-type restorer line developed by
Jiangsu Academy of Agriculture Science in China. Dular
was used as the donor, which was a landrace aus variety
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from India conferring a wide spectrum and high level of
wide-compatibility (Wang et al. 1998).

Evaluation in wide-compatibility requires testcross
experiment with a broad set of tester lines. Here, five
typical japonica varieties, Laoguangtou83, Annongwan-
gengB-2, Balilla, Taichung65 and Nipponbare from four
countries and three typical indica varieties, Nanjingll,
IR64 and Guangluai4 from two countries were used as the
testers. Nanjingll and Balilla have been widely used in
wide-compatibility breeding programs in China (Gu et al.
1991). IR64 and Taichung65 have been used as the test-
ers in IRRI (International Rice Research Institute) (Kumar
and Virmani 1992). Ikehashi and Araki (1984) used Nip-
ponbare as a japonica tester in Japan. In addition, based
on genome sequencing database of rice core germplasm
(http://ricevarmap.ncpgr.cn/), Laoguangtou83 and Annon-
gwangengB-2 were regarded as typical japonica varieties,
whereas Guangluai4 belonged to typical indica subspecies.
Therefore, these three varieties were selected as the testers
in this study.

DNA markers and high-throughput arrays

Eight polymorphism insertion/deletion (InDel) markers
between 9311 and Dular were developed based on a com-
prehensive database of rice genomic variations (http://rice-
varmap.ncpgr.cn/) (Table S1). Two S5 co-segregating mark-
ers, SSORF3 and S50RFS5, were used to detect the presence
of S5-n allele (Yang et al. 2012). Besides, two markers,
S5F70 and S5R240, flanking both sides of S5 locus at 70
and 240 kb, were used to negatively select the linkage
segments around S5 region. The selection for f5-n was
conducted using two flanking markers, f5F46 and f5R43,
which were located 46 and 43 kb away from the upper and
lower border of f5 locus (Li et al. 2006; Wang et al. 2006)
(Fig. 1a). Besides, two markers of C1F79 and C1R79 were
developed to clean up the genetic background. In addition,
two high-throughput arrays, RICE6K and RiceSNP50, con-
taining 5102 and 51,478 InDel/SNP markers, respectively,
were used to analyze the genetic background of intermedi-
ate materials and the improved lines (Chen et al. 2014; Yu
et al. 2014).

DNA extraction and genotyping

Genomic DNA was extracted from fresh leaves of the
10-day-old seedlings following the protocol described by
Murray and Thompson (1980). Polymerase chain reac-
tion (PCR) was performed in a MyCycler™ thermal cycler
(Bio-Rad, USA), with 20 pl reaction mixture containing
2 nl of genomic DNA (10 ng/ul), 2 pl of 10 x buffer,
0.2 pl of each primer (10 pM), 1.4 pl of MgCl, (25 mM),
2 wl of dNTP (2 mM), 0.2 pl of Taq polymerase (5 U/pl),

a | + Selection markers
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$5R240

Chr. 05 segment Chr. 06 segment

* A cross between the recipient
parent and the donor parent

b 9311 x Dular

/

9311 x F, (5 plants) + Backerossing

9311 x BC,F, (1 from 55 plants) * Positive selections (f5F46, f5R43,
S5RORF3, S50RF5)
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S5RORF3, S50RF5)
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« Backcrossing

9311 x BG;F, (1 from 1,215 plants) *

/

Positive selections (f5F46, f5R43,
S5RORF3, S50RF5)
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9311 x BC,F, (42 from 211 plants)
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BC;F, (1,440 plants)
NIL-(55-m), NIL-(75-n), PL~(S5-r+ f5-n)

« Background analysis (RiceSNP50)

Fig. 1 Breeding scheme for the development of NILs and PL. a The
red words indicate the markers for positive selection, and the gray
words indicate the markers for negative selection. b The procedure
for the development of NIL-(S5-n), NIL-(f5-n) and PL-(S5-n + f5-n)

and 12 pl ddH,O. The PCR amplification condition was
with one cycle of denaturation at 94 °C for 5 min, followed
by 35 cycles at 94 °C for 30 s, 55 °C for 30 s and 72 °C
for 40 s, with a final extension at 72 °C for 5 min. The
amplified product of marker SSORFS5 showed 136 bp dif-
ference between 9311 and Dular, which was examined by
1 % agarose gel electrophoresis. The PCR products from
other markers showing small InDel variations between
the two parents were examined in 4 % polyacrylamide gel
with a higher resolution (Table S1). DNA of selected rice
plants was analyzed by RICE6K for genetic background
selection. The genetic background of three improved lines,
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which contained homozygous S5-n, f5-n, and S5-n plus f5-
n by introgression, respectively, was detected using mix-
ing DNA of 20 individuals from each line. For genome-
wide genotyping, DNA amplification, fragmentation, chip
hybridization, single-base extension, staining and scanning
were conducted by Life Science and Technology Center,
China National Seed Co. LTD (Wuhan, China), according
to Infinium HD Assay Ultra Protocol (Chen et al. 2014; Yu
et al. 2014).

The crossing and selection scheme

The overall breeding scheme followed a recurrent backcross
procedure including five generations of backcross and one
generation of selfing, combined with whole genome selection
strategy, as shown in Fig. 1b. A cross was made between the
recipient 9311 and the donor Dular. In backcrossing genera-
tions from BC,F, to BC,F,, selected individuals heterozygous
at both S5 and f5 loci were backcrossed to 9311. Stringent
phenotypic selection was conducted in BC,F,, including four
agronomic traits of heading date, plant height, tiller number
per plant and glume color. Negative selections on S5 were
carried out in BG3F,; and BCF,. In BCsF,, the recombinants
double-heterozygous at both S5 and f5 loci were subjected to
background selection using whole genome array RICE6K.
Subsequently, the BCsF, population was developed from an
individual in BCsF; with the highest proportion of genome
recovery of recurrent parent. Meanwhile, the dragged chro-
mosomal segment on the genetic background was selected
negatively in BCsF,, wherein two near isogenic lines (NILs)
harboring either S5-n or f5-n and a pyramiding line (PL) car-
rying S5-n plus f5-n were obtained. Finally, these NILs and PL
were further confirmed by whole genome array RiceSNP50
for higher resolution (Chen et al. 2014; Yu et al. 2014).

Compatibility tests

The obtained NILs and PL were testcrossed to three indica
testers and five japonica testers, respectively. The prog-
eny of testcrosses were sowed on May 15th and May 25th,
2014, respectively, at the experimental farm of Huazhong
Agricultural University, Wuhan, China. Here, the two sow-
ing dates were described as S/ and S2, respectively. The
25-day-old seedlings were transplanted. Each of the plots
consisted of three rows with 10 plants per row at a planting
density of 16.7 cm between plants in a row, and 20.0 cm
apart between rows. Field management followed the nor-
mal agricultural practices.

Trait measurements

Three plants per testcross F; were used to investigate the
anther dehiscence, the embryo-sac fertility, and the pollen
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fertility. For anther dehiscence, approximately 150 anthers
from flowering panicles of three plants per testcross F;
were mixed and examined under the dissection microscope.
Following the method of Zhang et al. (2004), each anther
was given a score of 1 (indehiscent) to 5 (completely dehis-
cent) based on the degrees of anther dehiscence. The anther
dehiscence was evaluated by anther dehiscence index
(ADI), defined as

ADI — > (Score x number of anthers with the correspinding score)
total number of anthers.
The anther with the ADI less than 3 was considered as
abnormal.

For embryo-sac and pollen fertility, approximately 200
florets from the middle and upper parts of three normal
panicles per plant were collected 1-2 days before flower-
ing, and were fixed immediately in FAA (formaldehyde:
acetic acid: 50 % ethanol = 5: 6: 89) for at least 24 h. The
florets were then washed with 50 % ethanol and stored in
70 % ethanol at 4 °C (Zeng et al. 2007). Embryo-sac fertil-
ity was investigated using the whole-stain clearing method
(Song et al. 2005). The egg apparatus was not clear enough
using this method. However, because of the low frequency
of embryo-sac abortion due to egg apparatus (Zeng et al.
2007), the error was in an acceptable range. Approxi-
mately, 150 ovaries per plant were collected for examina-
tion in embryo-sac fertility. Meanwhile, pollen grains of six
florets per plant were mixed and stained with 1 % I,—KI
solution. Three independent sets were scored, with at least
100 pollen grains from different microscope fields per set.
The fully stained grains were estimated as fertile, and the
partially stained or unstained ones were defined as abortion
by visual inspection. Overall pollen fertility was estimated
from the mean proportion of the stained pollen.

For spikelet fertility, five plants in the middle of the cen-
tral row in each plot were investigated. At maturity, all nor-
mal panicles per plant were harvested for examination in
the percentage of filled grains.

Evaluation of agronomic performance of the improved
lines

Agronomic performance of the obtained NILs and PL was
evaluated and compared to the recurrent parent 9311 at
Wauhan in the summer of 2014 and at Hainan in the spring
of 2015. For the test under each condition, all materials
were planted in a randomized complete block design with
two replications. The field planting and management fol-
lowed the procedure mentioned above. The heading date
of each line was recorded. For this study, days to heading
was referred to as days from the sowing date to the head-
ing date, when the percentage of heading culms reached to
the 50 % of total number of fertile tillers in all plants from
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Fig. 2 Whole genome background selection based on five indi-
viduals in BCsF, by RICE6K array. Twelve chromosomes of rice
are labeled from 7 to /2. The reference genome is Nipponbare (rice
TIGR6.1). The red triangles indicate the positions of two target loci,
f5 on chromosome 5 and S5 on chromosome 6, respectively. The
blue lines indicate the SNP loci with heterozygous genotypes where

the entire plot. At maturity, five plants in the middle of the
central row in each plot were taken and measured for agro-
nomic traits, including plant height, tillers per plant, pani-
cle length, number of spikelets per panicle, spikelet fertil-
ity, weight of 1000 grains, and yield per plant.

Data analysis

Statistical analysis was conducted using SPSS statistics
17.0 for Windows (IBM, Armonk, NY, USA). Tests for
ADI, pollen, embryo-sac, and spikelet fertility of the test-
cross F;s were performed using one-way ANOVA with the
error from plants, and the Fisher’s Least Significant Differ-
ence (LSD) test was used for multiple mean comparisons.
The two-tailed ¢ test was used for comparing agronomic
traits of each improved line with the control 9311.

Results

Positive and negative selections for development
of NILs and PL

Two important hybrid sterility loci, S5 and f5, were con-
firmed to control embryo-sac and pollen fertility in indica—
Jjaponica hybrids, respectively (Chen et al. 2008; Wang
et al. 2006; Yang et al. 2012). Here, two neutral alleles of
S$5-n and f5-n identified in Dular were transferred into an
elite indica restorer line 9311.

The positive and negative selections were conducted
following the described breeding scheme (Fig. la, b). In
BC,F,, 21 plants were identified as containing S5-n and f5-
n, and one individual with the agronomic traits identical to
9311 in heading date, plant height, tiller number per plant
and glume color was selected by the conventional pheno-
typic selection. This plant was subsequently backcrossed to
9311. In BC,F, of 75 plants, 24 individuals containing S5-
n and f5-n were selected to backcross to 9311 by mixing
pollen, and a large BC;F, population of 1215 plants was

6 7 8 9 10 1" 12

genomic fragments of the donor parent Dular were introgressed, and
the gray lines indicate the SNP loci with the same genotypes as the
recipient parent 9311. The plant WR04 had the maximum genome
recovery of the recurrent parent with only three fragments from
Dular, including two target loci, S5 and f5, and an additional fragment
on chromosome 1

constructed. In BC;F;, 223 plants containing S5-n and f5-
n were positively selected, followed by negative selection
at §5. One plant with homozygous 9311 (recurrent parent)
genetic background at marker SSF70 was obtained and
subsequently backcrossed to 9311. In BC,F, of 211 plants,
42 individuals containing S5-n and f5-n were selected to
backcross to 9311 by mixing pollen, and a large BCsF,
population of 2697 plants was obtained. Similarly, five
plants carrying S5-n and f5-n were selected in BCsF,, with
homozygous 9311 genetic background at marker S5R240.
Therefore, the introgressed segment carrying S5-n from the
donor parent was narrowed to <326.6 kb in the improved
lines. Because of the lack of information in f5 candidate
gene, only positive selection was carried out at f5 locus
(Fig. 1a, b).

Whole genome background selection

The five selected plants were assayed for their genetic
backgrounds using the whole genome array RICE6K
(Fig. 2). This array contained a total of 1554 SNP mark-
ers showing polymorphisms between 9311 and Dular, with
the average density of 1 SNP marker per 240 kb. The plant
WRO04 was found to have the maximum genome recovery
of the recurrent parent (99.39 %) with only one additional
fragment from Dular. This plant was self-pollinated to
produce BC,F,. In BCsF, of 1440 plants, with the elimi-
nation of the additional fragment using two negative mark-
ers C1F79 and C1R79, 20 individuals homozygous for
S5-n, 24 individuals homozygous for f5-n, and 21 indi-
viduals homozygous for S5-n plus f5-n were, respectively,
selected as the improved versions of 9311, designated as
NIL-(S5-n), NIL-(f5-n), and PL-(S5-n + f5-n), respectively
(Fig. 1b).

The genetic backgrounds of three improved lines were
further confirmed by the RiceSNP50 array with higher
resolution (Fig. S1). A total of 12,524 polymorphism SNP
markers were available between 9311 and Dular, with the
average density of 1 SNP marker per 30 kb. Introgression
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Fig. 3 Genetic background analysis of the three improved lines
detected by RiceSNP50 array. a NIL-(S5-n), b NIL-(f5-n), and ¢
PL-(S5-n + f5-n). The black dots indicate the positions of two target
loci, f5 on chromosome 5 and S5 on chromosome 6, respectively. The

fragment compassing f5-n was narrowed within 1809.9 kb
via random recombination during the backcross pro-
cess based on whole genome genotyping result from
RiceSNP50. Thus, in all, the recurrent parent genome
recoveries of NIL-(S5-n), NIL-(f5-n) and PL-(S5-n + f5-
n) were 99.95, 99.49, and 99.44 %, respectively, without
any additional segments (Fig. 3). These results indicated
that whole genome background selection based on high-
throughput array greatly increased the efficiency and preci-
sion of backcrossing.

Compatibility of improved lines to japonica testers

To confirm the potential usefulness of S5-n and f5-n in
indica—japonica hybrid rice, NILs and PL were testcrossed
to five japonica testers, respectively, to comprehensively
evaluate the wide-compatibility using ADI, embryo-sac fer-
tility, pollen fertility, and spikelet fertility in two conditions
(S1 and S2).

Effects of f5-n introgression in indica—japonica hybrids

All testcross F;s derived from NIL-(f5-n) had normal
anther dehiscence, significantly higher embryo-sac, pollen,
and spikelet fertility than F;s derived from 9311. Increase
of embryo-sac, pollen, and spikelet fertility of NIL-(f5-
n) ranged from 9.3 to 33.2 %, 22.0 to 51.5 %, and 18.8
to 37.0 %, respectively, compared with the control 9311
(Table 1).

The indica—japonica testcross Fs with single-allele f5-
n showed white anthers (Fig. 4b) and normal anther dehis-
cence in the natural field, compared to the ones without
f5-n showing yellow anther (Fig. 4a) due to the insufficient
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red lines indicate the SNP loci with homozygous genotypes where
genomic fragments of the donor parent Dular were introgressed, and
the gray lines indicate the SNP loci with the same genotypes as the
recipient parent 9311

release of pollen resulting from abnormal anther dehis-
cence. We further investigated the theca-opening degree of
anther and evaluated the ADI of testcross F;s under stereo
microcopy. When testcrossed to five japonica testers, the
average ADI of testcross F;s carrying single-allele f5-n (4.2
in S1, 4.4 in S2) showed significant difference from those
without neutral alleles (2.6 in S/, 2.7 in §2). No significant
difference was observed between two conditions (Fig. 5a).
These results indicated that the anther of indica—japonica
hybrids dehisced normally to pour sufficient pollen on
the stigma when f5-n was transferred, while the anther
dehisced abnormally with the absence of f5-n. One excep-
tion was that 9311 also showed normal anther dehiscence
when testcrossed with Taichung 65 (Table 1).

The average pollen fertility of the indica—japonica test-
cross F;s carrying single-allele f5-n (82.9 % in S, 84.6 %
in S2) was much higher than ones without neutral alleles
(469 % in S1, 54.5 % in S2) (Fig. 5b). Interestingly, the
testcross F;s with f5-n exhibited no significant difference
in pollen fertility between the two conditions, whereas
those without f5-n showed significant difference. Overall,
f5-n significantly improved the pollen fertility of indica—
Jjaponica testcrossing Fs (Fig. 4c, d). When testcrossed to
AnongwangengB-2, Balilla, and Taichung65, NIL-(f5-n)
produced normal level of pollen fertility (>85 %) under one
of the two conditions (Table 1).

Notably, the NIL-(f5-n) also improved embryo-sac fer-
tility significantly, which was even better than our expec-
tation. The average embryo-sac fertility of indica—japonica
testcross F;s with fragment of f5-n (59.9 % in S1, 73.4 %
in S2) was significantly higher than those lacking neu-
tral alleles (50.3 % in S1, 56.2 % in S2) (Fig. 5c¢). Normal
embryo-sacs contained two obvious polar nuclei locating
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Table 1 Anther dehiscence index, embryo-sac, pollen, and spikelet fertility of the testcross F;s with the eight testers

Testers NILs/PL Sowing on May 15 (S7) Sowing on May 25 (S2)

3 Q ADI  PF (%) EF (%) SF (%) ADI  PF (%) EF (%) SF (%)

Laoguangtou NIL-(S5-n) 1.5 394+140 67.8+£56 15.6=£6.0 1.2 503+1.8 67.6+6.8 146+34
NIL-(f5-n) 34 82.1+32 568+96 419+44 32 753+09 652+10.8 47.4+10.1
PL-(S5-n + f5-n) 3.9 834+46 84.1+£38 61.2+78 3.6 745+18 881+£07 564+85
9311(CK) 1.7 345£9.0 415+£32 145439 14 487+26 448+43 189 £ 6.1
LSD(0.05)* - 16.5 11.45 7.72 - 3.56 12.71 10.02
LSD(0.01)** - 24.00 16.66 10.63 - 5.18 18.50 13.81

AnnongwangengB-2  NIL-(S5-n) 24  635+£09 714+£63 324+18 28 58157 73.6£66 37.8+5.1
NIL-(f5-n) 43 850+24 61.8+59 508+56 45 86.0+24 666+99 62.7+£46
PL-(S5-n + f5-n) 4.2 85.6£25 753x£17 592+69 46 845+£14 773x72 753+4.0
9311(CK) 2.1 63.0£6.0 47.8+£53 234+63 2.7 59.8+4.1 476+£112 417+£54
LSD(0.05)* - 6.55 9.61 7.41 - 7.07 16.75 6.41
LSD(0.01)** - 9.53 13.98 10.21 - 10.29 24.37 8.84

Balilla NIL-(S5-n) 20 521+4.1 86.1 £2.0 33.6x125 24 474+47 821+30 20.0+46
NIL-(f5-n) 4.1 86.5+0.8 625+43 520£36 4.7 873+13 554+49 40.6+09
PL-(S5-n + f5-n) 4.1 883+26 964+15 739+2.1 49 83110 97026 623+3.1
9311(CK) 24 551+£47 532+£50 31.0+9.1 2.5 438+6.7 563+£59 208+£1.6
LSD(0.05)* - 6.37 6.69 11.06 - 7.87 8.13 391
LSD(0.01)** - 9.27 9.73 15.24 - 11.45 11.82 5.39

Taichung65 NIL-(85-n) 4.1 31.7+£59 76.7+£38 31.8+93 3.8 61.8+£29 858+54 197 £7.7
NIL-(f5-n) 4.7 79.7+£29 584+83 624+114 48 932+3.6 853+£65 584+93
PL-(S5-n 4+ f5-n) 4.8 80.0£20 83.0+£29 745+35 47 934+£1.0 939+15 653+36
9311(CK) 42 285+£77 590+£64 377+62 37 615+14 71.1+£34 214+64
LSD(0.05)* - 9.70 10.82 10.95 - 4.66 8.69 9.48
LSD(0.01)** - 14.12 15.74 15.09 - 6.78 12.65 13.07

Nipponbare NIL-(85-n) 23 534 £35 752+£20 267£56 25 60.0£33 87.6£55 40.7+44
NIL-(f5-n) 43 809+£62 602+£30 46175 46 813£3.6 944+03 488+45
PL-(S5-n+f5-n) 4.6  79.0+3.1 945+3.0 579+£34 49 789+23 946+10 684+28
9311(CK) 29 532+£29 499+£36 161+33 30 585+46 61.2+8.1 300+ 1.6
LSD(0.05)* - 7.84 5.53 7.00 - 6.67 9.26 4.78
LSD(0.01)** - 11.41 8.05 9.65 - 9.71 13.47 6.58

Nanjing 11 NIL-(S5-n) 4.9 93.7+09 96.6+£31 895+22 47 97.8+0.7 980+17 80.7+14
NIL-(f5-n) 49 945£09 949+13 875+50 48 974+04 98.0+£0.1 777+ 13
PL-(S5-n+f5-n) 49 948+£32 967+23 89.0+£2.0 4.7 96.8+1.1 97.6+£0.7 765+39
9311(CK) 49 952421 963+13 860+0.8 49 96.8+1.6 988+12 77.1+22
LSD(0.05)* - 3.76 4.05 5.10 - 1.97 2.06 4.19
LSD(0.01)** - 5.48 5.89 7.03 - 2.87 2.99 5.78

IR64 NIL-(S5-n) 45 93.6+£0.3 98.0+1.0 902+19 45 93.8+2.1 951+06 88.6+1.1
NIL-(f5-n) 46 946+£14 96.6+13 908+2.1 4.5 932+25 958+40 848+23
PL-(S5-n+f5-n) 46 938+£04 984+10 903+34 42 935+24 980+£19 892417
9311(CK) 46 954+£09 972416 893+42 44 930+18 985+£15 848+ 1.2
LSD(0.05)* - 1.64 2.36 5.27 - 4.18 4.71 3.46
LSD(0.01)** - 2.38 343 7.26 - 6.09 6.85 4.77

above the egg apparatus and a group of antipodal cells
at the chalazal end, which can be easily distinguished
from the abortive ones (Fig. 4e). Four types of abnormal
embryo-sacs were observed in indica—japonica testcross

Fs, including degeneration of embryo-sac (Fig. 4f, g),
abnormal location of polar nuclei (Fig. 4h), more than
two polar nuclei (Fig. 4i), and small embryo-sac (Fig. 4j).
Apparently, the testcross F;s with f5-n fragment in S2
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Table 1 continued

Testers NILs/PL Sowing on May 15 (S7) Sowing on May 25 (S2)

3 Q ADI  PF (%) EF (%) SF (%) ADI  PF (%) EF (%) SF (%)

Guangluai 4 NIL-(S5-n) 4.8 89.5+£25 97.5+£0.6 - 5.0 880+42 987+06 -
NIL-(f5-n) 4.8 879+23 974 +3.6 - 5.0 86.8 £33 988+0.7 -
PL-(S5-n + f5-n) 4.9 853+12 992+03 - 5.0 89.3+3.1 975+19 -
9311(CK) 5.0 884 +£52 973+20 - 4.9 869 +37 97.8+08 -
LSD(0.05)* - 5.97 4.23 - - 7.27 2.14 -
LSD(0.01)** - 8.68 6.16 - - 10.57 3.12 -

Pollen, embryo-sac, and spikelet fertility are measured as mean £ SD. Asterisk and double asterisk represent least significant difference at 0.05

and 0.01 probability levels, respectively

ADI anther dehiscence index, PF pollen fertility, EF embryo fertility, SF' spikelet fertility

showed significantly different embryo-sac fertility from S/
(Fig. 5c). These result confirmed that fragment with f5-n
improved embryo-sac fertility in indica—japonica hybrids,
and the effect of f5-n fragment in female fertility depended
on environmental conditions. Notably, the embryo-sac fer-
tility of the testcross F;s with Nipponbare reached to a nor-
mal level of 94.4 % in S2, with the increase of 33.2 % com-
pared to 9311. One exception was that NIL-(f5-n) showed
little effect in embryo-sac fertility when testcrossed to
Balilla (in §2) and Taichung65 (in S7) (Table 1).

The average spikelet fertility of the indica—japonica
testcross F,s with single-allele f5-n (50.7 % in S1, 51.6 %
in S2) exhibited significantly higher spikelet fertil-
ity than those derived from 9311 (24.5 % in S1, 26.0 %
in §2) (Fig. 5d), which indicated that single-allele f5-n
improved spikelet fertility in indica—japonica hybrids
(Fig. 4k).

Effects of S5-n introgression in indica—japonica hybrids

NIL-(S5-n) improved embryo-sac fertility in indica—japon-
ica hybrids, with the effect ranging from 14.7 to 32.9 %.
The average embryo-sac fertility of F;s with single-allele
S§5-n (75.4 % in S1, 79.3 % in S2) was significantly higher
than those lacking neutral alleles (50.3 % in S1, 56.2 % in
$2). In addition, unlike the environmental depended effect
of f5-n fragment, the effect of S5-n in embryo-sac fertility
was stable in different environmental conditions (Fig. 5c).
However, the average spikelet fertility of the indica—japon-
ica testcross F;s with single-allele S5-n (28.0 % in S/,
26.6 % in S2) was not improved (Figs. 4k, 5d). Only when
testcrossed to Nipponbare, NIL-(S5-n) exhibited signifi-
cantly higher spikelet fertility than 9311 under both of the
two conditions (Table 1).

Besides, NIL-(S5-n) exhibited no effect in anther dehis-
cence and pollen fertility. The testcross F;s carrying sin-
gle-allele S5-n showed no significant difference in either
the average ADI (2.5 in SI, 2.5 in S2) or pollen fertility

@ Springer

Fig. 4 Evaluation of fertility related traits of the hybrid plants >
derived from crosses between 9311 and the improved lines to the
japonica testers. a Indehiscent anthers of the bloomed spikelet
from the testcross F; “9311 x Laoguangtou” in the natural field (in
SI). b Normal anthers of the bloomed spikelet from the testcross
F, “NIL-(f5-n) x Laoguangtou” in the natural field (in S7). ¢ Pol-
len grains of the testcross F; “9311 x Nipponbare” (in S7). d Pol-
len grains of the testcross F;, “NIL-(f5-n) x Nipponbare” (in S7).
e—j Embryo-sac structures of indica—japonica hybrids. One red arrow
indicates one polar nuclear. The blue arrow denotes the position of
the antipodal cells. The black arrow shows the remarkable trace of
embryo-sac degeneration. e Fertile embryo-sac with normal polar
nuclei (P) and antipodal cell (A), f, g embryo-sac degeneration, h
embryo-sac with polar nuclei located in abnormal position, i embryo-
sac with more than two polar nuclei. j Abnormal embryo-sac with
smaller size. k Spikelet fertility of the improved lines testcrossed to
the japonica tester Balilla (in S2). Scale bars 50 pm

(48.0 % in S1, 55.5 % in S2) when compared with those
without neutral alleles (Fig. 5a, b).

Cumulative effects of f5-n plus S5-n introgression
in indica—japonica hybrids

In particular, F;s of PL-(S5-n + f5-n) possessed signifi-
cantly higher embryo-sac and spikelet fertility than both F;s
of NIL-(S5-n) and NIL-(f5-n). As shown in Fig. 5c, com-
pared with testcross F;s carrying either single-allele f5-n or
S5-n, the average embryo-sac fertility of the double-neutral
allele-pyramiding testcross F;s (86.7 % in S1, 90.2 % in
§2) was the highest. Therefore, S5-n and fragment with f5-
n improved embryo-sac fertility in indica—japonica hybrids
with cumulative effect. Such pyramiding effect of S5-n and
f5-n fragment in female fertility did not depend on environ-
mental conditions. Especially, “PL-(S5-n + f5-n) x Balilla”
and “PL-(85-n + f5-n) x Nipponbare” had normal level of
embryo-sac fertility (>90 %) under both conditions.
Moreover, the average spikelet fertility of the indica—
japonica testcross F;s harboring double-allele S5-n and
f5-n (65.0 % in S1, 65.5 % in S2) was the highest. This
indicated that the spikelet effect of S5-n depended on the
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| 0 ¥
NIL-S5n x Balilla NIL-f5n x Balilla

presence of f5-n (Fig. 4k), which was in accordance with
the result reported earlier by Wang et al. (2006). When
testcrossed to AnongwangengB-2, Balilla and Taichung65,
PL-(S5-n + f5-n) also produced normal level of spikelet
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fertility (>70 %) under one of the two conditions. These
results indicated that PL-(S5-n + f5-n) possessed higher
compatibility to japonica than both of NIL-(S5-n) and
NIL-(f5-n) (Table 1).
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Genotypic combinations

The F;s of PL-(S5-n + f5-n) also showed equal ADI
and pollen fertility of F;s of NIL-(f5-n). The testcross Fs
carrying double alleles S5-n and f5-n are identical to those
harboring single-allele f5-n in the average ADI (4.3 in S/,
4.5 in S2) and pollen fertility (83.3 % in S/, 82.9 % in
S2).
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«Fig.5 The average ADI (a), pollen (b), embryo-sac (c), spikelet
fertility (d) of the testcross F;s between the improved lines and the
five japonica testers under two conditions (S/, S2). The four geno-
typic combinations in the horizontal axis, none (CK), $5-n, f5-n, and
S$5-n + f5-n, denote the testcross F;s provided by 9311, NIL-(S5-n),
NIL-(f5-n), and PL-(S5-n + f5-n), respectively. The value of each
genotypic combination is determined by the average ADI and fertility
of the testcross F;s from five japonica varieties. The different capital
and lowercase letters above the error bars indicate ranking by LSD
test at 0.01 and 0.05 probability levels (starting from A, B is signif-
icantly different from A, C is significantly different from B, and so
on). Error bars, SEM

Compatibility of improved lines to indica testers

When testcrossed to three indica testers, the improved
lines and 9311 showed normal anther dehiscence (4.2-5.0),
embryo-sac fertility (95.1-99.2 %), pollen fertility (85.3—
97.8 %) and spikelet fertility (76.5-90.8 %) under two con-
ditions (Table 1). Therefore, these lines harboring S5-n and
f5-n alleles remained compatible to indica varieties.

Agronomic performance of the improved lines

The three improved lines, NIL-(S5-n), NIL-(f5-n), and
PL-(S5-n + f5-n), were further self-pollinated to propagate
the BCsF; for the evaluation of agronomic performance.
As shown in Table 2, agronomic traits of three improved
lines were identical to the recurrent parent 9311 in both
environments of Wuhan and Hainan. No significant dif-
ference was observed in terms of days to heading, plant
height, yield and yield component, suggesting that the
two introgression regions containing S5-n and f5-n did not
carry the adverse genetic effect related to agronomic traits.
Therefore, these lines allowed high compatibility to either
indica or japonica subspecies with constant agronomic
performance.

Discussion

Wide-compatibility alleles at indica—japonica hybrid steril-
ity loci would facilitate the utilization of inter-subspecific
heterosis in rice. Using an integrated backcross breeding
strategy with five generations of backcrossing followed by
one generation of selfing, we successfully transferred two
neural alleles, $5-n and f5-n, into an elite indica restorer
line 9311, to obtain three improved lines. The NIL-(S5-n)
and NIL-(f5-n) contained the fragment carrying S5-n and
f5-n region within 326.6 and 1809.9 kb, respectively, and
the PL-(S5-n 4 f5-n) pyramided both of the two fragments.
The introduction of the two neutral alleles had significantly
increased the compatibility of the improved indica lines to
Jjaponica varieties, with the maintenance of agronomic per-
formance of the original 9311.
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Table 2 Agronomic performance of the improved lines and the recurrent parent 9311 in Wuhan and Hainan
NILs/PL Days to head- Plant height  Panicle Panicle length Number of 1000-grain Seed-setting  Yield per plant
ing (day) (cm) number (cm) spikelet per weight (g) rate (%) (2)
panicle
Wauhan (2014)
NIL-(85-n) 92.0 123.6 £25 72404 245 +0.9 2146 £11.5 273+£05 859 +£25 425+49
NIL-(f5-n) 92.0 1234+3.7 7.0£0.7 242 +0.9 220.0 £22.0 27.8+0.6 86.8 £4.2 429+74
PL-(S5- 92.0 1250+2.0 6.8+1.3 248 +£0.4 229.1 £16.1 275+0.6 86.9 £3.2 424+ 4.6
n+ f5-n)
9311 (CK) 92.0 1245+35 68+1.1 25.0£ 0.9 219.24+£303 269+0.7 85.0£4.1 42.8+7.0
Hainan (2015)
NIL-(S5-n) 114.0 1059+15 72+1.1 223 +0.5 1545+ 134 30.7+£05 943 +2.1 34.1£5.6
NIL-(f5-n)  114.0 106.1 £24 72+13 22.7+0.2 1573 +£6.0 30.0+0.5 93.6 4.2 341£7.0
PL-(S5- 114.0 1060+29 6.8+0.8 224+05 1664+69 30.1+1.2 939+ 1.1 34.0+40
n + f5-n)
9311 (CK) 1140 107.5+£27 7.0+£0.7 227+ 04 162.6 +99 304 +0.9 93.8+1.9 346 £42

The value of agronomic traits was measured as mean + SD

In this breeding program, combinatorial backcross
breeding strategy had greatly hastened the dissection of
linkage drag and recurrent parent genome recovery, includ-
ing phenotypic selection in early backcrossing generation,
negative selection of the target loci, and whole genome
background selection based on high-density array. Pheno-
typic selection with respect to heading date, plant height,
tiller number per plant and glume color was conducted in
the BCF, segregation population in this study, which con-
tained the widest distribution of phenotype based on higher
genetic variance. The cost-effective phenotypic selection
could be conducted within a short period of time in early
generation, which was able to facilitate and accelerate the
recovery of recurrent parent genetic background (Khanna
et al. 2015; Singh et al. 2013).

In the previous study, the target segments were narrowed
to <3.8 and <6.1 cM, respectively, using negative selection
with small backcrossing population, because of the defi-
ciency in saturated molecular marker (Chen et al. 2000,
2001; Zhou et al. 2003). However, in this study, using nega-
tive selection based on high-density physical map and large
backcrossing populations, S5 region was narrowed within
326.6 kb, thus greatly reducing the risk of the linkage drag.
In contrast, f5 region was introduced within 1809.9 kb by
random recombination during the same backcrossing pro-
cess without negative selection. Thus, these results clearly
demonstrated that negative selection could knock out the
linkage drag of target region precisely.

This work primarily reported a successful application
of whole genome background analysis using two high-
density SNP arrays. Compared with the low throughput
and uneven genome-wide distribution background selection
using traditional DNA markers such as RFLP, AFLP, and
SSR (Chen et al. 2000, 2001; Suh et al. 2011; Zhou et al.

2003), high-density markers were available in RICE6K and
RiceSNP50 arrays, thus generating 1554 and 12,524 poly-
morphism SNP markers between 9311 and Dular, respec-
tively, which were higher throughput and more precise in
detection of the genetic background. More importantly, the
cost of genotyping by SNP array is continually decreasing,
which would be acceptable for breeding gradually. Indeed,
Khanna et al. (2015) have compared 500 genome-wide
SSR markers and 50,051 SNP markers for genetic back-
ground analysis of the NILs, which demonstrated that SNP
markers provided higher resolution of genetic background,
and also showed higher cost effective than SSR markers.
Therefore, whole genome SNP array-based background
selection might become a feasible strategy with higher pre-
cision and efficiency for crop genetic improvement, with
the development of high-throughput and resolution geno-
typing platform in whole genome scale. To sum up, our
study represented a successful example of breeding for typ-
ical indica line with high compatibility to typical japonica
testers, using integrated approaches. This strategy provided
the potential for utilization in a high level of indica—japon-
ica heterosis.

Previously, Wang et al. (2005) proved that f5-n could
increase the pollen fertility and spikelet fertility in indica—
Jjaponica heterozygous background (Zhenshan97/Balilla).
Interestingly, in this study, two concomitant changes
occurred with the transferring of the f5-n fragment, includ-
ing an accompanied increasing of ADI and embryo-sac fer-
tility exhibited in the indica—japonica hybrids. Noticeably,
Zhang et al. (2004) and Zhao et al. (2007) have reported that
Sb and S31 loci controlled anther dehiscence and embryo-
sac fertility in other indica—japonica crosses, respectively,
both of which were localized in adjacent region of f5 locus.
Therefore, the observed concomitant increasing in ADI and
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embryo-sac fertility of indica—japonica hybrids might be
due to the pleiotropic effects of f5 locus. Alternatively, the
tight linkage between f5 locus and the other hybrid incom-
patibility loci in this introgressed segment was responsible
for the effect. These results further confirmed the existence
and usefulness of the neutral allele f5-n in the wide-com-
patibility breeding program.

Pyramiding of neutral alleles was essential, since the
spikelet fertility of inter-subspecific hybrids was codeter-
mined by numerous hybrid sterility loci influencing female
and male units (Ouyang et al. 2009). Indeed, Zhang et al.
(2006) reported that the hybrid pollen fertility decreased
along with the increase of male sterility loci in indica—
Jjaponica hybrids. Furthermore, the results in our study
showed that the hybrid embryo-sac and spikelet fertility
increased by cumulative effect of S5-n and f5-n fragment in
indica—japonica hybrids. Thus, PL-(S5-n + f5-n) exhibited
higher compatibility to japonica than either NIL-(S5-n) or
NIL-(f5-n), implying that one neutral allele alone was far
from sufficient to overcome indica—japonica hybrid steril-
ity, whereas pyramiding of more neutral alleles for other
hybrid sterility loci would be the most effective and work-
able strategy in breaking the reproductive barrier.

In this study, with the pyramiding of S5-n and f5-n, the
embryo-sac fertility, anther dehiscence, pollen fertility, and
eventually spikelet fertility of the indica—japonica hybrid
would increase significantly. In particular, the spikelet fer-
tility of three indica—japonica crosses with pyramiding of
S5-n plus f5-n had reached to a normal level under one of
the two conditions. However, we still notice that the spikelet
fertility of the crosses “PL-(S5-n + f5-n) x Taichung 65”
was partial-sterile despite the normal pollen and embryo-sac
fertility in S2 (Table 1). This suggested that other aspects
such as reduced affinity between the uniting gametes (Liu
et al. 2004) and non-synchronization of male and female
gamete development (Liu et al. 1997) may contribute sig-
nificantly to indica—japonica reproductive barriers. Another
important concern was that the effect of S5-n and f5-n var-
ied in different heterozygous genetic background and envi-
ronmental conditions, due to the existence of a number of
hybrid sterility loci other than S5 and f5, as well as loci sen-
sitive to environment (Li et al. 1997). Therefore, breeding
strategy in future might focus on pyramiding more neutral
alleles and environmental insensitive sterility loci into typi-
cal indica or japonica lines based on different indica—japon-
ica crosses, using this combinatorial wide-compatibility
breeding strategy, to develop indica—japonica hybrid rice
possessing high yield and yield stability.
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