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Abstract

Background: Rice is a staple food crop in the world. With the increase in world population and economic
development, farmers need to produce more rice in limited field. However, the rice production is frequently
affected by biotic and abiotic stresses. The use of natural disease resistance and stress tolerance through genetic
breeding is the most efficient and economical way to combat or acclimate to these stresses. In addition, rice with
aromatic fragrance can significantly increase market value for its good grain quality. Mianhui 725 (MH725) is an elite
restorer line that has been widely used to produce three-line hybrid rice in China. We previously introduced rice
bacterial blight resistance genes Xa4 and Xa21 into MH725 and obtained an introgression rice line Wanhui 421
(WH421), which theoretically possesses 96.9% genetic background of MH725.

Results: Here we report the introduction and pyramiding of disease resistance genes Xa27 and Pi9, submergence
tolerance gene SubiA and aromatic fragrance gene badh2.1 in WH421 through backcrossing and marker-assisted selection.
The newly developed introgression rice line was designated as Wanhui 6725 (WH6725), which theoretically possesses 95.
0% genetic background of MH725. WH6725 and its hybrid rice conferred disease resistance to both blast and bacterial
blight diseases and showed tolerance to submergence for over 14 days without significant loss of viability. Compared with
non-aromatic rice MH725, WH6725 has strong aromatic fragrance. The major important agronomic traits and grain quality
of WH6725 and its hybrid rice obtained in field trials were similar to those of MH725 and the control hybrid rice, indicating
that WH6725 is as good as MH725 when it is used as a restorer line for three-line hybrid rice production.

Conclusion: We have successfully developed a new restorer line WH6725 with disease resistance to rice blast and bacterial
blight, tolerance to submergence and aromatic fragrance, which can be used to replace MH725 for hybrid rice production.
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Background

Rice (Oryza sativa L.) is a staple food crop feeding more
than three billion people. Rice yield had gone through
two big leaps within a period of four decades from the
1960s to 1990s (Zhang 2007). The first leap was the use
of semi-dwarf gene, which reduced plant height and
thereby increased the harvest index (Spielmeyer et al.
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2002). The second leap was the development of hybrid
rice (Yuan et al. 1994). The rapid population growth and
economic development have been posing a growing
pressure on rice researchers and farmers for increasing
rice production in limited rice field. However, the rice
production is frequently affected by biotic stress, includ-
ing various diseases caused by pests and pathogens, and
abiotic stress, such as drought and flood due to the
global warming and climate change.

Bacterial blight, caused by Xanthomonas oryzae pv.
oryzae, is one of the devastating bacterial diseases in rice
production (Gnanamanickam et al. 1999). The disease
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could result in 50% yield reduction in severe cases if
plants are infected by X. oryzae pv. oryzae strains at the
maximum tillering stage (Mew et al. 1993). Rice blast,
caused by the fungus Magnaporthe oryzae, is the most
important fungal disease in rice production and its
repercussion is the yield loss of 157 million tons of rice
annually in the world (Kaundal et al. 2006). During the
evolution, rice has co-evolved disease resistance (R)
genes against the infection by the two kinds of patho-
gens (Liu et al. 2014). The utilization of host disease
resistance (R) genes is still an efficient and economic
method for controlling diseases. Xa4, Xa2l and Xa27
are three dominant R genes in rice that provide race-
specific and broad-spectrum resistance to X. oryzae pv.
oryzae (Gu et al. 2004; Ikeda et al. 1990; Sun et al.
2003). Cultivars with the Xa4 gene were resistant to
almost all Chinese pathotypes of X. oryzae pv. oryzae
except for pathotype C5 (Zhang 2009). The Xa4 gene
has been widely used in breeding of parental lines of hy-
brid rice in China since 1980s (Zhang 2009). Cultivar
IRBB21, carrying Xa21 in IR24 genetic background, con-
ferred resistance to all the known X. oryzae pv. oryzae
strains collected from India and Philippines (Ikeda et al.
1990). Since the late 1990s, the Xa2l gene has been
widely incorporated in Asian rice for bacterial blight re-
sistance (Datta et al. 2002; Huang et al. 1997; Kottapalli
et al. 2010; Luo and Yin 2013; Luo et al. 2014; Perez et
al. 2008; Rajpurohit et al. 2011; Singh et al. 2001; Zhai et
al. 2002; Zhang et al. 2006). IRBB27, which carries Xa27
in IR24 genetic background, was resistant or moderately
resistant to 30 of 35 X. oryzae pv. oryzae strains col-
lected from 11 countries (Gu et al. 2004). The Xa27
gene had been introduced into the paternal line of hy-
brid rice (Luo et al. 2012). The rice blast R gene Pi9 in
the indica rice line 75-1-127 was introgressed from the
wild species Oryza minuta (Amante-Bordeos et al. 1992;
Liu et al. 2002). The Pi9 gene conferred broad-spectrum
disease resistance to 43 M. oryzae isolates collected from
13 countries (Liu et al. 2002) and was used in rice breed-
ing program (Khanna et al. 2015; Koide et al. 2011; Luo
and Yin 2013; Ni et al. 2015).

Drought and flood are the two major abiotic stresses
for rice production, especially in rainfed lowland ecosys-
tem, and both stresses can occur alternatively during a
single crop cycle (Fukao et al. 2011). Rice variety FR13A
is tolerant to submergence (Xu and Mackill 1996). A
major locus SublA for submergence tolerance was
mapped onto rice chromosome 9 (Xu and Mackill 1996)
and cloned (Xu et al. 2006). SublA encodes an ethylene
responsive transcription factor (SUB1A) whose function
is to dampen ethylene production and gibberellic acid
responsiveness during submergence, so as to economic-
ally use carbohydrate reserves and to prolong rice plants
to submergence (Xu et al. 2006). Interestingly, SUB1A
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also enhances the recovery of plants from drought at the
vegetative stage through the decrease of leaf water evap-
oration, lipid peroxidation and the increase of gene ex-
pression related with acclimation to dehydration (Fukao
et al. 2011). Over-expression of SubIA enhances abscisic
acid responsiveness, thereby activating stress-inducible
gene expression (Fukao et al. 2011). The SublIA gene
was deployed in broadly grown Asian rice cultivar
Swarna and Thai fragrance rice Khao Dawk Mali 105
(KDML105) (Luo and Yin 2013; Neeraja et al. 2007).

The fragrance of aromatic rice is an important agro-
nomic trait that determines the premium price in global
rice market. KDML 105, commonly known as Thai Hom
Mali rice or jasmine rice, is the most popular aromatic
rice cultivar mainly grown in Thailand (Sarkarung et al.
2000; Somrith 1996). An 8-bp deletion in the exon 7 of
the Badh2 gene (badh2.1) resulted in the truncation of
BADH2 enzyme in KDML105 (Bradbury et al. 2005).
The loss-of-function of BADH2 enzyme leads to the
accumulation of an aromatic compound, 2-acetyl-1-pyr-
roline, in fragrant rice (Bradbury et al. 2005; Kovach et
al. 2009). Two PCR-based DNA markers M265 and
M355 were developed to detect the badh2.1 allele from
KDML105 and the Badh?2 alleles from non-aromatic rice
cultivars, respectively (Luo and Yin 2013).

Marker-assisted selection (MAS) is an indirect selec-
tion process in molecular breeding. A trait of interest is
selected based on DNA-based molecular markers co-
segregated with or derived from portions of the gene
that controls the trait rather than the trait itself. MAS is
a precise and efficient selection system that allows for
recessive allele selection, early stage selection and mul-
tiple genes pyramiding without traditional phenotypic
evaluation for each trait. The development of molecular
markers for the selection of genes is a goal for many rice
breeding programs (Blair and McCouch 1997). The gene
sequences and the whole rice genome sequence provide
a powerful platform for developing simple and precise
molecular markers for MAS.

Mianhui 725 (MH725) is an elite restorer line with
good grain quality that has been widely used to produce
three-line hybrid rice in China (Luo et al. 2012). How-
ever, MH725 is susceptible to many X. oryzae pv. oryzae
strains (Luo et al. 2012) and M. oryzae isolates from
China and the Philipinnes (Wang and He 2007). We pre-
viously introduced the Xa4 and Xa21 genes into MH725
and obtained an introgression rice line Wanhui 421
(WH421), which theoretically possesses 96.9% genetic
background of MH725 (Luo et al. 2012). Here we report
further introduction and pyramiding of the badh?2.1, Pi9,
SublA, and Xa27 genes into WH421 through recurrent
backcrossing, gene pyramiding and maker-assisted selec-
tion. Our objective was to develop a new restorer rice line
mainly in MH725 genetic background for hybrid rice
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production with disease resistance to rice blast and bacter-
ial blight, submergence tolerance and aromatic fragrance.

Results

Breeding of WH6725

A two-step breeding approach was employed to intro-
duce and pyramid the badh2.1, Pi9, SublA and Xa27
genes in WH421 genetic background (Fig. 1). The first
step was to cross WH421 (female) with KDML105
(badh2.1badh2.1), 75-1-127(Pi9Pi9), IR64(SublASublA)
or IRBB27(Xa27Xa27) followed by 4—5 rounds of back-
crossing using WH421 as the recurrent female line
(Fig. 1). The second step was to pyramid the 6 genes,
including the Xa4 and Xa21 genes from WH421, in a
single introgression line mainly in MH725 genetic back-
ground (Fig. 1). At each generation, the genotypes at the
badh2.1, Pi9, SublA and Xa27 loci in the cross and
backcross progeny were determined by molecular
markers M265/M355, NBS2-1, RM23887 and M124,
respectively (Table 1). About 3-19 positive plants were
obtained from 8 to 24 progeny of different crosses or
backcrosses (Fig.1). The genotypes of the Xa4 and Xa21
loci in the backcross progeny were determined by mo-
lecular markers RM224 and 21, respectively (Table 1).
The backcross progeny that contained homozygous Xa4
and Xa2l genes and the target gene (badh2.1, Pi9,
SublA or Xa27) were selected for further backcrossing
(data not shown). Theoretically, after 4—5 rounds of
backcrossing, the BC4F1 and BC5F1 plants would have
possessed 96.9 and 98.4% of the genetic background
from the recurrent female parent WH421, respectively. In
addition, the morphological phenotypes and growth dur-
ation of plants B4F1(badh2.1BadH2), B5F1(Pi%i9),
B5F1(SublAsublA) and B5F1 (Xa27xa27) were similar to
that of WH421 (data not shown). To combine the badh2.1
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and Pi9 genes in a single plant, a B4F1(badh2.1Badh2)
plant was crossed with a WH421 B5F1(Pi9%:i9) plant to
produce plant T29421(badh2.1Badh2,Pi%i9) (Fig. 1).
Similarly, a B5F1(SublAsublA) plant was crossed with a
B5F1(Xa27xa27) plant to produce plant T14127(SublA-
sublA, Xa27xa27) (Fig. 1). The plant T29421(badh2.1-
Badh2,Pi9i9) was then crossed with the plant
T14127(SublAsublA, Xa27xa27). Ninety-two F1 plants
were produced from the cross. After genotyping, 6 of
them were identified to carry heterozygous alleles at the
badh2.1, Pi9, SublA and Xa27 loci (Fig. 1). The 6 F1
plants were self-crossed to generate F2 populations that
collectively contained 960 individuals. After genotyping,
4 F2 plants, F2-281, F2-318, F2-329 and F2-579, were
found to carry homozygous alleles at the badh2.1, Pi9,
SublA, Xa4, Xa2l and Xa27 loci (Fig. 2). The 4 F2 plants
showed similar morphological phenotype in growth and
development when they were grown in greenhouse (data
not shown) and one of them, F2-281, was designated as
Wahhui 6725 (WH6725) (genotype: badh2.1badh?2.1,Pi9-
Pi9SublASublA,Xa4Xa4,Xa21Xa21,Xa27Xa27). Theoret-
ically, WH6725 possesses 95.0% genetic background of
MH725. Therefore, we selected MH725 and its hybrid rice
as the controls for WH6725 and its hybrid rice in the sub-
sequent experiments.

Disease resistance of WH6725 and its hybrid rice to rice
blast and bacterial blight

The rice lines, including 75-1-127, MH725, WH6725, the
cytoplasmic male sterile (CMS) line II-32A and the
thermosensitive-genic male sterility (TGMS) line 188928,
and their hybrid rice (II-32A/MH725, 1132A/WH6725,
1892S/MH725 and 1892S/WH6725) were evaluated for
rice blast resistance with M. oryzae isolates collected from
China (ZB13, 11-3-1-1-2 and M39-1-3-8-1) or the

WH421 x KDML105(badh2. 1badh2.1) F1(Pigpig), 19/24
l 1

F1(badh2.1Badh2), 14/20 B1F1(Pidpig), 8/18

i
B1‘F1{badh2. 1Badh2), 4/9 B2F1(Pigpig), 7/20
BZlFI(DadHQ. 1Badh2), 3114 BﬂlFHPJ'prQ}. 12/20
!
B3lFl(badh2. 1Badh2), 310 B4F1(Pigpi8), 314
Bl-tFﬂbeth. 1Badh2), 4110 x BSFHPJ'QpilQ}. 4710
i

WH421 x 75-1-127(PigFig)

T29421(badh2.1Badh2 Pigpid), 374 x T14127(SublAsub1A Xa27xa27), 4/40

F1(badh2.1Badh2, Fi9pi9,Sub1Asub1A Xa27xa2T), 6/92
| Selfing
WHB725(badh2. 1badh2.1,Pi9Pi9,Sub1ASub 1A, Xad4Xa4,Xa21Xa21,Xa27Xa27), 4/960

Fig. 1 Strategy for breeding of WH6725. WH421 (genotype: Xa4Xa4,Xa21Xa21) was used as the recurrent female line for crossing and backcrossing.
The number of positive plants over the number of total plants screened are indicated in each generation. For gene pyramiding, four F2 plants
containing homozygous alleles at all loci were obtained in the F2 population and one of the plants, F2-281, was designated as Wanhui 6725
(WH6725). The genotypes of Xa4 and Xa21 genes are only shown in WH6725 but not in other generations

WH421 x IRB4(Sub1ASub1A) WH421 x IRBB27(Xa27Xa2T)
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Table 1 Molecular markers used in this study
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Marker Gene of interest DNA sequence (5' to 3)? Type of marker® Reference

M265 badh2.1 F: ACCAGGACTTGTTTGGAGCTTG STS, dominant (Luo and Yin 2013)
R: CCATAGGAGCAGCTGAAATATATACC

M355 Badh2 F: CTGGTAAAAAGATTATGGCTTCA STS, dominant (Luo and Yin 2013)
R: AGTGCTTTACAAAGTCCCGCAC-3'

NBS2-1 Pi9 F: GGATTCGACAGATGGTGCAACAAC STS, co-dominant This study
R: ACATCCACCATCCAAACGGGAAAC

RM23887 SubTA F: TCGACCCAATATCTTTCTGC SSR, co-dominant (Neeraja et al. 2007)
R: CTGTCTGTTCACTTGTGTTCACC

RM224 Xa4 F: ATCGATCGATCTTCACGAGG SSR, co-dominant (Sun et al. 2003)
R: TGCTATAAAAGGCATTCGGG

21 Xa2l F: ATAGCAACTGATTGCTTGG STS, co-dominant (Chen et al. 2000)
R: GATCGGTATAACAGCAAAAC

M124 Xa27 F: ATCTGGAGCAGAGCTTAAGGTGTG STS, co-dominant This study

R: AGCAGTTCTCATATAAATGTTGGTTG

°F forward primer; R, reverse primer.
bsTS sequence-tagged site; SSR, simple sequence repeat

Philippines (11-17-1-2). MH725 was susceptible to ZB13,
11-3-1-1-2 and M39-1-3-8-1, whereas 75-1-127 and
WH6725 were resistant to the 3 M. oryzae isolates (Fig. 3a,
b, ¢). Since the CMS line II-32A is resistant to ZB13, 11-
3-1-1-2 and M39-1-3-8-1, we were not able to test the
function of the Pi9 gene in 3-line hybrid rice as both II-
32A/MH725 and 1I-32A/WH6725 showed resistance to
the 3 M. oryzae isolates (Fig. 3a, b and c). Thus, in order
to evaluate the function of the Pi9 gene in hybrid rice
background, we made two two-line hybrids, 18925/
MH?725 and 1892S/WH6725, by crossing the TGMS line
1892S with MH725 and WH6725, respectively, and tested
their resistance to the M. oryzae isolate 11-17-1-2.
MH?725, 1892S and 1892S/MH725 were susceptible to 11-
17-1-2, whereas the Pi9 donor line 75-1-127 was resistant
to the M. oryzae isolate (Fig. 3d). To our expectation, both
WH6725 and 1892S/WH6725 were resistant to 11-17-1-2
(Fig. 3d). The results demonstrated that the Pi9 gene in
the F1 hybrids, which only harboured heterozygous Pi9
gene derived from WH6725, could provide full disease
resistance to rice blast.

Evaluation of MH725, WH421, IRBB27, WH6725, 1I-
32A, 1I-32A/MH725 and II-32A/WH6725 for disease
resistance to bacterial blight was carried out using 27 X.
oryzae pv. oryzae strains collected from 10 countries
(Table 2). MH725 was susceptible or moderately suscep-
tible to 26 X. oryzae pv. oryzae strains and was only
moderately resistant to HL]72 (Table 2). WH421 was re-
sistant or moderately resistant to 22 X. oryzae pv. oryzae
strains but was still susceptible to A3842, JW89011,
NX0260, PXO99(R6) and Thai R-7 (Table 2). IRBB27
conferred high resistance to 24 X. oryzae pv. oryzae

strains but was susceptible to ZHE173, K202 and Thai
R-2 (Table 2). WH6725 conferred high resistance to all
27 X. oryzae pv. oryzae strains tested (Table 2). The
CMS line II-32A was susceptible to 24 X. oryzae pv. ory-
zae strains but was still resistant or moderately resistant
to Aust-R3, LN57 and PXO112(R5) (Table 2). The
control F1 hybrid II-32A/MH725 was susceptible to 23
X oryzae pv. oryzae strains but was still resistant or
moderately resistant to Aust-R3, HLJ72, LN57 and
PXO112(R5) (Table 2). Similar to the improved paternal
line WH6725, the F1 hybrid II-32A/WH6725 was highly
resistant to all 27 X. oryzae pv. oryzae strains tested
(Table 2). The results demonstrated that the Xa4, Xa21
and Xa27 genes in WH6725 and its F1 hybrids provided
high and broad-spectrum disease resistance to multiple
X. oryzae pv. oryzae strains.

Submergence tolerance of WH6725 and its hybrid rice

Two-week-old seedlings of WH6725, its hybrid rice and
the control rice lines were tested for submergence toler-
ance (Fig. 4a). After 14 days of submergence, MH725, II-
32A and II-32A/MH725 plants turned yellow, while
IR64(SublASublA), WH6725 and 11-32A/WH6725 plants
remained in light green (Fig. 4b). The submergence-
tolerant plants started to grow again when they were
shifted to normal growth condition (Fig. 4c). Plant viability
was scored based on the emergence and growth of green
leaves over 7 days of recovery after 14 days of submer-
gence (Fig. 4d). Most of the IR64 (SublASublA) (viability
=83.3+8.8%), WH6725 (viability =82.2+6.9%) and II-
32A/WH6725 (viability = 84.4 + 10.2%) plants recovered
and survived after 14 days of submergence, whereas most
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Fig. 2 Detection of patterns of molecular markers in rice lines. a Patterns of allele-specific markers M265 (for the badh2.1 allele) and M355 (for the
Badh?2 allele) at the Badh2 locus. b Patterns of co-dominant marker NBS2-1 at the Pi9 locus. ¢ Patterns of co-dominant marker RM23887 linked
with the SublA locus. d Patterns of co-dominant marker RM224 linked with the Xa4 locus. e Patterns of co-dominant marker 21 at the Xa27 locus.
f Patterns of co-dominant marker M124 co-segregated the Xa27 locus. Plant F2-281, marked with an asterisk, was selected and designated as
Wanhui 6725 (WH6725) for further study
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Fig. 3 Evaluation of rice lines for disease resistance to rice blast. The 4-leaf-stage rice seedlings were inoculated with M. oryzae isolates ZB13
1-17-1-2 d. The images of inoculated leaves were taken at 7 days after inoculation

of the MH725 (viability = 5.6 + 5.1%), 1I-32A (viability =
89+1.9%) and II-32A/MH725 (viability = 12.2 + 3.8%)
plants died, with a few plants survived but in poor health
(Fig. 4c and d). The results demonstrated that both
WH6725 and 11-32A/WH6725 provided submergence tol-
erance for over 14 days at 2-week-old seedling stage.

Field trials and major important agronomic traits of
WH6725 and its hybrid rice

To test the performance of rice lines in field condition,
four field trials were conducted for WH6725 and
MH?725. Meanwhile, two field trials were conducted for
I1-32A/WH6725 and II-32A/MH?725. The major import-
ant agronomic traits were collected from plants in field
trials. WH6725 had similar growth duration to that of
MH?725 in the 4 field trials (Table 3). Similar length of
growth duration was also recorded between II-32A/
WH6725 and I1I-32A/MH725 in Field trial 3 and Field
trial 4 (Table 3). The plant height of WH6725 was 0.6 to
8.9 cm higher than that of MH725 in the 4 field trials
(Table 3). However, the plant height of II-32A/WH6725

was similar to that of II-32A/MH?725 in Field trial 3 and
Field trial 4 (Table 3). In all field trials, WH6725 and II-
32A/WH6725 produced similar number of effective pan-
icles per plant, similar panicle size and similar number
of spikelets per panicle to MH725 and 1I-32A/MH?725,
respectively (Table 3). In addition, WH6725 and II-32A/
WH6725 had similar spikelet fertility to MH725 and II-
32A/MH725, respectively (Table 3). These results indi-
cated that WH6725 can be used as the restorer line in
3-line hybrid rice production. Preferably, the 1000-grain
weight of WH6725 was slightly heavier than that of
MH?725 in Field trials 2, 3 and 4 (P-value ranged
from 0.00 to 0.05) (Table 3). The same phenomenon
was observed in hybrid rice in Field trials 3 and 4 (P-
value: 0.04, 0.07) (Table 3). Finally, the yield of
WH6725 and 1I-32A/WH6725 were similar to that of
MH?725 and II-32A/MH?725, respectively (Table 3). In
general, the field trail results demonstrated that the
major important agronomic traits of WH6725 and II-
32A/WH6725 were similar to those of MH725 and
1I-32A/MH?725, respectively.
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Table 2 Disease evaluation of rice lines for resistance to rice bacterial blight

Strain Origin Lesion length (cm) and resistance score®
MH725 WHA421 IRBB27 WH6725 II-32A [I-32A/MH725 [I-32A/WH6725

Aust-2031 Australia 340+34(S) 45+14 (MR) 04+03 (R 02+01((R) 120+84(9) 125+£2.1(5) 0.1£00(R)
Aust-R3 Australia 214+32 (9 43+15 (MR) 01+00(R) 02+00(R) 02+0.1(R) 02+0.1 (R) 0.1+00 (R)
GD1358 China 95£0.7 () 26+19 (R 02+01 (R 02+01(R) 163+106(5) 1£19(5) 02£01 (R)
HB17 China 96+16(S) 32+23 (MR) 09+12(R 01+01((R) 268+77(9) 33.6+4.7 (9) 13+05 (R
HB21 China 142+53 (5 33£15 (MR) 02+01(R) 01+01 (R  253+32(9 10.5+04 (9) 0.1+0.1 (R)
HL72 China 44+0.7 (MR) 28+16(R) 29£12 R  01£01 (R  163£30() 04+03 (R 0.1+00R)
J549-6 China 417519 29+17 (R) 01+01(R 02+00((R) 226+28(9) 242+53(S) 02+0.1 (R)
LN57 China 8.5+44 (MS) 33+14 (MR) 03+02((R) 0201 (R) 1.1+08 (R) 02+0.1 (R) 0.1+00 (R)
NX42 China 179445 (9) 3.7£20 (MR) 03+06((R) 01+01((R) 254%51(9) 276+25(S) 22206 (R)
ZHE173 China 279454 (S) 38+42 (MR 184+26(S) 02+01((R) 214+30(9 239+36 (9) 2507 (R)
CIAT1185 Columbia 13.7£15(9) 4.7+3.7 (MR) 02+01(R) 01+01(R) 201+29(S) 14.7£3.1 (9 01+£0.1 R
A3842 India 30.7+43 (S) 18079 () 02+01 (R 11+13R) 254+36(9 350+32(S) 02+0.1 (R)
A3857 India 96x10(S) 58+ 1.8 (MR) 01+00((R) 02+01(R) 273£45(5 277+75(S) 02+0.1 (R)
IXO56 Indonesia 18656 (5 59+37 (MR) 02+01(R) 02+01(R) 274+30(5) 309+£38(9) 22£12(R)
H75373 Japan 9.7+3.0 (9 53+49 (MR) 10+£12((R) 02+£01 (R 266+35(5) 290+3.7 () 02+0.1 (R)
T7174 Japan 186+32(9) 27+20(R) 01+00(R) 02+01(R) 150+50(9) 102+05 () 0.1+00 R)
JW89011 Korea 147+£32(5) 10.7£96 (9) 05+06 (R 2R 231x46(9) 11.3£06 (5 01£00(R)
K202 Korea 170+45 (S) 27+11 (R 187+55() 03+02(R) 307+28(5) 350+34 (S) 25+08 (R)
NXO260 Nepal 127+£0.7 (S) 92+36(9) 03+02((R) 01+01 (R  301£20(5 29.5+25(9) 0.1£01 (R)
PXO86(R2) Philippines 8.0£49 (MS) 13£10(R) 03+02((R) 02+01(R) 226+27(S) 179+4.1 () 02+£0.1 (R)
PXO79(R3) Philippines  12.9+4.2 () 15+1.1 (R 03+01(R) 02+01 R 174+21(9 15325 (5) 02+0.1 (R)
PXO71(R4) Philippines 94+3.1 (9 22+14(R) 06+03((R) 02+01(R) 269+27(S) 244 +88 (5) 0101 (R
PXO113(R4) Philippines  30.1+5.6 (S) 01£0.1 (R 02+02((R) 01+01(R) 258+36(S) 114£9.1 (9 01£01 R
PXO112(R5)  Philippines 254 +4.7 (S) 08+0.7 (R 01+01 (R 01+01(R) 40+ 10 (MR) 03+0.1 (R 0.1+0.1 (R)
PXO99(R6) Philippines  19.9+5.5 (9) 163£59(9) 01+00(R) 01+00((R) 279+28(9) 253+48(5) 15+15(R)
Thai R-7 Thailand 340+£34(9) 145+6.0 (9) 05+08((R) 01+01(R) 203+38(S) 18449 (5 08+£09 (R
Thai R-2 Thailand 214+32(S) 44+£23 (MR} 226+35(S 01+£01(R) 186+56(5) 224422 (S) 24+04 (R)

*The lesion length (L.L.) of bacterial blight is the average of 16 infected leaves from 4 inoculated plants. The standard deviation of the mean is indicated. For
disease score: R, resistant, lesion length (L.L.) <3.0 cm; MR, moderately resistant, 3.0 cm < L.L. < 6.0 cm; MS, moderately susceptible, 6.0 cm <L.L. < 9.0 cm; S,

susceptible, LL. > 9.0 cm

Grain quality of WH6725 and its hybrid rice

We evaluated the grain quality of WH6725, MH725, II-
32A/WH6725 and II-32A/MH725 with the rice seeds
harvested from the field trials. Both WH6725 and MH725
belong to the group of long grain rice (Grain length:
WH6725, 70+0.1 cm; MH725, 6.8+0.1 cm) with
medium grain shape (Ratio of length to width: WH6725,
3.0 £0.1; MH725, 2.9 + 0.2) (Table 4). Both WH6725 and
MH?725 had the degree of chalkiness scored as 1 with
slight variance in different field trials (Degree of chalki-
ness or DC: WH6725, 5.8 +5.4%; MH725, 4.7 + 4.0%)
(Table 4). They had low amylose content (Amylose con-
tent or AC: WH6725, 15.6 + 1.2%; MH725, 16.3 + 1.3%)
and soft gel consistency (GC) (>60 mm) (GC: WH6725,
80.5+7.6 mm; MH725, 76.2 + 5.2 mm) (Table 4). Both

WH6725 and MH725 had high alkali spreading values
(ASV) (ASV: WH6725, 6.4 + 0.5, MH725, 6.3 +0.3) and
low gelatinization temperature (< 70 °C) (Table 4). In
addition, WH6725 had strong aromatic fragrance, whereas
MH725 was tested to be a non-aromatic rice (Table 4). For
hybrid rice, both II-32A/WH6725 and II-32A/MH725
belong to the group of medium grain rice (Grain length:
II-32A/WH6725, 6.1+0.3 cm; II-32A/MH725, 6.4+
0.2 cm) with medium grain shape (Ratio of length to
width: II-32A/WH6725, 2.5+ 0.0; 32A/MH725, 2.6 +0.2)
(Table 4). Both II-32A/WH6725 and I1I-32A/MH725 had
the degree of chalkiness scored as 5 (DC: 1I-32A/WH6725,
10.5 + 3.0%; 1I-32A/MH725, 13.5 + 8.0%) (Table 4). They
also had intermediate amylose content (AC: II-32A/
WH6725, 23.8+0.1%; II-32A/MH725, 23.4+0.4%) and
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Fig. 4 Evaluation of rice lines for submergence tolerance. a Phenotypes of 14-day-old plants before submergence treatment. b Phenotypes of
plants after 14 days submergence treatment. ¢ Phenotypes of plants after 7 days of recovery from 14 days of submergence treatment. d Viability
of plants after 7 days of recovery from 14 days of submergence treatment. The data represents mean = SD (n =3, 30 plants in each treatment).
The different letters (A or B) show significant difference among varieties at P=0.01 levels of probability according to Duncan’s multiple range
tests. 1, IR64(SubTASUb1A); 2, MH725; 3, WH6725; 4, 1I-32A; 5, II-32A/MH725; 6, II-32A/WH6725

Viabilit

Rice lines

J

soft gel consistency (> 60 mm) (GC: II-32A/WH6725,
60.0 + 17.0 mm; 1I-32A/MH?725, 69.5 + 7.8 mm) (Table 4).
In addition, both II-32A/WH6725 and 1I-32A/MH725 had
high alkali spreading values (ASV: 1I-32A/WH6725, 6.2 +
0.2; II-32A/MH725, 58+1.1) and low gelatinization
temperature (< 70 °C) (Table 4). It should be noted that II-
32A/WH6725 was characterised to be a non-aromatic rice
due to the presence of the heterozygous badh2.1 gene in
the F1 hybrids. In the future, an aromatic hybrid rice could
be produced by crossing WH6725 with an aromatic CMS
or TGMS line. Nevertheless, the results collectively indi-
cated that both WH6725 and II-32A/WH6725 retained
similar grain quality to MH725 and II-32A/MH725,
respectively, in terms of physical properties, cooking and
eating quality.

Discussion
MAS technology has greatly facilitated and accelerated
the breeding of WH6725 in this study. Firstly, MAS is a

very efficient and cost-effective technology for breeding
as it is used in selection for most of the steps of breed-
ing program. As a result, disease evaluation and submer-
gence tolerance test are only being performed at the
final step of the breeding study, thereby reducing time
and cost. Secondly, MAS enabled us to select the
badh2.1 gene in backcrossing progeny as the badh2.1
gene controls the aromatic trait in recessive inheritance
and the phenotypic selection cannot be done in hetero-
zygous plants. Thirdly, MAS allowed us to pyramid the
Xa4, Xa2l and Xa27 genes in a single rice line WH6725
without disease evaluation using R gene-specific X. ory-
zae pv. oryzae strains. Although the 3 dominant R genes
are all for disease resistance to rice bacterial blight, each
of them has its unique resistance specificity and their re-
sistance spectrums are highly overlapped (Gu et al. 2004;
Luo et al. 2012). With the help of MAS technology, we
first combined the Xa4 and Xa2l genes in WH421 in
the previous report (Luo et al. 2012) and then pyramided
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Table 3 Major important agronomic traits of MH725, WH6725 and hybrid rice

Field Variety® Growth Plant Number of effective  Panicle Total number of Spikelet 1000-grain  Yield/plant

trial® duration (days) height (cm) panicles/plant length (cm) spikelets/panicle fertility (%) weight (g) (g)

1 MH725 (1) 159 91.5+14 86+09 227+04 1673+ 143 889+1.1 297+09 384+£82
WH6725 (1) 160 921+£13 7709 220+£04 154.7 £5.1 909+3.7 294+03 319+£34
P-value® - 0.76 0.24 0.58 0.50 045 0.70 040

2 MH725 (1) 154 934+03 51+03 214+0.7 1573+272 91.7+14 277+05 216£20
WH6725 (1) 155 98.5+ 1.3% 50+0.2 21.5+£0.1 149.7 £2.8 910+1.2 298+06% 205+09
P-value - 0.03 042 0.75 0.70 0.71 0.05 0.20

3 MH725 (1) 138 1212+ 21 67+10 268+0.5 2161 +11.2 721+£58 261+03 273+42
WH6725 (1) 139 130.1+£26% 69+09 269+16  1824+445 776+99 283+04% 269+26
P-value - 0.01 0.30 0.95 0.32 0.18 0.00 0.93
II-32A/MH725 (H) 139 1451+63 64+13 303+£30 2263+216 77941 264+01 294+37
I-32A/WH6725 (H) 140 1451+47 63£10 285+08 2459+ 318 848+55 270+03 351£35
P-value - 0.98 0.88 0.31 0.12 0.32 0.07 0.25

4 MH725 (1) 136 1152+03 74+0.1 284+06 217.8+434 879+13 265+04 382+74
WH6725 (1) 136 1226 +1.1** 75+07 270+£03* 1836+76 886+24 29.1+04* 352+23
P-value - 0.01 0.72 0.01 0.35 0.77 0.00 047
II-32A/MH725 (H) 138 1316+ 1.1 74+06 268+ 14 2995+ 74.1 913+£27 269+04 458+30
1I-32A/WH6725 (H) 138 1319+08 67+06 264+02 2201 +47 900+38 279+06* 382+3.1
P-value - 0.69 0.09 061 0.22 0.61 0.04 0.12

*, **Stand for significance at 0.01 and 0.05 probability levels, respectively

“Field trial 1 was conducted in Lingshui, Hainan, China, in the winter season from November 2013 to April 2014. Plant spaced at 13 cm x 25 cm coupled a
seedling per hill. Field trial 2 was conducted in Lingshui, Hainan, China, in the winter season from November 2014 to April 2015. Plants spaced at 13 cm x 17 cm
coupled a seedling per hill. Field trial 3 was conducted in Hefei, Anhui, China, in the summer season from May 2014 to October 2014. Plant spaced at 16 cm X
17 cm coupled a seedling per hill. Field trial 4 was conducted in Hefei, Anhui, China, in the summer season from May 2015 to October 2015. Plant spaced at

13 ¢cm x 27 cm coupled a seedling per hill
5| inbred rice; H, hybrid rice

P-value for each trait was calculated in Microsoft Office Excel 2007 according to a two-tailed t-test for paired samples

the Xa4, Xa2I and Xa27 genes in WH6725 in this study. Fi-
nally, MAS technology provided precise selection and accel-
erated the breeding process. With the molecular markers
developed from the selected genes or closely linked to them,
we could precisely identify the 4 F2 plants that contained
homozygous alleles at the badh2.1, Pi9, SublA, Xa4, Xa2l
and Xa27 loci from a manageable population consisting of
960 individuals (Fig. 1). The selection of all genes was done
in one generation, which could not be achieved through
phenotypic selection. Phenotypic evaluation of WH6725 and
F1 hybrids for disease resistance, submergence tolerance and
fragrance confirmed the genotype of WH6725 determined
by the molecular markers. Starting from WH421 and
through MAS, we spent four years or 10 generations on
breeding WH6725. Compared to conventional breeding
based on phenotypic selection, the MAS technology saved
us at least 2 years in the breeding of WH6725.

Single R gene for disease resistance might be easily
broken down by the emergence of new races or strains
of pathogens (Cruz et al. 2000). The probability of
pathogen to overcome two or more effective genes by
mutation is much lower compared to the ‘attacking’ of
resistance controlled by a single gene. Previous report

demonstrated that the combination of the xa5, xal3 and
Xa2l genes in indica rice cultivar PR106 could provide
broad spectrum resistance to different X. oryzae pv. oryzae
races or isolates (Singh et al. 2001). Three bacterial blight R
genes, Xa4, Xa2l and Xa27, were pyramided in WH6725
and bacterial blight inoculation demonstrated that
WH6725 and its hybrid rice could provide high and broad
spectrum resistance to multiple X. oryzae pv. oryzae strains.
Among the three R genes, the Xa4 gene provides durable
disease resistance at all developmental stages to bacterial
blight pathogens and has been used in Asian rice breeding
for many years (Zhang 2009). Both Xa2I and Xa27 confer
broad-spectrum disease resistance to X. oryzae pv. oryzae
strains and their molecular mechanisms for disease resist-
ance are different (Gu et al. 2004; Gu et al. 2005; Ikeda
et al. 1990; Song et al. 1995). Moreover, the pyramiding of
the Pi9, Xa4, Xa2l and Xa27 genes in WH6725 will not
only provide disease resistance to rice blast and bacterial
blight but also reduce the usage of bactericides and fungi-
cides. Together with the SubIA gene for submergence tol-
erance, WH6725 and its hybrid rice could be regarded as
the environment-friendly rice with adaptability to unfavour-
able climate change due to global warming.
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Table 4 Grain quality of MH725, WH6725 and hybrid rice®
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Trait Inbred rice Hybrid rice

MH725 WH6725 P-Value I-32A/MH725 1132A/WH6725 P-Value
Grain length (mm)® 6.83+0.1 (Long) 70+0.1 (Long) 004 64+02 (Medium) 6.1 +0.3 (Medium) 0.13
Ratio of length 29+0.2 (Medium) 3.0+0.1 (Medium) 039 26+0.2 (Medium) 2.5+ 0.0 (Medium) 0.80
to width®
Degree of 47+40(1) 58+54 (1) 023 135+80 () 105+ 3.0 (5) 0.56
chalkiness (%)
Amylose content (%) 16.3+ 1.3 (Low) 156+ 1.2 (Low) 019  234+04 (Intermediate)  23.8+0.1 (Intermediate) 0.50

Gel consistency 76.2 +5.2 (Soft) 80.5+ 7.6 (Soft)

(mm)’

Alkali spreading 6.3+0.3, GT <70 °C 64+0.5, GT <70 °C
value and (Low) (Low)

Gelatinization

temperature?

Fragranceh Non-aromatic Strongly aromatic

021  69.5+7.8 (Soft) 60.0 + 17.0 (Soft) 0.68
050 58+1.1,GT<70°C 6.2+02, GT<70°C 0.63
(Low) (Low)

- Non-aromatic Non-aromatic

“The rice grain quality was evaluated for four times using the rice seeds harvested in 4 field trials as described in Table 2

PCategory of grain length: Very long, grain length (GL) > 7.5 mm; Long, 6.6 mm < GL < 7.5 mm; Medium, 5.5 mm < GL < 6.6 mm; Short, GL < 5.5 mm

“Ratio of length to width (L/W ratio): Slender, L/W ratio > 3.0; Medium, 2.0 < L/W ratio < 3.0; Bold, L/W ratio, < 2.0

9Scale for degree of chalkiness (DC): 0, DC=0; 1, 0 < DC < 10%; 5, 10% < DC < 20%; 9, DC > 20%

®Classification of amylose content (AC): Waxy, AC < 2%; Very low, 2% < AC <10%; Low, 10% < AC < 20%; Intermediate, 20% < AC < 25%; High, AC > 25%
fClassification of gel consistency (GC): Soft, GC > 60 mm; Medium, 40 mm < GC < 60 mm; Hard, GC <40 mm

9Grade of gelatinization temperature (GT) estimated by alkali spreading value (ASV): High, 74.5 °C < GT <80 °C, 1 < ASV < 2.5; Intermediate high, 74 °C < GT < 74.5 °C,
2.5 <ASV < 3.5; Intermediate, 70 °C<GT <74 °C, 3.5 <ASV < 5.5; Low, GT <70 °C, 5.5 < ASV <7

PScale of fragrance was characterised as strongly aromatic, moderately aromatic, slightly aromatic and non-aromatic as described previously (Cruz and

Khush 2000)

It is important that the genes to be employed in marker-
assisted breeding and gene pyramiding should not bring in
undesirable traits due to linkage drag (Peng et al. 2014a, b;
Sun and Mumm 2015; Wang et al. 2015). In addition to fra-
grance, the major important agronomic traits of WH6725
were similar to that of the initial recurrent female line
MH?725. The results indicate that no deleterious effect pre-
sents in WH6725 after the introgression and pyramiding of
the six genes. Previous reports also revealed that the pyra-
miding of disease resistance genes and submergence toler-
ance gene in rice did not compromise the yield or grain
quality (Chen et al. 2000; Luo and Yin 2013; Neeraja et al.
2007). High yield, multi-resistance or tolerance to biotic
and abiotic stresses and good grain quality are ultimate
goals for rice breeding (Zhang 2007). The breeding of
WH6725 with disease resistance to rice blast and bacterial
blight and submergence tolerance would contribute to the
stability and sustainability of hybrid rice production.

Conclusion

An introgression rice line mainly in MH725 genetic
background, designed as WH6725, has been developed
to contain bacterial blight resistance genes Xa4, Xa21I and
Xa27, blast resistance gene Pi9, submergence tolerance
gene SublA and fragrance gene badh2.1 through MAS
and gene pyramiding. The development of WH6725
provides an improved restorer line for hybrid rice
production with disease resistances to rice blast and
bacterial blight, tolerance to submergence and good
grain quality with aromatic fragrance.

Methods

Rice cultivars

MH?725 is an elite restorer line that has been widely used to
produce three-line hybrid rice in China. WH421 is an intro-
gression rice line that carries Xa4 and Xa21 gene in MH725
genetic background (Luo et al. 2012) and was used as the re-
current female line in this study. KDML105 is the most
popular cultivar of aromatic rice grown in Thailand and was
used as the donor line for the badh2.1 gene (Bradbury et al.
2005; Kovach et al. 2009; Luo and Yin 2013). IRBB27 is a
near-isogenic line (NIL) of Xa27 in IR24 genetic background
(Gu et al. 2004). 75-1-127 is an introgression rice line that
carries rice blast R gene Pi9 in IR31917 genetic background
(Liu et al. 2002). IR64 (Sub1ASublA) is an introgression rice
line that carries SubIA in IR64 genetic background (Luo and
Yin 2013). II-32A is a CMS line, which is broadly used as
the maternal line to produce three-line hybrid rice. 1892S is
a TGMS rice line, which is broadly used as the maternal line
to produce two-line hybrid rice.

PCR-based molecular markers and PCR conditions

The molecular markers used for MAS in this study are
listed in Table 1. The molecular markers for the badh2.1
and Badh2 alleles were the dominant and allelic-specific
makers M265 and M355, respectively (Table 1). The mo-
lecular marker for the Pi9 gene was the co-dominant
sequence-tagged-site (STS) marker NBS2-1, which was
derived from the Pi9 gene (Table 1). The molecular
marker for the SubIA gene was the co-dominant simple
sequence repeat (SSR) marker RM23887 (Neeraja et al.
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2007). The molecular marker for the Xa4 gene was the
co-dominant SSR marker RM224, which is 1.1 ¢cM from
the Xa4 locus (Sun et al. 2003). The molecular marker
for the Xa21 gene was the co-dominant STS marker 21,
which was derived from the Xa2l gene (Chen et al.
2000). The molecular marker for the Xa27 gene was the
co-dominant STS marker M124, which is located at
43 kb upstream to the Xa27 gene.

PCR amplification of molecular markers was per-
formed on a PTC-100 programmable thermal controller
(MJ Research, USA). The PCR reaction mixture of 20 pl
consisted of 10 ng of rice genomic DNA, 0.15 mM of
each dNTP, 0.15 mM of each primer, 2 pl of 10 x PCR
buffer and 1 unit of Taq polymerase. Template DNA
was initially denatured at 94 °C for 2 mins followed by
35 cycles of PCR amplification with the following pa-
rameters: 30 s of denaturation at 94 °C, 40 s of primer
annealing at 52 °C for RM23887, 55 °C for 21 and
RM224, 58 °C for M265 and M355, 60 °C for M124 and
NBS2-1, and 1 min of primer extension at 72 °C. Finally,
the reaction mixture was maintained at 72 °C for 5 mins
before completion. M265 and M355 were amplified sep-
arately and mixed for each sample loading on agarose
gel. The PCR products were electrophoretically resolved
on a 1.5% agarose gel for NBS2-1, a 2.0% agarose gel for
21, M265 and M355, and a 3.5% agarose gel for markers
RM23887, RM224 and M124 in 1 x TAE buffer.

Rice blast inoculation

Isolates of M. oryzae, ZB13, 11-3-1-1-2, 11-17-1-2 and
M39-1-3-8-1, were used for inoculation experiments.
The first three M. oryzae isolates were collected from
Anhui, China. M39-1-3-8-1 was collected from the
Philippines. M. oryzae isolates were grown on prune
agar medium (40 ml prune juice, 20 g/l agar, 5 g/l su-
crose, 5 g/l lactose, 1 g/l yeast extract, pH6.5) at 28 °C in
darkness for 7 days and at 26 °C under light for 3-5
days. The rice plants at 4-leaf-stage were inoculated with
a spore suspension at the density of 1x 10° spores/ml.
The inoculated plants were immediately placed in a dew
chamber for 24 h at 25 °C and 90% of humidity in dark-
ness. The plants were then transferred to a growth cham-
ber at 25-28 °C under a 12/12 h (light/dark) photoperiod
and 90% humidity. Disease phenotypes were photo-
graphed at 7 days after inoculation.

Bacterial blight inoculation

X. oryzae pv. oryzae strains were grown on PSA medium
(10 g/ peptone, 10 g/l sucrose, 1 g/l glutamic acid, 16 g/l
bacto-agar, and pH7.0) at 28 °C for 2 days. The bacterial
cells were collected and suspended in sterile water at an
optical density of 0.5 (OD600). Bacterial blight inoculation
was carried out according to the leaf-clipping method
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(Kauffman et al. 1973). Disease scoring was measured as
described previously (Gu et al. 2004).

Test of rice for submergence tolerance

Test of rice plants for submergence tolerance was con-
ducted in open water tanks in greenhouse. About 30 2-
week-old plants of each line were completely submerged
in water for 14 days. After treatment, the plants were
transferred to greenhouse for recovery for 7 days and then
were scored for viability. The plant survival is indicated by
having at least one green leaf. The statistical analysis was
performed by Duncan’s multiple range tests (Duncan
1955). The experiments were repeated for three times.

Design of field trials and measurement of major
important agronomic traits

Four field trials were implemented with MH725,
WH6725 and their hybrid rice. Field trial 1 and Field
trial 2 were conducted in Lingshui (Hainan, China) in
the winter seasons (November—April) of 2013/2014
and 2014/2015, respectively. Field trial 3 and Field
trial 4 were carried out in Hefei (Anhui, China) in
the summer seasons (May—October) of 2014 and
2015, respectively. In each field trial, paired parental
lines and hybrid rice were arranged near to each
other in the plots at the size of at least 12 m® Three
repeat plots were planted for each parental line or hy-
brid rice line.

The major important agronomic traits of rice, includ-
ing growth duration, plant height, effective panicle
number per plant, panicle length, total spikelet number
per panicle, spikelet fertility, 1000-grain weight and
yield per plant, were obtained from 10 plants grown in
each plot and a total of 30 plants in 3 plots were
measured for each variety. The growth duration was
counted based on the number of days from sowing to
85% maturity per panicle in 90% of the plants popula-
tion in a plot. The plant height was measured from soil
surface to tip of the tallest panicle (awns excluded) at
one day before harvest or at harvest. The number of ef-
fective panicle number per plant was the total number
of panicles in a plant that produced more than 5 grains.
The panicle length was measured from the base to the
tip of a panicle (awns excluded). The total spikelet
number per panicle contained the number of both filled
and empty grains in a panicle. The spikelet fertility was
the percentage of the number of the filled grains over
the number of the total spikelet in a plant. The 1000-
grain weight was measured with 1000 sun-dried filled
grains. The yield per plant was the average weight of
the filled grains per plants. P-value for each trait was
calculated in Microsoft Office Excel 2007 according to
a two-tailed ¢-test for paired samples.
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Evaluation of grain quality

The grain quality was evaluated with the rice grains har-
vested from the four field trials mentioned above. Rice
grain quality properties, including grain length, ratio of
length/width, degree of chalkiness, amylose content, gel
consistency, alkali spreading value and fragrance, were
measured according to the methods described previously
(Cruz and Khush 2000). P-value for each characteristic
was calculated in Microsoft Office Excel 2007 according
to a two-tailed ¢-test for paired samples.
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