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Abstract The breeding of japonica varieties with erect-
pose panicle (EP) has recently progressed in the northern
part of China, because these varieties exhibit a far higher
grain yield than the varieties with normal-pose panicle
(NP). A genetic analysis using the F, population from the
cross between Liaojing5, the first japonica EP variety in
China, and the Japanese japonica NP variety Toyonishiki
revealed that EP is governed by a single dominant gene EP.
Based on previous studies, map-based cloning of EP locus
was conducted using Liaojing5, Toyonishiki, their F, popu-
lation, and a pair of near-isogenic lines for EP locus (ZF14
and WF14) derived from the cross between the two varie-
ties; consequently, the STS marker H90 was found to com-
pletely cosegregate with panicle pose. The H90 is located
in the coding sequence AK101247 in the database, and the
AK101247 of Liaojing5 has a 12 bp sequence in exon 5
replaced with a 637 bp sequence of its wild type allele. It
was therefore considered that the AK101247 encodes the
protein of the wild type allele at EP locus, and that the
sequence substitution in exon 5 of Liaojing5 is crucial for
expression of the EP phenotype. The effects of EP gene on
agronomic traits were investigated using two pairs of
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near-isogenic lines (ZF6 vs. WF6 and ZF14 vs. WF14)
derived from the cross between the two varieties. Experi-
mental results showed that EP gene markedly enhanced
grain yield, chiefly by increasing number of secondary
branches and number of grains on the secondary branch. EP
gene also produced a remarkable increase in grain density.

Introduction

Improvement of grain yield is a perpetual goal in rice
(Oryza sativa L.) breeding. It is well known that the devel-
opment of stiff- and short-culmed (semidwarf) rice varieties
and F, hybrid varieties has dramatically increased grain
yield. Recently, another dramatic advancement in grain
yield has occurred in the northern part of China, in a breed-
ing program aiming to develop high-yielding varieties with
erect-pose panicle (EP hereafter).

Panicle shape, which is associated with grain density, pan-
icle length, grain number, and other features, is one of the tar-
get characteristics in rice breeding because of its strong
association with grain yield. EP, however, has previously
been considered an unfavorable trait in commercial varieties:
a large majority of the former elite varieties have curved-
pose panicle (normal-pose panicle, NP hereafter). The first
Jjaponica EP variety Liaojing5 in China was developed at the
Institute of Agricultural Sciences in Liaoning Province
(released in 1976), using the Italian japonica variety Balilla
as the genetic source of the EP phenotype. Recently, Liaoj-
ing5 and its derivatives have been used as genetic sources in
the development of high-yielding EP varieties in China.

Erect-pose panicle seems to be favorable in that it
enhances the photosynthetic efficiency of the lower leaves,
improves canopy temperature and humidity conditions, and
increases CO, circulation around the plant. For these
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reasons, EP is now regarded as one of the more significant
characteristics in japonica rice breeding in China (Chen
etal. 2001; Xu et al. 2005). This indicates the necessity of
understanding the genetic and molecular basis of EP.

To date, two mapping studies have aimed at the isolation
of the gene(s) involved in EP (Kong et al. 2007; Yan et al.
2007). Both found that the most significant gene is located
on the long arm of chromosome 9. Kong et al. (2007), using
the F, population from the cross between Liaojing5 and NP
variety Toyonishiki, indicated that the gene was flanked by
the SSR (simple sequence repeat) markers RM5686-23 and
RM5833-11, and named the gene EP. Yan etal. (2007)
detected two QTLs responsible for panicle curve-angle,
using the doubled-haploid population derived from the cross
between the Chinese EP variety Wuyunjing8 and the Chi-
nese NP variety Nongken 57. Of the two, the gPE9-1 with a
higher LOD score was located between the STS (sequence
tagged site) marker H90 and the SSR marker RM5652. On
the basis of their chromosome positions and their effects on
panicle pose, EP and gPE9-1 seem to be the same locus.

In the present study, we first investigated the inheritance
of EP in Liaojing5 and identified the candidate sequence of
the gene conferring EP by narrowing down the region of
EP locus based on the information provided in two previ-
ous works on EP (Kong et al. 2007; Yan et al. 2007). We
also evaluated the effects of EP gene on grain yield and its
related characteristics, such as number of panicles/m? and
number of grains per panicle.

Materials and methods
Genetic analysis of the EP trait

The F, population, comprising 4,087 plants, derived from
the cross of Liaojing5/Toyonisihi was subjected to a
genetic analysis of the EP trait. Liaojing5 was the first EP
variety in China, which was derived from the cross between
the Italian variety Balilla with EP and the Japanese variety
Toyonishiki with NP. F, seedlings were transplanted into
the paddy field of Kyoto University in Kyoto, Japan,
30 days after sowing. Parental lines were planted together
with their F, plants. Sowing was conducted on 13 May
2006. Fertilizers applied were 60, 90, and 90 kg/ha for N,
P,O5, and K,O, respectively. Plant spacing was
10 x 30 cm. Panicle pose was recorded for each F, plant.
The goodness of fit of the observed segregation ratio to the
expected was examined by the chi-square test.

Map-based cloning of EP gene

Genomic DNA was extracted from the leaves of each F, plant
using TPS buffer (Monna et al. 2002). In PCR analysis,
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primers were designed with Primer3 in the GENETYX ver.
7.0 (GENETYX Co., Tokyo, Japan) based on the information
obtained from the Genbank (http://www.ncbi.nlm.nih.gov/
Genbank/index.html). The PCR mixture (10 pl) contained
20 ng of genomic DNA, 10 mM Tris—HCI (pH 8.3), 50 mM
KCl, 1.5 mM MgCl,, 0.1% Triton x-100, 5% (v/v) DMSO,
500 nM of each primer pair, and 0.2U Ex-Taq DNA poly-
merase (Takara Bio. Co., Shiga, Japan). PCR conditions were
as follows: initial denaturation at 95°C for 3 min followed by
30 cycles of polymerization reaction, each consisting of a
denaturation step at 98°C for 10 s, an annealing step at 55—
60°C for 30 s, and an extension step at 72°C for 1 min, with a
final extension at 72°C for 5 min. PCR products were sub-
jected to electrophoresis on either 1% (or 2%) agarose gel or
6% polyacrylamide gel, and stained with ethidium bromide.
Signals were detected with a UV transilluminator for agarose
gel and a Molecular Imager FX system (BioRad Lab., CA,
USA) for polyacrylamide gel. For sequencing analysis,
amplified DNA fragments were purified from agarose gel
using the EZ-10 Spin Column DNA Gel Extraction Kit (Bio
Basic Inc., ON, Canada). The purified DNA fragments were
sequenced with the GenomeLab™ DTCS Quick Start Kit
(Beckman Coulter, CA, USA) using a CEQ8000 Genetic
Analysis System (Beckman Coulter, CA, USA).

Confirmation of the genotype of the H90 marker
in other varieties

The above experiment indicated that EP gene includes the
region of the STS marker H90 developed by Yan etal.
(2007). To confirm this, we investigated the genotype of the
H90 marker in 12 EP varieties (Shennong265, Shen-
nong9741, HAS, Liaojing287, Liaojing326, Shenl91,
Kuayue, Balilla, Jida2004, Huadan995, Xing10, and Yifeng7)
and 12 NP varieties (IR36, 9311, Kasalath, Hejiang18, Tiej-
ing4, Liaojing371, Liaoyan16, Sifeng43, Akihikari, Lijiangx-
intuanheigu, 02428, and Nipponbare). Genomic DNA was
extracted from the leaves of the four-leaf stage seedlings. The
methods for detecting polymorphism of the H90 marker were
similar to those used in map-based cloning of EP gene.

The proteins encoded by EP gene and its wild type allele
were predicted based on the Nipponbare sequences
obtained from Genbank.

Analysis of the effects of EP gene on agronomic traits

The effects of EP gene on unhulled grain yield (grain yield
hereafter) and its related traits, viz. number of grains per
panicle, number of filled grains, filled grain percentage,
1,000-grain weight (g), number of primary branches per
panicle, number of secondary branches per panicle, number
of grains on the primary branch, number of grains on the
secondary branch, grain density (grains/cm), and number of
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panicles/m?, were investigated by comparing EP-homozy-
gous lines (EP/EP) with their respective wild type counter-
parts (+/+), namely, ZF6 (EP/EP) with WF6 (+/+) and ZF14
(EP/EP) with WF14 (+/+). We also investigated the hetero-
zygous advantages of EP gene on the same traits using the
F, population (EP/+) from the cross of WF14/ZF14. ZF6
and WF6 were the near-isogenic pair derived from a single
EP-heterozygous F, plant of the cross of Liaojing5/Toyoni-
shiki, and ZF14 and WF14 were the near-isogenic pair
derived from a single EP-heterozygous F,, plant of the same
cross. Seedlings of these four lines were planted in the
paddy field of Shenyang Agricultural University in Sheny-
ang, China, 30 days after sowing. Field experiment was
conducted with a randomized block design with three repli-
cations (one plot: 2 m x 4 m). Sowing was conducted on 10
April 2007. Fertilizers applied were 60, 90, and 90 kg/ha for
N, P,Os5, and K,O, respectively. Plant spacing was
13 cm x 30 cm. Comparison of means was performed with
Turkey’s test using the SPSS ver.11.5 for Windows.

Results
Genetic analysis of the EP trait

A conventional genetic analysis of panicle pose was con-
ducted using the F, population of the Liaojing5/Toyonishiki
cross. The F, population, comprising 4,087 plants, was clearly
divided into EP and NP groups. The ratio of EP type (3,076
plants): NP type (1,011 plants) fit the 3:1 ratio expected for
one-locus segregation (y>=0.15, 0.75>P>0.50). Thus it
was confirmed that EP is governed by a single dominant gene
EP, as Kong et al. (2007) reported.

Map-based cloning of EP gene

Kong etal. (2007) indicated that EP locus was located
between two SSR markers, RM5833-11 and RM5686-23

(348 kb), on the long arm of chromosome 9, with genetic
distances of 1.5 and 0.9 cM, respectively (Fig. 1). Shortly
afterward, Yan etal. (2007) detected a QTL, gPE9-1,
responsible for the variation in panicle curve-angle was
located between the STS marker H90 and the SSR marker
RM5652 (21.8cM) on the long arm of chromosome 9
(Fig. 1). We first searched for nucleotide-sequence poly-
morphism in the region between RM5833-11 and RM5686-
23 (384 kb) among Liaojing5, Toyonishiki, ZF14 and
WF14. Twenty-five SSR markers have been developed in
this region (http://www.gramene.org/), but none of them
proved to be polymorphic between Liaojing5 and Toyoni-
shiki. Accordingly, we proceeded to sequence all the puta-
tive genes located in this region and determined about 80%
of the total length of those genes. Consequently, we found
one SNP (single nucleotide polymorphism, Liaojing5: T,
Toyonishiki: C) at the 16,097,831 position in AP008215
(the accession of the whole sequence of chromosome 9),
and one INDEL (insertion and deletion) polymorphism
(10 bp deletion in Toyonishiki) at the 16,097,908-
16,970,917 position in AP008215. However, they were not
polymorphic between ZF14 and WF14, and both regions
originated in Toyonishiki. These results indicated that EP
locus is not located in the 384 kb region.

In the F, population from the Liaojing5/Toyonisihiki
cross, comprising 423 plants, the genotype of H90 and the
phenotype of panicle pose completely cosegregated, and no
recombinants appeared. Around the region of H90, we
observed one SNP (Liaojing5: G, Toyonisiki: A) at the 3’
terminal position of AK111616 (the 16,335,736 position in
AP008215) between parents. However, the genotype of
AKI111616 was the Toyonisiki type in both ZF14 and
WF14. On the other hand, both ZF14 and WF14 proved to
have a Liaojing5 type allele at the SSR marker RM24428,
which is closely linked to H90. We therefore concluded
that EP locus was located within the 51 kb-region, includ-
ing H90, between AKI11616 (0Os09g0441400) and
RM?24428 (Fig. 2a).

[Yanetal. 2007] [Kong etal. 2007]
RM5652
““-1= Ch. 9 (AP008521)
! (22.696.651bp)
RM24377
v v v \4

AK099618

RM5686-23

348 kbp

Fig. 1 Candidate chromosome regions (doubled bars) of EP gene
indicated by previous reports (Kong et al. 2007; Yan et al. 2007) and
the genotypes of a near-isogenic pair, ZF14 and WF14, at the SSR

T~

RM5833-11 H90
11| RM24412 RM1189|:|

254kbp

markers in these regions. White and black triangles indicate ZF14- and
WF14-type marker genotypes, respectively. The black and white trian-
gle indicates that the marker genotype is heterozygous
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A database search (http://rapdb.dna.affrc.go.jp/) detected
four coding sequences, 0s09g0441400, AK241119,
AK101247, and AKI111977 within the 51 kb-region
(Fig. 2b). Among them, AK111977 did not show polymor-
phism between Liaojing5 and Toyonishiki. Os09g0441400
and AK241119 showed polymorphism between Liaojing5
and Toyonishiki, and the genotypes of these markers of
ZF14 were identical with those of Liaojing5, and those of
WF14 were identical with those of Toyonishiki (Table 1).
However, the polymorphic regions were found in introns of
those two genes. The polymorphism in exon region
between parents was found only in AK101247. Further-
more, we sequenced all four estimated coding regions and
their flanking regions of ZF14 and compared those
sequences with those of Nipponbare. But we could find no
polymorphism between ZF14 and the NP variety Nipponbare

. EP

except AK101247. These results strongly suggested that EP
locus is AK101247.

Confirmation of EP locus polymorphism
among other varieties

The sequence data on AK101247 for Liaojing5 and Toyon-
ishiki showed that the two primers for H90 are located on
the two sides of the polymorphic site in AK101247, respec-
tively (Fig. 2c). The PCR products of Liaojing5 and Toyon-
ishiki were 543 and 1,168 bp lengths, respectively, which
were not consistent with the data reported by Yan et al.
(2007). They stated that EP and NP varieties produced
1,168 and 543 bp length fragments, respectively.

All the EP varieties produced the same PCR fragments
that Liaojing5 produced, whereas all the NP varieties

E[Sikbp}i
vV V'V V v V
a —+—+ . '

L 2 T
RM257
RM1189RM24424/ HI0 oy 104428 RM7289
v VvV VvV

b P

=

AK111616  Os09g0441400 AK241119

1 88 99106

153 166

AK101247

AK111977

637bp substituted by 12bp I TI"GA
|

TAG
TAG

276 316 339 385 426

| 1 | 1 |

Fig. 2 Schematic representation of the molecular map and cDNA
construct for the region of EP on rice chromosome 9. a Genotypes of
ZF14 and WF14 for the SSR markers. White and black triangles
indicate ZF14- and WF14-type marker genotypes, respectively. Black
and white triangles indicate that the marker genotype is heterozygous.
b The coding sequences (http://rapdb.dna.affrc.go.jp/) in the flanking
region of the EP gene. ¢ Exon—intron structure of AK101247 (upper)

and the Liaojing5 allele (=the ZF14 allele) (lower). Shadowed box-
es represent exons, and lines separating the boxes represent introns.
d Schematic diagram of EP protein structure. The black, striped, and
gray boxes indicate the 4-disulphide core domain of whey acidic pro-
teins, the transmembrane region, and the VWFC domains, respec-
tively. Numbers represent the positions of amino acids in the primary
structure

Table 1 Nucleotide polymorphisms of three coding sequences considered as candidate cDNA clones of the EP gene

Coding sequence Polymorphism?*
Position [in AP008215] Liaojing5 Toyonishiki
0s09g0441400 5" UTR [16,340,362] (A) T substitution
Downstream of 3" UTR (=) AG insertion
[next to 16,347,699]
AK241119 Intron [16,350,253] (G) A substitution
Intron [16,352,237] (A) C substitution
AK101247 Fifth Exon 637 bp substituted (637 bp sequence)

[16,360,357-16,360,993]

by 12 bp ‘AGATCCTTTTTT’ deletion and addition

# The nucleotides in parentheses are identical to the sequence AP008215 of the variety Nipponbare
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produced the same fragments that Toyonishiki produced
(Fig. 3). The EP original variety Balilla also produced the
same fragment that Liaojing5 produced. These results sug-
gest that AK101247 is the coding sequence of the wild type
(NP-type) allele at EP locus.

The ORF sequence of the Toyonishiki allele (wild type
allele) at the EP locus is considered to be identical with that
of the Nipponbare allele, which harbors five exons with a
1,833 bp transcript length encoding 426 amino acids (aa),
because these two varieties are closely related to one another.
Compared with the Nipponbare nucleotide sequence, the EP
gene in Liaojing5 harbored an early stop codon produced by
the sequence substitution in exon 5, which leads to a 234aa
truncation in the C-terminus of the predicted protein
(Fig. 2d). The occurrence of a premature stop codon confers
a high probability that a partial or complete loss of function
will be induced; therefore, the truncated protein produced by
the EP gene was considered to confer EP.

A predicted protein-sequence analysis showed that
AK101247 harbored several known regions and domains
(http://www .ebi.ac.uk/InterProScan/): a 4-disulphide core
domain of whey acidic proteins at aa 156—166 (Simpson
and Nicholas 2002), a transmembrane region at aa 88—106,
and three von Willebrand factor type C (VWFC) domains

(Voorberg etal. 1991; Colombatti et al. 1993) at aa 99—
153, 276-316, and 339-385 (Fig. 2d). On the other hand,
the EP gene of Liaojing5 harbored a 234aa truncation,
resulting in the loss of two VWFC domains in the C-termi-
nus. These results indicate that the EP phenotype is
expressed due to a partial or complete loss of function of
these protein motifs (Fig. 2d).

Analysis of the effects of EP gene on agronomic traits

Table 2 shows the effects of EP gene on agronomic traits.
The EP lines, ZF14 and ZF6, both exhibited higher grain
yields than their respective NP counterparts, WF14 and
WF6. The F, population of the cross of ZF14/WF14
showed a higher grain yield than its EP parent ZF14. The
effect of EP gene on number of panicles/m* was not signifi-
cant between ZF14 and WF14. But ZF6 showed signifi-
cantly fewer number of panicles/m’> than WF6. The F,
population of the cross of ZF14/WF14 showed a larger
number of panicles/m? than both parents. This may suggest
that EP gene exhibit a heterozygous advantage (over domi-
nance) for number of panicles/m>.

The EP lines showed larger numbers of grains per pani-
cle and larger numbers of filled grains per panicle than their

12 3 45 6 78 9 101112131415161718192021222324 M

Fig. 3 Electrophoresis signals of the STS marker H90 in 12 erect-pose
panicle (EP) varieties and 12 normal-pose panicle (NP) varieties.
Lanes 1-12 EP varieties, lanes 13-24 NP varieties. / Shennong 265, 2
Shennong 9741, 3 HAS, 4 Liaojing287, 5 Liaojing 326, 6 Shen 191, 7

1kb
0.5kb

Kuayue 5, 8 Balilla, 9 Jida2004, /0 Huadan 995, 17 Xing 10, 12 Yifeng
7,13 IR36, 14 9311, 15 Kasalath, /6 Hejiang 18, 17 Tiejing 4, 18 Lia-
ojing 371, 19 Liaoyan 16, 20 Sifeng 43, 21 Akihikari, 22 Lijiangxintu-
anheigu, 23 02428, 24 Nipponbare, M 100 bp DNA ladder marker

Table 2 Comparison of grain yield and panicle-related traits between erect-pose panicle lines and normal-pose panicle lines

Traits ZF14 WF14 ZF6 WF6 F,-(WF14/ZF14)
Grain yield (g/m?) 559.7¢ 508.1d 605.2b 558.9¢ 664.2a
Number of grains per panicle 137.2b 113.2d, e 145.6a 107.7e 125.1c
Number of filled grains per panicle 126.0a 106.3¢ 131.8a 101.0c, d 113.8b, ¢
Filled grain percentage 91.9a,b 93.9a 90.5b 93.8a 91.1b
1,000 grain weight (g) 22.9b 25.3a 22.5b, ¢ 25.6a 23.0b
Number of primary branches per panicle 11.5b 11.3b 12.5a 11.0b 11.0b
Number of secondary branches per panicle 23.9a 17.2¢ 24.9a 15.5¢ 21.1b
Number of grains on primary branch 66.4b 64.1b 72.8a 63.4b 62.9b
Number of grains on secondary branch 70.8a 49.2¢ 72.9a 44.4¢c 62.2b
Grain density (grains/cm) 8.4b 5.4d 9.4a 5.6d 7.4c
Number of panicles/m2 291.4d 283.0d, e 304.9¢ 325.8b 382.2a

Comparison of means was carried out using Tukey’s test. All statistical analyses were performed using the software Statistical Package for Social
Sciences (SPSS 11.5 for Windows). Different letters in every line indicate significant difference at the 5% level
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respective NP counterparts. For these two traits, the F, pop-
ulation exhibited intermediate values between parents.
ZF14 showed a similar filled grain percentage to that of
WF14, while ZF6 showed a lower filled grain percentage
than WF6. Both EP lines showed smaller 1,000 grain
weights than their respective NP counterparts. In addition,
for these two traits, the F; population exhibited similar val-
ues to those of ZF6. ZF6 exhibited a larger number of pri-
mary branches per panicle and a larger number of grains on
the primary branch than WF6. However, neither of these
effects was significant between ZF14 and WF14. In both
comparisons, EP lines exhibited far more numbers of sec-
ondary branches per panicle and far more numbers of
grains on the secondary branch. Number of primary
branches per panicle and number of grains on the primary
branch of the F, population did not differ from those of
WF14, respectively. For number of secondary branches per
panicle and number of grains on the secondary branch, the
F, population exhibited intermediate values between par-
ents. This suggested that EP gene has additive effects on
these two traits. The lines can be ranked according to grain
density as follows: ZF6 > ZF14 > F|.~WF6/ZF6 > WF6 >
WF14. This order suggested that EP gene markedly
increases grain density through enhancing the development
of secondary branch and its grain.

Discussion

Improving the morphological and/or physiological charac-
teristics of rice is one of the key factors in increasing its
grain yield; therefore, the identification of genes that are
closely involved in conferring such characteristics is quite
important for rice breeding. The ‘Green Revolution’ in rice
cultivation, for example, was made possible by the discov-
ery and utilization of a semidwarf genetic resource (the
semidwarfing gene sdl). This resource contributed to
the dramatic increase in rice grain yield from the 1960s to the
1970s, which was especially great in tropical Asia (Futsuhara
and Kikuchi 1997). Recently, EP has been used in rice
breeding programs in the northern part of China, resulting
in marked increases in grain yield per unit. A few studies
have already demonstrated that EP is governed by a single
dominant gene and modified by polygenes (Xu et al. 1995;
Wang et al. 1997). In contrast, Zhu and Gu (1979) reported
that EP was a recessive trait controlled by a single gene.
Our experimental results clearly confirm that EP is gov-
erned by a single dominant gene EP, which is located on
the long arm of chromosome 9. Using map-based cloning,
we identified the EP candidate gene, which has a 12 bp
sequence (AGATCCTTTTTT) in a position in exon 5
where the wild type allele has a 637 bp sequence (cDNA:
AK101247). This genetic information will be very helpful
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in a breeding program aiming at developing high-yielding
rice varieties using EP.

The EP lines, ZF14 and ZF6, both showed higher grain
yields, more grains per panicle, more filled grains per pani-
cle, more secondary branches per panicle, more grains on
the secondary branch, and higher grain densities. However,
1,000-grain weight was lower in EP lines than in NP lines.
As for number of primary branches per panicle and number
of grains on the primary branch, a significant increase was
observed in ZF6 over WF6. These increases were not
observed in ZF14 over WF14, which indicates that these
two traits are influenced by genetic background. Accord-
ingly, although EPs ability to increase grain yield is chiefly
attributable to its ability to increase number of secondary
branches and number of grains on the secondary branch,
there may be other genetic factor(s) responsible for the high
grain yield seen in EP varieties.

The effects of the EP gene on grain density and second-
ary branch traits were quite similar to those of Dnl gene
(Dense panicle-1), also located on the long arm of chromo-
some 9 (Nagao and Takahashi 1963). On the basis of their
chromosome locations and their effects on panicle shape,
EP and Dnl might be the same locus. Further analyses
should be done to clarify the relationship between these two
loci.

It is worth noting that the EP/+ plant showed a higher
grain yield than the EP/EP parent. This suggests that the
EP/+ heterozygote must be a useful genotype for high-
yielding F, varieties. Other authors (Murai and lizawa
1994; Murai et al. 2002) have observed this pattern in Url/
gene (Undulate rachis-1), which markedly increases grain
yield by increasing the number of grains per panicle and the
number of grains on secondary branches. Murai et al.
(2003) reported that Url/+ plants exhibited higher grain
yields than Uri/Url plants. Because EP and Url are inher-
ited independently of each other, it will be worthwhile to
investigate the combination effect of these two genes on
grain yield.

The sequence data of the NP variety Nipponbare pre-
dicted that the wild type allele corresponding to EP had a
426aa sequence that contained a 4-disulphide core domain,
a transmembrane region, and three VWFC domains. Com-
parative sequence analysis indicated that the EP gene in
Liaojing5 harbors a nonsense mutation in exon 5, which
was induced by a nucleotide substitution. This mutation
causes a 234aa truncation in the C-terminus of the predicted
protein, which eliminated the last two VWFC domains. It is
known that the putative VWFC domain is included in the
protein of the fruit shape gene OVETA in tomato (Liu et al.
2002) and in that of the grain length gene GS3 in rice
(Fan et al. 2006). The OVETA gene harbors a putative
bipartite nuclear localization signal, two VWFC domains, and
a 1-70aa C-terminal domain, not only in tomato but also in
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Arabidopsis and rice, and confers a pear-like shape. Since
the OVETA gene harbors a premature stop codon, it func-
tions as a recessive gene (Liu et al. 2002). The GS3 gene,
on the other hand, governs grain length, and harbors a puta-
tive PEBP-like domain, a transmembrane region, a putative
TNFR/NGFR family cysteine-rich domain, and a VWFC
domain. The long grain allele also harbors a premature stop
codon and functions as a recessive gene (Fan et al. 2006).
The similarity in amino acid truncations and resulting mor-
phological changes among the rice erect panicle mutation,
the tomato pear-shape mutation, and the long-grain rice
mutation strongly suggests that, in each of them, the puta-
tive VWFC domain may play a role in regulating organ
development. It is unclear why the EP allele functions as a
dominant allele in spite of the elimination of two VWFC
domains; further analysis is necessary to clarify this and
other aspects of EP gene function.

In this study, we identified the EP candidate gene and
elucidated its effects on several agronomic traits. The
experimental results presented here will be very helpful in
the production of high-yielding varieties with the EP
phenotype.

Acknowledgment This study was supported in part by a grant from
‘the National Natural Science Foundation of China’ (30871468) and a
grant from “Youth Foundation of Shenyang Agricultural University’ in
China (20070117).

References

Chen WF, Xu ZJ, Zhang WZ, Zhang LB, Yang SR (2001) Creation of
new plant type and breeding rice for super high yield. Acta Agron
Sin 27:665-672

Colombatti A, Bonaldo P, Doliana R (1993) Type A modules: interact-
ing domains found in several non-fibrillar collagens and in other
extracellular matrix proteins. Matrix 13:297-306

Fan CC, Xing YZ, Mao HL,, Lu TT, Han B, Xu CG, Li XG, Zhang QF
(2006) GS3, a major QTL for grain length and weight and minor
QTL for grain width and thickness in rice, encodes a putative
transmembrane protein. Theor Appl Genet 112:1164-1171

Futsuhara Y, Kikuchi F (1997) Dwarf characters. In: Matsuo T,
Futsuhara Y, Kikuchi F, Yamaguchi H (eds) Science of the rice
plant, vol 3. Food and Agriculture Policy Research Center,
Tokyo, pp 300-318

Kong FN, Wang JY, Zou JC, Shi LX, Jin DM, Xu ZJ, Wang B (2007)
Molecular tagging and mapping of the erect panicle gene in rice.
Mol Breed 19:297-304

Liu JP, van Eck J, Cong B, Tanksley SD (2002) A new class of regu-
latory genes underlying the cause of pear-shaped tomato fruit.
Proc Natl Acad Sci USA 99(20):13302-13306

Monna L, Kitazawa N, Yoshino N, Suzuki J, Masuda H, Maehara Y,
Tanji M, Sato M, Nasu S, Minobe Y (2002) Positional cloning of
rice semidwarfing gene, sd-1: rice “Green revolution gene”
encodes a mutant enzyme involved in gibberellin synthesis. DNA
Res 9:11-17

Murai M, lizawa M (1994) Effects of major genes controlling morphol-
ogy of panicle in rice. Breed Sci 44:247-255

Murai M, Sato S, Nagayama A, Ishii N, Thashi S (2002) Effects of a
major gene Url characterized by undulation of rachis branches on
yield and its related traits in rice. Breed Sci 52:299-307

Murai M, Nagayama A, Sato S, Bahadur KC H, Ise K, Yoshida T
(2003) High yielding F, hybrid carrying Ur/ (Undulate rachis-1)
gene in Japonica rice. Breed Sci 53:263-269

Nagao S, Takahashi M (1963) Trial construction of twelve linkage
groups in Japanese rice (Genetical studies on rice plant, XXVII).
J Fac Agric Hokkaido Univ 53:72-130

Simpson KJ, Nicholas KR (2002) The comparative biology of whey
proteins. J Mammary Gland Biol Neoplasia 7:313-326

Voorberg J, Fontijn R, Calafat J, Janssen H, van Mourik JA,
Pannekoek H (1991) Assembly and routing of von Willebrand
factor variants: the requirements for disulfide-linked dimerization
reside within the carboxy-terminal 151 amino acids. J Cell Biol
113:195-205

Wang BL, Dong YH, Wang S (1997) Studies on genetic activities of
semidwarfism and erect-panicle in rice. J Shenyang Agric Univ
28:83-87

Xu ZJ, Chen WF, Zhang LB, Zhang CL (1995) The heredity of the
erect character and relation with other characters in rice. J Sheny-
ang Agric Univ 26:1-7

Xu ZJ, Chen WF, Zhang LB, Yang SR (2005) Design principles and
parameters of rice ideal panicle type. Chin Sci Bull 50:2253-2256

Yan CJ, Zhou JH, Yan S, Chen F, Yeboah M, Tang SZ, Liang GH, Gu
MH (2007) Identification and characterization of a major QTL
responsible for erect panicle trait in japonica rice (Oryza sativa
L.). Theor Appl Genet 115:1093-1100

Zhu LH, Gu MH (1979) The inheritance of rice grain shattering.
Hereditas 1:17-19 (in Chinese)

@ Springer



	IdentiWcation and characterization of the erect-pose panicle gene EP conferring high grain yield in rice (Oryza sativa L.)
	Abstract
	Introduction
	Materials and methods
	Genetic analysis of the EP trait
	Map-based cloning of EP gene
	ConWrmation of the genotype of the H90 marker in other varieties
	Analysis of the eVects of EP gene on agronomic traits

	Results
	Genetic analysis of the EP trait
	Map-based cloning of EP gene
	ConWrmation of EP locus polymorphism among other varieties
	Analysis of the eVects of EP gene on agronomic traits

	Discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


