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Abstract Rice (Oryza sativa L.) is a major food for
more than half of the world’s population and serves as
a model monocot plant. DEPI (dense and erect
panicle 1), corresponding to an erect-panicle archi-
tecture, may bring the third breakthrough in rice
breeding after the introduction of the semi-dwarf trait
and the application of heterosis in hybrid rice. The aim
of this study was to determine the effects of DEPI on
yield components and vascular bundle-related traits
under indica and japonica genetic backgrounds. We
analyzed a series of recombinant inbred lines, which
were derived from a cross between the japonica
variety SN265 with an erect panicle and the indica
variety R99 with a curved panicle. The results showed
that effects of the DEPI/depl allele were much
stronger than the effects of the indica/japonica genetic
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background on vascular bundle-related traits and yield
components. As the frequency of indica alleles
increased, the grain yield per plant and the harvest
index significantly increased in lines with the depl
allele. Among the indica-type lines, those with the
dep1 allele showed superior values for almost all of the
vascular bundle-related traits and yield components.
Our results provide new insights into the use of a high-
yield-related gene derived from japonica in the indica
genetic background.
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Introduction

Rice is a major food for more than half of the world’s
population, and it serves as a model plant for
monocots. With continuing population growth and
the decreasing availability of arable land, increased
grain yield per unit area is one of the most important
goals of rice production and scientific research.
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In rice breeding, two major breakthroughs have
been made in the last century. The first breakthrough,
known as the ‘Green Revolution,” was the breeding of
semi-dwarf lines that greatly enhanced rice yields in
the 1960s (Suh and Heu 1978). The second break-
through was the application of heterosis in hybrid rice,
which further increased rice yields in the 1970s
(Virmani et al. 1982; Yuan 1998b). To achieve the
third breakthrough, national and international rice
breeding programs have focused on improving crop
productivity by selecting for superior grain yield
components and ideal plant architecture (Huang et al.
2009; Khush 1999; Peng et al. 2008; Yuan 1998a).
Recently, several genes controlling the yield compo-
nents of rice have been identified. These genes include
GW2, gSW5, and GS5, which contribute to grain width
(Lietal.2011; Shomura et al. 2008; Song et al. 2007),
GS3 that regulates grain length (Fan et al. 2006), and
FZP and LAX1, which control the number of branches
per panicle (Komatsu et al. 2003; Oikawa and Kyozuka
2009). Among these genes, DEP] has been extensively
researched and widely used in rice breeding (Huang
et al. 2009; Wang et al. 2009; Zhou et al. 2009).

DEPI (EP/qPE9-1) was successfully cloned and
characterized by three research groups independently
(Huang et al. 2009; Wang et al. 2009; Zhou et al.
2009). The dominate allele depl at the DEPI locus
corresponds to a gain-of-function mutation causing
truncation of a phosphatidylethanolamine-binding
protein-like domain protein. This mutation was shown
to be responsible for the erect-panicle architecture and
increased grain yield (Huang et al. 2009). A recent
study demonstrated that DEP] encodes a conventional
plant-specific Gy subunit protein domain that interacts
strongly with RGB1 (a rice G subunit protein). Plants
with the depl allele showed nitrogen-insensitive
vegetative growth alongside increased nitrogen uptake
and assimilation, which resulted in improved harvest
index and grain yield (Sun et al. 2014). These effects
of DEPI make it pivotal in rice breeding. However,
there has been little consensus about the effects of
DEP] under different genetic backgrounds. The
dominant allele at the DEPI locus in the japonica
variety Shao313 caused increased grain yield per
plant, resulting from an increase in the number of
grains per panicle (Huang et al. 2009). In the indica
variety R6574, the erect-type allele at the DEPI locus
caused an increase in the number of grains per panicle,
but the grain yield per plant was decreased because of
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lower 1000-grain weight and fewer panicles (Zhou
et al. 2009). Similar results were observed in
Nongken57, a japonica variety (Yi et al. 2011). These
results and observations indicated that the effects of
DEPI may differ under different genetic backgrounds.

In rice, the vascular bundle system provides
mechanical support for the plant body (Zhang et al.
2002). Panicle architecture is closely related to the
number of vascular bundles. Compared with curved-
panicle varieties, erect-panicle varieties have more
large and small vascular bundles (Huang et al. 2009).
The number of vascular bundles differs between
indica and japonica; this is one of the traits that can
be used to differentiate between indica and japonica
varieties (Zhang et al. 2002). Consequently, the
number of vascular bundles is strongly affected by
the indicaljaponica genetic background and by the
erect-/curved-panicle architecture. However, few
studies have analyzed the effects of interactions
between subspecies and panicle architecture on vas-
cular bundle-related traits.

In this study, we used a series of recombinant
inbred lines (RILs) derived from the cross between the
Jjaponica variety SN265 with an erect panicle and the
indica variety R99 with a curved panicle to elucidate
the effects of DEPI on yield components and vascular
bundle-related traits under indica and japonica genetic
backgrounds.

Materials and methods
Plant materials

We used 200 RILs derived from the cross between
SN265 and R99. SN265 is widely cultivated in
northern China. In this variety, a 12-bp nucleotide
sequence replaces a 637-bp region in the middle of
exon 5 at the DEP] locus. This results in erect panicles
and an increased number of grains per plant and
consequently increased grain yield (Huang et al.
2009). R99 is an indica restore line with a curved
panicle. Alleles with sequences matching the Nippon-
bare reference genome sequence are represented by
DEPI, while high-yield alleles responsible for erect
panicles are represented by depl. SN265 harbors the
depl allele, and R99 harbors the DEP] allele. The
amino acid sequence alignment of the DEPI locus in
SN265 and R99 is shown in Figure S1.
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Field experiments

All of the RILs were grown in a rice paddy field at the
experimental farm of Shenyang Agricultural Univer-
sity, Shenyang, China (41.8°N; 123.4°E), during the
summer of 2014. Seeds were sown in a seedling
nursery on April 24, 2014, with one seedling trans-
planted per hill on 23 May. At least 120 plants of each
RIL were transplanted at 30 cm x 15 cm spacing.
The RILs were arranged in a randomized block design
with three replications, and each replication included
at least 40 plants. Fertilizer was applied as basal
dressing at an application rate of 75 kg ha™' N,
150 kg ha™' P, and 75 kg ha™' K. Three weeks after
transplanting, DNA was extracted from leaves of eight
plants per line to determine the frequency of indica-
type markers.

Evaluation of vascular bundles

We evaluated the vascular bundles after the flowering
stage. Main stems with spikes were sampled from
eight plants per RIL. A transverse section (approx.
1 mm thick) was cut 1 cm below the neck node and
observed under a dissecting microscope. We counted
the number of large vascular bundles (LVB) and small
vascular bundles (SVB) in the inner parenchyma of the
stem and primary branches. The ratio of the number of
LVB to the number of primary branches (hereafter, the
VIR ratio) was calculated for each panicle. Using the
same method, we determined the V/R ratio at the
upper, middle, and lower sections of the panicle. We
also evaluated the vascular bundles at the second-to-
top node. Images of transverse sections of the panicle
neck and the second-to-top node were screened after
counting the number of vascular bundles.

DNA extraction and subspecies-specific
genotyping

Genomic DNA was isolated from fresh-frozen leaves
using the CTAB method (Doyle 1991). In total, 90 sets
of subspecies-specific insertion—deletion (INDEL)
and subspecies-specific intron length polymorphism
(SSILP) markers in indica and japonica rice cultivars
were used to analyze the proportion of indica alleles in
the genome of each RIL. The clone names and
physical distances of 34 INDEL and 56 SSILP markers
were obtained from the marker-based physical maps

produced by the International Rice Genome Sequenc-
ing Project, based on previous studies (Sun et al. 2012;
Lu et al. 2009; Zhao et al. 2009a). The two marker
types were integrated into one genetic map based on
physical distances using MapChart software (Fig. S2).
All of the INDEL and SSILP markers were used to
genotype the 200 RILs. The PCRs were performed as
described elsewhere (Shen et al. 2004; Wang et al.
2006; Zhao et al. 2009b; Sun et al. 2012) using the
primers listed in Table S1. The indica allele frequency
was calculated as the ratio of the number of indica-
type markers to the total number of markers. The
DEP] locus was genotyped as described previously
(Xu et al. 2014).

Measurements of yield components

At the mature stage (35 days after flowering), the
aboveground portions of eight plants per RIL were
harvested from each plot. After counting the number
of panicles and measuring plant height, the panicles
were hand-threshed and placed in water to separate
filled grains, which sank in water, from unfilled grains.
Seed sterility was determined as the ratio of non-
fertilized grains to total grains. To determine dry
weight, the filled and unfilled grains were oven-dried
at 80 °C for 2 days. The number of grains per panicle
and setting rate were calculated from the above data.
Eight average-sized panicles were taken from each
plot to count the number of primary and secondary
branches and the number of spikelets per branch.

Results

The subspecies-specific INDEL and SSILP markers
were distributed among the 12 chromosomes in the
rice genome, with an average of 9.9 markers on each
chromosome. We calculated the indica allele fre-
quency for all 200 RIL and then separated the RIL into
four groups: indica-type lines (indica allele frequency
>0.5) with an erect panicle (depl), indica-type lines
with a curved panicle (DEPI), japonica-type lines
(indica allele frequency <0.5) with an erect panicle
(depl), and japonica-type lines with a curved panicle
(DEPI). The proportion of the four types was
1:0.98:0.98:0.97, which indicated that the separation
of the DEPI locus was not affected by the
indica/japonica genetic background. The differences
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in vascular bundles between R99 and SN265 are
shown in Fig. 1.

Table 1 summarizes the vascular bundle-related
traits of the four types. Among the indica-type plants,
those with the dep allele showed significant increases
in the numbers of LVB at the neck of the panicle and
the second node, the LVB (panicle)/LVB (stem) ratio,
and number of SVB at the neck of the panicle,
compared with plants with the DEP] allele. Similar
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Fig. 1 Differences in vascular bundles in panicle neck and

second-to-top internode between R99 and SN265. a Transverse
section of panicle neck and second-to-top internode. Scale bars
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differences were observed between the japonica lines
harboring DEPI and depl. However, there were no
significant differences in the average values of most
traits between indica-type and japonica-type lines.
The lines with the depl allele showed significant
differences from those with the DEP] allele for all of
the investigated vascular bundle-related traits. In
contrast, the indica-type lines showed a significant
difference from japonica-type lines only in the
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100 um. b Number of small and large vascular bundles in R99
and SN265. Values are mean £ SD (n = 10). *Significant at
p < 0.05 (Student’s ¢ test)
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Table 1 Vascular bundle-related traits of erect-panicle- and curved-panicle-type plants under indica and japonica genetic

backgrounds
No. of No. of No. of LVB  No.of LVB No.of SVB LVB/ LVB
primary secondary attop second at neck of  at neck of SVB (panicle)/LVB
branches branches stem panicle panicle ratio (stem) ratio
Japonica curved panicle (DEPI) 12.98abc  34.65a 31.96a 16.69a 23.63ab 0.72a 0.52a
Indica curved panicle (DEPI) 12.36a 36.94ab 32.03a 18.04 b 21.95¢ 0.84b 0.56b
Japonica erect panicle (depl) 14.05bc 39.00ab 33.24bc 19.68cd 24.10b 0.82bc 0.59bc
Indica erect panicle (depl) 13.73¢ 40.08b 33.72¢ 20.19d 24.09b 0.85bcd 0.60cd
Average of japonica 13.48 36.7 32.56 18.09 23.85 0.76 0.55
Average of indica 13.05 38.52 32.88 19.12 23.03 0.84 0.58
t Statistic 1.41 —1.01 —-0.84 —2.04* 1.35 —3.98* —2.20%
Average of curved panicle 12.66 35.80 31.99 17.37 22.78 0.77 0.54
(DEPI)
Average of erect panicle (depl) 13.87 39.58 33.49 19.95 24.09 0.83 0.59
t Statistic —4.15% —-2.11* —4.12% —5.49% —2.19% 2.94% —4.44%

LVB, large vascular bundles; SVB, small vascular bundles; LVB/SVB ratio, ratio of LVB to SVB; LVB (neck)/LVB (stem) ratio,
ratio of number of LVB at neck of panicle to number of LVB at second-to-top stem. Different lower-case letters indicate significant
difference at 5 % probability level (Duncan’s new multiple range test)

* Significant at p < 0.05

number of LVB at the neck of the panicle, which
resulted in significant differences in the LVB/SVB and
LVB (panicle)/LVB (stem) ratios. These results indi-
cated that the effects of the DEPI1/depl allele were
much stronger than the effects of the indica/japonica
genetic background on vascular bundle-related traits.
Furthermore, these results showed that the
indica/japonica genetic background mainly affected
the number of LVB at the neck of the panicle.

Compared with indica-type lines with the DEPI
allele, those with the dep 1 allele showed superior values
for almost all of the vascular bundle-related traits.
Because the V/R ratio is distinguishable between indica
and japonica and is affected by panicle architecture, we
investigated the V/R ratio in detail. We separated the
panicle into three parts: bottom (three primary branches
atthe base of the panicle), top (three primary branches at
the top of the panicle), and middle (the remaining
primary branches in the middle of the panicle). This
analysis revealed that dep! only increased the V/R ratio
at the bottom part of the panicle (Fig. 2). The V/R ratio
was higher in the indica-type lines than in japonica-type
lines at all three parts of the panicle.

Table 2 summarizes the yield components for the
four types. Among the indica-type lines, those with
depl showed a significant increase in biomass, grain
yield per plant, harvest index, number of panicles per

plant, and number of grains per panicle, but a lower
setting rate, compared with plants with the DEP] allele.
Comparing the indica and japonica lines with the dep
allele, the japonica lines showed higher biomass, grain
yield per plant, and seed setting rate. Like the vascular
bundle-related traits, almost all of the yield components
had higher values in indica-type lines with the depl
allele than in those with the DEP] allele. The lines with
the dep allele showed significant differences from lines
with the DEP] allele in all yield component traits except
for biomass per plant. The only significant difference
between japonica and indica lines was in the setting
rate, which was higher in japonica lines. These findings
indicated that the effects of the DEPI/depl allele on
yield components were much stronger than the effects
of the indica/japonica genetic background.

Table 3 shows the correlation coefficients between
the indica-allelic frequency and all the traits summa-
rized in Tables 1 and 2. As the frequency of the indica
alleles increased, the grain yield per plant and the
harvest index significantly increased in lines with the
depl allele; the opposite trend was observed in lines
with DEP] allele, although the differences were not
statistically significant. In the plants with the depl
allele, the number of panicles per plant was signif-
icantly negatively correlated with the number of LVB
at the panicle neck, the number of LVB at the second-
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Fig. 2 Effects of erect-panicle architecture on ratio of vascular
bundles to primary rachis branches (V/R ratio). a Top, middle,
and bottom of panicle. b Comparison of V/R ratio between erect

and curved panicle at top, middle, and bottom of panicle. Values
are mean = SD (n = 10). *Significant at p < 0.05 (Student’s
1 test)

Table 2 Yield components of erect-panicle- and curved-panicle-type plants under indica and japonica genetic backgrounds

Biomass Grain yield Harvest No. of panicles No. of grains Setting 1000-grain
per plant  per plant index per plant per panicle rate weight
Japonica curved panicle (DEPI) 77.65a 30.92a 0.40a 10.35a 184.98abc 0.74a 21.26abc
Indica curved panicle (DEPI) 71.92b 28.24b 0.39a 9.90a 190.35b 0.68b 22.30a
Japonica erect panicle (depl) 74.14ab  32.26¢ 0.43b 11.80b 202.33bc 0.66bc  20.63bc
Indica erect panicle (depl) 78.30a 35.22cd 0.45bc  11.73bc 208.24cd 0.6lcd  21.18ac
Average of japonica 75.99 31.55 0.41 11.04 193.15 0.70 20.96
Average of indica 75.14 31.77 0.42 10.82 199.38 0.64 21.73
t Statistic 0.34 —0.14 —-0.47 0.47 —0.76 2.34*%  —1.50
Average of curved panicle (DEPI) 1644.50 29.57 0.39 10.12 187.69 0.71 21.78
Average of erect panicle (depl) 1680.40 33.85 0.44 11.77 205.51 0.63 20.92
t Statistic —0.66 —2.89% —-3.67* —3.83 —2.20% 3.39% 1.68%*

* Significant at p < 0.05. Different lower-case letters indicate significant difference at 5 % probability level (Duncan’s new multiple

range test)

to-top internode, the number of SVB at the panicle
neck, and the ratio of the number of LVB at the
second-to-top internode to the number of LVB at the
panicle neck. In contrast, none of those correlations
were significant for plants with the DEP] allele.

To identify the best genotype/background com-
bination among the RIL (those with the optimum
DEPI/depl allele, indica-allelic frequency, and V/
R ratio to achieve higher yield), we identified the
lines showing superior yield performance among the
RILs and compared them with the parent lines
(Table S2). We found 13 lines with high yields
(>45 g per plant). For comparison, the grain yield
per plant for the parent lines SN265 and R99 was
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40.12 and 40.52 g, respectively. Among the 13 high-
yielding lines, three harbored the DEPI allele and
the other 10 harbored the depl allele. The indica-
allelic frequency of these lines was distributed from
0.40 to 0.79, indicating that an intermediate indica-
allelic frequency may combine the advantages of
indica and japonica, resulting in higher yield. The
VIR ratios of these high-yielding lines were
markedly higher than that of SN265. Some of the
high-yielding lines had higher V/R ratios than that of
R99. Thus, we concluded that the dep! allele along
with an intermediate indica-allelic frequency and a
high V/R ratio may be a goal for rice breeding via
crosses between indica and japonica subspecies.
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Table 3 Correlation coefficients between frequency of indica-allelic markers and vascular bundle-related traits and yield compo-
nents of lines with DEPI and depl alleles

Indica -allelic  Primary Secondary LVB LVB SVB LVB/ LVB (neck)/
frequency branch  branch (internode) (panicle (panicle SVB LVB
neck) neck) (internode)
Indica -allelic frequency - —0.11 0.11 0.12 0.34%* —0.10 0.42% 0.35%
Primary branch —0.14 — 0.45% 0.53%* 0.40%* 0.49* —-0.14  0.19
Secondary branch 0.11 0.43* - 0.49* 0.38* 0.39* —-0.04 0.21%
LVB (internode) 0.08 0.50% 0.53% - 0.53% 0.50%* —-0.04 0.12
LVB (panicle neck) 0.16 0.43% 0.66* 0.66* - 0.41%* 0.51%* 0.91%*
SVB (Panicle neck) —0.03 0.48%* 0.42% 0.67* 0.60* —-0.56% 0.21*
LVB/SVB 0.24* —0.03 0.27* -0.02 0.43%* —0.45% - 0.63*
LVB (neck)/LVB (internode) 0.16 0.26* 0.53* 0.25% 0.89* 0.38%* 0.56* -
Biomass 0.19 —0.13 0.03 0.03 —0.07 —0.05 —-0.04 —0.11
Grain yield per plant 0.28%* —0.08 0.19 0.07 —0.01 —0.09 0.11 —0.05
Harvest index 0.237%* 0.03 0.24%* 0.06 0.06 —0.11 0.24%* 0.04
Panicles per plant 0.11 —-0.41*  —0.40%* —0.43* —-0.35% —043* 0.11 —0.20%
Grains per plant 0.11 0.45% 0.95% 0.54%* 0.69* 0.42% 0.30%* 0.56%*
Setting rate —0.25% —-0.09 —0.22% —0.10 —-0.30% —0.11 —-0.22%  —0.32%
1000-grain weight 0.06 —0.05 —0.19 0.03 —0.14 0.02 -0.18  —0.20*
VIR 0.32% —0.43*  0.29* 0.23%* 0.61%* 0.19 0.45% 0.65%*
Biomass  Grain yield  Harvest  Panicles Grains Setting 1000-grain VIR
per plant index per plant  per plant  rate weight
Indica -allelic frequency —-0.17 —0.13 —0.06 —0.12 0.08 —0.13 0.11 0.43%*
Primary branch 0.28%* 0.19 0.02 0.10 0.54%* —0.19 —0.13 —0.45*
Secondary branch 0.11 0.37* 0.43* —0.20* 0.97* -0.32% —0.11 —0.02
LVB (internode) 0.18 0.13 0.04 —0.12 0.53% —-0.21%  —0.05 0.04
LVB (panicle neck) 0.08 0.13 0.09 —0.06 0.39% -0.31%  0.14 0.63*
SVB (Panicle neck) 0.28%* 0.24* 0.11 0.06 0.42% —-0.27%  —0.16 —0.06
LVB/SVB —0.18 —0.11 —0.04 —0.14 —0.07 —0.02 0.33%* 0.65*
LVB (neck)/LVB (internode)  0.01 0.09 0.09 —0.01 0.20* —-0.25%  0.19 0.72%*
Biomass - 0.73%* 0.13 0.47* 0.13 0.03 0.05 —0.17
Grain yield per plant 0.74%* - 0.76%* 0.41%* 0.36* —0.07 0.10 —0.06
Harvest index 0.03 0.68%* — 0.16 0.39%* —0.16 0.10 0.04
Panicles per plant 0.41% 0.35% 0.06 . —0.14 —0.01 —0.14 —0.16
Grains per plant 0.12 0.25% 0.25% —0.40% — -0.31%  —-0.17 —0.09
Setting rate 0.22% 0.30%* 0.20%* —0.03 —0.18 - —0.07 —0.11
1000-grain weight 0.06 0.11 0.08 —0.15 —0.20 0.33%* - 0.28%*
VIR 0.05 0.08 0.05 0.01 0.30 —-0.20*  —0.07 -

DEPI and depl alleles are distributed above and below the diagonal line, respectively
* Significant at p < 0.05

Discussion et al. 2002). Panicle architecture is closely related to the
number of vascular bundles (Qiao et al. 2011). In this
In rice, the vascular bundle system in the culms and leaf study, we found that the indicaljaponica genetic back-

veins provides mechanical support for the plant (Zhang ground mainly affected LVB and that the effect was
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weaker with the depl allele than with the DEP] allele.
The DEP1/depl allele affected not only the LVB and
SVB, but also the number of primary branches. These
effects were stronger under the indica genetic back-
ground than under the japonica genetic background.

The V/R ratio is an important index of the relationship
between vascular bundles and panicle-related traits. The
VIR ratio of japonica was around 1.0, whereas that of
indica ranged from 1.6 to 2.0. An increase in the V/
R ratio was shown to be an effective way to improve the
yield of japonica (Fukuyama et al. 1999). Compared
with wild type, erect-panicle varieties have more SVB
and/or LVB (Qiao et al. 2011). Both panicle architecture
and the indicaljaponica genetic background affect the V/
R ratio. Therefore, a series of RILs derived from the
cross between an erect-panicle japonica variety and a
curved-panicle indica variety provided the ideal exper-
imental material to analyze the effects of the interaction
between the DEP1/depl allele and the indicaljaponica
genetic background on the V/R ratio.

The results of this study showed that both the DEP1/
depl allele and the indicaljaponica genetic back-
ground significantly affected the V/R ratio. Regardless
of the DEPI/depl allele, there was a significant
positive correlation between the V/R ratio and the
frequency of indica-allelic markers. However, the V/
R ratio was distributed over a large range, because it
was affected by both the DEP1/depl allele and the
indicaljaponica genetic background (Fig. S3). This
result indicated that we can optimize the combination
of the DEPI/depl allele, the frequency of indica
alleles, and the V/R ratio to achieve higher yields via
selection of the genetic background.

The erect panicle is considered as a high-yield trait
in rice production. The conclusions regarding the
genetic effects of DEPI on plant height, number of
panicles, and 1000-grain weight have been consistent
among different research groups (Huang et al. 2009;
Wang et al. 2009; Zhou et al. 2009). However, there has
been no consensus as to whether the erect panicle can
increase the yield per plant. Huang et al. (2009) and
Wang et al. (2009) demonstrated that the dominant
allele at the DEPI locus led to the erect-panicle
architecture under the japonica genetic background,
along with a significant increase in grain yield per plant.
Zhou et al. (2009) reported the opposite effect of DEP
under the indica genetic background, consistent with
previous studies on the erect-panicle trait under the
indica genetic background. In the present study,
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analyses of RIL with different genetic backgrounds
clarified the effects of the genetic background and dep!
on various vascular bundle- and yield-related param-
eters. The frequency of indica alleles in these RIL
ranged from 0.1 to 0.9, which provided a wide range of
genetic backgrounds to research the effects of DEPI
under indica and japonica genetic backgrounds. The
results showed that, compared with the lines with the
DEP] allele, those with the dep! allele showed higher
grain yield per plant under both indica and japonica
genetic backgrounds. As the frequency of indica alleles
increased, the grain yield per plant and the harvest
index significantly increased in lines with the depl
allele (Table 3). This result indicated that the depl
allele has a superior effect under the indica genetic
background than under the japonica background. The
increase in grain yield per plant resulted from increased
harvest index, rather than increased biomass.

Traits associated with the sink—source relationship
are major determinants of plant architecture and yield
potential in crops (Cui et al. 2003). In lines with the
depl allele, the increased grain number per panicle
enlarged the sink, and the greater number of vascular
bundles allowed photosynthates to flow to the sink.
However, if the source is unchanged, this may lead to a
deficiency in the accumulation of dry matter and/or the
undesirable distribution of dry matter, which are
reflected by decreases in the setting rate and
1000-grain weight. Increases in the grain yield and
harvest index may be caused by other factors related to
DEPI, such as the heterotrimeric G protein that
regulates nitrogen signaling and leads to increased
harvest index and grain yield in plants with the depl
allele (Sun et al. 2014). Thus, we hypothesize that
improvements to photosynthetic efficiency may
strengthen the relationship between the sink and
source, consequently increasing the yield.

The grain yield of rice is determined by yield
components such as the number of grains per panicle,
number of panicles per plant, grain weight, and setting
rate. In recent molecular studies, several genes related to
natural variations in yield-related traits have been
isolated from rice. These genes have been shown to
increase grain yield in lines with the japonica genetic
background in field experiments. For example, APOI
affected the number of grains; SCM2 led to stronger
culms, and DEP] increased yield (Terao et al. 2010;
Huang et al. 2009; Ookawa et al. 2010). However, few
of the newly cloned genes have been reported to
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increase grain yield in cultivars with the indica genetic
background (Miura et al. 2011). The dep! allele has
been widely used in japonica rice breeding in northern
China. Since the 1980s, several high-yielding japonica
varieties with dense and erect panicles have been
released for commercial production (Wang et al. 2009).
Studies on whether yield-related genes that increase
grain yield under the japonica genetic background will
also increase yield under the indica genetic background
will provide insights into gene function and will be
useful for breeding high-yielding rice varieties. In this
study, dep] resulted in a superior phenotype under the
indica genetic background than under the japonica
background. Therefore, the introduction of depl into
indica varieties may further enhance their grain yields.
The data obtained in this study provide a theoretical
foundation for the application of erect-panicle archi-
tecture in indica rice breeding.
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