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Introduction

In rice breeding, two morphological improvements have 
dramatically increased rice production in recent years. The 
first was the green revolution of the 1960s in which the de-
velopment of semi-dwarf lines greatly enhanced rice yield 
(Suh and Heu 1978). The second was the ideal plant archi-
tecture that allowed for the continued increase in rice yield 
to significantly higher levels than before (Khush 1995, Peng 
et al. 2008). Despite these two breakthrough improvements 
in rice yields, the world population faces an imminent food 
crisis in the next 50 years. Thus, breeders and scientists are 
keen to develop new morphological improvements that can 
create elite high-yielding cultivars.

Since the 1980s, a number of high-yielding japonica rice 
varieties, which are characterized by dense and erect pani-

cles, have been released in northern China. As the dense and 
erect panicle varieties began to occupy a dominant place 
among japonica rice in northern China, scientists and breed-
ers began to pay close attention to the dense and erect pani-
cle architecture. Xu et al. (1995) found that the erect panicle 
trait was controlled by a single dominant gene using the 
posterity of the cross between ‘Liaojing 5’ and ‘Toyonishiki’ 
(a famous japonica variety) (Xu et al. 1995). A major QTL 
that conferred the erect panicle was located between the 
DNA markers RM5652 and H90 on Chromosome 9 in 2007 
(Yan et al. 2007). In 2009, the target gene of the erect pani-
cle was identified to Os09g0441900 by three independent 
research teams and was named DEP1/EP/qPE9-1 (Huang et 
al. 2009, Wang et al. 2009, Zhou et al. 2009). In the DEP1 
locus, the replacement of a 637 bp stretch from the middle 
of the 5th exon with a 12 bp sequence results in erect panicle 
architecture. The DEP1 locus is pleiotropic for the erect 
panicle, the number of grains per panicle, and nitrogen up-
take and metabolism (Huang et al. 2009, Sun et al. 2014). 
DEP1 has a conventional plant-specific Gγ subunit protein 
domain in its N-terminus followed by a cysteine-rich domain 
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at the C-terminus. DEP1 mutants eliminate the TNFR 
cysteine-rich domain, but not the Gγ domain, resulting in 
two contrasting effects on plant architecture. First, it re-
presses longitudinal cell division and plant height during the 
vegetative growth period. Second, it promotes cell prolifer-
ation and panicle branching during the reproductive stage, 
which increases meristematic activity, resulting in reduced 
inflorescence internode lengths (Huang et al. 2009, Sun et 
al. 2014). These converse functions of the DEP1 mutant re-
sult in an erect panicle architecture, well-developed vascu-
lar bundles, an increase in the number of grains per panicle 
and a consequent increase in the grain yield. A recent study 
demonstrated that DEP1 is involved in rice nutrient-use ef-
ficiency (Sun et al. 2014), which makes DEP1 unique in 
rice breeding.

Much progress has been made in our understanding of 
the DEP1 molecular function in rice; however, the genetic 
diversity of DEP1 remains largely elusive. In recent years, a 
wide range of sequencing has contributed to a better under-
standing of the function and application of major genes. An 
association study of major heading time genes using a core 
collection of 64 rice cultivars from around the world re-
vealed that variations in the rice flowering time gene Hd1, 
Heading date 3a (Hd3a)—a rice orthologue of FLOWER-
ING LOCUS (FT), and Early heading date 1 (Ehd1) con-
tribute to diversity in the flowering time (Takahashi et al. 
2009). Nucleotide diversity in Ghd7, a gene pleiotropic for 
grain number, plant height, and heading date, causes pheno-
typic changes in multiple traits, and some SNPs affect grain 
number regardless of photoperiod (Lu et al. 2012). Thus, 
large-scale sequencing of major genes that are related to 
important agronomic traits may provide us with more con-
clusive information regarding the function of major genes 
and the flexible application of these genes in rice programs.

In this study, we sequenced a germplasm collection of 72 
high-yielding cultivated japonica rice varieties from north-
ern China to identify diverse alleles, haplotypes, and key 
SNPs (in DEP1) that affect yield components. Our results 
showed that the 72 germplasms could be classified into sev-
en haplotypes based on the SNPs and indels that were de-
tected in the full-length genome of DEP1. The replacement 
of 637 bp by a 12 bp fragment explained the erect panicle 
architecture among 72 germplasms. An SNP (G/C) at the 
-1253 bp of the promoter region caused a core sequence 
shift (TGGGCC) of a site II transcriptional regulatory ele-
ment, which largely affects the number of primary and sec-
ondary branches and grain number per panicle among haplo-
types. Our results provide novel insights into the function 
and genetic diversity of DEP1. Moreover, the new allele 
detected in this study will contribute to the flexible applica-
tion of DEP1 in rice breeding.

Materials and Methods

Plant materials
A total of 72 accessions of high-yield Oryza sativa 

japonica varieties that have been widely released in north-
ern China were used in this study. Among the 72 varieties, 
19 varieties were collected from Heilongjiang Province, 16 
from Jilin Province, 23 from Liaoning Province, and 14 
were original Japanese varieties. The basic information for 
each germplasm is shown in Supplemental Table 1. All of 
the germplasms were grown in a paddy field at the experi-
mental farm of Shenyang Agricultural University, 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 transplanted per hill on May 23. The seedlings 
were transplanted at 30 cm × 15 cm spacing. The germ-
plasms were arranged in a randomized block design with 
three replications, and each replication included at least 40 
plants. Fertilizer was applied as a basal dressing at an appli-
cation rate of 75 kg ha–1 N, 150 kg ha–1 P, and 75 kg ha–1 K.

At the maturation stage (35 days after the full heading), 
the above-ground portions of 9 plants for each germplasm 
were harvested from each plot. After counting panicle num-
ber and measuring plant height, panicles were hand-
threshed and placed in water. Filled grains, which sank in 
water, were separated from the unfilled grains. To determine 
dry weight, the filled and unfilled grains were then oven- 
dried at 80°C for two days. The number of grains per pani-
cle and grain-filling percentage were calculated using the 
above data. Three average-sized panicles were taken from 
each plot to observe the number of primary branches, the 
number of secondary branches, and the number of spikelets 
on each branch.

DNA extraction, PCR, and sequencing
Three weeks after transplanting, we sampled and extract-

ed DNA from the leaves of 8 plants as a bulk for each germ-
plasm. Genomic DNA was isolated from fresh-frozen leaves 
using the CTAB method (Doyle 1991). The total 7158-bp 
length of DEP1 including 1837-bp promoter regions, 
344 bp 5′ UTR, 1272 bp coding region, 2877 bp intro, 
228 bp 3′ UTR and 600-bp downstream of DEP1 were 
amplified from genomic DNA using KOD plus Neo FX 
(Toyobo, Japan). The primer used to sequence the DEP1 lo-
cus is listed in Supplemental Table 2. The sequencing of 
the PCR production was performed at BGI Corporation 
(China). In order to understand the relationship of yield re-
lated genetic basis among the 72 accessions, we detected the 
population structure based on polymorphism of molecular 
markers in functional yield-related gene regions. Moreover, 
we expected to assess the contribution of DEP1 on yield 
components in diverse yield-related genetic backgrounds by 
considering the subgroups of 72 accessions according to 
their genetic clusters. Fifty-eight DNA markers related to 
the yield traits were selected for genotyping the 72 germ-
plasms according to previous studies conducted by Xing et 
al. (2010) and Huang et al. (2009). The primers are listed in 
Supplemental Table 3. The PCR for SSR markers and 
Caps markers was performed in a reaction mixture (5 mL 
total volume) containing 0.5 mL 10_Ex-Taq buffer, 0.5 mL 
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dNTPs (2 mM each), 0.25 mL DMSO, 0.02 mL Ex Taq, 
l00 ng genomic DNA and five pmol of each primer. The 
PCR conditions were as follows: 94°C for 10 min; 35 cycles 
of 94°C for 30 s, 50°C for 1 min and 72°C for 30 s; and 
finally 72°C for 7 min. Reaction products were loaded on 
12% polyacrylamide gels, run at 500 v for 2 h, stained with 
ethidium bromide, and then the gels were scanned with a 
molecular imager FX (Nippon Bio-Rad Laboratories, 
Tokyo). The PCR for indel markers was performed as de-
scribed above and the amplicons of markers were resolved 
in 1.0% agarose gels, stained with ethidium bromide, and 
visualized under UV light.

Data analysis
The genomic sequences and protein sequences were 

aligned by ClustalX 2.0.0, and the alignments were used as 
an input format into TASSEL V2.1. Nucleotide diversity 
and Tajima’s D statistics were calculated using the DnaSP 
5.0 program. To eliminate the effect of population structure 
(Q) and genetic relatedness (K) on the traits for marker-trait 
associations, Q and Q+K models were used. The Q model 
was performed using the general linear model (GLM) and 
the Q+K model was performed using the mixed linear 
model (MLM) in TASSEL V2.1 (Yu et al. 2006, Zhang et 
al. 2009). Fifty-eight DNA markers were used to calculate 
the kinship matrix (K) using the SPAGeDi software package 
(Hardy and Vekemans 2002), and all negative values be-
tween individuals were set to 0 (Yu et al. 2006). The Duncan 
multiple range test and critical test were conducted if the 
analyses were significant (P < 0.05). Statistical analysis 
was performed by the STATISTICA software (StatSoft 
1995). The evolutionary relationship among the 7 haplo-
types was inferred using the UPGMA method, and phylo-
genetic analyses were conducted using the MEGA5 software. 
The physical and chemical properties of DEP1 were pre-
dicted using Predictprotein (www.predictprotein.org). The 
secondary structure of DEP1 protein was predicted using 
the tools available at swissmodel.expasy.org. The trans-
membrane structure of DEP1 was predicted using the tools 
available at bioinf.cs.ucl.ac.uk. The transcriptional regulato-
ry elements of the promoter region of DEP1 were analyzed 
using the tools available at www.dna.affrc.go.jp/PLACE/
signalup.html. STRUCTURE 2.1 software (Pritchard et al. 
2000) was used to examine the population structure. Using a 
burn-in length of 1,000 steps followed by a run length of 
1,000 Monte Carlo Markov Chain replicates, the number of 
subgroups from k = 1 to k = 10 were tested with a model 
that assumed admixture and correlated allele frequencies for 
simulation. The most probable structure number of k was 
calculated based on Evanno et al. (2005). The effects of 
population structure on all traits were tested using PROC 
GLM. The model statement included one of the two compo-
nents of the k = 2 Q matrix from the STRUCTURE analysis 
(Yang et al. 2011).

Results

Population structure
Genotyping studies showed that all of the 58 DNA mark-

ers were polymorphic among the 72 germplasms. We identi-
fied a significant population structure in the collection that 
could be classified into two subpopulations because the 
highest log-likelihood scores of the population structure 
were observed when the number of populations was set at 2 
(k = 2). The genetic constitution of the germplasms from 
Heilongjiang and Jilin were distinct from those that of the 
germplasm from Liaoning and Japan (Fig. 1). According to 
the neighbor-joining tree, the germplasms from Heilong-
jiang and Jilin were classified into subgroup1 and germ-
plasms from Liaoning and Japan were classified into sub-
group2 (Supplemental Fig. 1). Relative kinship coefficients 
based on the DNA marker data showed that 53.72% of the 
pairwise kinship estimates were equal to 0, and the remain-
ing estimates were between 0.025 and 0.5, suggesting that 
there was either no relatedness or weak relatedness between 
these pairs of varieties (Supplemental Fig. 2).

Nucleotide diversity
The analysis of the nucleotide diversity of the whole 

genomic DNA sequence of DEP1 (7158 bp) from 72 germ-
plasms showed 45 single nucleotide polymorphics (SNPs) 
and 26 insertions and deletions (indels) were detected. The 
detailed information is listed in Supplemental Table 4. 
Varied DNA polymorphisms were observed in different 
regions of the DEP1 genome and the pairwise nucleotide 
diversity parameter (π) in the 5th exon was higher than that 
in other regions in the whole germplasm population. The 
pairwise nucleotide diversity parameter (π) in subgroup1 
was lower than that in subgroup2. The Tajima’s D values 
reached a significant positive level in the 5th exon region 
(5636–6330 bp) in subgroup2, whereas Tajima’s D values 
were negative in other regions in both subgroup1 and sub-
group2 (Fig. 2).

Fig. 1. Population structure for 72 accessions obtained by analysis 
with the STRUCTURE program. Two clusters (k = 2, indicated by 
green and red shading) were obtained from the simulation using all 
72 accessions based on 58 DNA markers. Most of the Heilongjiang 
and Jilin cultivars were assigned to the red group while most of the 
Liaoning and Japanese cultivars were assigned to the green group.
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Comparison sequences and haplotype analysis
Among the 45 SNPs and 26 indels, we selected 7 SNPs 

and 7 indels with a bi-allele frequency > 2.5% for haplotype 
analysis. We constructed 7 haplotypes (H1–H7) from the 72 
germplasms (Fig. 3). Among the 7 SNPs and 3 indels, the 
G/C SNP at the -1253 bp of the promoter region and the 
637 bp/12 bp substitution showed higher frequency (Sup-
plemental Table 5). The G/C SNP at 1253 bp caused an 
amino acid change in the promoter region while the 

637 bp/12 bp substitution caused a frame shift mutation in 
the protein in DEP1. The latter mutation results in the erect 
panicle architecture. The H1, H2, and H3 haplotypes had the 
12 bp substitution, which exhibited the erect panicle archi-
tecture. The other 4 haplotypes, H4, H5, H6, and H7, carried 
a 637 bp substitution resulting in a curved panicle architec-
ture. Among subgroup1, H6 (G/637 bp) and H4 (C/637 bp) 
accounted for a large proportion; in subgroup2, most germ-
plasms had H2 (G/12 bp) and H4 (C/637 bp) haplotypes.

Fig. 2. Nucleotide diversity analysis and test for neutral selection in subgroup1 and subgroup2. *, significant at P < 0.05.

Fig. 3. Haplotype analysis of the DEP1 gene region in the 72 cultivars. (A) The promoter region and entire length of the DEP1 genome is shown 
in the graphic on the top. The positions of every SNP (SNP frequency > 2.5%) and indels are shown in the first row. Seven haplotypes (Hap1–
Hap7) were detected in the 72 cultivars. The number of cultivars in each subgroup is shown in the right columns. (B) Phylogenetic tree of the 7 
haplotypes (Hap1–Hap7).
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Bioinformatics analysis of DEP1
The analysis of transcriptional regulatory elements in the 

promoter region in DEP1 showed that G/C SNPs at 
-1253 bp caused a core sequence shift (TGGGCC) of site II 
transcriptional regulatory elements. The coding region anal-
ysis showed that 3 SNPs and 1 indel could classify the 
DEP1 protein from 72 germplasms into 3 main types: types 
I, II, and III. Type I includes the H7 haplotype, type II in-
cludes H4, H5, and H6. Type II includes H1 and H2 while 
type III has H3. Although there was a 3 amino acid change 
between type I and type II, the physical and chemical prop-
erties, secondary structure, and transmembrane structure of 
type I and type II were similar between the types. Compared 
with type I and type II, type III lost 231 amino acids, which 
caused a change in physical and chemical properties, and 
secondary and transmembrane structures (Supplemental 
Table 6, Supplemental Fig. 3).

Association between haplotype and panicle traits
Six traits were collected for varieties in this association, 

and the measured traits showed relatively high broad-sense 
heritability with the exception of the1000-grain weight 
(Supplemental Table 7). Only a small part of the pheno-
typic variation for the trait was due to the presence of sub-

groups, with an average of 8% across all traits with the ex-
ception of heading date (Supplemental Table 7). The GLM 
(Q) and MLM (Q+K) models (Table 1) showed that the 
12 bp/637 bp substitution of DEP1 was significantly associ-
ated with heading date, panicle length, number of primary 
branches, number of secondary branches and grain number 
per panicle. The G/C SNP (-1253) at the promoter region of 
DEP1 only showed a significant association with panicle 
length.

The investigation of yield components among the 7 haplo-
types confirmed that the G/C SNP and 12 bp/637 bp substi-
tution strongly affected yield components. In subgroup1, 
Hap1 and Hap2 had the 12 bp substitution that corresponds 
to the erect panicle architecture, and they showed a signifi-
cant increase in the number of primary and secondary 
branches, and number of grains per panicle compared with 
Hap4, Hap5, and Hap6, which had the 637 bp substitution 
(Table 2). The G/C SNP at -1253 bp in the promoter region 
caused a different phenotype in the haplotypes compared 
with a 637 bp substitution (Hap4, Hap5, and Hap6). The G 
allele in Hap5 and Hap6 is related to a decrease in the num-
ber of primary and secondary branches and number of 
grains per panicle compared with Hap4 which has a C al-
lele. Similarly, in subgroup2, the G allele was related to a 

Table 1. Association analysis results of traits by GLM (Q) and MLM (Q+K) models

Region Position (bp) Allele Model
P-Marker

HD PL NPB NSB GPP TGW
Promoter -1302 1 bp/0 bp Q 0.443 0.429 0.245 0.487 0.964 0.054

Q+K 0.529 0.468 0.262 0.345 0.806 0.051
-1253 G/C Q 0.629 0.002 0.304 0.713 0.731 0.686

Q+K 0.716 0.003 0.767 0.762 0.675 0.335
-424 1 bp/0 bp Q 0.137 0.563 0.631 0.159 0.192 0.664

Q+K 0.283 0.694 0.792 0.435 0.563 0.795
-181 A/G Q 0.561 0.880 0.830 0.924 0.998 0.670

Q+K 0.494 0.856 0.654 0.828 0.950 0.640
Exon 5 3184 A/G Q 0.891 0.444 0.861 0.807 0.907 0.608

Q+K 0.850 0.408 0.759 0.417 0.456 0.584
3457 12 bp/637 bp Q 0.044 0.001 0.000 0.001 0.000 0.247

Q+K 0.015 0.002 0.000 0.005 0.000 0.247

P-marker indicates the significance between marker and the phenotype, and a level of P < 0.05 was taken as significant.
HD: Heading date, PL: panicle length, NPB: number of primary branches, NSB: number of secondary branches, GPP: number of grains per pani-
cle, TGW: 1,000 grain weight, GL: grain length, GW: grain width.

Table 2. The yield components of each haplotype between subgroup1 and subgroup2

Group Haplotype HD (d) PL (cm) NPB NSB GPP TGW (g) GL (mm) GW (mm)
Subgroup 1 Hap 1 (G/dep1) 109.5 ± 0.7 a 16.5 ± 0.9 a 11.0 ± 1.4 ab 29.0 ± 7.9 a 139.8 ± 24.9 a 24.4 ± 0.0 ab 6.9 ± 0.0 a 3.2 ± 0.0 ab

Hap 2 (G/dep1) 109.3 ± 0.8 a 16.9 ± 1.6 a 12.7 ± 0.5 a 25.3 ± 8.1 ab 143.1 ± 20.6 a 26.5 ± 1.9 a 7.6 ± 0.7 a 3.2 ± 0.2 ab
Hap 4 (C/DEP1) 101.4 ± 8.0 ab 18.9 ± 1.9 a 11.5 ± 1.1 ab 24.3 ± 5.8 ab 129.0 ± 23.4 ab 23.9 ± 2.2 b 7.4 ± 0.5 a 3.2 ± 0.2 b
Hap 5 (G/DEP1) 102.5 ± 0.7 ab 18.6 ± 1.3 a 10.0 ± 0.0 bc 19.6 ± 3.4 bc 108.8 ± 11.9 b 26.3 ± 1.2 a 7.8 ± 0.3 a 3.3 ± 0.1 ab
Hap 6 (G/DEP1)  98.6 ± 5.2 b 18.1 ± 4.2 a  8.8 ± 1.4 c 17.1 ± 2.9 c  96.6 ± 11.7 c 26.4 ± 1.4 a 7.3 ± 0.3 a 3.3 ± 0.2 a

Subgroup 2 Hap 2 (G/dep1) 113.4 ± 1.1 b 17.4 ± 1.0 b 13.3 ± 1.2 ab 27.5 ± 5.0 a 153.5 ± 19.8 a 24.0 ± 1.9 b 7.4 ± 0.2 a 3.2 ± 0.1 b
Hap 3 (C/dep1) 108.5 ± 0.7 b 17.0 ± 0.4 b 14.0 ± 1.4 a 19.1 ± 5.0 bc 133.8 ± 16.6 b 29.2 ± 2.7 a 7.7 ± 0.1 a 3.4 ± 0.1 a
Hap 4 (C/DEP1) 112.0 ± 3.8 a 20.2 ± 1.8 a 10.0 ± 1.1 c 21.3 ± 7.8 ab 117.9 ± 28.2 b 26.2 ± 2.4 a 7.6 ± 0.3 a 3.3 ± 0.1 a
Hap 6 (G/DEP1)  99.3 ± 9.1 b 17.7 ± 2.1 b  8.3 ± 1.9 d 12.6 ± 2.8 c  82.7 ± 22.0 c 24.0 ± 2.1 b 7.3 ± 0.4 a 3.3 ± 0.2 a
Hap 7 (C/DEP1) 110.5 ± 1.0 a 20.2 ± 0.8 a 11.8 ± 0.5 b 22.5 ± 2.4 ab 129.5 ± 12.2 b 25.8 ± 1.7 ab 7.5 ± 0.2 a 3.3 ± 0.2 a

HD: Heading date, PL: panicle length, NPB: number of primary branches, NSB: number of secondary branches, GPP: number of grains per pani-
cle, TGW: 1,000 grain weight, GL: grain length, GW: grain width. Within a column, data followed by different lowercase letters indicate signifi-
cant difference at 5% probability levels.
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decrease in the number of primary and secondary branches 
and number of grains per panicle compared with the C allele 
when the haplotypes had 637 bp substitution (Hap4, Hap6, 
and Hap7). Interestingly, the G allele (Hap2) was related to 
an increase in the number of primary and secondary branches 
and the number of grains per panicle compared with the C 
allele (Hap3) when the haplotypes had a 12 bp substitution 
(Table 2).

Discussion

Erect panicle architecture in rice is an important morpho-
logical improvement, and significantly enhances the yield of 
rice production. Besides the DEP1 locus, DEP2, allelic to 
EP2 (Os07g0616000), was identified from the mutations of 
‘Zhonghua 11’ and ‘Nipponbare’ (Abe et al. 2010, Li et al. 
2010). DEP3 (Os06g0677000) was identified from a muta-
tion in an elite Korean japonica cultivar (Qiao et al. 2011), 
and both the dep3 and dep2/ep2 alleles were recessive 
alleles that caused a dense and erect panicle architecture. In 
this study, we found the 637 bp/12 bp substitution at the 
DEP1 locus can explain all the erect panicle architectures 
found among 72 high-yielding japonica rice varieties. The 
DEP1 thought to be a transmembrane protein (Botella 
2012), and the replacement of a 637-bp stretch by a 12-bp 
sequence in the 5th exon eliminates the TNFR cysteine-rich 
domain (Sun et al. 2014). A recent study showed experi-
mental evidence that AGG3, a homologue gene of DEP1 in 
Arabidopsis, contains a functional transmembrane domain, 
and the cysteine-rich domain at C-terminus is extracellular 
(Wolfenstetter et al. 2015). Our bioinformatics analysis con-
firmed the replacement of a 637 bp stretch by a 12 bp se-
quence in type III protein, which may cause a change of 
transmembrane structure compared to type I protein and 
type II protein, and subsequently change the function of 
DEP1. For example, the grain number per panicle of haplo-
types (H1, H2 and H3) that contain the type III protein was 
significantly greater than that of the other two types (Sup-
plemental Table 6). The significant positive Tajima’s D pa-
rameters in the 5th exon (5636 bp–6330 bp) region of DEP1 
in subgroup2 suggested that the positive selection may oc-
cur in this region during rice improvement and breeding. 
Moreover, a comparison of the pairwise nucleotide diversity 
parameter (π) with the genome-wide average level (0.0013) 
of japonica rice in 517 landraces in China (Huang et al. 
2010) showed that the π value of DEP1 (0.00045) was low-
er than the average level. Thus, DEP1 provides a target for 
selection for high yields during rice improvement in north-
ern China.

The dominant allele at the DEP1 locus in the japonica 
variety Shao313 caused a 40.9% increase of grain yield per 
plant, resulting from an increase in the number of grains per 
panicle (Huang et al. 2009). However, some studies did not 
report any significant change in grain number per panicle in 
erect panicle plant (Yi et al. 2011, Zhou et al. 2009). These 
results and observations indicate that the effects of DEP1 

may differ under different genetic backgrounds. In this 
study, the comparison of the DEP1 allele using 72 high- 
yielding varieties gave us a conclusive function of DEP1. 
The 12 bp allele in 3 (Hap1, Hap2, and Hap3) of 7 haplo-
types caused the formation of erect panicles with an in-
crease in the number of primary and secondary branches, 
and a number of grains per panicle as compared with a 
637 bp allele in the 4 other haplotypes (Hap4, Hap5, Hap6 
and Hap7). Thus, DEP1 increases the grain number per pan-
icle in a wide genetic background.

The G/C SNPs at -1253 bp caused a core sequence shift 
(TGGGCC) of a site II transcriptional regulatory element. 
Site II plays an important role in the meristematic tissue- 
specific expression of rice proliferating cell nuclear antigen 
gene, presumably by mediating putative enhancer activities 
dependent on the far upstream region (Kosugi et al. 1995). 
As previous studies and this study showed, the haplotypes 
that 12 and 637 bp substitutions showed contrasting panicle 
traits in primary and secondary branches and grains per pan-
icle (Huang et al. 2009, Wang et al. 2009, Zhou et al. 2009). 
The G allele (composing site II) seems to amplify this con-
trast effect. Among the haplotypes with the 637 bp allele 
(Hap4, 5, 6, 7), the G allele resulted in a decrease in the 
number of primary and secondary branches, and the number 
of grains per panicle compared with the C allele haplotypes. 
The G allele in the haplotypes with 12 bp substitution 
causes an increase in the number of primary and secondary 
branches and the number of grains per panicle compared 
with the C allele haplotype (Hap3). We found that among 
the 52 varieties that had a 637 bp substitution, 22 varieties 
carried the G allele, and 30 varieties had the C allele, where-
as all but one of the 16 varieties with the 12 bp substitution 
carried the G allele. These results indicate that the G allele 
is more important than the C allele for the DEP1 allele, 
which has the 12 bp substitution to exert its functions.

Our previous study showed that the plant showed superi-
or agronomic traits when the DEP1 locus was heterozygous 
(Xu et al. 2014). Moreover, the 12 bp substitution allele that 
caused the erect panicle trait exhibited better values for 
yield components in indica genetic background than in 
japonica (Xu et al. 2015). In this study, we found that the 
diversity in the promoter region of DEP1 led to a variation 
in panicle traits. Thus, these results will help to ensure that 
DEP1 be used more flexibly and comprehensively and may 
lead to new strategies in the use of DEP1 for rice breeding.
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