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The phenomenon of panicle enclosure in rice is mainly caused by the shortening of uppermost internode. Elucidating the molecu-
lar mechanism of panicle enclosure will be helpful for solving the problem of panicle enclosure in male sterile lines and creating 
new germplasms in rice. We acquired a monogenic recessive enclosed panicle mutant, named as esp2 (enclosed shorter panicle 2), 
from the tissue culture progeny of indica rice cultivar Minghui-86. In the mutant, panicles were entirely enclosed by flag leaf 
sheaths and the uppermost internode was almost completely degenerated, but the other internodes did not have obvious changes in 
length. Genetic analysis indicated that the mutant phenotype was controlled by a recessive gene, which could be steadily inherited 
and was not affected by genetic background. Apparently, ESP2 is a key gene for the development of uppermost internode in rice. 
Using an F2 population of a cross between esp2 and a japonica rice cultivar Xiushui-13 as well as SSR and InDel markers, we fine 
mapped ESP2 to a 14-kb region on the end of the short arm of chromosome 1. According to the rice genome sequence annotation, 
only one intact gene exists in this region, namely, a putative phosphatidylserine synthase gene. Sequencing analysis on the mutant 
and the wild type indicated that this gene was inserted by a 5287-bp retrotransposon sequence. Hence, we took this gene as a can-
didate of ESP2. The results of this study will facilitate the cloning and functional analysis of ESP2 gene. 
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At present, the planting area of hybrid rice in China is up to 
17330000 hm2, accounting for more than half of the total 
planting area of rice, for which an area of ~150000 hm2 is 
needed to produce hybrid rice seeds each year [1,2]. The 
currently used indica rice male sterile lines all suffer the 
problem of panicle enclosure to some extent, with 
30%–60% of the panicle enclosed by flag leaf sheath due to 
the length reduction of uppermost internode. To overcome  
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the panicle enclosure so as to increase the yield of hybrid 
seeds, a common practice is to spray gibberellin (GA3) at 
heading stage. However, this approach has the shortcomings 
of increasing cost, reducing seed quality and polluting en-
vironment, etc. [3]. Hence, genetically eliminating panicle 
enclosure in male sterile lines has long been an important 
goal of hybrid rice breeding. 

Rutger et al. [4] identified a recessive mutant with 
over-elongated uppermost internode in the F3 generation of 
a cross between two japonica rice cultivars and named the 
mutant as elongated uppermost internode (eui). Yang et al. 
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[5] obtained 2 eui mutant genes by irradiation mutating the 
indica rice cultivar Xieqingzao-B; they named the 2 genes 
as eui1 and eui2, among which eui1 is allelic to the one 
firstly identified by Rutger et al. [4]. He et al. [6] found that 
the eui1 mutant contained high levels of GA and was more 
sensitive to exogenous GA. Zhu [7] and Zhu et al. [8] have 
cloned the genes EUI2 and EUI1, respectively, revealing 
that EUI1 is a member of the cytochrome P450 family, 
while EUI2 encodes an epoxide hydrolase, both of which 
function to reduce the synthesis of endogenous GA in rice. 
Loss of any one of them could result in the accumulation of 
GA and therefore makes the uppermost internode elongated. 
The characteristic of over-elongation of uppermost inter-
node in eui mutants is potentially useful for overcoming the 
panicle enclosure of sterile lines and improving the pollina-
tion ability of restorer lines. However, practice has indicated 
that both eui1 and eui2 genes can not completely alleviate 
the panicle enclosure of rice sterile lines, implying that the 
level of endogenous GA synthesis in the uppermost inter-
node of rice sterile lines is very low [5,9–12]. 

Therefore, promoting GA synthesis in uppermost inter-
node might be a key to solve the problem of panicle enclo-
sure in rice sterile lines. For this purpose, it is necessary to 
research the causes of panicle enclosure in rice. Five en-
closed panicle mutants have been reported in rice [13–16], 
all of which showed the characteristics of reduced plant 
height, shortened uppermost internode and panicle enclo-
sure. However, these mutants have not been deeply studied 
so far. Most of the studies remained at the level of morpho-
logical, cytological and classical genetic analyses. Only one 
mutant gene (shp6) has been mapped so far [13]. 

We obtained a monogenic recessive mutant esp2 from 
the progeny of tissue culture in rice, which exhibited com-
plete panicle enclosure. In this study, we performed mor-
phological observation and genetic analysis on the mutant 
and conducted fine mapping of ESP2 gene, aiming to fa-
cilitate the cloning and functional analysis of the gene. 

1  Materials and methods 

1.1  Plant materials 

The esp2 mutant was found from the tissue culture progeny 
of indica rice cultivar Minghui-86. Other experimental ma-
terials included the wild-type Minghui-86, indica rice culti-
var Zao-R974 and japonica rice cultivar Xiushui-13. 

1.2  Genetic analysis 

The esp2 mutant was crossed with Minghui-86, Zao-R974 
and Xiushui-13, respectively. The segregation of normal 
plants and mutant plants in the F2 populations of the three 
crosses was investigated at the heading stage, and the seg-
regation ratios were tested using the method of chi-square 
test. 

1.3  Molecular markers 

The RM-series SSR markers available on the website Gra-
mene (http://www.gramene.org/) were used for preliminary 
mapping of the target gene. In the region covering the target 
gene, new SSRs were identified by scanning the genome 
sequence of japonica cultivar Nipponbare (http://rapdb.dna. 
affrc.go.jp/download/) using the program SSRIT provided 
by Gramene, and InDels were identified by aligning the 
genome sequences of Nipponbare and indica cultivar 93-11 
(http://rice.genomics.org.cn/rice/link/download.jsp) using the 
program BLAST. Specific primer pairs were designed to 
develop new SSR markers (named with ‘SSR’ as the prefix 
for distinction) and InDel markers based on their flanking 
sequences using the program Web-Premier (http://www.- 
yeastgenome.org/cgi-bin/web-primer). 

1.4  Gene mapping 

The F2 population of esp2 × Xiushui-13 was used for gene 
mapping. Following the principle of bulked segregant 
analysis (BSA) [17], 15 normal plants and 15 mutant plants 
were randomly selected from the F2 population to make 2 
DNA pools, which were genotyped, with the 2 parents as 
controls, to quickly identify markers possibly linked to the 
target gene. The linked markers screened were further used 
to genotype individual mutant plants in the F2 population, 
and the linkage relationship among the target gene and the 
markers was analyzed using the program Mapmaker/Exp 
3.0 [18]. Total DNA extraction and molecular marker de-
tection were all performed following the methods described 
by Duan et al. [19]. 

1.5  Sequence analysis and candidate gene  
identification 

According to the annotations of the rice genome (http://rice. 
plantbiology.msu.edu/), all the genes located within the in-
terval covering the target gene were found out, from which 
the candidate gene was identified. The candidate gene was 
further confirmed by sequencing analysis.  

2  Results 

2.1  Morphological features of esp2  

The mutant esp2 had normal vegetative growth. Its pheno-
type was similar to that of the wild type (Minghui-86) at the 
seedling stage and the tillering stage. After heading stage, 
however, the mutant was obviously dwarfed, with panicles 
entirely enclosed by flag leaf sheaths and uppermost inter-
nodes hardly elongated (length < 0.3 cm; whereas, length ≈ 
30 cm in the wild type); nevertheless, the other internodes in 
the mutant had no significant changes in length (Figure 1). In 
addition, the panicle length of esp2 was also slightly 



1478 Guan H Z, et al.   Chinese Sci Bull   May (2011) Vol.56 No.14 

 

Figure 1  Phenotypes of the panicle enclosure mutant esp2 and the wild 
type in rice. (a) Plant; (b) panicle and upper part of stem. White arrow: flag 
leaf pulvinus; yellow arrow: panicle neck node; red arrow: uppermost node; 
esp2: mutant; wt: wild type. 

(~14%) shorter and the grain number per panicle of esp2 
was slightly (12%) smaller than those of the wild type. 
Hence, we named the mutant as enclosed shorter panicle 2 
(esp2; here, the number 2 was for distinction from another 
panicle enclosure mutant discovered by us). However, the 
fertility of esp2 was not affected. The mutant could produce 
seeds normally. 

2.2  Inheritance of the mutant trait 

The F1 generations of the crosses between esp2 mutant and 
Minghui-86, Zao-R974 and Xiushui-13 were all normal in 
heading. Their F2 generations all showed the segregation of 
normal plants and mutant plants, following a ratio of 3:1 
(Table 1), suggesting that the mutant phenotype is caused 
by a single recessive gene. Besides, the mutant characteris-
tic of panicle enclosure was always typical in different ge-
netic background, suggesting that the mutant phenotype can 
be inherited steadily.  

2.3  Preliminary mapping of ESP2 

A total of 165 RM-series SSR markers were used to analyze 
the two parents (esp2 and Xiushui-13) and the normal and 
mutant DNA pools. Three SSR markers on the end of the 
short arm of chromosome 1, RM84, RM1282 and RM495, 
were found to be polymorphic between the 2 pools, sug-
gesting that they might be linked to the target gene ESP2. 
Further analysis with the three SSR markers on 770 mutants 
from the F2 population showed that ESP2 is located be-
tween RM1282 and RM84, with genetic distances of 1.01 
and 10.29 cM to the two markers, respectively (Figure 2).  

Table 1  Segregations in the F2 populations of crosses between esp2 mu-
tant and different cultivars 

Cross combination Normal plant Mutant plant χ2 (3:1) P 

esp2/Minghui-86 302 105 0.14 0.70 

esp2/Zao-R974 427 147 0.11 0.70 

esp2/Xiushui-13 4225 1380 0.43 0.50 

 

Figure 2  Result of preliminary mapping of ESP2. 

2.4  Fine mapping of ESP2 

Nine SSR markers were designed in the interval between 
RM1282 and RM84. Three of them (named SSR1, SSR2 
and SSR3; see Table 2 for their primer sequences) showed 
polymorphisms between the 2 parents. Analysis of 770 F2 
mutant plants with these three SSR markers indicated that 
ESP2 is located between SSR1 and SSR3 with distances of 
0.50 and 2.67 cM to the two markers, respectively, and 
cosegregated with SSR2. The BAC clone containing SSR2 
(AP002541) and its two adjacent BAC clones (AP002747 
and AP002868) were found out from the rice genome se-
quence, and 17 InDel markers were designed on these BAC 
clones by comparing the sequence differences between ja-
ponica rice (Nipponbare) and indica rice (93-11). Five of 
these InDel markers (named InDel1–InDel5; see Table 2 for 
their primer sequences) showed polymorphisms between the 
2 parents. These five InDel markers together with SSR2 
were employed to analyze 2720 F2 mutant plants. The re-
sults indicated that ESP2 was located between InDel2 and 
SSR2, with a genetic distance of 0.018 cM (one recombi-
nant), respectively, or a corresponding physical distance of 
~14 kb to either of the markers (Figure 3). 

2.5  Candidate of ESP2 

According to the rice genome sequence annotation provided 
by the rice genome database (http://rice.plantbiology.msu. 
edu/), there are only two genes in the 14-kb region where 
ESP2 was located (Figure 3). One is a putative phosphati-
dylserine synthase gene, the other is a putative glycosyl-
transferase gene. As part of the sequence of the latter gene 
is located outside the 14-kb region, we thought that the 
former one might be the candidate gene of ESP2. This was 
supported by the results of sequencing analysis, which in-
dicated that the putative phosphatidylserine synthase gene 
in the mutant was inserted by a 5287-bp retrotransposon 
sequence at 1296 bp downstream from the initiation codon, 
while the putative glycosyltransferase gene sequence in the 
mutant was exactly the same as that in the wild type. 
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Table 2  Markers and their primer sequences used for the fine mapping of ESP2 

Marker Forward (5′→3′) Reverse (5′→3′) BAC clone 

SSR1 TTGCAATCCAAACCTCTGTG AATCCTGCCTTCCTCCAGTT AP003338 

Indel1 CAGCAAGAGGGTTCAAGTAG TTTAATGTGGGAAAGACACC AP002541 

Indel2 CACTCATGCCCCTTTGAAAT TGGATTGACCGTAGTGGAGA AP002541 

SSR2 GGCTTCAGCTACCTTCTTCT AGCAGGGAACTGAAAGAGAG AP002541 

Indel3 TGCAGCTCTGTACAAGGTAGT TGCTTGATCTTCTTCAGGAC AP002541 

Indel4 GTTGTCATGTTCCTGTTTGC CCAACTTTGACCTGTGATGT AP002541 

Indel5 AGGTGGAGCTATGCTTTGA GCCTCCATGACATTATTTGT AP002868 

SSR3 TTGTGTGTGAATTGTGTTGG GCAATCTGAGAGCGTTTTTA AP003214 

 

Figure 3  Fine mapping result and candidate gene identification of ESP2. 

3  Discussion 

The phenomenon of panicle enclosure in rice is mainly 
caused by the shortening of uppermost internode. The de-
gree of panicle enclosure is determined by the degree of 
uppermost internode shortening. The mutant esp2 discov-
ered in this study has two important features: (i) the upper-
most internode is almost completely degenerated and hardly 
elongated, resulting in complete enclosure of the panicle 
inside the flag leaf sheath; and (ii) the internode shortening 
is highly specific, limited to the uppermost internode only, 
while all other internodes do not show obvious changes in 
length. These two features reflect the importance and speci-
ficity of ESP2 for the development of uppermost internode. 
According to the second feature, it appears that there is a 
regulation mechanism for the development and elongate of 
uppermost internode independent of other internodes. This 
mechanism might be related to the special position of up-
permost internode (as a junction between panicle and stem) 
and its important role in the process of reproduction (head-
ing). Therefore, deeply studying the functions of ESP2 is 
significant for understanding the molecular mechanisms of 
uppermost internode development and heading in rice.  

At present, 5 enclosed panicle mutants have been re-
ported in rice, including shpl, shp2, shp5, shp6 and fsp 
[13–16], most of which are expressed as partial panicle en-
closure, completely different from esp2. Although fsp ex-
hibits complete panicle enclosure, its uppermost five inter-
nodes are all shortened to some extent, unlike esp2 which 
only affects the uppermost internode specifically. So far, we 
have only seen a report that SHP6 gene was mapped on 
chromosome 2 [13], but not seen reports about the mapping 
of other panicle enclosure genes. Obviously, SHP6 is not 
allelic to ESP2. Taken together, esp2 should be a new en-
closed panicle mutant and ESP2 should be the first panicle 
enclosure gene that has been fine mapped. 

In this study, we fine mapped ESP2 to a 14-kb region 
using a large population. According to the sequence annota- 
tion, only one intact gene exists in this region, namely, a 
putative phosphatidylserine synthase gene. Sequencing 
analysis on the mutant and the wild type suggested that the 
putative phosphatidylserine synthase gene is very likely to 
be ESP2. Phosphatidylserine is an important component of 
cell membrane phospholipids, which can regulate the func- 
tional status of key proteins in cell membrane, has important 
regulating effect on cellular metabolism, and acts as an in- 
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termediate between cell membrane receptors and second 
receptors [20]. Phosphatidylserine synthase is a tool enzyme 
for synthesizing phosphatidylserine, belonging to the family 
of phosphatidyl diester synthase, which takes phospholipids 
as substrates, catalyzing transesterification between phos-
pholipids and nucleophilic donors in the water [21]. Pres-
ently, functional phosphatidylserine synthase genes have 
been found in bacteria, yeast, mammals and plants. As a 
phosphatidylserine synthase gene, why ESP2 plays such an 
important and specific role in the development of uppermost 
internode in rice? This is really an interesting question. We 
are now studying the functions of the candidate of ESP2 
in-depth from a number of aspects, hoping to find out the 
answer. 
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