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Two β-amylase genes, OsBAM2 and OsBAM3, are involved in starch remobilization 
in rice leaf sheaths

Tatsuya Hirano, Takayuki Higuchi, Minako Hirano, Yu Sugimura and Hiroyasu Michiyama

Graduate School of Agricultural Science, Meijo University, Nagoya, Japan

ABSTRACT
To identify mechanisms of starch degradation in rice leaf sheaths at the post-heading stage, we 
investigated the function of OsBAM2 and OsBAM3, which encode plastid-targeted active β-amylase 
isoforms, in starch remobilization in leaf sheaths. The starch content in the second leaf sheaths 
below the flag leaf (the third leaf sheaths) peaked at the flag leaf emergence stage and gradually 
decreased until 15 days after heading. The mRNA levels of OsBAM2 and OsBAM3 in the third leaf 
sheaths increased from the flag leaf emergence stage to the heading stage when the starch content 
began to decrease. However, these mRNA levels did not always remain high during post-heading. 
Overexpression of OsBAM2 or OsBAM3 markedly repressed starch accumulation in the third leaf 
sheaths, showing that OsBAM2 and OsBAM3 function in starch degradation in rice leaf sheaths. In 
contrast, no significant differences in starch content in the third leaf sheaths were detected between 
knockdown plants of OsBAM2 or OsBAM3 and non-transgenic wild-type plants. Our results suggest 
that reduced expression of the individual genes, OsBAM2 or OsBAM3, does not result in excess 
accumulation of starch in the leaf sheaths, probably because of the complementary function of 
another gene or the action of other genes encoding starch-degrading.

Abbreviation: AGPase: ADP-glucose pyrophosphorylase; BSA: bovine serum albumin;  
EDTA: ethylenediamine tetraacetate; GBSS: granule-bound starch synthase; GWD: glucan, water dikinase;  
KD: knockdown; OE: overexpression; PCR: polymerase chain reaction; PWD: phosphoglucan, water 
dikinase; RT-PCR: reverse transcriptase polymerase chain reaction; SBE: starch branching enzyme; 
SEstandard error; SSS: soluble starch synthase; WT: non-transgenic wild-type
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Rice (Oryza sativa L.) leaf sheaths serve as temporary stor-
age organs for photoassimilates. Starch is accumulated 
at a high level in leaf sheaths prior to the heading stage 
and remobilized for grain filling after heading (Perez  
et al., 1971). Approximately 30% of the final grain yield 
is derived from carbohydrates accumulated transitorily in 
the leaf sheaths and culms (Cock & Yoshida, 1972). Thus, 
identifying the mechanisms of starch accumulation at 
the pre-heading stage and starch remobilization at the 
post-heading stage in leaf sheaths is important for improv-
ing rice grain yield.

Physiological and biochemical studies have been per-
formed to investigate the correlation between starch 
accumulation and starch-synthesizing enzymes in rice 
leaf sheaths (He et al., 2005; Hirano et al., 2005; Hirose  
et al., 1999, 2006; Perez et al., 1971; Watanabe et al., 1997). 
The activity of granule-bound starch synthase (GBSS) is 
positively correlated with the starch content of leaf sheaths 
(Perez et al., 1971). Watanabe et al. (1997) suggested that 

starch branching enzyme (SBE) is primarily involved in the 
regulation of starch accumulation in the leaf sheaths. The 
starch content of leaf sheaths at the heading stage was 
lower in rice plants grown under a high-nitrogen fertilizer 
regime than that under a low-nitrogen fertilizer regime, 
which was accompanied by a decrease in SBE activity 
(Hirano et al., 2005). Hirose et al. (2006) have shown that 
starch accumulation in leaf sheaths before the heading 
stage was accompanied by a transient rise in ADP-glucose 
pyrophosphorylase (AGPase), soluble starch synthase, 
GBSS, and SBE activities. They analyzed in detail the tran-
script levels of genes encoding these enzymes to develop 
and propose a profile of starch synthesis in leaf sheaths for 
comparison with that in endosperms. In this profile, AGPL1, 
AGPS1, SSI, SSIIb, SSIIIb, GBSSII, and BEIIa were expressed 
predominantly in leaf sheaths during the pre-heading 
stage (Hirose et al., 2006).

In contrast, the details of the enzymes involved in starch 
remobilization in leaf sheaths are largely unknown. Only 

 OPEN ACCESS

http://creativecommons.org/licenses/by/4.0/
mailto:thirano@meijo-u.ac.jp


292    T. Hirano et al.

Both BAM1 and BAM3 encode catalytically active, plas-
tid-localized proteins (Kaplan & Guy, 2005; Sparla et al., 
2006). These findings show that BAM3 is a β-amylase 
isoform that functions predominantly in starch degra-
dation in A. thaliana leaves and that BAM1 also plays an 
important role in this process, at least in the absence of 
BAM3 (Fulton et al., 2008). In contrast, in rice, although 
two β-amylase isoforms, OsBAM2 and OsBAM3, have 
been reported to be plastid-targeted active enzymes 
(Hirano et al., 2011), it is still unclear whether OsBAM2 
and OsBAM3 are actually involved in starch remobiliza-
tion in rice leaves.

Our objectives in the present study were to elucidate 
the function of OsBAM2 and OsBAM3 in starch remobili-
zation in rice leaf sheaths during the post-heading stage. 
We analyzed in detail the changes in OsBAM2 and OsBAM3 
mRNA levels in leaf sheaths at the pre- and post-head-
ing stages. In addition, we generated OsBAM2- and 
OsBAM3-overexpressing plants and OsBAM2- and OsBAM3-
knockdown plants to evaluate the effect of the expression 
levels of OsBAM2 and OsBAM3 in starch remobilization in 
leaf sheaths, and investigated their phenotypes.

2.  Materials and methods

2.1.  Plant materials and sampling

For analyses of carbohydrate content, β-amylase activ-
ity and mRNA levels of OsBAM2 and OsBAM3, three rice 
seedlings (O. sativa L., cv. Nipponbare) per pot were trans-
planted to 1/5000 are Wagner pots (three plants per pot) 
containing 3.0-kg paddy soil on 5 June, 2014 and were 
grown outdoors at Meijo University. As a basal fertilizer, 
chemical fertilizer consisting of N (15%), P (15%), and K 
(10%) was applied at 2.0 g per pot. Nitrogen fertilizer in 
the form of ammonium sulfate (0.3-g N per pot) was also 
applied at the 10th leaf stage. The second leaf sheaths 
below the flag leaf (the third leaf sheaths) were harvested 
between 9:30 and 10:30 am at the second leaf emergence 

a few reports have addressed the correlations between 
changes in starch content and starch-degrading enzymes 
in leaf sheaths during the post-heading stage. After head-
ing, the activity of α-amylase was consistent with the 
degree of starch degradation in leaf sheaths (Ishimaru  
et al., 2004). Chen and Wang (2008) reported that α-am-
ylase 2A (RAmy2A) and β-amylase (BAM) genes (Accession 
Number; AK068968, OsBAM3) were highly expressed in 
leaf sheaths at the post-heading stage. Recently, Sugimura  
et al. (2015) proposed that RAmy2A genes play an important 
role in leaf sheath starch degradation at the post-heading 
stage. These findings seem to support the involvement of 
α-amylase in starch degradation in leaf sheaths during the 
post-heading stage.

A pathway of starch degradation in leaves has been 
well elucidated in Arabidopsis thaliana (L.) Heynh and 
potato (Zeeman et al., 2010). The starch degradation 
depends on the reversible phosphorylation of glucans 
at the surface of the starch granule (Zeeman et al., 
2010). Two classes of enzymes, glucan, water dikinase 
(GWD) (Mikkelsen et al., 2004; Ritte et al., 2002, 2004; 
Yu et al., 2001) and phosphoglucan, water dikinase 
(PWD) (Baunsgaard et al., 2005; Kötting et al., 2005), are 
implicated in the glucan phosphorylation. Maltose is 
the major product of starch hydrolysis and is exported 
from chloroplasts at night (Chia et al., 2004; Fulton  
et al., 2008; Niittylä et al., 2004; Weise et al., 2004). The 
hydrolysis of α-1, 4-glucan chains is catalyzed primarily 
by β-amylases localized in chloroplasts (Fulton et al., 
2008; Kaplan & Guy, 2005; Lao et al., 1999; Scheidig et al., 
2002; Sparla et al., 2006). There are nine genes encod-
ing β-amylase-like proteins in the A. thaliana genome. 
Total β-amylase activity was significantly reduced in 
the leaves of bam1 and bam3 mutants as compared 
with the wild-type (WT) plants (Fulton et al., 2008). 
The bam3 mutant accumulated excess starch in leaves 
and the bam1 bam3 double mutant had a more severe 
phenotype than the bam3 mutant (Fulton et al., 2008). 

Table 1. Gene-specific primers used in this study.

Gene name RAP-ID Forward primer (5′ → 3′) Reverse primer (5′ → 3′)
<RT-PCR>
OsBAM2 Os10g0465700 CCTTTTGGGGTGGTTCATCTG GCCATCGTGTAGAAAATCTTAACCCG
OsBAM3 Os03g0141200 CGCCTGTCTGTCTCTGTTTGATTGATTC TGAGCCAGGTTGAGCGACATC
OsBAM4 Os01g0236800 GAACAGGTTCACCAAGTTCGTCAG CCGACATCGAGGAGAGGTAATG
OsBAM5 Os10g0565200 TAGTATGGAGGCGAGCTTCGTGGC CTGCAAACTCCCCGCATAATC
OsBAM6 Os07g0543100 CCGATCAGGATTGCTGTC TCTCGCCGTCGAACGGATAC
OsBAM8 Os09g0569200 ACCCTTGGCAAAGAGTTG AGGATACCACCTGCTCAC
OsBAM9 Os03g0351300 TTCACGTACCAGCGGATG GCTGCGTCTACACTGTCTG
OsEF1α1 Os03g0177400 AAGAACGGTGATGCTGGTATGG CCACTTGAACGAGGCTCATTTC
<Overexpression vector>
OsBAM2 CGGGATCCATGGCCTTGAACTTGGCTCA CGGGATCCTATGAGCGTCTGACCGTGCTAG
OsBAM3 CGGGATCCATGATGTCGCTCAACCTGGC CGGGATCCTTTTACCCTTCAACGCGCGAGG
<RNAi vector>
OsBAM2 CACCCAATCCCCAACCTCCCAATA ACGCCGTTCCTCCTGCTGCT
OsBAM3 CACCATCGTCGCTTCGGCGTAAC GCGGCATCATCACGTACACC
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stage, the flag leaf emergence stage, the heading stage, 
and 5, 10, 15, 20, and 40 days after heading.

Overexpression and knockdown plants of OsBAM2 and 
OsBAM3 (T2 generation) were grown under a photoper-
iod of 13-h light (845 μmol photon m− 2 s−1)/11-h dark at 
32/25  °C and approximately 60% relative humidity in a 
growth chamber. The third leaf sheaths were harvested 
between 9:30 and 10:30 am at the heading stage and 
20 days after heading. All harvested samples were longi-
tudinally divided into two equal parts, immediately frozen 
in liquid nitrogen, and stored at −80 °C.

2.2.  Vector construction and transformation of rice

All primers used for vector construction are listed in 
Table 1. Full-length cDNAs of OsBAM2 and OsBAM3 were 
amplified from cDNA prepared from rice (cv. Nipponbare) 
leaf blades by polymerase chain reaction (PCR) using 
PrimeSTARTM HS DNA Polymerase (TaKaRa) and inserted 
immediately downstream of the maize Ubi-1 promoter of 
pAHC17 (Christensen et al., 1992). The resulting plasmids, 
pAHC17-BAM2, or pAHC17-BAM3, were digested with 
HindIII and ligated together with a SacI/HindIII adapter into 
the binary vector pBECKS2000.2 (McCormac et al., 1999) 
digested with SacI to generate the constructs for OsBAM2 
and OsBAM3 overexpression.

The inverted repeat (IR) regions triggering RNA-
silencing of OsBAM2 and OsBAM3 were amplified by the 
method described above. The PCR products were cloned 
into the pENTR/D-TOPO cloning vector (Life Technologies) 
to generate entry vectors. The RNA-silencing vectors were 
produced by an LR Clonase reaction (Life Technologies) 
between each entry vector containing the IR region 
of OsBAM2 or OsBAM3 and the pANDA vector (Miki & 
Shimamoto, 2004; Miki et al., 2005).

Transgenic rice plants were generated by Agrobacterium 
tumefaciens-mediated transformation of rice (cv. 
Sasanishiki) calli derived from scutellum (Hiei et al., 1994). 
Plants (T0 generation) were regenerated from transformed 
calli selected with hygromycin B and transplanted to  
plastic pots containing nursery soil. The presence of 
the transgene was verified by PCR using genomic DNA 
extracted from the leaf blades of the resistant plants as 
the template.

2.3.  Semiquantitative RT-PCR

Total RNA was purified from germinating seeds, leaf blades 
at the active tillering stage, leaf sheaths at the active till-
ering stage, leaf sheaths at 10–14 days after heading, and 
developing caryopses at 10–14 days after heading, follow-
ing the procedures described by Hirano et al. (2011). The 
purified total RNA (1  μg) was reverse-transcribed using 

SuperScriptTM III Reverse Transcriptase (Life Technologies) 
with 50  pmol of Oligo(dT)20 Primer (Life Technologies). 
After the reaction, the cDNA solution was treated with 2 
U of Escherichia coli RNase H (Life Technologies) at 37 °C for 
20 min. The mRNA levels of β-amylase genes were evalu-
ated by semiquantitative RT-PCR using the gene-specific 
primers listed in Table 1. An aliquot of cDNA solution cor-
responding to 20 ng total RNA extracted from the third leaf 
sheaths was used as the template. The reaction was per-
formed using PrimeSTARTM HS DNA polymerase (TaKaRa) 
under the following conditions: 24, 26, or 28 cycles of 10 
s at 98 °C, 5 s at 55 °C, and 0.5 min at 72 °C. The amplified 
fragments were separated by electrophoresis on 1.5% 
(w/v) agarose gel.

2.4.  Quantitative RT-PCR

Total RNA purification and cDNA synthesis were per-
formed by the methods described above. The mRNA levels 
of OsBAM2 and OsBAM3 were evaluated by quantitative 
RT-PCR using the gene-specific primers listed in Table 1. 
An aliquot of cDNA solution corresponding to 20-ng total 
RNA extracted from the third leaf sheaths was used as 
the template. Quantitative RT-PCR was performed using 
a StepOnePlus Real-Time PCR System (Life Technologies) 
in a 20-μl reaction mixture containing Power SYBER Green 
PCR Master Mix (Life Technologies). A serial dilution series 
of plasmid DNA containing the partial cDNAs of the genes 
was prepared to construct a standard curve. The mRNA 
level estimated from the standard curve was standardized 
to the expression of OsEF1α1 (RAP-ID: Os03g0177400) 
(Hirano et al., 2011; Sugimura et al., 2015), which encodes 
the translation elongation factor 1A.

2.5.  Determination of starch and sugar contents

Starch, sucrose, and maltose contents in the third leaf 
sheaths were determined by the method of Sugimura  
et al. (2015).

2.6.  Determination of β-amylase activity

The activity of β-amylase was determined by the method 
of Scheidig et al. (2002) with modifications. Frozen leaf 
sheaths were extracted with 2 ml of ice-cold buffer con-
taining 50 mM MOPS–KOH (pH 7.5), 20 mM MgCl2, 2 mM 
CaCl2, 1  mM ethylenediaminetetraacetic acid (EDTA), 
0.1% (w/v) bovine serum albumin (BSA), and 0.1% (v/v) 
β-mercaptoethanol and 2% (w/v) polyvinylpolypyrro-
lidone. The samples were centrifuged at 20,000×  g for 
10 min at 4 °C. For the determination of β-amylase activ-
ity, 50  μl of the supernatant was mixed with 200  μl of 
buffer containing 100 mM sodium acetate (pH 5.4), 2 mM 
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3.  Results

3.1.  Changes in carbohydrate content and 
β-amylase activity in the leaf sheaths

Starch content in the third leaf sheaths peaked at the 
flag leaf emergence stage and then gradually decreased 
until 15  days after heading (Figure 1(a)). Beginning at 
20  days after heading, starch content rapidly increased 
until 40 days after heading. The sucrose contents in the 
third leaf sheaths gradually decreased from the second 
leaf emergence stage until the heading stage (Figure 1(b)). 
The sucrose contents rapidly increased from 15 days after 
heading until 40  days after heading. The glucose and 
fructose contents exhibited maximum levels at the sec-
ond leaf emergence stage and gradually decreased until 
5 days after heading (Figure 1(c)). The maltose content in 
the third leaf sheaths remained constant from the flag leaf 
emergence stage until 20 days after heading (Figure 1(d)).

The β-amylase activity in the third leaf sheaths 
remained substantially constant throughout the experi-
mental period (Figure 2).

3.2.  Expression analysis of β-amylase genes

Of the nine genes predicted to encode β-amylase iso-
forms annotated in the rice genome, OsBAM1 (RAP-ID: 
Os07g0543300) and OsBAM7 (RAP-ID: Os07g0667100) 
were expressed specifically in germinating seeds and 
developing caryopses, respectively (Hirano et al., 2011). 
Accordingly, we initially analyzed the transcript levels of 
β-amylase genes other than OsBAM1 and OsBAM7 in sev-
eral organs. The transcript levels of OsBAM2 and OsBAM3 
were highest in leaf sheaths after heading (Figure 3(a)). 
OsBAM2 and OsBAM3 were also highly expressed in leaf 
blades. OsBAM4 was clearly expressed in leaf blades and 
leaf sheaths after heading. OsBAM5 was expressed in leaf 
blades, leaf sheaths after heading and developing cary-
opses. The expression of OsBAM6 was detected specifically 
in leaf blades. OsBAM8 and OsBAM9 were constitutively 
expressed in all organs analyzed. OsBAM9 was strongly 
expressed in leaf sheaths after heading.

The mRNA levels of OsBAM2 and OsBAM3 were ana-
lyzed in detail in the leaf sheaths during the pre- and 
post-heading stages. The mRNA level of OsBAM2 gradually 
increased from the flag leaf emergence stage until 5 days 
after heading (Figure 3(b)). Subsequently, the mRNA levels 
peaked at 15 days after heading and then decreased fol-
lowing 15 days after heading. The mRNA level of OsBAM3 
decreased from heading stage to 5  days after heading. 
However, the level rapidly increased starting 10  days 
after heading, reached a maximum at 15 days after head-
ing. Thereafter, the level decreased markedly from 15 to 
20 days after heading.

EDTA, 0.1% (w/v) BSA, and 0.1% (v/v) β-mercaptoethanol. 
Assays were started by the addition of 50 μl of Betamyl-3® 
substrate solution (Megazyme) containing p-nitrophe-
nyl-β-D-maltotrioside as a substrate and β-glucosidase as 
a coupling enzyme at 40 °C. After 15 min, the reaction was 
stopped by the addition of 1.5 ml of 1% (w/v) Trizma base. 
The absorbance of the reaction solutions was analyzed at 
400 nm.
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Figure 1.  Changes in carbohydrate contents in the third leaf 
sheaths. The third leaf sheaths were harvested at the second leaf 
emergence stage, the flag leaf emergence stage, the heading 
stage, and 5, 10, 15, 20, and 40 days after heading. (a) Starch, (b) 
sucrose, (c) glucose and fructose, and (d) maltose. Data represent 
means ± SE of three replications.
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lines (Figure 5(c)). BAM2 KD and BAM3 KD plants accumu-
lated starch in the third leaf sheaths at levels similar to those 
of WT plants at the heading stage (Figure 5(d)). Although, 
at 20 days after heading, the starch contents of BAM2 KD 
and BAM3 KD plants tended to be slightly higher than that 
of WT plants, there were no significant differences among 
the three plant lines.

4.  Discussion

In rice leaf sheaths, starch is accumulated at a high level 
prior to the heading stage and remobilized for grain fill-
ing during the post-heading stage (Perez et al., 1971). In 
the present study, starch content in the third leaf sheaths 
peaked at the flag leaf emergence stage and then gradu-
ally decreased (Figure 1(a)), suggesting that starch degra-
dation in the third leaf sheaths was activated to provide 
carbohydrate to the ripening grains after the flag leaf 
emergence stage. The starch content was reduced to the 
lowest levels at 15  days after heading and then rapidly 
increased from 20 days after heading. These results sug-
gest that starch remobilization was almost complete by 
20 days after heading. We accordingly evaluated the β-am-
ylase activity and the mRNA levels of β-amylase genes in 
the third leaf sheaths until 20 days after heading.

Perez et al. (1971) analyzed β-amylase activity in leaf 
sheaths harvested at 6, 8, 10, 11 (booting stage), 12 (flow-
ering stage), and 14 weeks after transplanting, but there is 
little information concerning continuous changes in β-am-
ylase activity in leaf sheaths from the heading to the grain 
filling stage. In the present study, we analyzed in detail the 
β-amylase activity in the third leaf sheaths at the pre- and 
post-heading stages. The activity remained substantially 
constant from the third leaf emergence stage to 20 days 
after heading (Figure 2). Thus, no significant correlation 
between β-amylase activity and the amount of starch loss 
in the third leaf sheaths during the post-heading stage was 
detected. In A. thaliana, BAM5, an active β-amylase pro-
tein localized in the cytoplasm, may account for up to 80% 
(Caspar et al., 1989; Lin et al., 1988) or over 70% (Monroe  
et al., 2014) of total β-amylase activity in leaves. Thus, anal-
ysis using a bam5 mutant allowed the evaluation of the 
contribution of each plastid-localized β-amylase isoform 
to total β-amylase activity (Monroe et al., 2014). In rice, the 
existence of a cytosolic β-amylase isoform that actively 
functions in leaves is still undetermined. Identification of 
a cytoplasm-localized β-amylase protein and analysis of 
its activity may be needed to evaluate the correlations 
between changes in starch content and β-amylase activ-
ity in the leaf sheaths.

In the rice genome, there are nine genes predicted to 
encode β-amylase-like proteins (Hirano et al., 2011; Saika 
et al., 2005). Of these genes, at least OsBAM2 and OsBAM3 

3.3.  Phenotypic analysis of overexpression and 
knockdown lines of OsBAM2 and OsBAM3

We generated overexpression lines of OsBAM2 (BAM2 OE) 
and OsBAM3 (BAM3 OE) to determine whether the over-
expression of OsBAM2 and OsBAM3 in fact reduces starch 
content in rice leaves. The mRNA levels of OsBAM2 and 
OsBAM3 markedly increased in the third leaf sheaths of 
BAM2 OE and the BAM3 OE plants, respectively (Figure 
4(a)). The length of BAM2 OE plants was significantly 
shorter than that of non-transgenic WT plants (Figure 
4(b)). BAM3 OE plants exhibited a slightly dwarf pheno-
type. Starch content in the third leaf sheaths was markedly 
lower in BAM2 OE and BAM3 OE plants than in WT plants 
at the heading stage (Figure 4(c)). The starch content of 
BAM3 OE plants was significantly higher than that of BAM2 
OE plants.

Knockdown lines of OsBAM2 (BAM2 KD) and OsBAM3 
(BAM3 KD) were generated by the RNA interference method 
to evaluate the effect of the repressed expression of OsBAM2 
or OsBAM3 on the starch content in leaf sheaths. The mRNA 
level of OsBAM2 was significantly lower in the third leaf 
sheaths of BAM2 KD plants than in those of WT and BAM3 
KD plants (Figure 5(a)). Similarly, the third leaf sheaths of 
BAM3 KD plants exhibited drastically lower levels of OsBAM3 
mRNA than those of WT plants and BAM2 KD plants. Few 
differences in the growth habits were observed between 
knockdown and WT plants (Figure 5(b)). No significant dif-
ferences in panicle weight and yield components among the 
three plant lines were observed (data not shown). Although 
β-amylase activities in the third leaf sheaths tended to be 
lower in BAM2 KD and BAM3 KD plants than in WT plants, no 
significant differences were detected among the three plant 
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levels between the overexpressed OsBAM2 and OsBAM3 
or the kinetic properties between OsBAM2 and OsBAM3 
isoforms. A rice mutant lacking OsAGPL1 encoding a large 
subunit of ADP-glucose pyrophosphorylase, which had 
markedly reduced starch content in the stem, displayed 
the shorter plant length than WT plants (Okamura et al., 
2013). In the present study, the plant length of BAM2 OE, 
which accumulated much less starch in the leaf sheaths, 
was significantly shorter than that of WT plants, similarly 
to the mutant defective in OsAGPL1 (Figure 4(b)). These 
results suggest that the repression of starch accumulation 
in the leaf sheaths affects the plant growth via the abnor-
mal supply of carbohydrate.

The mRNA levels of OsBAM2 and OsBAM3 were higher 
in leaf sheaths after heading than in those before head-
ing and in leaf blades (Figure 3(a)). In addition, the mRNA 
levels of both OsBAM2 and OsBAM3 increased from the 
flag leaf emergence stage to the heading stage when the 
starch content began to decrease in the third leaf sheaths 
(Figure 3(b)). These results raise the possibility that OsBAM2 
and OsBAM3 play a role in starch degradation in the leaf 
sheaths. However, the mRNA level of OsBAM2 decreased 
from 5 to 10 days after heading and that of OsBAM3 rap-
idly decreased from the heading to 5  days after head-
ing. Subsequently, the mRNA levels of both OsBAM2 
and OsBAM3 reached a maximum at 15 days after head-
ing. Chen and Wang (2008) showed that the β-amylase 
gene (cDNA accession number: AK068968, designated as 
OsBAM3 in this study) was highly expressed in leaf sheaths 
coincidentally with a decrease in starch content during 
the post-heading stage. However, our results indicate that 
the mRNA levels of OsBAM2 and OsBAM3 did not always 
remain high from the heading stage to 15 days after head-
ing, when the starch content gradually decreased in the 
third leaf sheaths. In A. thaliana, expression of BAM5 is 
induced by sugar (Mita et al., 1995). Similarly in rice leaves, 
it is possible that the expression of OsBAM2 and OsBAM3 
may be tightly regulated in response to changes in carbon 
status in cells. Such a mechanism may at least in part cause 
the drastic changes in the mRNA levels of OsBAM2 and 
OsBAM3 in the third leaf sheaths during the post-heading 
stage.

Although the starch contents in the third leaf sheaths 
tended to be higher in both BAM2 KD and BAM3 KD than 
in WT plants at 20 days after heading, no significant differ-
ences were detected among their starch contents (Figure 
5(d)). These results indicate that the knockdown of the 
individual genes, OsBAM2 or OsBAM3, did not lead to the 
hyperaccumulation of starch in the leaf sheaths. In fact, 
the β-amylase activities in the third leaf sheaths were not 
significantly lower in BAM2 KD and BAM3 KD than in WT 
plants at the heading stage (Figure 5(c)). In A. thaliana, a 
bam3 mutant deficient for BAM3, one of the β-amylase 

encode plastid-targeted active isoforms (Hirano et al., 
2011). The finding that the overexpression of OsBAM2 
or OsBAM3 markedly reduced starch accumulation in 
the third leaf sheaths at the heading stage (Figure 4(c)) 
shows that OsBAM2 and OsBAM3 can in fact function in 
the degradation of starch stored transiently in plastid in 
vivo. The degree of starch loss was more pronounced in 
BAM2 OE than in BAM3 OE plants (Figure 4(c)). This phe-
nomenon may result from the differences in expression 
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Figure 3.  Expression analyses of β-amylase genes. (a) 
Semiquantitative RT-PCR of OsBAM2, OsBAM3, OsBAM4, OsBAM5, 
OsBAM6, OsBAM8, and OsBAM9 in various rice organs. Leaf blade 
and leaf sheath before heading were harvested at the active tilling 
stage, and leaf sheath after heading and developing caryopsis 
were harvested at 10–14 days after heading. OsEF1α1 encoding 
translation elongation factor 1A was used as the internal standard. 
(b) Changes in transcript levels of OsBAM2 and OsBAM3 in the 
third leaf sheaths by quantitative RT-PCR. The third leaf sheaths 
were harvested at the second leaf emergence stage, the flag leaf 
emergence stage, the heading stage, and 5, 10, 15 and 20 days 
after heading. Values were standardized to the transcript level of 
OsEF1α1 and represent means ± SE of three replications.
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isoforms targeted to plastids, accumulated an excess of 
starch in leaves, whereas the bam1 mutant deficient for 
plastid-targeted BAM1 showed normal accumulation of 
starch (Fulton et al., 2008). Monroe et al. (2014) reported 
that only the bam3 mutant among the single β-amylase 
mutants (bam1, bam2, bam3, and bam6) accumulated an 
excess of starch in leaves of five-week-old plants, but in 
eight-week-old plants all mutants displayed a starch-ex-
cess phenotype. Moreover, the bam1 bam3 (Fulton et 
al., 2008), the bam2 bam3, and the bam3 bam6 double 
mutants (Monroe et al., 2014) displayed a more extreme 
phenotype for leaf starch accumulation than the bam3 
mutant. Phenotypic analysis of double knockdown of 
OsBAM2 and OsBAM3 may reveal the contribution of these 
genes to starch degradation in leaf sheaths.

Asatsuma et al. (2005) showed that α-amylase I-1 
encoded by RAmy1A plays a role in starch degradation 
in rice leaves. The expression level of RAmy2A, encoding 

0

5

10

15

20

25

St
ar

ch
 c

on
te

nt
 (

m
g 

gF
W

-1
)

c

WT BAM2 OE BAM3 OE

a

b

(c)

(b)

0

20

40

60

80

100

120

Pl
an

t l
en

gt
h 

(c
m

)

WT BAM2 OE BAM3 OE

a
b

ab

OsBAM2

OsBAM3

OsEF1 1

1       2 1       2 1       2

WT BAM2 OE BAM3 OE(a)
PCR cycle

26

26

24

Figure 4. Phenotypic analyses of overexpression plants of OsBAM2 
and OsBAM3. (a) Semiquantitative RT-PCR of OsBAM2 and OsBAM3 
in the third leaf sheaths at the heading stage. OsEF1α1 was used 
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Figure 5.  Phenotypic analyses of knockdown plants of OsBAM2 
and OsBAM3. (a) Quantitative RT-PCR of OsBAM2 and OsBAM3 in 
the third leaf sheaths at the heading stage. OsEF1α1 was used 
as the internal standard. Data are relative to the transcript level 
of wild-type (WT) plants and represent means  ±  SE of three 
replications. Data followed by different letters represent significant 
difference at the 5% level by Tukey’s test. (b) Photographs of 
knockdown plants of OsBAM2 and OsBAM3 at booting stage. 
(c) β-Amylase activity in the third leaf sheaths at the heading 
stage. Data represent means  ±  SE of three replications. n.s., no 
significant difference at the 5% level by Tukey’s test. (d) Starch 
contents in the third leaf sheaths at the heading and 20 days after 
heading. Data represent means ± SE of three replications. n.s., no 
significant difference at the 5% level by Tukey’s test.
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water dikinase, OsGWD1, leads to hyperaccumulation of 
starch in leaves but exhibits limited effects on growth. 
Frontiers in Plant Science, 4, 147.
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enzymes for starch and sucrose metabolism and transport in 
leaf sheaths of rice (Oryza sativa L.) during the heading period 
in relation to the sink to source transition. Plant Production 
Science, 2, 178–183.

Hirose, T., Ohdan, T., Nakamura, Y., & Terao, T. (2006). Expression 
profiling of genes related to starch synthesis in rice leaf 
sheaths during the heading period. Physiologia Plantarum, 
128, 425–435.

Ishimaru, K., Kosone, M., Sasaki, H., & Kashiwagi, T. (2004). Leaf 
contents differ depending on the position in a rice leaf 
sheath during sink-source transition. Plant Physiology and 
Biochemistry, 42, 855–860.

Kaplan, F., & Guy, C. L. (2005). RNA interference of Arabidopsis 
beta-amylase8 prevents maltose accumulation upon cold 
shock and increases sensitivity of PSII photochemical 
efficiency to freezing stress. The Plant Journal, 44, 730–743.

Kötting, O., Pusch, K., Tiessen, A., Geigenberger, P., Steup, M., & 
Ritte, G. (2005). Identification of a novel enzyme required for 
starch metabolism in Arabidopsis leaves. The phosphoglucan, 
water dikinase. Plant Physiology, 137, 242–252.

Lao, N. T., Schoneveld, O., Mould, R. M., Hibberd, J. M., Gray, J. 
C., & Kavanagh, T. A. (1999). An Arabidopsis gene encoding 
a chloroplast-targeted β-amylase. The Plant Journal, 20, 519–
527.

Lin, T. -P., Spilatro, S. R., & Preiss, J. (1988). Subcellular localization 
and characterization of amylases in Arabidopsis leaf. Plant 
Physiology, 86, 251–259.

McCormac, A. C., Elliott, M. C., & Chen, D.-F. (1999). pBECK2000: A 
novel plasmid series for the facile creation of complex binary 
vectors, which incorporates ‘clean-gene’ facilities. Molecular 
and General Genetics, 261, 226–235.

one of the α-amylase isoforms, increased significantly in 
rice leaf sheaths at the post-heading stage (Chen & Wang, 
2008; Sugimura et al., 2015). The disruption of OsGWD1 
encoding α-glucan water dikinase displayed an excess-
starch phenotype in rice leaves (Hirose et al., 2013). In the 
present study, OsBAM4, OsBAM5, OsBAM8, and OsBAM9 
were distinctly expressed in leaf sheaths after heading 
(Figure 3(a)), raising the possibility that these β-amylase 
genes may contribute to starch degradation in leaf sheaths 
during the post-heading stage. These results suggest the 
involvement of several other genes as well as OsBAM2 and 
OsBAM3 in starch degradation in leaf sheaths, perhaps 
accounting for the absence of hyperaccumulation of starch 
in the leaf sheaths of BAM2 KD and BAM3 KD.
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