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Summary
Long hairpin RNA (hpRNA) transgenes are a powerful tool for gene function studies in plants, but
a genomewide RNAi mutant library using hpRNA transgenes has not been reported for plants.
Here, we report the construction of a hpRNA library for the genomewide identification of gene
function in rice using an improved rolling circle amplification-mediated hpRNA (RMHR) method.
Transformation of rice with the library resulted in thousands of transgenic lines containing
hpRNAs targeting genes of various function. The target mRNA was down-regulated in the
hpRNA lines, and this was correlated with the accumulation of siRNAs corresponding to the
double-stranded arms of the hpRNA. Multiple members of a gene family were simultaneously
silenced by hpRNAs derived from a single member, but the degree of such cross-silencing
depended on the level of sequence homology between the members as well as the abundance
of matching siRNAs. The silencing of key genes tended to cause a severe phenotype, but these
transgenic lines usually survived in the field long enough for phenotypic and molecular analyses
to be conducted. Deep sequencing analysis of small RNAs showed that the hpRNA-derived
siRNAs were characteristic of Argonaute-binding small RNAs. Our results indicate that RNAi
mutant library is a high-efficient approach for genomewide gene identification in plants.

Background
Forward and reverse genetics are powerful approaches for
identifying the components involved in various biological processes in plants. With the completion of genomic sequencing for
plants such as Arabidopsis, rice, maize and soybean, deciphering
the function of predicted genes, identifying novel genes and
understanding the molecular basis of important agronomic traits
have become a major focus. This has driven the concurrent
development of large libraries of mutant lines through chemical,
physical or insertional mutagenesis (Bolle et al., 2011; Chang
et al., 2012; Wang et al., 2013). T-DNA insertion has been the
most successful approach for generating mutagenized populations suitable for genetic studies. T-DNA insertion libraries with
millions of mutants have been generated in Arabidopsis and rice,
and these mutant lines are widely used for gene function studies
(Ahn et al., 2007; Bolle et al., 2011; Wang et al., 2013).
Transposon insertion as well as physical (e.g. c-radiation) or
chemical (e.g. ethyl methanesulphonate and sodium azide)
treatments has also been successfully used in mutagenesis studies
(Kolesnik et al., 2004; Piffanelli et al., 2007; Till et al., 2007).
However, all of these techniques are limited by inherent imperfections. For example, a large mutagenized population must be
generated to ensure sufficient genomewide coverage of genes, as
mutations occur randomly and often at intergenic and noncoding regions (http://signal.salk.edu/Source/AtTOME_Data_Source.
html). Many genes exist as multigene families, and obtaining
mutants in which all members of a gene family are mutated is
difficult; thus, scientists must commonly use mutant crossing to
achieve multiple mutations, but obtaining mutations in essential
genes is problematic as a loss of function is lethal to the plant.
Additionally, the mapping of mutations induced by chemical or

physical means is tedious and expensive, although recent
advances in high-throughput genome resequencing have made
this easier than before (Austin et al., 2011).
RNA silencing is a eukaryotic gene repression mechanism
induced by double-stranded (ds) or hairpin RNA (hpRNA).
dsRNAs or hpRNAs are processed by Dicer or Dicer-like (DCL)
proteins, generating small interfering RNAs (siRNAs) 20-24 nt in
length (Axtell, 2013; Jones- Rhoades et al., 2006; Wang et al.,
2012). These siRNAs are loaded onto Argonaute (AGO)
proteins to form RNA-induced silencing complexes (RISCs),
which cleave the cognate target mRNA (Jones- Rhoades et al.,
2006). RNAi has been successfully exploited as a tool in gene
function analyses. Short hairpin RNA (shRNA) constructs are
particularly effective at inducing silencing in mammalian cells
(Shirane et al., 2004), promoting the construction of many
shRNA libraries for genomewide gene function analyses. In
plants, however, shRNA constructs have not proven to be
highly effective; instead, long hpRNA transgenes have been
widely used to induce gene silencing or confer virus resistance
(Mao et al., 2007; Wang and Waterhouse, 2002), with the
frequency of silencing often reaching >70% in a transgenic
population (Smith et al., 2000). Therefore, the transformation
of plants with a library of long hpRNA constructs targeting all
transcripts is likely to generate populations of gene knockout
or knockdown lines suited for genomewide gene function
analyses.
The rolling circle amplification-mediated hpRNA (RMHR)
construction technique permits the rapid, efficient and inexpensive preparation of genomewide long hpRNA expression libraries
(Wang et al., 2008). In the present study, we optimized our
RMHR system and used it to generate a long hpRNA library
targeting rice genes. Subsequently, this long hpRNA library was
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transformed into rice to generate RNAi mutant library, resulting in
a large number of transgenic lines containing hpRNAs against
various types of genes and showing various phenotypic changes
in comparison with wild-type (WT) plants. This RNAi mutant
library therefore provides a high-efficiency tool for genomewide
gene function analyses in rice.

Results
Construction of rice hpRNA libraries
Construction of intermediate rice cDNA libraries
Total RNA was extracted separately from various rice tissues (see
Materials and Methods) and then mixed in equal amount for
cDNA library construction, aiming to cover most rice transcripts.
To minimize problems associated with the preferential ligation of
shorter cDNA fragments over longer ones, cDNAs 200-400,
400-600 and 600-1000 bp in size were gel-fractionated
(Figure 1a) and ligated separately into the vector pBsa2T.
pBsa2T is a modified version of pBsa, which was described
previously for hpRNA library construction using the RMHR system
(Wang et al., 2008). In addition to two BsaI sites for generating
cDNA inserts with asymmetrical termini to prevent self-ligation,
pBsa2T contains two AhdI sites separated by the ccdB lethal gene
sequence (Figure 1b). AhdI digestion creates two 3′-T overhangs,
converting pBsa2T into a ‘T’ vector, which is convenient for cDNA
cloning. Using the T-vector ligation strategy, three cDNA libraries
were generated: pOs2, pOs4 and pOs6. pOs2 contained
7.2 9 105 clones with inserts that were 200–400 bp in length,
pOs4 contained 5.3 9 105 clones with inserts that were
400–600 bp in length, and pOs6 contained 2.0 9 105 clones
with inserts that were 600–1000 bp in length. Sequencing of 108

(a)

randomly selected clones from the three libraries (36 clones per
library) showed that they contained sequences of 92 different
genes, indicating that the libraries were of high quality with
relatively low sequence redundancy and suitable for hpRNA
library construction.

Construction of rice hpRNA libraries using rolling circle
amplification
To create circular cDNA suitable for rolling circle amplification by
Phi29 polymerase, the three cDNA libraries were digested with
BsaI, and the cDNA inserts were ligated with two DNA oligos
(mini-hairpin 1 and mini-hairpin 2) that can self-anneal to form
hairpin DNA with adhesive termini matching the two different
BsaI termini of pBsa2T, respectively (Figure 2a). Mini-hairpin 2
contains a 50-nt spliceable intron sequence from Os01g62100,
which serves as a spacer between the sense and antisense
sequences of the resulting inverted repeats to stabilize the hpRNA
DNA clones in bacteria. The ligation product was amplified by
rolling circle amplification to generate multimeric inverted repeat
DNA (Figure 2b). This amplification product was digested with
BamHI and SacI to release single inverted repeats (Figure 2c),
which were inserted downstream of the Ubi promoter in
p35S-Ubi, to form three hpRNA libraries, named OsHP2, OsHP4
and OsHP6, respectively. p35S-Ubi contains a 35S-GUS:GFP
cassette (Figure 2d), which drives GUS and GFP expression in
transgenic cells, allowing for the quick screening of positive
transgenic lines.

Quality check of the hpRNA libraries
In total, 72 clones from the three libraries (24 clones per library)
were randomly selected and analysed by restriction digestion,
and all of them contained inverted repeat DNA. In total, OsHP2,
OsHP4 and OsHP6 contained ~1 9 105, 5 9 105 and 7 9 105
clones, respectively. We further examined the quality of the
three hpRNA libraries by sequencing a subset of randomly
selected clones. Of 833 clones from the OsHP2 library, 793
(95.1%) had an inverted repeat sequence >100 bp in size (with
an average size of 250 bp), covering sequences from 434 genes
or gene families. For OsHP4, 1367 of the 1500 clones (91.1%)
sequenced had inverted repeat sequences >100 bp in length
corresponding to 786 genes or gene families (with an average
size of 450 bp). For OsHP6, 1305 of the 1366 clones (95.5%)
sequenced had inverted repeat sequences >200 bp in length
from 662 genes or gene families (with an average size of
700 bp). The genomic locations of these target genes were
distributed relatively evenly across the 12 rice chromosomes
(Figure S1); these genes represent a diverse range of functional
categories, including biological process, cellular component and
molecular function. This finding indicates that the constructed
OsHP libraries were of high quality with a good level of gene
coverage.

Generation of the transgenic hpRNA population

(b)

Figure 1 cDNA library construction. (a) Rice cDNAs were gel-purified and
used for cDNA library construction. (b) pBsa2T can be converted to
linearized, T-ended vector by AhdI digestion.

For plant transformation, the three hpRNA libraries were introduced into Agrobacterium tumefaciens EHA105 by electroporation,
generating three corresponding Agrobacterium libraries (AgOsHP2, Ag-OsHP4 and Ag-OsHP6), each containing more than
106 clones. The Ag-OsHP4 library was used to transform rice
plants to produce a transgenic rice hpRNA population.
More than 6000 transgenic lines were obtained. Histochemical
staining of leaves showed that about 3000 transgenic lines were
GUS positive (Figure S2a). The hpRNA sequences in the GUS-
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Figure 2 Construction of the hpRNA library. (a) The predicted secondary structures of the mini-hairpin 1 and mini-hairpin 2 oligonucleotides. (b) The
closed circle ligation product was amplified with Phi29 DNA polymerase, producing large DNA fragments with multiple-unit inverted repeats of cDNA.
(c) The amplified product was digested with BamHI and SacI (BS), producing a pool of single-unit inverted repeats; note that the size of the digested
amplification product is approximately double that of the respective unamplified control, indicating the formation of inverted repeats. pBsa2, pBsa4 and
pBsa6 represent the insert from the respective cDNA libraries. In pBsa2+Phi29+BS, the ligation product was amplified with Phi29 and digested with BamHI
and SacI. (d) Map of the pUbi-35S vector used for hpRNA expression in rice.

positive plants were subsequently amplified by polymerase chain
reaction (PCR) and sequenced, demonstrating that the hpRNA
expression cassette was integrated into the rice plants (see Figure
S2b for an example).
More than 30% of the GUS-positive lines showed poor growth
and/or sterility. We obtained seed from about 1000 T0 lines in
~1500 GUS-positive survival lines. T1 seed from 211 lines was
planted in the field and their phenotypes assessed. A significant
proportion (~50%) of the T1 plants exhibited various abnormal
phenotypes, including reduced or increased stature; discoloration
or enhanced green colour of leaves; and changes in leaf shape,
tiller number or fertility (Table S2). Other phenotypes, including
alterations in grain size, spikes and flowering time, as well as an
altered stress response, were observed. The severities of the
phenotypes varied among the transgenic lines, with the majority
showing a relatively mild phenotype (Figure 3a). Many of the
hpRNA lines displayed more than one phenotype, consistent with
a previous report (Larmande et al., 2008), suggesting that the
target genes function in more than one biological process. qRTPCR corresponding to the target genes in 8 RNAi lines were
investigated, which confirmed that the level of the target mRNA
was dramatically reduced (Figure 3b).
The proportion of hpRNA lines with an observable phenotype
(Table S2; 47.9%) was greater than that of a typical T-DNA
insertion lines (3.5%), in which most mutations occur in

intergenic (35.4%) and 500-bp upstream (17.51%) regions
(Wang et al., 2013). This suggests that the hpRNA library
effectively silenced the target genes. It also implies that this type
of silencing often does not lead to the complete knockout of
target genes, allowing for the recovery of phenotypes associated
with essential genes that may not be recoverable using chemical,
physical or insertional mutagenesis. Furthermore, compared with
the mutants produced via these approaches, the target gene
sequences of hpRNA lines can be easily identified by amplification
of the hpRNA sequence through PCR (e.g. Figure S2b). Thus, our
RNAi mutant library is potentially a powerful tool for gene
identification in rice.

siRNAs are processed from hpRNAs to direct target gene
silencing
hairpin RNAs are processed by DCLs to generate predominantly 21nt siRNAs, which in turn guide the degradation of target mRNAs
(Jones- Rhoades et al., 2006; Watanabe, 2011). To determine
whether siRNAs were produced in the rice hpRNA lines, we first
analysed seven transgenic lines by small RNA Northern blot
hybridization. Five of the plants showed a clear band ~21 nt in
size, indicating that hpRNA was expressed and processed in these
plants (Figure 4a). As expected, the abundance of the 21-nt band
was variable among the different plants, reflecting different hpRNA
expression levels among the transgenic lines.
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(a)
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Figure 3 Representative phenotypes of the hpRNA transgenic plants. (a). Ri2-Ri9 are 3-month-old T1 hpRNA plants. Ri2, dark green and sterile; Ri3, pale
green and dwarf; Ri4, pale green with reduced tillering; Ri5, dwarf with reduced tillering; Ri6, pale green dwarf with reduced tillering; Ri7, increased
tillering; Ri8, dwarf with reduced tillering; Ri9, increased leaf angle and dwarf. The bottom left corner shows other observed phenotypes, including reduced
seed number and spike size, leaf lesions and changed awn length. (b) qRT-PCR analysis of target gene mRNA level in the 8 hpRNA lines shown in (a).

To investigate whether the expression of the target genes was
repressed, we analysed 12 hpRNA lines, including the seven
plants in (Figure 4a), using real-time reverse transcription
(RT)-PCR. As shown in Figure 4b, the mRNA levels were clearly
down-regulated in 10 of the plants. The target genes in lines
7-436 and 8-454 were not down-regulated, and correspondingly,
siRNA was not detected in these two plants (Figure 4a). Thus,
siRNAs from the hpRNAs were directly responsible for the
silencing of the genes.

(a)

(b)

Distribution pattern of hpRNA-derived siRNAs
We investigated the distribution pattern of the hpRNA-derived
siRNAs via deep sequencing of small RNAs isolated and pooled
from seven hpRNA lines (RNAi #22, #25, #29, #30, #33, #46 and
#47). We obtained a total of ~51 million reads of 18- to 30-nt
sequences, which contained ~1.7 million reads derived specifically
from the hpRNA transgenes.

Size distribution pattern
The size distribution of the total small RNA population was as
described previously (Sunkar et al., 2005), with the 24-nt class
being the most abundant followed by the 21-, 22- and 23-nt
classes (Figure 5a). The size distribution pattern of hpRNA-derived
siRNAs was distinct from that of the total small RNAs (Figure 5b),
with 21-nt siRNAs being the most dominant (~57%), followed by
the 22-nt (~27%) and 24-nt (~9.7%) classes. This is consistent
with previous reports showing that hpRNAs are processed
primarily by DCL4, but also by DCL2 and DCL3 (Fusaro et al.,

Figure 4 Northern blot analysis of small RNA accumulation (a) and qRTPCR analysis of target gene expression (b) in transgenic hpRNA plants. CK,
plant transformed with empty vector.

2006). In contrast to the total small RNA population, which
contained substantial amounts of 18- to 20-, 23- and >25-nt RNA
species, the abundance of hpRNA-derived small RNAs belonging
to these size classes was low. This indicates that these size classes
of small RNAs were not the product of in vitro RNA degradation,
which may occur during RNA extraction or deep sequencing;
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instead, they were produced by in vivo RNase processing.
Examining whether these small RNA size classes are functionally
important would be interesting, particularly the 20- and 23-nt
classes, which are always present in significant amounts in deep
sequencing data.

Distribution of siRNAs along the hpRNAs
siRNAs derived from all seven hpRNA lines overlapped with the
dsRNA arm of the hpRNA, with few siRNAs corresponding to the
loop region (Figure 6a). The siRNAs were unevenly distributed
along the dsRNA arm, with some regions showing high
abundance (siRNA hot spot) and others with low levels of
siRNAs (Figure 6a). The sense siRNA hot spots often did not
overlap with the antisense siRNA hot spots (Figure 6a), suggesting that these hot spots were not created by the preferential
Dicer processing of specific dsRNA regions, which would
otherwise generate hot spots with equal amounts of sense
(a)

and antisense siRNAs (Figure 6b). The nucleotide composition
analysis showed the 20- to 22-nt siRNAs were enriched for
uridine (U) at the 5′ terminus, while the 24-nt siRNAs were
enriched for adenine (A) at the 5′ terminus, which is typical of
small RNAs associated with AGO1 and AGO4, respectively (Wei
et al., 2012). This suggests that the siRNA hot spots resulted
from preferential binding with AGO proteins, which may have
stabilized the siRNAs.
For hpRNA lines 46, 29 and 30, the numbers of siRNAs with
sense and antisense polarities were close in number. However, for
the other four lines, siRNAs with a sense polarity were more
abundant than those with an antisense polarity (Figure 6c). This
was not due to the sequence orientation of the inverted repeats
in the hpRNA constructs, of which some had a sense orientation
in the front near the promoter, while others had an antisense
orientation in the front (Figure 6b). A possible explanation for this
is that the presence of the target mRNA increased the turnover
(b)

Figure 5 Size distribution of the 18- to 30-nt small RNA population (a) and hpRNA-derived small RNAs (b) in transgenic hpRNA lines obtained using
deep sequencing.

(a)

(b)

(c)

Figure 6 The siRNAs were unevenly distributed along the dsRNA arm of the hpRNA in seven independent hpRNA lines (a). The green lines represent
siRNAs with a sense polarity, while the blue lines represent siRNAs with an antisense polarity that have the potential to silence target genes. The loop
region, which is framed by a red dashed line, contains a small number of siRNAs. The sequence orientation of the inverted repeats in the seven hpRNA lines
analysed was investigated (b). The read numbers of the sense and antisense siRNAs were calculated (c). S, sense siRNA; A, antisense siRNA.
ª 2013 Society for Experimental Biology, Association of Applied Biologists and John Wiley & Sons Ltd, Plant Biotechnology Journal, 11, 997–1005
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rate of the corresponding small RNAs (i.e. the antisense siRNAs),
resulting in the overrepresentation of sense siRNAs. Consistent
with this, a recent study on human cells showed that the miRNA
decay rate was dramatically enhanced by the presence of highly
expressed target genes (Baccarini et al., 2011).

Silencing of genes in multigene families
hpRNA lines 4-68 and 7-120 contained the same hpRNA
construct with a 698-bp sequence derived from the open reading
frame (ORF) of Os08g0430500, a member of a four-membered
gene family that includes Os0280580300, Os11g0546900 and
Os03g0710800. The relative nucleotide sequence identities of the
ORFs between Os08g0430500 and the other three members are
78.3%, 70.5% and 76.3%, respectively. A close look at the
sequence identities revealed perfectly matched sequences
between Os08g0430500 and Os0280580300 (two sequences,
>21 bp in length [22 and 32 bp]), Os03g0710800 (one sequence,
23 bp in length) and Os11g0546900 (one sequence, 29 bp in
length; Figure S3).
The expression level of all four members was investigated in
the two hpRNA lines. Our results show that Os08g0430500,
Os0280580300 and Os11g0546900 were down-regulated at
different levels in the two hpRNA lines (Figure 7a), indicating
that the hpRNA derived from Os08g0430500 induced silencing
of itself and the related family members Os0280580300
and Os11g0546900. However, the remaining member,
Os03g0710800, was not down-regulated. Instead, it was
significantly up-regulated (Figure 7a). A possible explanation
for this is that the hpRNA did not target Os11g0546900 mRNA
effectively due to the existence of only a short stretch (23 bp) of
a perfectly matched sequence and that its transcription may be
up-regulated in the absence of the other three members.
The hpRNA in line 22 (Figure 8) matched perfectly with the
sequence of Os04g44924 from 1 to 748 nt (Figure S4), which is
conserved in the four-membered short-chain dehydrogenase/
reductase family. The relative nucleotide identities in this region
between Os04g44924 and the other three members of the gene
family (Os04g44950, Os04g45000 and Os04g44980) are 88.6%,
82% and 66%, respectively. Although many perfectly matched
sequences >21 nt in length were identified (Figure S4), only
(a)

(b)

Figure 7 qRT-PCR analysis of target gene expression in the hpRNA lines.
(a) The expression of a four-membered gene family was investigated in
two RNAi plants. (b) Expression of the short-chain dehydrogenase/
reductase family, which consists of four members, was analysed.

Os04g44924 was significantly down-regulated. An examination
of the small RNA deep sequencing data showed that a total of
157 700 reads mapped to the Os04g44924 transcript, with 20%
of these siRNAs (~33 500) being antisense siRNAs with the
potential to direct mRNA silencing. In contrast, a much smaller
number of antisense siRNAs matched with the Os04g44950
(~6500 reads), Os04g45000 (~900 reads, but this gene showed
no expression in leaves) and Os04g44980 (15 reads) transcripts.
Thus, for the Os04g44924 gene family, effective silencing may
require a threshold level of siRNAs matching the respective
transcripts.

Silencing of key genes
Obtaining knockout mutants of some key genes using chemical,
physical and insertional mutagenesis is problematic due to the
strong deleterious and often lethal phenotypes of the homozygous mutants. In analysing our hpRNA transgenic population, we
identified some lines in which key genes for development were
targeted. As expected, these plants tended to show severe
phenotypes; however, they survived, allowing phenotypic analyses that provided clues as to their function.
hpRNA lines 5-141 and 5-174 contained the same hpRNA
construct targeting Os08g0558600, which is homologous to a
protein essential for seed maturation (vesicle-associated
membrane protein 727) (Ebine et al., 2008). The expression of
the gene was dramatically down-regulated in both of the lines
(Figure 4b). Correspondingly, the plants showed similarly strong
phenotypes, including a reduced tiller number with no heading.
Although the plants yielded no seed, they survived in the
greenhouse for more than 6 months and could be propagated
clonally, allowing for phenotypic and molecular analyses.
The hpRNA in lines 4-68 and 7-120 targeted the fourmembered 14-3-3 gene family, resulting in strong repression of
three family members (Figure 7a). These hpRNA lines showed
strong phenotypes, including the inability to sprout a head,
diminished tiller number and infertility. In plants, 14-3-3 proteins
have been compared with spiders in a web of phosphorylation
(De Boer et al., 2013). These phenotypes suggest that the 14-3-3
gene family is required for rice growth and development.

Discussion
Long hpRNA technology is effective at inducing gene silencing in
plants and hence is useful in gene function studies; however,
genomewide gene function analyses require a large number of
hpRNA constructs targeting >25 000 genes in a typical plant
species. Such a large number is difficult to produce using
conventional cloning methods involving the PCR amplification
of each specific gene sequence followed by single or multistep
DNA ligation (Smith et al., 2000). We therefore developed the
RMHR method, which can be used to produce a large number of
hpRNA constructs simultaneously from cDNA libraries. Using
RMHR, we successfully generated a long hpRNA library from an
Arabidopsis cDNA population containing known and unknown
genes (Wang et al., 2008). To make the RMHR system more
efficient, in this study, we introduced two AhdI restriction sites
into the intermediate cDNA cloning vector pBsa2T, turning it into
a T-ended vector, and a ccdB lethal gene between the two AhdI
sites to prevent the recovery of insert-free Escherichia coli clones.
This improved vector, called pBsa2T, was highly efficient for
cDNA ligation. We also found that the use of loop-specific
primers (20 nt) for the rolling circle amplification reaction
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Figure 8 siRNAs derived from the hpRNA of the Os04g44924 sequence in line #22 partially match the other three members of the gene family.
The red lines above the sequence alignment on the bottom indicate the three siRNA-rich regions in the four members.

eliminated the production of noninverted repeats, which sometimes occurs when 6-nt random primers are used.
Using this RMHR system, we generated a long hpRNA library with
good coverage of rice genes and produced thousands of transgenic
hpRNA lines. More than 50% of these transgenic lines displayed
visible phenotypes, which is a much higher proportion than that
reported for a typical T-DNA insertion or EMS-mutagenized
population, of which only ~3.5% usually show visible phenotypes
(Hirochika et al., 2004). This result is likely due to several factors.
First, all of the hpRNA constructs targeted exon sequences because
they were derived from cDNA libraries; this is in contrast to T-DNA
insertions or EMS mutations, of which the vast majority occurs in
nonexon sequences. Second, a hpRNA derived from a single
member of a multigene family may direct the silencing of all or most
members, as was the case for the Os08g0430500 family; this
resulted in strong phenotypic changes, but such multigene
repression is unlikely to occur through T-DNA or EMS mutagenesis.
Furthermore, hpRNA-induced gene silencing may be partial in
some members of the transgenic population, allowing for the
recovery of hpRNA lines in which housekeeping or lethal genes are
targeted. The hpRNA constructs used in this study were driven by
the maize ubiquitin promoter, which is a strong constitutive
promoter. A tissue-specific or inducible promoter could be used in
future studies to further improve the recovery of hpRNA lines
targeting housekeeping genes.
However, it is worth noting that although hpRNA-induced
RNAi is effective for knocking down gene expression, a small
amount of targeted mRNA is expected to exist in transgenic cells
due to the nature of post-transcriptional gene silencing. Therefore, RNAi may not be suitable for disrupting the function of
genes, which requires only a low level of mRNA accumulation.
Furthermore, as the use of hpRNA libraries relies on tissue culture
and plant transformation, care is needed to distinguish hpRNAinduced phenotypes from those of tissue culture-induced
somaclonal variation (Jeong et al., 2002). In the current study,

we observed dominant mutant phenotypes not only in transgenic
hpRNA lines but sometimes also in untransformed lines regenerated through tissue culture. However, somaclonal variations can
be differentiated from hpRNA-induced phenotypes through
examination of cosegregation between a specific phenotype
and a hpRNA transgene in a segregating transgenic population.

Experimental procedures
Construction of pBsa2T and pUbi-35S
To produce pBsa2T, two oligonucleotides were synthesized:
Bsa-Ahd Fw (5′-GGGAATTCGGTCTCGACCTTTGGTCCAAGCT
TTAAATGGTTACTAAAAGCCAGA) and Bsa-Ahd Rv (5′-CCGA
ATTCTCCCAGAGACCTTCAGTCTATATTCCCCAGAACAT). Polymerase chain reaction was performed in a total volume of
50 lL consisting of 19 PCR buffer, 0.2 mM dNTPs, 0.25 lM each
primer, 2 U of Taq DNA polymerase and 1 ng of pENTR1A, using
pENTR1A (Qiagen, Hilden, Germany) as template. The amplification programme consisted of 1 min at 95 °C, 25 cycles of 30 s at
94 °C, 30 s at 56 °C and 30 s at 72 °C, followed by 10 min at
72 °C. The product was digested with EcoRI and cloned into the
EcoRI site of pENTR1A to form the intermediate vector pBsa2T.
For cDNA cloning, pBsa2T was digested with AhdI, and the larger
fragment was gel-purified, generating linearized pBsa2T with T
overhangs.
To prepare pUbi-35S, pBI121 was digested with HindIII and
EcoRI, and the 35S-GUS-Nos cassette was gel-purified and
inserted into the HindIII and EcoRI sites in pCAMBIA1303,
generating pC-35S. The Ubi-GUS expression cassette in pAHC25
was excised by HindIII and SacI digestion and inserted into the
same sites in pC-35S, forming pUbi-35S.

Rice cDNA library construction
Rice plants (Oryza sativa cv. Nipponbare) were grown in the field.
Various tissues were collected, including whole seedlings, roots,
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stemsandleavesatthetilleringstage;youngpaniclesandstemsatthe
heading stage; panicles at the flowering stage; and anthers and
paniclesatthefillingstageandattheyellowripeningstage.TotalRNA
was extracted separately from the tissues using TRIzol reagent
(Invitrogen, Carlsbad, CA) and mixed in equal amounts. mRNA was
isolatedfromthetotalRNAusingPolyATtractmRNAIsolation System
III (Promega, Madison, WI).
A cDNA library was constructed following the SMART cDNA
library manual (Clontech Laboratories Inc., Mountain View, CA)
with the following exceptions: LD PCR products were digested
with BamHI, SacI, BsaI and XbaI and then treated with T4 DNA
polymerase to produce blunt ends. An ‘A’ tail was added to the 3′
terminus using Taq DNA polymerase. The DNA was fractionated
using preparative DNA gel electrophoresis after digestion, and
fragments 200–400, 400–600 and 600–1000 bp in length were
purified and ligated separately into linearized pBsa2T. Ligations
with pBsa2T were performed immediately following cDNA size
fractionation. Three libraries, pOs2, pOs4 and pOs6, were
generated with 1.45 9 106 clones in total.

hpRNA library construction
To generate closed circle cDNA, the pOs2, pOs4 and pOs6 cDNA
libraries were digested with BsaI, and the insert was gel-purified
and ligated separately with the mini-hairpin 1 (5′- GGGAGCGATC
TGCAAGGATCCATTTCCTCTTTAGGTGAGCTCCGATCCTTGCAG
ATCGC) and mini-hairpin 2 (5′-GTGGCCAAGTAGGCCATGCTGC
GCCAAAAAAAAATCGATATGAAGGGAAAAAAAACATGTAAAC
GTACCATGGCCTACTTGGCCACACCT) oligonucleotides, which
were preannealed and phosphorylated. The circular DNAs were
amplified by rolling circle amplification using loop-specific primers
(F: 5′-GGAAAAAAAACATGTAAACG and R: 5′-TTCATATCGATTT
TTTTTTGG), yielding linear concatemers of inverted repeat DNA
(Wang et al., 2008). Following digestion with BamHI and SacI,
purified fragments from the three libraries were inserted into
pUbi-35S, generating three hpRNA libraries, OsHP2, OsHP4 and
OsHP6.

Rice transformation
Rice (O. sativa L. cv. Kitaake) was transformed using seed-derived
callus tissue based on the protocol of Hiei et al. (Hiei and Komari,
2008) with modifications. Surface-sterilized seeds were germinated and cultured on NBI medium (NB + 2 mg/L 2,4-D;
PhytoTechnology Laboratories, Shawnee Mission, KS). After
7 days of incubation at 30 °C in the dark, the calli were
transferred to fresh NBI medium and cultured for 25–30 days at
30 °C. The calli were then harvested and cultured on fresh NBI
medium for another 3–4 days. The calli were then incubated for
20 min in A. tumefaciens resuspended (OD600 = 0.3–0.4) in
liquid NBASS medium (NBI + 200 lM acetosyringone + 10 g/L
sucrose), dried on sterile filter paper and cocultivated with
A. tumefaciens for 3 days at 25 °C on NBASS medium. After
cocultivation, the rice calli were rinsed thoroughly (four times) in
sterile water containing 50 mg/L timentin and transferred to
selective medium (NB + 40 mg/L hygromycin-B, 500 mg/L cefotaxime and 2 mg/L 2,4-D) for 4 weeks at 28 °C. Vigorously
growing callus pieces 0.5–1 mm in size were transferred to
regeneration medium (NB + 0.5 mg/L NAA, 4 mg/L 6-BA and
40 mg/L hygromycin-B) for 2–3 weeks at 28 °C under 5000 Lux
of light. Shoots arising from the calli on regeneration medium
were transferred to rooting media (½ MS salt + MS vitamin
solution + 30 g/L sucrose and 40 mg/L hygromycin-B). Once roots
formed, the plants were transferred to soil.

Identification of hpRNA transformants
Putative transgenic plants were screened first by GUS histochemical staining (Gao et al., 2010). GUS-positive plants were further
analysed by PCR and sequencing using primers to amplify the Nos
terminator and Ubi promoter sequences, respectively: OsPin fw1
(5′-TGTAAACGTACCATGGCCTAC) and Nos60 (5′-CAACAG GAT
TCA ATC TTA AGA AAC, to amplify the Nos terminator
sequence) and OsPin rv1 (5′-CATATCGATTTTTTTTTGGCG) and
OsUbiFw (5′-TATGCAGCAGCTATATGTGG for the ubiquitin
promoter sequence).

Small RNA Northern blot hybridization
Northern blot hybridization was performed based on a published
protocol (Wang et al., 2007) with slight modifications. Total RNA
was extracted from leaves (~400 mg) using TRIzol reagent
(Invitrogen) and dissolved in 20 lL of sterile water; 15 lg was
separated in a 17% denaturing polyacrylamide gel and then
transferred to a Hybond+ membrane. About 30 ng of DNA for
each probe was labelled with 32P-dATP for ~15 h at room
temperature using a Prime-a-Gene Kit (Promega). Church buffer
was used for hybridization at 40 °C overnight.

Real-time PCR
Total RNA was treated with DNase I, and cDNA was synthesized
using a reverse transcription system (Promega) following the
manufacturer’s instructions. qRT-PCR was performed using an
Applied Biosystems Prism 7500 analyzer and GoTaq qPCR Master
Mix (Promega). For each plant, three independent biological
replicates were analysed. Sample comparisons were performed
using the 2( DDCT) method (Xu et al., 2012). The primers used are
listed in Table S1.

Small RNA deep sequencing and bioinformatic analysis
Total RNAs were extracted from the leaves of transgenic plants.
Small RNAs were then enriched as described previously (Wang
et al., 2007). Small RNA sequence reads were generated using an
Illumina Genome Analyzer II (Illumina Inc., San Diego, CA). The
raw data were preprocessed using the NGSQCToolkit (http://59.
163.192.90:8080/ngsqctoolkit/) pipeline to remove low-quality
(Patel and Jain, 2012) and contaminated reads and to clip adapter
sequences. The clean reads were then filtered for siRNA analysis
(Hardcastle et al., 2012). Small RNAs ranging from 18 to 30 nt in
length were collected and mapped to the hpRNA sequences using
Bowtie 2 (http://bowtie-bio.sourceforge.net/bowtie2/index.shtml)
(Langmead and Salzberg, 2012). The analysed data are presented
using Tablet (http://bioinf.scri.ac.uk/tablet/) (Milne et al., 2010).
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