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Small RNAs, including microRNAs (miRNAs) and small interfering RNAs (siRNAs), are essential
regulatory molecules of many cellular processes. Arabidopsis has at least three classes of endogenous
siRNAs—chromatin-associated siRNAs, trans-acting siRNAs (tasiRNAs), and natural antisense transcript
(NAT)-associated siRNAs (nat-siRNAs)—all 20–25 nucleotides (nt) in length. Here, we identified a novel class
of small RNAs, long siRNAs (lsiRNAs), which are 30–40 nt and share many common features with known
siRNAs. The lsiRNAs identified so far are induced by pathogen infection or under specific growth conditions.
One of the lsiRNAs, AtlsiRNA-1, is generated from SRRLK/AtRAP NAT pair and specifically induced by the
bacterium Pseudomonas syringae carrying effector avrRpt2. Recently, 25- to 31-nt PIWI-interacting RNAs
(piRNAs) and repeat-associated siRNAs (rasiRNAs) were identified in animal germline cells. In contrast to the
biogenesis of piRNAs/rasiRNAs, which is dicer independent and requires PIWI subfamily proteins, generation
of AtlsiRNA-1 requires DCL1, DCL4, and the ARGONAUTE subfamily protein AGO7. It also depends on
HYL1, HEN1, HST1, RDR6, and Pol IV. Induction of AtlsiRNA-1 silences AtRAP, which encodes a
RAP-domain protein involved in disease resistance. Our further analysis implies that AtlsiRNA-1 may
destabilize target mRNA through decapping and XRN4-mediated 5�-to-3� degradation.
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Small RNA-mediated gene silencing plays important
roles in many cellular processes, including development,
genome maintenance and integrity, and adaptive re-
sponses to biotic and abiotic stress in most eukaryotes.
Small RNAs, usually 20–25 nucleotides (nt) in length,
can be grouped into two classes on the basis of their
origins: microRNAs (miRNAs) and small interfering
RNAs (siRNAs). They guide heterochromatin formation,
mRNA degradation, translational inhibition, and DNA
elimination (Baulcombe 2004; Zamore and Haley 2005;
Vazquez 2006). Rapid and phenomenal progress has been
achieved in unraveling the components and mechanisms
involved in the biogenesis and function of various small
RNAs. In plants, small RNAs are highly diverse. In gen-
eral, miRNAs in Arabidopsis are processed from single-
stranded (ss) hairpin RNA precursors by an RNase III-
type enzyme Dicer-like (DCL) 1. A recent study shows
that a couple of newly identified miRNAs are processed
by DCL4 (Rajagopalan et al. 2006). The precursors of

these miRNAs tend to have more complementarity
within the foldback structure than that in most previ-
ously identified DCL1-dependent miRNAs. miRNAs are
primarily associated with ARGONAUTE 1 (AGO1) to
guide mRNA cleavage or translational inhibition. Endog-
enous siRNAs are usually processed from long double-
stranded RNAs (dsRNAs). The generation of trans-acting
siRNAs (tasiRNAs) is initiated by miRNAs, and requires
DCL4 and RNA-dependent RNA polymerase (RDR) 6 for
their biogenesis. Both miRNAs and tasiRNAs are 21- to
22-nt. The most abundant siRNA class is the 24- to 25-nt
chromatin-associated siRNAs, which are generated by a
DCL3/RDR2/RNA polymerase (Pol) IV-dependent path-
way and mainly incorporated into AGO4 to induce
transcriptional silencing. Another class of endogenous
siRNAs, nat-siRNAs, is derived from natural antisense
transcript (NAT) regions (Borsani et al. 2005; Wang et al.
2005; Katiyar-Agarwal et al. 2006; Henz et al. 2007).
These are 21- to 24-nt RNA molecules generated by
DCL1 and/or DCL2 (Borsani et al. 2005; Katiyar-Agarwal
et al. 2006).

Recently, the finding of a novel group of small RNAs
with a distinctly larger size, 24–31 nt, added a new di-
mension in small RNA biology. The 27- to 30-nt small
scan RNAs (scnRNAs) were identified in a ciliate proto-
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zoan, Tetrahymena thermophila, to direct developmen-
tally programmed DNA elimination (Mochizuki et al.
2002; Mochizuki and Gorovsky 2004; Lee and Collins
2006). PIWI-interacting RNAs (piRNAs) of 26- to 31-nt
were discovered in mammalian germline cells (Aravin et
al. 2006; Girard et al. 2006; Grivna et al. 2006; Lau et al.
2006) and zebrafish (Houwing et al. 2007). Drosophila
repeat-associated siRNAs (rasiRNAs) are 24- to 29-nt,
and direct silencing of retrotransposons and repetitive
sequences to stabilize the genome (Aravin et al. 2001,
2003; Vagin et al. 2006). rasiRNAs share many common
features with piRNAs and are also specifically associated
with PIWI proteins (Saito et al. 2006; Brennecke et al.
2007; Gunawardane et al. 2007). The accumulation of
Tetrahymena scnRNAs requires the Dicer-like protein
DCL1P (Mochizuki and Gorovsky 2005), whereas the
biogenesis of rasiRNAs in Drosophila appears to be in-
dependent of Dicer-1 or Dicer-2 (Vagin et al. 2006). The
5�-end formation of the piRNAs/rasiRNAs involves the
slicer activity of the interacting PIWI subfamily proteins
(Brennecke et al. 2007; Gunawardane et al. 2007). The
accumulation of Drosophila rasiRNA requires two puta-
tive nucleases: Zucchini and Squash (Pane et al. 2007).
Whether these nucleases are responsible for the forma-
tion of rasiRNA 3� ends needs to be experimentally de-
termined. In plants, two small RNAs (30 and 24 nt),
complementary to the locus 3� to the canonical poly(A)
site of FLOWERING LOCUS (FLC), were recently de-
tected in Arabidopsis (Swiezewski et al. 2007). However,
the function and biogenesis of the 30-nt small RNA has
not been explored.

Here, we describe the identification of a new class of
30- to 40-nt endogenous small RNAs in Arabidopsis.
These small RNAs share many common features with
other known endogenous siRNAs, therefore, we named
them long siRNAs (lsiRNAs). The lsiRNAs identified so
far are induced either in response to pathogen infection
or under specific growth conditions. One of the lsiRNAs,
AtlsiRNA-1, is specifically and strongly induced in re-
sponse to Pseudomonas syringae pv. tomato (Pst) carry-
ing the effector avrRpt2. We further deciphered the com-
ponents required for the biogenesis of AtlsiRNA-1,
DCL1, DCL4, HEN1, HYL1, HST1, AGO7, RDR6, and
Pol IV, which are distinct from those involved in biogen-
esis of miRNAs and other siRNAs in plants reported
so far. Our genetic data suggest that the induction
of AtlsiRNA-1 leads to down-regulation of its target,
AtRAP mRNA, possibly by promoting mRNA decap-
ping and 5�-to-3� degradation. The knockout mutant of
AtRAP shows enhanced resistance to both virulent Pst
and avirulent Pst (avrRpt2) infection.

Results

Long noncoding small RNA species exist
in Arabidopsis

Some miRNAs and endogenous siRNAs are induced by
pathogen infection and may play a regulatory role in
plant immunity (Katiyar-Agarwal et al. 2006; Navarro et

al. 2006). To identify more small RNAs specifically
induced in response to pathogen attack, we performed
in silico analysis of small RNAs that target pathogen-
regulated genes from the AtGenExpress data (http://www.
arabidopsis.org/info/expression/ATGenExpress.jsp; H. Jin,
V. Vacic, T. Girke, S. Lonardi, and J.K. Zhu, in prep.) using
publicly available small RNA databases—the Arabidopsis
Small RNA Project (ASRP) (Gustafson et al. 2005) and Mas-
sively Parallel Signature Sequencing (MPSS) (Lu et al.
2005), and a data set recently published by David Bartel
and coworkers (Rajagopalan et al. 2006). Since current
small RNA datasets were generated mainly from non-
stress-treated material (Llave et al. 2002; Gustafson et al.
2005; Lu et al. 2005; Rajagopalan et al. 2006; Fahlgren et al.
2007; Kasschau et al. 2007), we also performed a pilot small
RNA profiling experiment on biotic stress-challenged
plants using 454 sequencing (http://www.454.com; Mar-
gulies et al. 2005). The biotic stress conditions included
bacterial infection by virulent Pst and avirulent Pst
(avrRpt2) strains and fungal infection by Alternaria bras-
sicicola or Botrytis cinerea (H. Jin, V. Vacic, T. Girke,
S. Lonardi, and J.K. Zhu, in prep.). During the validation of
a list of small RNAs by Northern blot analysis, we identi-
fied several novel small RNAs ranging from 30-nt to 40-nt
(Fig. 1). We named this new class of small RNAs long
siRNAs (AtlsiRNAs). The AtlsiRNA-1 signature was de-
tected in the MPSS database and derived from At2g31880
(Supplementary Table S1). AtlsiRNA-2, AtlsiRNA-3, and
AtlsiRNA-4 were detected in our 454 sequencing biotic
stress data set and corresponded to At4g19680, At4g02970,
and At4g00360, respectively (Fig. 1A–D; Supplementary
Table S1). AtlsiRNA-1 and AtlsiRNA-4 are derived from
the NAT regions. In an effort to identify possible nat-
siRNAs from selected NAT pairs using strand-specific
hydrolyzed probes spanning the overlapping regions, we de-
tected two more lsiRNAs, AtlsiRNA-5 and AtlsiRNA-6, de-
rived from the overlapping regions of At4g01690/At4g01700
and At5g58120/At5g58130, respectively (Fig. 1E,F).

These lsiRNAs are mainly induced by bacterial in-
fection or specific developmental growth conditions. For
example, AtlsiRNA-1 to AtlsiRNA-5 were induced
in response to Pst (avrRpt2) infection (Fig. 1A–E);
AtlsiRNA-6 was specifically expressed in cell suspen-
sion culture and cannot be detected in seedlings or leaves
(Fig. 1F; data not shown). In contrast to animal piRNAs,
which are primarily generated from retroelements and
repetitive loci and are specific to germline cells, these
lsiRNAs are generated from protein-coding genes and are
expressed in various tissues or cell types, including ma-
ture leaves, seedlings, or cell culture (Fig. 1; data not
shown).

To address the biogenesis and functional relevance of
this new class of small RNAs in plants, we performed a
case study of AtlsiRNA-1 because it was specifically in-
duced by Pst (avrRpt2) infection and showed the stron-
gest signal in our Northern analysis (Fig. 1A). This small
RNA was derived from the overlapping region of a NAT
pair, At2g31880/At2g31890. At2g31880 encodes a puta-
tive leucine-rich repeat receptor-like protein kinase
(RLK), and At2g31890 encodes an expressed protein that
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contains a putative RNA-binding domain, RAP (RNA-
binding domain abundant in Apicomplexans) domain.
We named these two genes small RNA-generating RLK

(SRRLK) and AtRAP, respectively. Since MPSS provided
only 17-nt sequences, to obtain more sequence informa-
tion, we constructed a 20- to 50-nt small-RNA library
from avrRpt2-infected leaves harvested at 14 h post-in-
oculation (hpi). Five distinct 3� ends and one more dis-
tinct 5� end, besides the 5� end sequenced by MPSS, were
detected by 3� and 5� rapid amplification of cDNA ends
(RACE) with 24-nt gene-specific primers based on the
MPSS sequence and adaptor-specific primers (Supple-
mentary Fig. S1A). These data indicate that AtlsiRNA-1
is a cluster of heterogeneous lsiRNAs, most being 39–41
nt (based on Northern blot analysis) (Fig. 1A; Supplemen-
tary Fig. S1A). This heterogeneous phenomenon was ob-
served at many endogenous small RNA loci, even at
many miRNA loci in plants (ASRP database http://asrp.
cgrb.oregonstate.edu; Rajagopalan et al. 2006).

To eliminate the possibility that AtlsiRNA-1 could be
a byproduct of a miRNA, we predicted the secondary
RNA structure of this region using Mfold (http://bioweb.
pasteur.fr). AtlsiRNA-1 is present in the stem-like re-
gion, where no other miRNAs could be predicted
(Supplementary Fig. S1B). We also experimentally
checked for the presence of additional small RNAs aris-
ing from the overlap region by using oligonucleotide
probes (probes 1–6) complementary to the flanking re-
gions of AtlsiRNA-1 (Supplementary Fig. S2). No clear
signal was detected in untreated or Pst (avrRpt2)-treated
samples. Furthermore, we employed three strand-
specific ribo probes complementary to the entire over-
lapping region but excluding the AtlsiRNA-1 site and
detected no clear signal (data not shown). These data
suggest that no additional small RNAs are induced to a
detectable level from the overlapping region of SRRLK
and AtRAP in response to Pst (avrRpt2) infection.
The accumulation of small RNAs complementary to
AtlsiRNA-1 could hardly be detected (probe 7) (Supple-
mentary Fig. S2).

Biogenesis of AtlsiRNA-1 involves components
of distinct small RNA pathways

The next important question was what components are
involved in the generation of AtlsiRNA-1. Although all
the miRNAs and siRNAs studied so far require Dicer
or Dicer-like proteins for their biogenesis, piRNAs/
rasiRNA biogenesis is Dicer independent but requires
PIWI proteins. Arabidopsis contains four Dicer-like
proteins and 10 AGO proteins but no PIWI subclass
proteins. To determine the components required for
AtlsiRNA-1 formation, we challenged different small-
RNA biogenesis mutants and their corresponding back-
ground ecotypes with Pst (avrRpt2) and examined the
expression of AtlsiRNA-1 at 14 hpi. The level of
AtlsiRNA-1 in dcl3-1 and dcl2-1 mutants was similar to
that in the wild-type control but significantly reduced in
dcl1-9 as compared with the Ler wild type (Fig. 2A). To
rule out the marked reduction of AtlsiRNA-1 in dcl1-9
being a secondary effect of its strong morphological phe-
notype, we tested double homozygous dcl1-7 fwf-2 and
dcl1-9 fwf-2 mutants, which have rescued pleiotropic phe-

Figure 1. Expression of lsiRNAs in Arabidopsis. (A–E) Expres-
sion of AtlsiRNA1–5 at 15 hpi of Pst DC3000 carrying an empty
vector (EV) or the effector gene avrRpt2, avrRpm1, avrRps4, or
avrPphB. AtlsiRNA-2 is also detected in the leaves sprayed with
2 × 105 spores per milliliter Alternaria brassicicola and har-
vested 2 and 4 dpi. (F) Expression of AtlsiRNA-6 in cell suspen-
sion culture. A diagram of genome position for each lsiRNA
(black arrowhead) is shown below each panel. The arrowheads
above the gene indicate the lsiRNAs with the same sequence as
the gene, whereas the arrowheads below the gene indicate the
lsiRNAs with the complementary sequence to the gene. Sev-
enty-five micrograms of low-molecular-weight (LMW) RNA
were used in each sample. The oligonucleotide probes comple-
mentary to the lsiRNA sequences were used for A–D (Supple-
mentary Table S1). Ribo-probes synthesized for the overlapping
region complementary to the sense genes At4g01700 and
At5g58120 are employed for E and F. (The bars show the probe
region.) U6 RNA was used as a control for measuring the rela-
tive abundance (RA) (shown below). Ethidium bromide-stained
tRNA is shown as a loading control.
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notypes and viability (A. Vivian-Smith and R. Offringa,
in prep.). The level of AtlsiRNA-1 was also greatly re-
duced in these double mutants, which confirmed the re-
quirement of DCL1 in AtlsiRNA-1 formation and
showed its independence of dcl1-9 morphology (Fig. 2A).
AtlsiRNA-1 was also reduced in dcl4-2, although not as
much as in dcl1-9 (Fig. 2A). Therefore, DCL4 may con-
tribute in part to the formation of AtlsiRNA-1. Thus,
unlike piRNAs/rasiRNA formation, that of AtlsiRNA-1
requires Dicer-like ribonuleases, which is similar to
scnRNAs in Tetrahymena.

DsRNA-binding protein HYL1 interacts with DCL1,
which is important for its dicer function (Vazquez 2006).
As expected, the level of AtlsiRNA-1 was greatly re-
duced in Pst (avrRpt2)-infected hyl1 as compared with
the corresponding Nossen wild type (Fig. 2A). HASTY
(HST), a homolog of exportin 5 in Arabidopsis, is

thought to be involved in the export of specific miRNAs
from the nucleus to the cytoplasm (Vazquez 2006). Re-
duction in level of AtlsiRNA-1 was also observed in the
hst-6 mutant (Fig. 2B), which suggests that HST might
assist in AtlsiRNA-1 processing and export.

Both miRNAs and siRNAs are incorporated into the
RISC complex containing various AGO subfamily pro-
teins to guide target mRNA degradation or translation
inhibition, whereas piRNAs and scnRNAs are associated
with members of Piwi subfamily proteins (Mochizuki et
al. 2002; Mochizuki and Gorovsky 2004; Aravin et al.
2006; Girard et al. 2006; Grivna et al. 2006; Lau et al.
2006). Arabidopsis contains 10 AGOs but no PIWI sub-
family proteins (Vazquez 2006). To ascertain the involve-
ment of AGO proteins in AtlsiRNA function, we exam-
ined the level of AtlsiRNA-1 in various AGO-deficient
Arabidopsis mutants, except for ago1 and ago10, which
have strong pleiotropic phenotypes and are difficult for
pathogen infection. Interestingly, the level of AtlsiRNA-1
was markedly lower in ago7 (zip2, CS24282) than in the
wild type upon Pst (avrRpt2) infection but was not af-
fected in ago3, ago5, and ago9, and was even mildly in-
duced in ago4 and ago2 (Fig. 2B). AGO7 was shown pre-
viously to be associated with TAS3 tasiRNA function
(Adenot et al. 2006; Fahlgren et al. 2006; Garcia et al.
2006).

RDR proteins are involved in the amplification of
small RNA by synthesizing dsRNA templates for
DCL activity (Wassenegger and Krczal 2006). The level
of AtlsiRNA-1 was lower in rdr6 than in the wild type
and rdr2 mutant (Fig. 2C). SGS3 protein has been shown
to cooperate with RDR6 to produce secondary siRNAs
(Vazquez 2006). However, mutation in SGS3 has no ef-
fect on the accumulation of AtlsiRNA-1 (Fig. 2C). SDE3,
a putative RNA helicase (Dalmay et al. 2001), is also
involved in the formation of AtlsiRNA-1 (Fig. 2C). Ara-
bidopsis Pol IV is required for the production of most
endogenous siRNAs (Zhang et al. 2007). There are two
forms of Pol IV, Pol IVa, and PolIVb, which have two
distinct largest subunits, NRPD1a and NRPD1b, respec-
tively. The level of AtlsiRNA-1 was clearly reduced
upon Pst (avrRpt2) infection in both mutants, nrpd1a
and nrpd1b (Fig. 2C), which indicates that Pol IV also
plays a role in the formation of AtlsiRNA-1. Previous
studies indicated that NRPD1a colocalizes with endog-
enous repeat loci and is required for small RNA forma-
tion, whereas the effect of NRPD1b on small RNA ac-
cumulation might be indirect due to destabilization of
the common second largest subunit, NRPD2a, which
will compromise Pol IVa activity (Li et al. 2006; Pontes
et al. 2006).

AtlsiRNA-1 is modified at the 3� terminus

One characteristic feature of small RNAs in plants is the
methyltransferase HEN1-catalyzed 3�-end methylation,
which protects small RNAs from terminal polyuridyla-
tion or exonucleolytic degradation (Yu et al. 2005). In
mammals, miRNAs are not methylated, and only
piRNAs carry a 2�-O-methyl group on the 3�-terminal

Figure 2. Accumulation of AtlsiRNA-1 requires DCL1, DCL4,
HYL1, AGO7, HST, RDR6, NRPD1a, NRPD1b, and HEN1.
Level of AtlsiRNA-1 in 4-wk-old Pst (avrRpt2)-infected small
RNA biogenesis mutants is shown in various dcl mutants and
hyl1 (A), various ago mutants and hst-6 (B), and various rdr, pol
IV mutants, sde3, and hen1 (C). Samples were collected at 15
hpi. Oligonucleotide probes complementary to AtlsiRNA-1,
miR173, and TAS3 (D7 and D8) were used. U6 RNA was used
for quantification and a loading control. (D) The 3� end of
AtlsiRNA-1 is modified. Gel-fractionated 20- to 50-nt small
RNAs were examined by �-elimination assay. Synthetic
RNA oligonucleotides (21 and 44 nt) were mixed in the sam-
ples as controls. Oligonucleotide probes complementary to
AtlsiRNA-1, miR173, and synthetic oligos were used. U6 RNA
was used as a control for measuring the RA (shown below).
Ethidium bromide-stained tRNA is shown as a loading control.
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ribose (Kirino and Mourelatos 2007; Ohara et al. 2007).
Similarly, Drosophila rasiRNAs and zebrafish piRNAs
are modified at the 3� end (Gunawardane et al. 2007;
Houwing et al. 2007). The level of AtlsiRNA-1 was
markedly lower in hen1 than in the wild type (Fig. 2C),
which suggests that AtlsiRNA-1 may be protected by
methylation of its end. To confirm this result, we per-
formed �-elimination analysis of lsiRNA-1 with syn-
thetic 21- and 44-nt RNA oligos added to each reaction
as controls. AtlsiRNA-1 exhibited a high level of resis-
tance to periodate treatment, thereby confirming the
modification of the 2� or 3� hydroxyl group at its 3�-
terminal ribose (Fig. 2D). The same blot was probed with
the oligos complementary to the 21- and 44-nt synthetic
oligos, with shifts in the mobility of these RNA oligos
clearly seen after �-elimination (Fig. 2D). The modifica-
tion of the 3�-terminal hydroxyl group, together with the
requirement of HEN1, suggests that AtlsiRNA-1 is
likely methylated.

AtlsiRNA-1 regulates the expression of the antisense
transcript AtRAP

Since AtlsiRNA-1 is derived from the overlapping re-
gion of the NAT pair SRRLK/AtRAP and induced by Pst
(avrRpt2), we examined the expression of these two
genes in response to Pst (avrRpt2). Expression of SRRLK
was clearly induced by Pst (avrRpt2) infection (Fig. 3A)
but not after mock treatment (10 mM MgCl2) (Supple-
mentary Fig. S3A). The induction pattern of AtlsiRNA-1
correlated well with that of SRRLK transcripts (Fig. 3B).
AtlsiRNA-1 is derived from the exon of SRRLK and is
complementary to the 3� untranslated region (UTR) of
the antisense gene AtRAP. The newly released TAIR an-
notation 7 shows a shorter 3� UTR of AtRAP as com-
pared with that in annotation 6, whereas the mRNA sig-
natures in the MPSS database suggest that its 3� UTR
could be 950 base pairs (bp). To determine the length of
AtRAP 3� UTR, we performed RT–PCR with a forward
primer (F in Fig. 4A) at the nonoverlapping region before
the last intron of AtRAP and several reverse primers (R1–
R6 in Fig. 4A), and confirmed that the 3� UTR of AtRAP
could extend to at least 600 bp downstream from the
stop codon and 300 bp downstream from the lsiRNA-1
target site (Supplementary Fig. S3B). Quantitative RT–
PCR with various RT primers reveals that >60% of the
AtRAP transcripts contain the target site (Supplemen-
tary Fig. S3C). Thus, AtlsiRNA-1 likely triggers the si-
lencing of AtRAP in cis. As expected, AtRAP expression
was reduced only in response to Pst (AvrRpt2) but not
mock treatment (Fig. 3C; Supplementary Fig. S3A).
These observations imply that AtlsiRNA-1 might si-
lence AtRAP upon pathogen attack.

To confirm the effect of AtlsiRNA-1 on AtRAP mRNA
degradation, we examined the transcript levels of AtRAP
in RNA interference (RNAi) biogenesis mutants show-
ing greatly reduced level of AtlsiRNA-1 in response to
Pst (avrRpt2) infection. As expected, the level of AtRAP
transcript was clearly elevated in dcl1-9 and dcl1-9 fwf-2
mutants (Fig. 3D). Modest induction of AtRAP was also

found in dcl1-7 even without bacterial challenge in the
ASRP database (http://asrp.cgrb.oregonstate.edu). Simi-
larly, dcl4, hen1, hyl1, nrpd1a, ago7, and hst-6 mutants
retained higher levels of AtRAP transcript than their re-
spective wild types (Fig. 3D). However, like in the wild
type, AtRAP was degraded in dcl2, which correlates well
with the induction of AtlsiRNA-1 in dcl2 (Fig. 3D). The
negative correlation between AtlsiRNA-1 and AtRAP
suggests that AtlsiRNA-1 likely silences AtRAP upon
avrRpt2 infection.

To further confirm that the down-regulation of AtRAP
is indeed caused by the induction of AtlsiRNA-1, we
designed two reporter fusion constructs carrying yellow
fluorescent protein (YFP) gene fused with the wild-type
or mutated 3� UTR of AtRAP driven by a constitutive
35S promoter (Fig. 3E). The mutated 3� UTR construct
had a 40-nt deletion, which covered the region comple-
mentary to AtlsiRNA-1. Both constructs were trans-
formed into Arabidopsis plants, and stable high-expres-
sion lines were selected for expression analysis. The
level of YFP transcript was examined in transgenic
plants infected with Pst (avrRpt2) at 10 hpi. Since

Figure 3. AtlsiRNA-1 down-regulates AtRAP. Expression of
SRRLK (A), AtlsiRNA-1 (B), and AtRAP (C) in 4-wk-old Arabi-
dopsis leaves at various time points post-Pst (avrRpt2) infec-
tion. DNA probes outside the overlapping region (probe A and B
in Fig. 4A) were used for detecting SRRLK and AtRAP, respec-
tively. Actin and U6 are internal controls for HMW and LMW
RNA blots, respectively. (D) Level of AtRAP mRNA in selected
small RNA biogenesis mutants at 15 hpi of Pst (avrRpt2). Cor-
responding wild-type ecotypes are included for comparison. Ac-
tin and ubiquitin were used for measuring the RA (shown be-
low). (E) Diagram of reporter constructs carrying the YFP gene
fused with the AtRAP wild-type 3� UTR or mutated UTR with
deletion of 40 nt complementary to AtlsiRNA-1. (F) Expres-
sion of YFP in transgenic Arabidopsis plants carrying reporter
constructs with and without Pst (avrRpt2) infection. A YFP
probe was used for Northern blot analysis. (G) Expression of
AtlsiRNA-1 in the reporter transgenic lines post-Pst (avrRpt2)
infection. Samples were collected at 10 hpi.
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avrRpt2 infection induces AtlsiRNA-1, which targets
the AtRAP 3� UTR, we would expect down-regulation of
YFP. Northern blot analysis showed lower YFP levels in
the infected YFP-WT UTR plants than in the uninfected
plants (Fig. 3F). Nevertheless, 35S�YFP-� 40 UTR plants
showed no significant change in expression of the re-
porter gene (Fig. 3F). The difference observed was not due
to the reduced level of AtlsiRNA-1 in 35�YFP-� 40 UTR
plants (Fig. 3G). This result suggests that AtlsiRNA-1 is
responsible for the down-regulation of AtRAP.

Generation of AtlsiRNA-1 requires the sense transcript
SRRLK

To determine whether generation of AtlsiRNA-1 de-
pends on both sense and antisense transcripts of the
NAT pair, we identified homozygous T-DNA insertion
mutants of SRRLK (srrlk-1 for CS_2992 and srrlk-2
for Salk_009453) and AtRAP (atrap-1 for CS_844807).

SRRLK is an intronless gene, and both T-DNA lines con-
tain insertions in the coding region (Fig. 4A). The T-DNA
insertion in srrlk-1 knocked out SRRLK expression, and no
AtlsiRNA-1 was detected (Fig. 4B,C). srrlk-2 displayed
weak induction of SRRLK and low level of
AtlsiRNA-1 upon Pst (avrRpt2) infection (Fig. 4B,C). Ex-
pression of SRRLK at the overlapping region was also
knocked out or knocked down in srrlk-1 and srrlk-2, re-
spectively (Supplementary Fig. S4). Thus, generation of
AtlsiRNA-1 depends on the expression of SRRLK.

Figure 5. atrap-1 shows enhanced resistance to both virulent
and avirulent bacteria. (A) atrap-1 has retarded growth and pho-
tobleached phenotype. Picture was taken at 20 d after germina-
tion. (B) Mutant atrap-1 exhibits enhanced resistance to both
virulent Pst (EV) and avirulent Pst (avrRpt2). Bacterial growth
was measured at 0, 3, and 4 dpi of Pst (EV) or Pst (avrRpt2) at a
concentration of 2 × 105 cfu/mL. Five-week-old plants were
used for the analysis. Error bars represent standard deviation of
four to six replicates. Similar results were obtained in three
independent experiments. (C) Mutant srrlk-1 shows no signifi-
cant difference in bacteria growth as compared with Ws wild-
type. Four-week-old plants were used and bacterial growth was
measured at 0, 2, and 4 dpi.

Figure 4. AtlsiRNA-1 formation requires the expression of
sense gene SRRLK. (A) The gene structures and T-DNA in-
sertions of SRRLK and AtRAP. (B–D) Expression of SRRLK,
AtlsiRNA-1 and AtRAP in T-DNA insertion lines srrlk-1
(CS_2992) and srrlk-2 (Salk_009453). (E) Expression of SRRLK
and AtRAP in untreated atrap-1 (CS_844807). (F) Level of
AtlsiRNA-1 in atrap-1 at 15 hpi of Pst (avrRpt2). Probes A and
B located outside the overlapping region were used for Northern
blot analysis to detect SRRLK and AtRAP, respectively. U6 and
actin are controls. (G) Low level of AtRAP is detected at the
overlapping region in atrap-1. mRNA (1.5 µg) was used for RT
with oligo dT. The expression of the 5� region of AtRAP was
examined by PCR with primers a and b. The expression of the
3�-end overlapping region of AtRAP was examined by PCR with
primer F before the last intron and a series of reverse primers
downstream from the last intron, R1, R2, and R4.
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In atrap-1, the T-DNA was inserted in the third exon
and knocked out the expression of full-length AtRAP
(Fig. 4A,E) but had no effect on the expression of
AtlsiRNA-1 and SRRLK mRNA (Fig. 4E,F). However, the
3� end of AtRAP was still expressed in the knockout line,
although at a lower level than that in the control (Fig.
4G). Thus, we cannot rule out that the reduced expres-
sion of the 3�-end partial transcript may be still enough
for generating lsiRNA-1.

AtlsiRNA-1 contributes to plant bacterial resistance
by silencing AtRAP—a negative regulator of plant
defense

To assess the biological function of AtlsiRNA-1, we ex-
amined the knockout mutants atrap-1 and srrlk-1 for
alteration in plant disease resistance. atrap-1 plants ex-
hibited retarded growth and a photobleached phenotype
(Fig. 5A). The developmental phenotype is more obvious
at younger stage (within the first 4 wk post-germination).
Modest but significantly less growth of both the virulent
Pst (EV) and avirulent Pst (avrRpt2) was observed in
atrap-1 leaves than in the wild-type control at 3–4 d post-
inoculation (dpi) (Fig. 5B). Consistent results were ob-
tained from three independent experiments. The in-
creased resistance of atrap-1 to both virulent and aviru-
lent strains suggests that AtRAP may be involved in
basal defense and negatively regulates resistance re-
sponses. Although SRRLK is induced by Pst (avrRpt2),
srrlk-1 plants displayed no significant difference in Pst
(EV) and Pst (avrRpt2) growth from the wild-type Ws
control (Fig. 5C). It might be because SRRLK itself plays
a minor role in plant defense but rather contributes to
defense indirectly by inducing AtlsiRNA-1. Alterna-
tively, it may function redundantly with other RLKs,
which is a large gene family in Arabidopsis. From these
observations, we conclude that AtlsiRNA-1 may be re-
sponsible for imparting resistance against Pst (avrRpt2)
infection by down-regulating a negative regulator of
plant basal defense responses. We are currently investi-
gating the molecular mechanism of AtRAP function.

AtlsiRNA-1 may promote AtRAP mRNA decapping
and decay

Small RNAs induce transcriptional gene silencing by
guiding DNA methylation or chromatin modification or
induce post-transcriptional gene silencing by guiding tar-
get mRNA degradation and/or translation inhibition. We
examined a mutant in DDM1, a gene contributing to
maintenance of RNA-directed DNA methylation and re-
sponsible for the majority of the genomic cytosine meth-
ylation (Jeddeloh et al. 1999). The level of AtlsiRNA-1
and AtRAP mRNA did not change in ddm1-2 after Pst
(avrRpt2) infection as compared with the wild-type con-
trol (Fig. 6A), which implies that silencing of AtRAP
might occur mainly at the post-transcriptional level. The
reduction of AtRAP mRNA level in response to Pst
(avrRpt2) (Fig. 3C,D) indicates that the major mode of
action of AtlsiRNA-1 is to trigger mRNA degradation

rather than translation inhibition. In plants, miRNAs
and siRNAs mainly direct endonucleolytic cleavage of
target mRNAs by AGO slicer activity on perfect or
nearly perfect base pairing. However, we could not de-
tect any cleavage product of AtRAP by Northern blot
analysis or 5� RLM-RACE (data not shown). These re-
sults point to the likelihood of other mechanisms in-
volved in the mode of action of AtlsiRNA-1, although
cleavage of AtRAP could not be completely ruled out
because of the low level of expression of AtRAP and the
limited sensitivity of our assays.

Several lines of evidence in animal systems suggest
that small RNAs can also accelerate target mRNA deg-

Figure 6. The level of AtRAP mRNA is not affected in the
ddm1 mutant but is accumulated more in decapping complex
mutants tdt-2mc and vcs-1 and the 5�-to-3� exoribonuclease
mutant xrn4-5 than in wild-type controls. (A) Expression of
lsiRNA-1 and AtRAP in ddm1 at 15 hpi of Pst (avrRpt2). (B)
Expression of AtRAP and lsiRNA-1 in decapping complex mu-
tants vcs-1 and tdt-2mc at 15 hpi of Pst (avrRpt2). AtRAP and
AtHB15 were detected by semiquantitative RT–PCR because
not enough mRNA could be obtained. PCR products after 25
cycles (for AtRAP and AtHB15) and 20 cycles (for ubiquitin)
were analyzed by Southern blot analysis. (Bottom panel)
AtlsiRNA-1 was examined by Northern blot analysis. (C,D)
Degradation of AtRAP in xrn4-5 mutant (C) and XRN2 T-DNA
knockout mutant (D) examined at 6 hpi of Pst (avrRpt2) after
cordycepin treatment. At1g78080 transcript is a known target
of XRN4. Specific probes for detecting AtRAP, At1g78080, and
actin were used.
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radation by cleavage-independent mechanisms such as
deadenylation and/or decapping followed by 5�-to-3� deg-
radation (Behm-Ansmant et al. 2006; Giraldez et al.
2006; Valencia-Sanchez et al. 2006; Wu et al. 2006). Usu-
ally, on Northern blot analysis, deadenylation of mRNA
shows increased mobility over time because of the short-
ened poly(A) tail (Behm-Ansmant et al. 2006; Wu et al.
2006). We did not detect any change in the size of AtRAP
mRNA during degradation over the time course of 15 hpi
of Pst (avrRpt2) infection (Fig. 3C). Whether deadenyla-
tion is involved in AtRAP mRNA decay cannot be easily
tested because the available Arabidopsis deadenylase
mutant is embryo lethal (Chiba et al. 2004).

Removal of the 5� cap from the mRNA is an important
trigger for mRNA decay. Decapping enzymes are local-
ized in processing (P)-bodies, where mRNA degradation
occurs (Liu et al. 2005). Some AGO proteins are associ-
ated with P-bodies and interact with P-body proteins,
including decapping enzymes, for mRNA degradation in
human, worm, and fly (Ding et al. 2005; Liu et al. 2005;
Sen and Blau 2005; Behm-Ansmant et al. 2006). In Ara-
bidopsis, the decapping complex comprising DCP1,
DCP2, and VARICOSE (VCS) was shown to localize in
putative P-bodies. Mutations in DCP1, DCP2, and VCS
affect the turnover of a group of mRNAs but not all
mRNAs, and are seedling lethal (Xu et al. 2006; Goeres et
al. 2007). To examine the effect of mRNA decapping on
AtRAP degradation, we took the advantage of the tem-
perature-dependent mutants vcs-1 (in the Ler accession)
and DCP2 mutant tdt MC2 (Col tdt mutant after two
sequential crosses to Ler) (Goeres et al. 2007), which can
produce broad pointed leaves when grown at 16°C and
allow for conducting bacterial infection assay. Although
AtHB15 level was not changed in vcs-1 and tdt MC2
after infection (Fig. 6B), AtRAP mRNA showed a more
than sixfold increase in vcs-1 and tdt MC2 than in the
Pst (avrRpt2)-infected wild type (Fig. 6B), which almost
completely inhibited the degradation of AtRAP mRNA
after infection as compared with the untreated wild type
(Fig. 6B). These results suggest that the degradation of
AtRAP mRNA upon Pst (avrRpt2) infection largely de-
pends on the decapping complex. The inhibition of
AtRAP degradation was not due to the alteration of the
AtlsiRNA-1 level. In fact, the AtlsiRNA-1 level was even
higher in tdt MC2 than in the Ler control (Fig. 6B). These
data, together with the result that lsiRNA-1 target site
deletion could largely restore the expression of the re-
porter YFP, suggest that AtlsiRNA-1 might induce si-
lencing of AtRAP through RNA decapping.

Decapped mRNAs are subjected to degradation by 5�-
to-3� exoribonucleases. Arabidopsis contains three 5�-to-
3� exoribonucleases, XRN2, XRN3, and XRN4, which
are homologous to yeast XRN1. XRN4 recognizes the 5�
end of decapped or cleaved transcripts for degradation.
Mutation in XRN4 affects the mRNA levels of only a
few genes, causes no obvious phenotype, and promotes
RDR-mediated gene silencing (Gazzani et al. 2004;
Souret et al. 2004). We detected AtRAP transcript accu-
mulated to a higher level in the xrn4-5 mutant than in
the wild type and XRN2 knockout line (Salk_114258) that

we isolated (Fig. 6C,D), which suggests that AtRAP deg-
radation requires XRN4.

Discussion

Here, we identified a novel class of 30- to 40-nt-long
noncoding RNAs in Arabidopsis, AtlsiRNAs. Unlike
animal piRNAs, which are mainly derived from trans-
posons, retroelements, and repetitive loci, and are only
present in germline cells, the AtlsiRNAs we identified
are generated from gene-coding regions, present in vari-
ous tissues, and are induced by pathogen attack or under
specific growth conditions. Further study of one of the
Pst (avrRpt2) infection-induced lsiRNAs, AtlsiRNA-1,
revealed that its generation depends on DCL1 and DCL4
but not DCL2 and DCL3. We predict that AtlsiRNA-1
is primarily generated by DCL1 in response to Pst
(avrRpt2) and then undergoes secondary amplification
by Pol IV, RDR6, SDE3, and DCL4, which explains why
these mutants had less effect on AtlsiRNA-1 accumula-
tion than dcl1 mutants did.

Although currently known small RNAs generated by
DCL1 in Arabidopsis have a rather strict size range of
20- to 22-nt, several studies using deep parallel sequenc-
ing have identified heterogeneous miRNAs with various
lengths of 20- to 24-nt within many individual miRNA
loci (Rajagopalan et al. 2006; Fahlgren et al. 2007). As
well, Tetrahymena DCL1 can produce scnRNAs of 26-
to 31-nt (Mochizuki and Gorovsky 2005). Therefore,
Arabidopsis DCL1 and DCL4 could possibly generate
lsiRNAs. HYL1 has been shown to play an important
role in the “dicer” function of DCL1. HYL1 mutation
can also greatly reduce the level of AtlsiRNA-1. Interac-
tion of DCL1 with other proteins, including HYL1 and
other unidentified components, may influence the size
of the small RNAs. Since AtlsiRNA-1 is induced only by
Pst (avrRpt2) challenge, it is possible that bacterial pro-
teins, such as avrRpt2, might directly or indirectly in-
terfere with DCL1 and alter its function in generating a
specific class of small RNAs. Alternatively, DCL1 and
DCL4 may be responsible for cleavage of only one end
of the lsiRNA-1, and other proteins with nuclease ac-
tivity may process the other end. The biogenesis of
AtlsiRNA-1 may involve the slicer activity of AGO7,
just like the roles of AGO3 and Aubergine PIWI subfam-
ily proteins in the biogenesis of piRNAs/rasiRNAs (Bren-
necke et al. 2007; Gunawardane et al. 2007). However,
the enzymatic slicer activity of AGO7 has yet to be dem-
onstrated. It is also possible that generation of lsiRNA-1
may require the action of other undetermined nucleases,
like the roles of Zucchini and Squash proposed in the
formation of rasiRNAs (Pane et al. 2007). However, the
close homologs of Zucchini and Squash have not been
identified in Arabidopsis.

Our results suggest that AtlsiRNA-1 might trigger
AtRAP silencing by destabilizing its mRNA through de-
capping and XRN4-mediated 5�-to-3� degradation. Most
plant miRNAs and endogenous siRNAs studied so far
mainly cause cleavage of target mRNA or translational
inhibition; small RNA-induced mRNA instability has
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not yet been reported in plants. However, inducing
cleavage-independent degradation of target mRNA is a
rather common mode of action of small RNAs in animal
systems (Valencia-Sanchez et al. 2006). Several animal
AGO proteins are associated with decapping enzymes
and are localized in P-bodies (Ding et al. 2005; Liu et al.
2005; Sen and Blau 2005; Behm-Ansmant et al. 2006).
AtlsiRNA-1 requires AGO7 for its biogenesis and func-
tion. AGO7 was shown to be involved in the function of
TAS3 tasiRNAs, but its functional mechanism and sub-
cellular localization has not been shown. We speculate
that after Pst (avrRpt2) infection, lsiRNA-1 will associ-
ate with an AGO7-containing RISC complex and bring
its target mRNA to a P-body for decapping and degrada-
tion. Future studies to demonstrate the subcellular lo-
calization of AGO7 in response to Pst (avrRpt2) infec-
tion and the association of AtlsiRNAs with AGO7 will
add strong evidence to this hypothesis.

Functional analysis of AtRAP revealed its negative
role in plant disease resistance. Plants have evolved a
sophisticated mechanism to control its resistance signal-
ing network (Chisholm et al. 2006; Jones and Dangl
2006). To be cost effective, the resistance pathways need
to be “off” under normal growth conditions and should
be quickly turned “on” under pathogen attack. AtRAP
may function in controlling the resistance responses un-
der the normal condition. However, the suppression of
resistance responses by AtRAP can be quickly lifted by
the induction of AtlsiRNA-1 in response to incompatible
Pst (avrRpt2) infection, which leads to rapid degradation
of AtRAP mRNA. AtRAP may play a role in basal de-
fense because it affects both compatible and incompat-
ible interaction between Pst and plants. We are in the
process of exploring the functional mechanism of AtRAP
in plant defense.

The discovery of AtlsiRNAs has added to the complex-
ity of the small RNA world in plants. Some of these
small RNAs are induced in response to pathogen attack,
and are therefore implicated in disease resistance in
plants. AtlsiRNAs may play diverse functions in plants,
including regulation of pathogen-responsive genes. Iden-
tification and characterization of more lsiRNAs will
shed light on the biogenesis mechanisms and regulatory
functions of these small RNAs in plants.

Materials and methods

Plant materials and growth conditions

Arabidopsis plants were grown in a controlled growth room at
23°C ± 1°C with a 12-h light/12-h dark photoperiod. tdt-MC2
and vcs-1 plants along with Ler were grown for 6–8 wk at 16°C
and acclimated for 2 d at 24°C before bacteria infiltration. All
experiments were performed on 4-wk-old Arabidopsis plants.
We thank the following researchers for the seeds used in this
study: dcl1-9 and hen1-1 (Xumei Chen, University of California
at Riverside, Riverside, CA); hyl1 (Nina Fedoroff, The Huck
Institute of Life Science, Pennsylvania State University, Uni-
versity Park, PA); rdr2-1, dcl2-1, dcl3-1, and dcl4-2 (Jim Car-
rington, Center for Genome Research and Biocomputing,
Oregon State University, Corvallis, OR); ago4 (Steve Jacobsen,

University of California at Los Angeles, Los Angeles, CA); sde1/
rdr6, sde3, and sde4/nrpd1a (David Baulcombe, Sainsbury Labo-
ratory, Norwich, UK); ago2 (Zhixin Xie, Texas Tech University,
Lubbock, TX); ago3 (John Clarke, John Innes Center, Norwich,
UK); nrpd1b (Thierry Lagrange, Université de Perpignan, Cedex,
France); sgs3 (Herve Vaucheret, Institut National de la Recherche
Agronomique, Versailles, France); ddm1-2 (Eric Richards, Wash-
ington University, St. Louis, MO); tdt-MC2 and vcs-1 (Leslie E.
Sieburth, University of Utah, Salt Lake City, UT); xrn4 (Pam Green,
University of Delaware, Newark, DE). Ago 7 (zip 2, CS24282),
hasty-6 (CS24279), ago5 (Salk_063806), ago9 (Salk_127358),
SRRLK (Salk_09453 and CS2992), AtRAP (CS844807), and xrn2
(Salk_114258) were ordered from ABRC, Ohio. The homo-
zygous plants were identified by PCR, and the expression of the
genes was examined by RT–PCR or Northern blot analysis. ago5
(Salk_063806), ago9 (Salk_127358), and xrn2 (Salk_114258) are
knockout mutants. All these mutants were in the Columbia
(Col-0), Landsberg erecta (Ler), Nossen-0 (Noss), Wassilewskija
(Ws) or C24 genetic backgrounds as indicated in the text and
figures, respectively.

Plasmid DNA constructs and generation of transgenic
Arabidopsis plants

To obtain the 35S�YFP-AtRAPUTR constructs, a 950-bp frag-
ment right after the stop codon of AtRAP was amplified with
the AtRAP-UTR primers (Supplementary Table S1) and cloned
into the plant expression Gateway destination vector pEG104
(Earley et al. 2006) containing an N-terminal YFP protein tag
driven by the constitutive 35S cauliflower mosaic virus pro-
moter. To clone the 3� UTR insensitive to small RNAs, 40 bases
complementary to the AtlsiRNA-1 (24-nt MPSS sequence [up-
percase and labeled pink in Supplementary Fig. S1] and 16 nt on
the 5� end) in the 3� UTR region of AtRAP were deleted, and the
fragment was cloned in pEG104 (AtRAP-�40 UTR) as described
above. Agrobacterium tumefaciens strain GV3101 was used for
Col-0 wild-type transformation.

RNA Northern blot analysis

RNA extraction and small RNA Northern analysis were carried
out as described (Katiyar-Agarwal and Jin 2007). Imagequant
version 2.1 software was used for RA quantification (GE Health-
care Life Sciences).

For high-molecular-weight (HMW) RNA blot analysis, we
mainly used total RNA for SRRLK detection and enriched
mRNA isolated by the use of Poly(A) tract isolation system
(Promega) for AtRAP detection because AtRAP expression is
very low. About 3–5 µg of mRNA were resolved on 1.2% agarose
formaldehyde-MOPS gel. The RNA was transferred to Duralon-
UV membrane (Stratagene) by capillary blotting. cDNA probes
were labeled with �-32P dCTP by the Prime-it II random primer
labeling system (Stratagene). RT–PCR was used to amplify spe-
cific probes (Fig. 4A; Supplementary Table S1).

RT–PCR

For checking the expression levels of AtRAP, first-strand cDNA
was synthesized from 1–2 µg of mRNA with oligo dT because
AtRAP expression level is very low. Then PCR was performed
with various forward and reverse primers (Fig. 4A; Supplemen-
tary Table S1). The PCR fragments were confirmed by sequenc-
ing. Real-time RT–PCR was used to check the expression level
of various AtRAP transcripts. AtRAP-specific primers (R2, R4,
R5, and R6) were used for RT in addition to the oligo dT primer.
All the cDNA was subjected for PCR using primers F and b
to ensure the same PCR efficiency. SRRLK-specific primer
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SRRLK-stop R was used for RT to check the expression of the
overlapping region of SRRLK.

Small RNA cloning

Cloning of small RNA was performed as described previously
(Sunkar and Zhu 2004). Briefly, small RNAs isolated from Pst
(avrRpt2)-infected Arabidopsis leaves were size-fractionated,
purified, and ligated sequentially to 5�- and 3�-end RNA oligo-
nucleotide adapters. RT involved a primer specific for the
3� adaptor. Since a 24-nt sequence was already known for
AtlsiRNA-1, the flanking sequences were cloned by PCR with a
combination of primers specific for the 5�-end adaptor and 24-nt
MPSS reverse sequence, as well as the 3�-end adaptor and 24-nt
MPSS forward sequence. The resulting PCR products were
cloned in pGemT-Easy vector (Promega), and ligation products
were transformed in bacteria. Plasmids isolated from different
bacterial clones were sequenced.

�-Elimination reaction of small RNAs

Small RNAs from Pst (avrRpt2)-infected leaves were size-frac-
tionated from denaturing polyacrylamide gel. The purified frac-
tion of 20- to 50-nt small RNAs was incubated in a solution
containing 10 mM HEPES (pH 7.0) and 250 mM sodium peri-
odate for 30 min at 22°C. An equal volume of formamide load-
ing dye was added to the samples, followed by incubation for 45
min at 99°C. The reaction mixture was resolved on a 19-cm-
long, 13% denaturing polyacrylamide gel. An equal amount of
untreated RNA was also loaded onto the gel for comparison. To
check the completion of sodium periodate treatment, RNA oli-
gos of known sequence (21- and 44-nt synthetic RNA oligo)
were also mixed with the small RNA during �-elimination re-
action, and the blots were probed with end-labeled oligos
complementary to the synthetic oligos and AtlsiRNA-1.

Bacteria infection

For RNA analysis, 4-wk-old Arabidopsis leaves were infiltrated
with Pst DC3000 carrying EV (pVSP61) or avr genes avrRpt2,
avrRps4, avrPphB, or avrRpm1 at a concentration of 2 × 107

colony-forming units (cfu) per milliliter. Infected leaves were
harvested at various time points before hypersensitive re-
sponses occur. For YFP-UTR experiments, samples were col-
lected at 10 hpi. For xrn2 and xrn4 mutant experiments, leaves
from 4-wk-old Arabidopsis plants were excised and floated on
half-strength MS medium containing 0.005% Silwett-L77.
Cordycepin (Sigma Chemicals) was added to the medium at a
final concentration of 300 µg/mL for pretreatment for 2.5 h.
Leaves were then infiltrated with 2 × 107 cfu/mL Pst (avrRpt2),
and the tissue was harvested 6 hpi. As a control, leaves were
floated on MS medium containing Silwett-L77 for 8.5 h.

For Flg22 treatment, 1-wk-old cell suspension culture of Ara-
bidopsis was treated with 50 nM Flg22 peptide and harvested at
different time points.

For bacterial growth assay in atrap-1, Pst (EV) or Pst (avrRpt2)
were infiltrated into 5-wk-old Arabidopsis leaves at a concen-
tration of ∼2 × 105 cfu/mL. Leaf samples were collected by a
cock borer, and the bacterial titer were determined by plating
and counting the number of colonies at 0, 3, and 4 dpi. Four to
six replicates were taken for each set of experiments. The ex-
periment was repeated three times and similar results were ob-
tained. For srrlk-1, the same pathogen assay was performed on
4-wk-old plants at 0, 2, and 4 dpi.
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