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Summary

� The common molecular patterns of microbes play a critical role in the regulation of plant

innate immunity. However, little is known about the role of nucleic acids in this process in

plants.
� We pre-infiltrated Arabidopsis leaves with total RNAs from Pseudomonas syringae pv.

tomato DC3000 (Pto DC3000) and subsequently inoculated these plants with the same bac-

terial cells.
� Total Pto DC3000 RNAs pre-infiltrated into Arabidopsis leaves elicited plant immune

responses against Pto DC3000. However, sheared RNAs and RNase A application failed to

induce immunity, suggesting that intact bacterial RNAs function in plant innate immunity.

This notion was supported by the positive regulation of superoxide anion levels, callose depo-

sition, two mitogen-activated protein kinases and defense-related genes observed in bacterial

RNA-pre-treated leaves. Intriguingly, the Pto DC3000 population was not compromised in

known pattern recognition receptor mutants for chitin, flagellin and elongation factor-Tu (EF-

Tu). Plant defense-related mutant analyses further revealed that bacterial RNA-elicited innate

immunity was normally required for salicylic and jasmonic acid signaling. Notably, among

total RNAs, the abundant bacterial RNA species 16S and 23S ribosomal RNAs were the major

determinants of this response.
� Our findings provide evidence that bacterial RNA serves as a microbe-associated molecular

pattern in plants.

Introduction

The induction of innate immunity in plants and animals requires
an organism to discriminate between invading non-self and
self-components (Nurnberger et al., 2004). Pattern recognition
receptors (PRRs), which are capable of sensing potentially infec-
tious microorganisms through the perception of microbe-
associated molecular patterns (MAMPs), are required to initiate
innate immune responses. MAMPs have evolutionarily stable
structures and are usually important for microorganism survival,
but are not critical for viability in a competitive environment
(Bent & Mackey, 2007). MAMPs from plant-associated
microbes include flagellin, peptidoglycan, lipopolysaccharide
(LPS), translation elongation factor-Tu (EF-Tu), cold-shock
protein and fungal chitin (Nurnberger & Brunner, 2002; Zipfel
et al., 2004; Ausubel, 2005).

In animals, TOLL-like receptors (TLRs), a type of PRR, are
major factors in MAMP perception. TOLL is originally identi-
fied in Drosophila as an antifungal defense-related protein
(Georgel et al., 2009). To date, 10 human and 12 murine TLR

homologues have been reported (Leulier & Lemaitre, 2008;
Georgel et al., 2009). TLRs have a variety of functions, including
the discrimination of triacyl and diacyl lipopeptides (TLR1,
TLR2 and TLR6), the recognition of LPS (TLR4) and bacterial
flagellin receptor (TLR5) (Takeda et al., 2003; Pawar et al.,
2006), and the detection of nucleic acids (TLR3, TLR7, TLR8
and TLR9) (Ahmad-Nejad et al., 2002; Takeda et al., 2003; Ishii
& Akira, 2005; Pawar et al., 2006; Hornung et al., 2008). In con-
trast with the well-known signaling machinery in animals, only a
few PRRs have been identified in plants, including FLS2 for flag-
ellin and EFR for EF-Tu (Segonzac & Zipfel, 2011).

Many studies have shown that nucleic acids can be recognized
by TLR3, TLR7, TLR8 and TLR9 in animals (Ahmad-Nejad
et al., 2002; Takeda et al., 2003; Ishii & Akira, 2005; Pawar
et al., 2006; Hornung et al., 2008). Among nucleic acids, RNA
species are implicated in this process. For example, viral RNA is a
potent immunostimulatory agent that can induce a type-I inter-
feron (IFN) response and is recognized by TLR and RIG-like
receptors (Diebold et al., 2004; Gitlin et al., 2006; Kato et al.,
2006). In addition, bacterial mRNA induces interleukin-12 (IL-
12) production in dendritic cells (Koski et al., 2004), and 16S
ribosomal RNA (rRNA) elicits TLR7-mediated IFN-a*These authors contributed equally to this work.
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production in mammalian systems (Eberle et al., 2009). How-
ever, little is known about plant immune responses to nucleic
acids derived from pathogens, although it is known that
demethylating bacterial DNA can induce basal defense responses
in plants (Yakushiji et al., 2009).

The major components in the signal transduction pathway
that deliver MAMP perception signals are the mitogen-activated
protein kinases (MAPKs). To date, 20 MAPKs have been identi-
fied in the Arabidopsis genome, among which two parallel MAPK
cascades, including MEKK1 (MAPKKK1)/MKK4/5-MPK3/6
and MEKK1-MKK1/2-MPK4/11, probably function as key
downstream components of MAMP-derived signaling (Meng &
Zhang, 2013). In addition, fungal chitin can trigger MPK3- and
MPK6-mediated defense responses in rice (Zhang & Zhou,
2010). In contrast with MPK3/6, MPK4 was initially thought to
have a negative effect on plant immunity (Petersen et al., 2000).
However, its positive regulation of plant immunity has recently
been reported (Kong et al., 2012; Zhang et al., 2012). Other key
responses to MAMPs include the generation of calcium influxes
and reactive oxygen species (ROS), and callose deposition (Nurn-
berger et al., 2004).

Here, we propose that bacterial RNAs can activate innate
immunity in Arabidopsis and that the signaling cascade of bac-
terial RNAs is very similar to that of MAMP downstream sig-
naling pathways. When bacterial RNAs were infiltrated into
Arabidopsis leaves, ROS superoxide anion production, MPK3
and MPK6 activation, callose deposition, defense gene activa-
tion and innate immunity were observed in plants. This
response to pre-treatment with total bacterial RNAs activated
both the salicylic acid (SA) and jasmonic acid (JA) signaling
pathways. Moreover, transcriptome analysis revealed that
defense-related genes, a class of ERF transcription factor genes
and a number of receptor-like kinase genes were up-regulated
on infiltration with bacterial RNAs, whereas auxin-responsive
genes were down-regulated. In addition, 16S and 23S rRNAs,
the most abundant RNAs in bacteria, induced a series of innate
immune responses.

Materials and Methods

Plant materials and growth conditions

The plants employed in this study included Arabidopsis thaliana
(L.) Heynh lines Col-0, npr1, NahG, etr1-3, jar1-1 (Zipfel et al.,
2004, 2006), fls2, efr1, the fls2efr1 double mutant (Thomas
Boller, University of Basel, Switzerland) and cerk1 (Thorsten
Nuernberger, Universit€at T€ubingen, Germany). The plants were
grown in soilless potting medium (Punong Co. Ltd., Gyeongju,
South Korea) at 23°C in a growth chamber under an 8 h : 16 h,
light : dark cycle.

Tobacco plants (Nicotiana tabacum L. cv Xanthi-nc and
Nicotiana benthamiana Domin.) were grown on half-strength
Murashige and Skoog (MS) medium including vitamins
(Duchefa, Haarlem, the Netherlands) supplemented with 1.5%
sucrose (Duchefa) and 0.6% plant agar (Duchefa) at 25°C in a
growth chamber under an 8 h : 16 h, light : dark cycle.

Bacterial RNA preparation

The extraction of total bacterial RNA was carried out with Trizol
(Invitrogen, Carlsbad, CA, USA) using standard methods. In
brief, P. syringae pv. tomato DC3000 was grown in King’s B
broth medium (3% proteose peptone No. 3, 0.15% K2HPO4,
0.15% MgSO4∙7H2O and 1% glycerol) supplemented with
rifampicin (100 lg ml�1) at 30°C, and was harvested when the
optical density at 600 nm (OD600) was < 1.0. The bacterial cells
were collected by centrifugation and lysed with lysozyme in Tris-
EDTA (pH 8.0). The lysed bacterial cells were mixed with Trizol
and chloroform. After centrifugation at 10 000 g at 4°C for
10 min, the upper phase (containing bacterial RNAs) was col-
lected and concentrated with the same volume of isopropyl alco-
hol. The bacterial RNA pellet was resuspended in
diethylpyrocarbonate (DEPC)-treated water. The pure, isolated
total bacterial RNAs were treated with RNase-free DNase
(Promega, Madison, WI, USA) following the manufacturer’s
protocol. To eliminate any contaminants, intact bacterial RNA
samples (DNase-treated bacterial RNAs) were further cleaned
with an RNeasy Plant Mini Kit (Qiagen, Valencia, CA, USA)
and used for further analysis.

Bacterial rRNA isolation

Purification of bacterial rRNA from intact total bacterial RNAs
was carried out using Quantum Prep Freeze ‘N Squeeze gel
extraction spin columns (Bio-Rad, Hercules, CA, USA). After
agarose gel electrophoresis of total bacterial RNAs, the major
bands, containing 23S and 16S rRNA, were excised from the gel.
The excised gel blocks containing rRNA were cut into 1–2-mm
pieces, packed into tubes, frozen for 5 min in a freezer and cen-
trifuged for 5 min to extract rRNA from the frozen agarose slices.
The rRNA was precipitated with isopropyl alcohol and resus-
pended in DEPC-treated RNase-free water.

Pathogen challenge

With a needleless syringe, bacterial RNA (150 ng ll�1), flg22
(1 lM) or DEPC-treated water was infiltrated into 4-wk-old
Arabidopsis leaves. Four days after these pre-treatments, P. syringae
pv. tomato DC3000 (RmR; 19 107 colony-forming units
(CFU)ml�1) suspensions were inoculated onto Arabidopsis leaves
by spraying (Figs 1, 2). To determine the size of the pathogenic
bacterial population, leaves were collected at designated time
points (3–5 d after inoculation of the pathogenic bacteria) and
ground immediately in 10mMMgCl2 solution, spread onto selec-
tion medium (King’s B agar medium containing 100 lg ml�1

rifampicin) and incubated in a 30°C chamber. The P. syringae pv.
tomato DC3000 colonies were counted 2 d later. For the samples
shown in Fig. 2(a), P. syringae pv. tomato DC3000 harboring
pDSK-GFPuv (KmR) suspension (19 104 CFUml�1) was infil-
trated into Arabidopsis leaves 5 d after pre-treatment with bacterial
RNAs (as already described), genomic DNA, benzothiadiazide
(BTH) or water using a needleless syringe. Disease severity (0–5)
was determined at 5 d after pathogen infiltration.
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Visualization of ROS

The detection of superoxide anions and hydrogen peroxide
(H2O2) in leaves was performed by staining the leaves with
nitroblue tetrazolium (NBT) and 3,30-diaminobenzidine tetrahy-
drochloride (DAB), respectively. After treatment, the leaves were
cut and transferred to NBT or DAB staining solution containing
5 mM NBT in 20 mM phosphate buffer, pH 6.5 (M€uller et al.,
2009), or 1 mg ml�1 DAB in 10 mM MES buffer, pH 5.6. The
leaves were incubated in staining solution under constant vacuum
until a dark color appeared on the surfaces of the stained leaves.
To detect ROS, the stained leaves were washed with 100%
ethanol (Fig. 3a).

Measurement of superoxide anion levels by electron spin
resonance (ESR) analysis

All experiments were performed as described by Park & Doke
(2005) with some modifications. Briefly, Arabidopsis leaf disks
(0.6 mm in diameter) were prepared and floated in sterile water
for 18 h in the dark for stabilization. Tiron solution (final con-
centration of 50 mM; Sigma, St Louis, MO, USA) and bacterial
RNAs (500 ng ll�1), flg22 (1 lM) or water as a control were
added to the leaf disks, followed by incubation for 5 min. The
relative quantity of generated oxygen radical in the solution was
calculated based on the standard signal from Mn and measured
by ESR (Jeol Ltd, Tokyo, Japan). The ESR parameters were as
follows: microwave power, 10 mW; microwave frequency,
9421.586MHz; time constant, CH1 = 0.1 s, CH2 = 0.03 s;
modulation amplitude, 0.1 mT (Fig. 3b).

Callose deposition assay

Leaves were collected 12 h after water or bacterial RNA infiltra-
tion and de-stained overnight with 95% ethanol in a Petri dish.
After several rinses with 50% ethanol and water, the leaf samples
were incubated in 0.07 M sodium phosphate buffer (pH 9.0) for
30 min. De-stained leaves were re-stained with 0.005% aniline
blue solution for 1 h and mounted on glass slides with mounting
medium (Amresco, Solon, OH, USA). Callose in stained leaves
was visualized under a BX51 fluorescence microscope (Olympus,
Tokyo, Japan; Fig. 3c).

Protein extraction and immunoblot assays for MAPK
detection

Leaves were ground in liquid nitrogen with a mortar and pestle.
Proteins were extracted from c. 200 mg of ground leaf tissue with
200 ll of protein extraction buffer (50 mM Tris-Cl, pH 7.5,
2 mM EDTA, protease inhibitor cocktail (Sigma), 1 mM dithio-
threitol (DTT) and 1 mM phenylmethylsulfonyl fluoride
(PMSF)). After centrifugation at 10 000 g for 20 min, the super-
natant, which contained total proteins, was collected, and the
protein concentration was determined using the Bradford quan-
tification method (Bio-Rad). Forty microliters of total protein
were used in the immunoblot assays. To detect activated MAPK,

phospho p44/42 MAPK (Thr202/Tyr204) rabbit monoclonal
antibodies (Cell Signaling Technology Inc., Danvers, MA, USA)
were used, and alkaline phosphatase-conjugating goat anti-rabbit
antibodies (Sigma-Aldrich) were used as secondary antibodies
(Fig. 4).

Microarray data analysis

To analyze the transcript levels in plants treated with bacterial
RNAs, Affymetrix ATH1 microarray analysis was carried out.
The expression levels were normalized by global scaling using
GENPLEX software (Istech, Goyang, South Korea). Any genes
expressed at levels above 2 of log2 fold change are listed in Sup-
porting Information Tables S1 and S2, and bacterial RNA-
specific expressed genes are listed in Table S3. Analyses of hierar-
chical clustering and viewing were conducted using the CLUSTER

3.0 and TREEVIEW programs, respectively (Eisen et al., 1998).
Hierarchical clusters with complete linkages are shown in
Fig. 5(a). The genes expressed above 2 of log2 fold change were
further analyzed by gene ontology and annotation using AMIGO
v.1.8 (http://www.geneontology.org), and are listed in Fig. 5(b).
The microarray data reported in this study are available from the
NCBI Gene Expression Omnibus (GEO), accession number
GSE73301.

Plant RNA isolation and quantitative reverse transcription-
polymerase chain reaction (qRT-PCR)

Plant RNA extraction and qRT-PCR were performed as
described previously (Park & Ryu, 2014). The sequences of
specific primer sets are listed in Table S4. The AtACT2
(AT3G18780) gene was used for normalization and calibration,
and as a control to ensure that equal amounts of RNA were ana-
lyzed in each experiment.

In vitro transcription of bacterial rRNA

For template preparation, rRNA fragments (23, 16 and 5S
rRNA) of P. syringae pv. tomato DC3000 were amplified using
the primer sets listed in Table S5. The reaction mixture contained
200 lM primers, 1.5 mM Mg2+, 200 mM deoxynucleoside
triphosphate (dNTP), 1 U Pfu DNA polymerase (Promega) and
50 ll final reaction volume. Sequences were amplified using the
following thermocycle parameters: 95°C for 2 min; 35 cycles of
95°C for 30 s, 55°C for 30 s and 72°C for 3 min; and 72°C for
10 min. The DNA template was constructed by fusion cloning
with pGEM-T easy vector (Promega) containing T7 promoter.
The constructed plasmid was subsequently purified by a Qiagen
Plasmid Maxi Kit (Qiagen) and digested with PstI (Roche, Basel,
Switzerland) overnight. Digestion of DNA was performed with a
phenol/chloroform extraction and an ethanol precipitation. The
concentration of DNA was adjusted to 100 ng ll�1. The rRNA
transcript was synthesized using a RiboMAXTM Large Scale RNA
Production Systems kit (Promega). Briefly, 0.5–1 lg of linearized
DNA template was used as a template in a 20-ll reaction for
in vitro transcription assay, and all procedures were carried out
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according to the manufacturer’s instructions. The pathogen pop-
ulation (Figs 6–8) infiltrated with synthesized rRNA and intact
rRNA was assessed as described above (Figs 1, 2).

Statistical analysis

Analyses of variance for experimental datasets were performed
using JMP 4.0 software (SAS Institute Inc., Cary, NC, USA).
Significant treatment effects were determined on the basis of the
magnitude of the F-value (P = 0.05). When a significant F-value
was obtained for a treatment, the separation of means was per-
formed by the determination of Fisher’s protected least-
significant difference (LSD) at P = 0.05. Bioassays were con-
ducted at least twice, with eight replicates per treatment, using
one seedling per replicate.

Results

Bacterial RNAs elicit plant innate immunity

To determine whether bacterial genetic materials, including
DNA and RNA, elicit innate immunity in a similar manner to
bacterial flagellin, we first examined whether bacterial genetic
materials induced innate immunity in Arabidopsis Col-0.
Four-week-old Arabidopsis plants were infiltrated with total bac-
terial RNAs or with purified water as a control into two to three
leaves per plant. We incubated the infiltrated plants for 4 d and
inoculated them with P. syringae pv. tomato DC3000 bacterial
cells. The systemic leaves were used for disease assessment by
P. syringae pv. tomato DC3000. To optimize appropriate con-
centrations for the induction of compromised disease symptoms,
we performed the experiment with various concentrations of total
bacterial RNAs. The population density was significantly reduced
in a dose-dependent manner (Fig. S1). The direct inhibition of
pathogen growth by the same concentration of bacterial RNA
tested was not observed (Fig. S2).

Plants pre-treated with total bacterial RNAs exhibited reduced
disease symptoms (i.e. chlorosis) compared with the water con-
trol (Fig. 1a). In addition, the pathogen population in the RNA
pre-treated plants was 12.8-fold smaller than that in the control
(Fig. 1b). The bacterial population in bacterial RNA-treated
plants did not differ from that of control plants at the 0-h time
point (data not shown). To test whether, in addition to RNAs of
P. syringae pv. tomato DC3000, those of other bacterial groups
also elicited plant innate immunity, we examined the induction
of plant immunity by challenging plants pre-infiltrated with total
RNAs from the Gram-positive bacterium Paenibacillus polymyxa
strain E681 with P. syringae pv. tomato DC3000 inoculation.
The disease rate was significantly lower in P. polymyxa E681
RNA-infiltrated plants than in control plants (Fig. S3). We also
investigated whether plant RNAs also elicit plant innate immu-
nity. As expected, the pathogen population in A. thaliana pre-
infiltrated plants was not different from that of control plants
(Fig. 1c).

To eliminate the effects of contaminating proteins and DNA
in the bacterial RNA samples, we monitored the disease severity

in plants treated with bacterial RNAs vs other control treatments.
To investigate whether intact RNAs are required to elicit innate
immunity, we sheared total RNAs by sonication to minimize any
possible side effects. No induction of plant immunity was
observed in plants treated with total bacterial RNAs sheared by
sonication (Fig. 2a). Furthermore, bacterial DNA treatment also
failed to induce plant resistance (Fig. 2a), indicating that intact
RNA (or RNA with a minimum structural motif) is required to
induce innate immunity. In addition to physical methods (i.e.
sonication), we also treated total bacterial RNAs with RNase A
and proteinase K (PK) before pathogen inoculation. As expected,
bacterial RNAs were degraded after RNase A treatment (Fig. S4).
Although RNase A treatment induced increased innate immunity
relative to the water control, loss or degradation of RNAs by

(a)

(b)

(c)

Fig. 1 Bacterial RNAs induce plant innate immunity. (a) Four-week-old
Arabidopsis leaves were sprayed with Pseudomonas syringae pv. tomato
DC3000, 4 d after pre-treatment with bacterial RNAs (left panel) or water
control (right panel) by infiltration using a needleless syringe. Pre-
infiltration with bacterial RNAs was performed on two to three leaves per
plant. The representative photographs were taken at 4 d after P. syringae
pv. tomato DC3000 (19 107 colony-forming units (CFU)ml�1)
inoculation. (b) Pre-treatment with total RNAs reduced the pathogen
population. The pathogen population in systemic leaves was counted 5 d
after spray inoculation of P. syringae pv. tomato DC3000. (c) Arabidopsis
thaliana (At) total RNAs were infiltrated into Arabidopsis leaves as
described above. Error bars represent� SE of the mean. Different letters
indicate significant differences (P = 0.05). Three independent experiments
were performed with similar results (n = 5).
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RNase A treatment (RNA + RNase A) resulted in a 10-fold
increase in the pathogen population at 5 d after pathogen inocu-
lation compared with RNA treatment alone (Fig. 2b). Moreover,
RNA + PK treatment resulted in a reduction in the bacterial pop-
ulation compared with the control (Fig. 2c). Our data suggest
that bacterial RNAs are critical determinants in eliciting the
innate immune response to bacterial pathogens.

In addition to inducing innate immunity in Arabidopsis, bacte-
rial RNAs applied to the roots of N. benthamiana (Fig. S5a) and
N. tabacum (Fig. S5b) also increased plant innate immunity to
the necrotrophic pathogen Pectobacterium carotovorum ssp. caro-
tovorum. The severity of disease was significantly lower in plants
treated with total bacterial RNAs or BTH than in the control
plants.

To elucidate the effect of bacterial RNAs on the production of
ROS in Arabidopsis leaf disks, we examined the production of
superoxide anions and H2O2 in response to bacterial RNAs using
NBT and DAB staining, respectively. As shown in Fig. 3(a) (top),
superoxide anions accumulated at 10–30 min after infiltration
with bacterial RNAs, and the intensity of superoxide anion

staining was relatively high in plants inoculated with bacterial
RNA vs flg22. In contrast with superoxide anions, no difference
in H2O2 production was observed in bacterial RNA-treated
plants compared with the control (Fig. 3a, bottom). To confirm
that superoxide anions accumulated in bacterial RNA-infiltrated
plants, we quantified the superoxide anions using ESR spec-
troscopy (Park & Doke, 2005). The data showed that superoxide
anions were clearly produced in response to bacterial RNAs
(Fig. 3b). Taken together, these results suggest that superoxide
anions are a major ROS produced by plants in response to the
application of bacterial RNAs.

When plants are exposed to MAMPs, they often form cell wall
appositions, known as papillae, which contain callose (Luna
et al., 2011). Therefore, we investigated whether callose was
deposited in bacterial RNA-infiltrated areas of plant leaves using
aniline blue staining. As shown in Fig. 3(c), c. 112 and 105 cal-
lose particles were visualized in plants infiltrated with 150 and
100 ng ll�1 of bacterial RNAs, respectively, whereas c. 27 parti-
cles were produced in response to relatively low concentrations of
bacterial RNAs (10 ng ll�1). However, no callose depositions

(a)

(b) (c)

Fig. 2 The assessment of bacterial RNA-induced plant innate immunity using physical and chemical approaches. (a) Pre-treatment with bacterial RNAs and
benzothiadiazide (BTH) reduced disease severity in Arabidopsis Col-0. Bacterial RNAs, genomic DNA, BTH and water control were infiltrated with a
needleless syringe and, 5 d later, Pseudomonas syringae pv. tomato DC3000 (19 104 colony-forming units (CFU)ml�1) was infiltrated into Arabidopsis
leaves. Disease severity caused by P. syringae pv. tomato DC3000 was scored from 0 to 5: 0, no symptoms; 1, yellowish color; 2, chlorosis only; 3, necrosis
and chlorosis; 4, partial necrosis of the inoculated area; and 5, complete necrosis of the inoculated area. The abbreviations on the x-axis indicate the
following: RNA, total bacterial RNA; sRNA, sheared bacterial RNA; gDNA, bacterial genomic DNA; sgDNA, sheared bacterial genomic DNA. Shearing of
DNA and RNA was performed by sonication on a Torber Ultrasonic Processor equipped with a micro tip. The cells were intermittently sonicated for 40 s
and cooled on ice for 30 s. The total sonication time was c. 3 min. (b) Four-week-old Arabidopsis seedlings were pre-infiltrated with diverse substances, as
indicated on the graph. Four days after pre-infiltration with these treatments, P. syringae pv. tomato DC3000 was sprayed onto the leaves. Bacterial RNAs
were incubated in 20 lgml�1 final concentration of RNase A (Qiagen) for 30min at 37°C following the manufacturer’s protocol. (c) A 50 lgml�1 final
concentration of proteinase K (New England BioLabs, Ipswich, MA, USA) was pre-incubated with bacterial RNAs for 30min at 37°C following the
manufacturer’s protocol. PK indicates bacterial RNAs pre-incubated with proteinase K, and incubated bacterial RNAs were infiltrated into the Arabidopsis
seedlings as above. The bacterial population was measured at 5 d after inoculation. Error bars represent� SE of the mean. Different letters indicate
significant differences (P = 0.05). Two independent experiments were performed with similar results (n = 5).
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were observed in control plants. These data clearly demonstrate
that bacterial RNAs activate plant innate immune responses,
including ROS production and callose deposition.

Activation of MPK3 and MPK6

MAMPs (i.e. flg22) appear to elicit the rapid and strong expres-
sion of MPK3, MPK6 and MPK4/11 (Asai et al., 2002; Pitzschke
et al., 2009). This observation led us to examine whether MAPKs
were expressed in plants on infiltration with bacterial RNAs. The
data showed that bacterial RNAs activated the phosphorylation
of MPK3 and MPK6 at 30 and 180 min post-infiltration
(Fig. 4a). However, no signal was detected in water-treated

plants. Transcript analysis of MPK3 showed that there was a
1.46-fold and 1.84-fold increase in MPK3 transcription at
30 min after infiltration with bacterial RNA and flg22, respec-
tively, compared with the control (Fig. 4b), indicating that bacte-
rial RNAs activate the MAPK cascade in plants.

Transcriptome analysis of RNA-treated plants

To analyze transcription in plants induced by total bacterial
RNAs, we examined the transcriptomes of RNA-treated plants
at 0 and 6 h compared with those of control plants at the same
time points. If highly expressed genes were considered to be dif-
ferentially expressed using a cut-off of at least log2 2 fold

Bacterial 
RNA

DAB staining

0 10 30   min

flg22

NBT staining

0 10 30 min

Bacterial 
RNA

flg22

150 ng µl–1  100 ng µl–1  10 ng µl–1  Control

112 ± 67 105 ± 13 27 ± 13

Bacterial 
RNA

Plant RNA

Control

Bacterial RNA only

0 ± 0

Magnetic field (mT)

Si
gn

al
 in

te
ns

ity

flg22

(a)

(c)

(b)

Fig. 3 Reactive oxygen species (ROS) production and callose deposition in response to bacterial RNAs. (a) Superoxide anions (upper panels) and H2O2

(lower panels) were visualized in Arabidopsis after infiltration with 150 ng ll�1 bacterial RNAs or 1 lM flg22. Infiltrated plants were incubated for the
designated time period (0, 10 or 30min), and superoxide anions and H2O2 were visualized by staining leaves with nitroblue tetrazolium (NBT) or 3,30-
diaminobenzidine tetrahydrochloride (DAB), respectively. (b) Superoxide anion production in Arabidopsis leaf disks was measured at 5 min after
application of total bacterial RNAs (500 ng ll�1), 1 lM of flg22, total RNA from Arabidopsis or water. Unlike the above treatments, no contact with plant
leaves was tested as shown in bacterial total RNA only. The superoxide anion content after each application was measured using electron spin resonance
spectroscopy. (c) Callose particles were visualized with aniline blue staining of leaves at 12 h after bacterial RNA infiltration. The plants were pre-treated
with different concentrations of total bacterial RNAs. Two independent experiments were performed with similar results (n = 5).
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change, only 340 and 191 genes were highly up-regulated and
down-regulated, respectively (data not shown). Selected highly
expressed genes and down-regulated genes are listed in
Tables S1 and S2, respectively. When transcripts altered by bac-
terial RNAs were compared with those altered by flg22, LPS
and hrpZ, only 57 genes were specifically up-regulated by bacte-
rial RNAs (Table S3). These up-regulated and down-regulated
genes were subjected to ontological analyses using the open
source GO SLIM software at TAIR (http://www.arabidopsis.org).
As shown in Fig. S6(a), genes related to biotic and abiotic stim-
uli (40%), stress responses (43.33%) and signal transduction in
biological processes (13.33%) were up-regulated by bacterial
RNAs. In terms of molecular function, the majority of genes
were associated with kinase activity, transcription factor activity,
DNA or RNA binding activity and nucleic acid binding activity
(Fig. S6b).

In addition, the expression patterns were divided into four
independent clusters using hierarchical clustering. A total of 752
genes up-regulated by bacterial RNAs belong to cluster 3
(Fig. 5a). We analyzed the gene ontology of cluster 3 and deter-
mined that most of these genes are stress responsive and abiotic/
biotic stimulus responsive (Fig. 5b). To validate the microarray
data for up-regulated genes on inoculation of plants with bacte-
rial RNAs, we selected four highly up-regulated genes in cluster
3 (i.e. genes encoding ribonuclease1 (RNS1), Related to AP2
(RAP2.6), sulfotransferase and UDP-glycotransferase), and ana-
lyzed their expression by qRT-PCR at three time points (0, 3
and 6 h), finding that all four genes were strongly up-regulated
by bacterial RNA treatment at both 3 and 6 h compared with
non-treated controls (Fig. 5c).

To investigate the expression of genes implicated in the plant
defense signaling pathways on infiltration of bacterial RNAs, qRT-
PCR was carried out at 0, 3 and 6 h post-inoculation. Among the
genes examined, the transcription of six defense-related genes,
including PR1, FRK1, GST2, VSP1, ChiB and TLP1, was induced
after bacterial RNA treatment (Fig. 5d). Among these, the expres-
sion of two SA-dependent signaling-related genes (PR1 and FRK1)
was induced at 3 h, followed by a decrease at 6 h, whereas JA- and
ethylene (ET)-dependent pathway genes were up-regulated at a rel-
atively late time point (6 h) compared with the two SA-dependent
signaling-related genes (Fig. 5d).

SA and JA signaling are required for bacterial RNA-
mediated innate immunity

To help confirm the notion that plant defense hormones func-
tion in bacterial RNA-mediated resistance, we investigated the
effects of bacterial RNAs on Arabidopsis mutants, including
npr1 (non-expresser of PR), jar1-1 (JA-resistant mutant) and
etr1-3 (ET receptor mutant), as well as NahG, a transgenic
Arabidopsis line expressing salicylate hydroxylase. In etr1-3, bac-
terial RNAs increased innate immunity against P. syringae pv.
tomato DC3000, whereas no induced resistance was observed
in npr1, NahG or jar1-1 (Fig. 5e). In addition, no differences
in the levels of the pathogen population were detected between
bacterial RNA-infiltrated and control-treated sid2 mutant (im-
paired in SA biosynthesis; Fig. S7) and ein2-1 mutant (Fig. S8)
plants. These results suggest that both the SA and JA signaling
pathways function in bacterial RNA-mediated innate immunity
in plants.

(a)

(b)

Fig. 4 Bacterial RNAs activate the expression of mitogen-activated protein kinases (MAPKs) and plant immunity-related genes. (a) Bacterial RNAs
(150 ng ll�1), flg22 (1 lM) or water (control) was infiltrated into Arabidopsis leaves. At the designated time points, phosphorylated MAPKs were detected
using phospho p44/42 MAPK (Thr202/Tyr204) rabbit monoclonal antibodies. (b) Bacterial RNA- and flg22-inducedMPK3 gene expression. Relative
expression levels ofMPK3were quantified using quantitative reverse transcription-polymerase chain reaction (qRT-PCR). Different letters indicate
significant differences (P = 0.05). The error bars represent� SE of the mean. Three independent experiments were performed with similar results (n = 4).
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(a)

(d) (e)

(b)

(c)

Fig. 5 Transcriptome analysis of Arabidopsis treated with bacterial RNAs. (a) Hierarchical analysis of transcriptome induced by bacterial RNAs. Two replicates
per treatment (bacterial RNAs vs control) were analyzed. (b) Gene ontology analyses of genes up-regulated in cluster 3 by bacterial RNAs. (c) Validation of
select highly up-regulated genes in cluster 3 using quantitative reverse transcription-polymerase chain reaction (qRT-PCR). (d) Expression profiles of defense
genes up-regulated by infiltration with bacterial RNAs at 0, 3 and 6 h post-infiltration (hpi). (e) Pathogen population was examined after application of
bacterial RNAs to evaluate induced resistance in salicylic acid (SA) signaling mutant (npr1), salicylate hydroxylase-producing transgenic line (NahG), jasmonic
acid (JA) mutant (jar1-1) and ethylene-insensitive mutant (etr1-3). Error bars represent� SE of the mean. Asterisk and different letters above the graphs
indicate a significant difference between treatments in each genotype (P = 0.05). Two independent experiments were performed with similar results (n = 5).
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rRNA is a bacterial determinant for eliciting plant innate
immunity

According to a previous study (Eberle et al., 2009), rRNA is the
most abundant RNA in bacteria, comprising c. 80% of total bac-
terial RNAs. As the structures of MAMPs are evolutionarily con-
served and intact RNA structures are required for the elicitation
of immunity, bacterial rRNA is the most likely candidate for the
molecular determinant that induces plant innate immunity.
Indeed, when we employed rRNA in a similar manner to that of
total bacterial RNAs, rRNA induced higher resistance to the
pathogen than the controls (Fig. 6a), suggesting that bacterial
rRNA is one of the factors that induces plant innate immunity.

We then examined whether superoxide anion was produced in
plants in response to the application of bacterial rRNA to plant
leaves, as demonstrated for total bacterial RNAs (Fig. 3a,b). Pre-

treatment with bacterial rRNA induced superoxide anion pro-
duction in leaves (Fig. 6b). Moreover, we quantified the expres-
sion of genes that were highly induced in plants by total bacterial
RNAs (Fig. 5c) to determine whether their expression could also
be induced and regulated by bacterial rRNA. Indeed, RAP2.6,
RNS1, sulfotransferase and UDP-glycotransferase genes were signif-
icantly up-regulated by rRNA compared with control plants
(Fig. 6c). In addition, SA-dependent (PR1 and FRK1) and JA-
dependent (GST2 and VSP1) pathway genes were significantly
induced in plants by bacterial rRNA infiltration vs water-treated
plants at 6 h (Fig. 6d). However, ET-dependent pathway genes
(ChiB and TLP1) were not highly up-regulated by bacterial
rRNA, which slightly differed from the results obtained for total
bacterial RNA-infiltrated plants (Fig. 5d), perhaps because other
RNA species may regulate the expression of genes implicated in
the ET-dependent pathway.
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Fig. 6 Bacterial ribosomal RNA (rRNA) enhances innate immunity. (a) Bacterial populations were assessed in water-, benzothiadiazide (BTH)- and bacterial
rRNA-treated Arabidopsis. (b) Quantification of superoxide anion production on application of bacterial rRNA (150 ng ll�1, top) and water control
(bottom) was performed in Arabidopsis leaf disks. For nitroblue tetrazolium (NBT) staining, infiltrated plants were incubated for the designated time period
(0, 10 or 30min). (c) Validation of highly up-regulated genes in cluster 3 using qRT-PCR. (d) Expression profiles of defense genes up-regulated by
infiltration with bacterial rRNA at 0 and 6 h post-infiltration (hpi). Error bars represent � SE of the mean. Different letters indicate a significant difference
between treatments (P = 0.05). Three independent experiments were performed with similar results (n = 5).
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To prevent the potential concern that bacterial rRNA extracted
from agarose gel might be contaminated with mRNA of similar
size/mobility to rRNA, we examined whether in vitro-synthesized
rRNA could induce immune response in plants. The pathogen

population density in plants pre-treated with in vitro-synthesized
rRNA was 4.6-fold lower than that in the control (Fig. 7). Taken
together, these results suggest that bacterial rRNA is a crucial
player in increasing plant innate immunity to bacterial
pathogens.

Known MAMP receptors do not perceive bacterial rRNA

To investigate how bacterial rRNA interacts with the flagellin
and EF-Tu receptors, as well as the peptidoglycan/chitin recep-
tor, we assessed the bacterial population levels in wild-type (Col-
0), fls2/efr1 double mutant and peptidoglycan/chitin mutant
(cerk1) plants (Willmann et al., 2011). Specifically, we monitored
the bacterial population at 3 and 5 d after infiltration with
P. syringe pv. tomato DC3000. Immediately after inoculation
with pathogenic bacteria, the initial bacterial cell number was the
same regardless of treatment or Arabidopsis genotype (Fig. 8).
Although the population densities differed slightly between treat-
ments and genotypes, in general, the bacterial population was at
least 10-fold higher in the control plants than in rRNA-treated
groups at both 3 and 5 d (Fig. 8). This phenomenon suggests that
the well-known MAMP receptors in plants do not perceive bacte-
rial rRNA, and therefore do not contribute to the elicitation of
plant innate immunity, which, in turn, suggests that the bacterial
rRNA-derived signal is perceived by unknown receptors rather
than plant MAMP receptors.

Discussion

Here, we provide several lines of evidence that bacterial RNAs
function in plant immunity: (1) pre-infiltration of bacterial
RNAs into plant leaves increases resistance to subsequently inoc-
ulated pathogenic bacteria; (2) bacterial RNA-triggered plant sig-
naling (i.e. oxidative burst, callose deposition, MAPK activation
and the expression of defense genes) is similar to the common
downstream pathways of MAMP receptors; (3) plant defense
hormones (i.e. SA and JA) are required for bacterial RNA-
mediated plant innate immunity; and (4) bacterial RNAs are not
recognized by well-known MAMP receptors. The current study
therefore provides new insights into the underlying mechanism
of plant innate immunity elicited by bacterial RNAs.

In this study, it is important to eliminate the possibility that
any contaminants in the bacterial RNA samples contributed to
the elicitation of plant innate immunity. To maximize the elimi-
nation of contaminants in the bacterial RNA samples, we per-
formed multiple cleaning steps. To determine whether any
proteins and/or peptides are included in the purified bacterial
RNA samples, we employed samples containing bacterial RNAs
sheared by sonication; shearing resulted in increased susceptibility
to bacterial pathogen (Fig. 2a). After sonication, we assume that
the bacterial RNAs are fragmented, resulting in disruption of
their structural features. However, if protein contamination is
present in the bacterial RNA samples, these proteins would not
be completely degraded by sonication. Despite the possible pres-
ence of contaminating degraded proteins, the disease rate of
plants subsequently exposed to pathogen was still lower than that

Fig. 7 Synthetic ribosomal RNA (rRNA) induces plant innate immunity.
Four-week-old Arabidopsis leaves were pre-infiltrated with 150 ng ll�1

synthetic Pseudomonas syringae pv. tomato DC3000 (Syn-Pto) rRNA,
150 ng ll�1 P. syringae pv. tomato DC3000 RNA (Pto RNA), synthetic
solution control (Syn-control), benzothiadiazide (BTH) and water (control).
Arabidopsis leaves were sprayed with P. syringae pv. tomato DC3000
(19 107 colony-forming units (CFU)ml�1) 5 d after pre-infiltration. The
pathogen population was measured 5 d after spray inoculation of the
pathogen. Error bars represent� SE of the mean. Different letters above
the graphs indicate significant differences between treatments (P = 0.05).
Two independent experiments were performed with similar results
(n = 10).

Fig. 8 Bacterial rRNA elicits innate immunity in fls2/efr1 double mutant
and cerk1mutant. Assessment of induced resistance by bacterial rRNA in
microbe-associated molecular pattern (MAMP)-insensitive mutants and
wild-type Col-0. Four-week-old Arabidopsis plants were infiltrated with
bacterial rRNA (150 ng ll�1) or water (control). Pseudomonas syringae pv.
tomato DC3000 (19 107 colony-forming units (CFU)ml�1) was sprayed
onto the leaves 4 d after pre-infiltration with bacterial rRNA. The total
population density of P. syringae pv. tomato DC3000 was counted at 3
and 5 d post-inoculation. Error bars represent � SE of the mean. Different
letters above the bars indicate a significant difference between treatments
and genotypes at P = 0.05. Two independent experiments were performed
with similar results (n = 4).
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of control plants, suggesting that bacterial RNAs play a role in
plant innate immunity. In addition, the notion that bacterial
RNAs are a major player in innate immunity is supported by the
observation that the number of pathogenic bacteria was c. 10-fold
higher in plants treated with RNase A-pre-treated bacterial RNAs
than in those treated with RNA alone (Fig. 2b), and the popula-
tion density was six times lower in RNA + PK-treated samples
than in the control (Fig. 2c). Taken together, these results clearly
show that bacterial RNAs are required to elicit plant innate
immunity.

It is currently unclear how pre-infiltrated bacterial RNAs
maintain their structures in the apoplast. As RNA and ATP are
structurally similar, it is possible that bacterial RNAs are
degraded by hydrolytic enzymes in the apoplast, resulting in the
activation of ATP-type defense responses (Elmore & Coaker,
2011). However, as sheared bacterial RNAs did not activate
innate immunity (Fig. 2a), this possibility does not apply to the
current study. The structural features of bacterial RNAs may be
one of the undisclosed factors in the regulation of plant innate
immunity. Indeed, structural features of bacterial RNAs are
important factors used to distinguish between prokaryotic and
eukaryotic RNA (Koski et al., 2004). Therefore, we speculate
that, when bacterial RNAs are infiltrated into plant leaves, these
RNAs, which act as a foreign signal, may be recognized by plant
hosts, thereby activating the immune response. This notion is
readily supported by our experimental evidence. Unlike bacterial
RNA-infiltrated plants, plants infiltrated with plant RNAs did
not exhibit innate immunity to pathogen inoculation (Fig. 1c),
nor did the plants accumulate superoxide anion (Fig. 3b).

In addition to bacterial RNA structure, the rate of chemical
modification is a crucial factor for the elicitation of plant innate
immunity. Modification of the methylation levels in the CpG
motifs of bacterial DNA stimulates the immune response
(Yakushiji et al., 2009). Thus, modification of RNA may modulate
the effect of RNA on the induction of plant innate immunity, as
RNA and DNA function in a similar manner in the activation of
the immune response. Modifications in bacterial RNA may be
crucial to its function in eliciting the Arabidopsis innate immunity
response observed in this study. Of the RNA species in bacterial
cells, rRNA is the most abundant. In this study, bacterial rRNA
induced innate immunity in Arabidopsis, including the production
of superoxide anions and the expression of defense-related genes
(Fig. 6). Nucleoside modifications are more frequently observed in
mammalian cells than in bacterial cells. Indeed, bacteria contain
10 times less pseudouridine and 25 times fewer 20-O-methylated
nucleosides than human rRNA (Margulis & Chapman, 1998).
Only a relatively small portion (c. 0.8%) of bacterial rRNA nucle-
osides is modified, whereas c. 3% of mammalian rRNA nucleo-
sides are modified. The low incidence of nucleoside modification
in bacterial rRNA may explain why bacterial rRNA is effective in
inducing innate immunity (Karik�o et al., 2005; Piekna-Przybylska
et al., 2008). The possible importance of the modification of bac-
terial rRNA may be supported by the in vitro transcription assay
shown in Fig. 7. Consequently, bacterial rRNA is a prime candi-
date among total bacterial RNA species for the induction of plant
innate immunity.

There are several important differences between bacterial RNA
treatment and typical MAMP responses. The oxidative burst (su-
peroxide anions and H2O2) occurs within c. 2 min after exposure
to stress. ROS function directly in plant immunity as antibiotic
agents and indirectly by eliciting crosslinking in plant cell wall
components (Apel & Hirt, 2004). Bacterial RNA induced the
production of superoxide anions rather than H2O2 in Arabidopsis
(Fig. 3a). It is likely that the level of H2O2 produced by
Arabidopsis in the current study was too low to be detected. Con-
versely, perhaps insufficient bacterial RNAs were used to elicit
the production of measurable amounts of H2O2, or perhaps
H2O2 was produced too late to be detected in our experiments.
Alternatively, the fact that superoxide generated by bacterial
RNAs was subsequently converted into H2O2 suggests that the
discrepancy observed in bacterial RNA-infiltrated plants may be
dependent on the quantitative methods.

Bacterial RNAs positively affected the activation of MPK3 and
MPK6, as well as defense-related genes (Figs 4, 5). However, as
shown in Fig. 4(a), the signal intensities of phosphorylated
MPK3 and MPK6 were much lower in bacterial RNA-treated
plants than in flg22-treated plants. This difference may be
attributed to plant cell wall permeability. The macromolecules
peptidoglycan and oligogalacturonides activate early steps in the
defense response, including calcium influx and the oxidative
burst, but they function more slowly than flg22 (Aslam et al.,
2009). The flg22 molecule moves more quickly through the cell
wall matrix than the other macromolecules. In planta, the percep-
tion of flg22 is rapidly accompanied by the induction of the early
indicators of the defense response (calcium influx and oxidative
burst) (Zipfel et al., 2004; Aslam et al., 2008; Denoux et al.,
2008). However, in the current study, bacterial RNAs were infil-
trated into the leaf tissues, suggesting that cell wall permeability
may not be a factor. Alternatively, other parameters, such as the
charge, solubility and aggregation of the MPK activation pattern,
may affect the ability to induce plant innate immunity. However,
the physiological concentration and active molecular pattern of
bacterial RNAs remain unclear.

It is well known that the plant hormones SA, JA and ET func-
tion in plant defense. SA is required for both local and systemic
acquired resistance induced by flg22 (Mishina & Zeier, 2007).
Moreover, bacterial MAMPs induce the production of ET (Felix
et al., 1999); the increase in activity of 1-aminocyclopropane-1-
carboxylate (ACC) synthase in response to MAMPs is detectable
within 10min of exposure to MAMPs (Spanu et al., 1994).
Notably, ACC synthase 6 acts as a substrate in the signaling path-
way of MAMP-activated MPK6 (Liu & Zhang, 2004; Joo et al.,
2008). In the current study, the phenotypes of SA- and
JA-insensitive mutants were not rescued by bacterial RNA infiltra-
tion (Fig. 5e), suggesting that bacterial RNAs trigger the SA and
JA signaling pathways of the plant immune response. The etr1-3
plants still exhibited innate immunity in response to pre-
treatment with bacterial RNAs; lower levels of pathogen were
observed in pre-treated plants than in control etr1-3 plants
(Fig. 5e), but a compromised response was observed in ein2-1
plants (Fig. S8). In addition, defense genes related to ET biosyn-
thesis were not up-regulated by bacterial rRNA (Fig. 6c). These
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data suggest that ET may not be required for bacterial RNA-
activated innate immunity. Moreover, in Arabidopsis, flg22
up-regulates the expression of the microRNA miRNA393, result-
ing in reduced auxin receptor levels and the down-regulation of
auxin-responsive genes (Navarro et al., 2006). Indeed, auxin-
responsive genes were down-regulated by bacterial RNAs in
Arabidopsis plants (Table S2). Taken together, our data indicate
that the underlying mechanisms utilized by bacterial RNAs to
regulate plant hormone signaling may be complicated, and that
perhaps the effect of bacterial RNAs on plant hormone signaling
is different from that of other MAMP-regulated pathways.

Interestingly, stronger induction of genes was observed in bac-
terial rRNA-treated plants than in those treated with total bacte-
rial RNAs (Figs 5d, 6d), perhaps because we used the same
concentration of total bacterial RNAs and rRNA (150 ng ll�1)
for gene expression analysis, indicating that intact rRNA rather
than other RNAs plays an important role in the activation of
defense-related genes. This observation supports our hypothesis
that bacterial RNA (especially rRNA) is a new elicitor that partic-
ipates in the induction of plant innate immunity.
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