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Abstract

Small RNAs play an important role in plant immune responses. However, their regulatory function 

in induced systemic resistance (ISR) is nascent. Bacillus cereus AR156 is a plant growth-

promoting rhizobacterium that induces ISR in Arabidopsis against bacterial infection. Here, by 

comparing small RNA profiles of Pseudomonas syringae pv. tomato (Pst) DC3000-infected 

Arabidopsis with and without AR156 pretreatment, we identified a group of Arabidopsis 
microRNAs (miRNAs) that are differentially regulated by AR156 pretreatment. miR825 and 

miR825* are two miRNA generated from a single miRNA gene. Northern blot analysis indicated 

that they were significantly downregulated in Pst DC3000-infected plants pretreated with AR156, 

in contrast to the plants without AR156 pretreatment.miR825 targets two ubiquitin-protein ligases, 

while miR825* targets toll-interleukin-like receptor (TIR)-nucleotide binding site (NBS) and 

leucine-rich repeat (LRR) type resistance (R) genes. The expression of these target genes 

negatively correlated with the expression of miR825 and miR825*. Moreover, transgenic plants 

showing reduced expression of miR825 and miR825* displayed enhanced resistance to Pst 
DC3000 infection, whereas transgenic plants overexpressing miR825 and miR825* were more 

susceptible. Taken together, our data indicates that Bacillus cereus AR156 pretreatment primes 

ISR to Pst infection by suppressing miR825 and miR825* and activating the defense related genes 

they targeted.
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INTRODUCTION

To protect from pathogen infections, plants have evolved multiple types of immune response 

mechanisms (Chisholm et al. 2006; Jones and Dangl 2006). The first type is initiated by the 

recognition of conserved pathogen-associated molecular patterns (PAMPs), such as flagellin, 

lipopolysaccharides, glycoproteins and chitin, by Pattern-Recognition Receptors (PRRs) 

located on the cell membrane (Dangl and Jones 2001). Perception of PAMP triggers PAMP-

triggered immunity (PTI), including MAPK (mitogen-activated protein kinase) activation, 

oxidative burst, callose deposition, induction of defense-related genes, and accumulation of 

antimicrobial compounds (Altenbach and Robatzek 2007; Schwessinger and Zipfel 2008; 

Niu et al. 2015). Successful pathogens can suppress PTI by secreting effectors, such as 

proteins and small RNAs, into the host cells to suppress host PTI (Speth et al. 2007; 

Padmanabhan et al. 2009; Katiyar-Agarwal and Jin 2010; Weiberg et al. 2013). In turn, 

plants have also evolved resistance (R) proteins to recognize specific pathogen effectors, 

resulting in effector-triggered immunity (ETI). ETI is much more rapid and robust than PTI, 

and triggers a very similar set of defense responses as in PTI but in an accelerated and 

potentiated manner (Chisholm et al. 2006; Jones and Dangl 2006; Göhre and Robatzek 

2008; Niu et al. 2015).

The onset of PTI or ETI from the infected loci often triggers an induced resistance in distal 

tissues that confers resistance against an abroad spectrum of pathogens (Pieterse et al. 2014). 

This systemic acquired resistance (SAR) is often associated with increased level of salicylic 

acid (SA) and coordinate activation of pathogenesis related (PR) genes, and involves one or 

more long-distance signals that propagate an enhanced defensive capacity in still undamaged 

plant parts (Fu and Dong 2013). Systemic resistance can also be induced by beneficial 

microbes that are normally associated with plant roots, which is called induced systemic 

resistance (ISR). In many cases, ISR is SA-independent and develops without accumulation 

of PR proteins. This is evidenced that in NahG, a SA deficient Arabidopsis mutant, P. 
fluorescens is still able to induce ISR that does not coincide with enhanced SA levels 

(Pieterse et al. 1996). There are a few exceptions where identified ISR occurs in a SA-

dependent manner. For example, Pseudomonas aeruginosa 7NSK2 confers enhanced disease 

resistance in wild-type bean and tomato but not in SA-non accumulating NahG tomato 

(Audenaert et al. 2002; Kachroo and Robin 2013). We have shown in a previous study that 

Bacillus cereus strain AR156 can induce ISR by using both the SA and jasmonic acid (JA) 

signaling pathways. When AR156-pretreated Arabidopsis was challenged with Pst DC3000, 

noticeable ISR was observed that was accompanied with concurrently expressed defense-

related genes such as PR1, PR2, PR5, and PDF1.2, which are markers of the SA and JA/

ethylene (ET) signaling pathways, respectively. This experiment clearly demonstrated that in 

this AR156-induced ISR, the SA- and JA/ET-dependent signaling pathways were 

simultaneously activated (Niu et al. 2011). In a SA-independent ISR scenario, JA and ET are 

central players in the regulation of systemic immunity conferred by beneficial soil borne 
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microbes (De Vleesschauwer et al. 2008; Hase et al. 2008). NONEXPRESSOR OF PR 
GENES1 (NPR1) is a common regulator of both SAR and ISR since it is required for both 

resistances (Fu and Dong 2013). However, the roles that NPR1 play in the two resistances 

seem to be different: NPR1 functions as a transcriptional co-activator in SAR that activate 

SA-responsive PR gene, whereas in ISR it functions in a PR-independent pathway (Ramirez 

et al. 2010; Pieterse et al. 2012).

Small RNAs are key regulators of plant defense responses against pathogens (Padmanabhan 

et al. 2009; Katiyar-Agarwal and Jin 2010; Duan et al. 2012; Pumplin and Voinnet 2013; Seo 

et al. 2013). The first identified miRNA involved in plant innate immunity is miR393, which 

is induced by a PAMP (flg22) and contributes to PTI by suppressing Auxin receptors 

(Navarro et al. 2006). Katiyar-Agarwal and colleagues identified the first endogenous small 

interfering RNA (siRNA), nat-siRNAATGB2, which is specifically induced by Pst DC3000 

carrying an avrRpt2 effector, and positively regulates R gene RPS2-mediated ETI responses 

(Katiyar-Agarwal et al. 2006). Many miRNAs and siRNAs have been found to be involved 

in plant defense responses. Examples of such regulatory small RNAs include miR158 and 

miR168, which are involved in antiviral defenses (Zhang et al. 2006), miR160, miR398b, 

miR393b*, and long siRNA-1, which are involved in bacterial pathogen defense (Katiyar-

Agarwal et al. 2007; Li et al. 2010; Zhang et al. 2011), and miR1536 and miR1917 in cotton 

root against Verticillium dahlia, a fungal plant pathogen (Yin et al. 2012).

It has been demonstrated in recent studies that miRNAs are able to regulate R genes (Zhai et 

al. 2011; Li et al. 2012; Shivaprasad et al. 2012). In particular, tomato miR482 and miR2118 

can target the coding sequence of some R genes with NBS-LRR motifs. Being targeted by 

these 22-nt miRNAs, these mRNAs are degraded and subsequently generate arrays of 

secondary siRNAs (2nd siRNAs) in a RNA-dependent RNA polymerase 6 (RDR6)-

dependent manner. Consequently, one of these 2nd siRNAs can target mRNAs of a defense-

related protein. This defense mechanism is activated upon viruses or bacteria infection, by 

which the expression of miR482 or miR2118 is suppressed. Similarly, tobacco miR6019 

targets tobacco mosaic virus (TMV) resistance gene N and triggers RDR6- and Dicer-like 4 

(DCL4)-dependent 2nd siRNA formation (Li et al. 2012). In Medicago, three highly 

abundant 22-nt miRNAs target the conserved domains of at least 114 defense-related NB-

LRR-encoding genes to induce production of 2nd siRNAs at these loci (Zhai et al. 2011). In 

Arabidopsis, miR472 represses both basal resistance and RPS5-mediated ETI through 

targeting some coiled-coil (CC)-NBS-LRR genes (Boccara et al. 2014). Collectively, these 

miRNAs and 2nd siRNAs function as negative regulators of plant innate immunity that 

maintain plant defense responses to minimum when there is no pathogen infection. Upon 

pathogen infection, they are downregulated and subsequently activate the defense responses 

by releasing the suppression of R genes (Ruiz-Ferrer and Voinnet 2009; Seo et al. 2013).

Despite the importance in plant innate immunity, the role of small RNAs in rhizobacteria-

induced ISR has hardly been explored. To identify and characterize plant small RNAs that 

regulate systemic immune responses induced by Bacillus cereus AR156, we sequenced 

small RNA species by using Illumina Hi-Seq deep sequencing methodology and found that 

miR825 and miR825* were clearly differentially regulated by AR156 treatment. Upon Pst 
DC3000 infection, the expression of miR825 and miR825* was more strongly reduced in 
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plants pretreated with AR156 than that in plants without pretreatment. We found that 

transgenic plants overexpressing miR825 and miR825* were more susceptible when 

inoculated with Pst DC3000. In contrast, the miR825 and miR825* knockdown lines 

displayed enhanced resistance to Pst DC3000. We further demonstrated that miR825* 

modulates ISR by initiating 2nd siRNAs at the At5G38850 locus, which is an R gene 

targeted by miR825*. Taken together, our data demonstrate that miR825 and miR825* play 

an important role in modulating ISR by negatively regulating a group of resistance-related 

genes.

RESULTS

The expression of a group of miRNAs is differentially regulated in AR156-induced ISR in 
Arabidopsis

To identify small RNAs involved in AR156-induced ISR, we set up a system using 

Arabidopsis and a classic bacterial pathogen, Pst DC3000. By using this system, we were 

able to show that root pretreatment with AR156 could effectively protect systemic leaves 

against Pst DC3000 infection. Three days after infection, bacteria propagated significantly 

more in plants without pretreatment than with AR156-pretreatment (Figure 1A). In order to 

test whether miRNAs contributed to AR156-induced ISR, we profiled and analyzed small 

RNA expressions by using Pst DC3000-infected Arabidopsis plants with and 

withoutAR156-pretreatment. Four types of small RNA libraries were constructed: 

Arabidopsis leaves from plants pretreated with or without AR156 for 7 days but without Pst 
DC3000 inoculation (named as AR156/none or control/none, respectively henceforth); and 

leaves from plants with AR156 or control pretreatment followed by Pst DC3000 infection 

for 14 h (AR156/Pst or control/Pst henceforth). Our hypothesis is that if a miRNA is 

involved in ISR, then its expression may show a regulated pattern during the priming process 

or upon Pst DC3000 infection. According to this speculation, we compared the miRNA 

accumulation patterns between plants with control- or AR156-treatment only (control/none 

vs AR156/none), and between plants with either control- orAR156-pretreatment and the 

following Pst DC3000 infection (control/Pst vs AR156/Pst) (Table S1). Extra attention was 

paid on the miRNAs with significant change (at least over 3-fold induction or reduction on 

normalized read number) between the compared libraries, especially on the miRNAs that 

may target genes with defense-related functions (Table 1).

We found that 29 miRNAs that were induced or repressed for at least 3 folds, i.e., ≥3 or 

≤0.33, respectively, between AR156 (AR156/Pst) and control treatments (control/Pst) when 

both were challenged by Pst DC3000 (Table 1). Seven of these 29 miRNAs (miR395, 

miR5629, miR848, miR858b, miR864-5p, as well as miR825 and miR825* from the 

miR825 precursor) were differentially expressed between control/Pst and AR156/Pst, but not 

between control/none and AR156/none (at least 3 folds) (Table 1).

We further predicted the putative targets of each miRNA by using bioinformatics approach 

(Table S2), out of which miR825* was the most outstanding miRNA that might play a 

regulatory role in plant innate immunity. miR825* was downregulated by Pst DC3000 

infection, which was strictly dependent on AR156 pre-treatment: there was no obvious 

expression difference between the AR156/none and the control/none samples, whereas 
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significant downregulation was observed in the AR156/Pst samples in reference to the 

control/Pst samples (Figure 1B; Table 1). Sequence alignment suggested that miR825* 

might target a region encoding the TIR domain a group of R proteins, implying a potential 

role in innate immunity (Figure 1D). miR825* can be readily detected by Northern blot 

analysis (Figure 1B), making it a great candidate for function study. Equally outstanding is 

miR773, which has been reported as a negative PTI regulator against bacterial pathogens (Li 

et al. 2010). miR773 was 50-times downregulated under Pst DC3000 infection (Table 1). 

Nevertheless, we didn’t pursue this gene further due to its very weak expression (Figure S1). 

We were also interested in investigating what roles miR825 might play in ISR, which was 

originated from the same precursor molecule as miR825* (Figure 1C). miR825 showed no 

obvious expressional variation between the AR156/none and the control/none samples, 

which is similar to miR825*. However, its expression was slightly downregulated in the 

control/Pst plants but significantly downregulated in the AR156/Pst plants (Figure 1B; Table 

1). miR825 targets a RING/U-box superfamily protein and a F-box/RNI-like superfamily 

protein (Table 2). Some RING/U-box proteins are well-characterized E3 ubiquitin ligase that 

directly catalyze the ubiquitin transfer from the E2 ubiquitin conjugating enzyme to 

substrate proteins (Wang and Deng 2011). An F-box/RNI-like superfamily protein is 

normally associated with ubiquitin-mediated protein degradation. All the putative targets of 

miR825 and miR825* are likely to be involved in plant defense signaling pathways. Hence, 

our function study of the roles miRNAs playing in ISR focused mostly on miR825 and 

miR825*.

Transgenic Arabidopsis that knock down or overexpress miR825/miR825* alter the defense 
responses

To investigate the function of miR825/825*, we generated transgenic plants that knockdown 

or overexpress miR825 and 825* for ISR test. We hypothesized that if these miRNAs were 

modulators of ISR, we should be able to observe altered phenotype on induced defense 

responses, when the function of these two miRNAs was blocked or enhanced. We 

successfully knocked down miR825 and miR825* function by using the short tandem target 

mimic strategy (STTM) (Yan et al. 2012). In STTM transgenic plants, the detectable 

expression abundance of miR825/825* was significantly lower than that in wild type plants 

(Col-0) (Figure 2A). The transgenic plants had smaller stature compared to the wild type 

plant (Figure 2B). Consistent with the blocked miR825 and miR825* function, the target 

genes (At5G44940 for miR825, as well as At5G38850, At3G04220 and At5G40910 for 

miR825*) were upregulated in the STTM825/825* transgenic plants (Figure 2C). The other 

predicted targets such as AT5G55970 of miR825 and AT1G66090 and AT5G40060 of 

miR825* were not significantly influenced (data not shown). Because miRNAs can regulate 

target genes by mRNA cleavage, degradation, or translational inhibition, whether other 

putative target genes are genuine targets of miR825/825* but are regulated at translational 

inhibition level, or they are not direct targets of miR825/miR825*, needs further verification. 

Upon infection of Pst DC3000, the miR825/825* knockdown plants behaved similarly to the 

AR156 pretreated plants and displayed enhanced resistance as compared with wild type 

plants, indicating that reduced expression level of miR825/825* could mimic ISR phenotype 

primed by AR156 and display enhanced resistance overall (Figure 2D).
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We also generated transgenic plants overexpressing the miR825 and miR825* genes driven 

by the constitutive CaMV 35S promoter. The overexpression lines (OE) had no obvious 

phenotypes in term of development (Figure 3B). Two independent transgenic lines (#50 and 

#56) with high expression levels of both miR825 and miR825* were selected for further 

analysis (Figure 3A). Consistently, the expressions of the four target genes were reduced in 

reference to the control lines (Figure 3C). As expected, these transgenic lines were more 

susceptible to Pst DC3000 infection (Figure 3D). These results further support the negative 

regulatory role of miR825 and miR825* in ISR.

We further asked whether miR825/825* might modulate ISR through regulating their 

putative targets. For this purpose, we examined the in vivo expression abundances of these 

miR825/825* targets in wild type plants using qRT-PCR. We anticipated seeing opposite 

expression patterns between these targets and their cognate miRNAs in plant with ISR. Our 

results showed that At5G38850, At3G04220 and At5G40910 (target genes of the miR825*) 

and At5G44940 (a target gene of the miR825) were indeed upregulated in plants with both 

AR156 pretreatment and Pst DC3000 inoculation. In contrast, in plants with AR156 

pretreatment but not Pst DC3000 inoculation, or plants with Pst DC3000 inoculation but 

without AR156 pretreatment, the induction of these genes were negligible (Figure 4). These 

results, together with the results from transgenic plants, indicated that these genes were the 

direct targets of miR825 and miR825*, and were involved in the modulation of AR156-

primed ISR against Pst DC3000.

miR825* exerts its regulatory function in ISR by triggering secondary siRNAs

miR825* is a 22-nt small RNA that can potentially initiate production of 2nd siRNAs, which 

in turn target transcripts by sequence complementarity (Zhai et al. 2011; Li et al. 2012; 

Shivaprasad et al. 2012). It has been reported that 22-nt miRNAs in tobacco, tomato and 

potato can trigger a secondary siRNA processing cascade specifically targeting R genes 

upon viral or bacterial pathogen infection (Zhai et al. 2011; Li et al. 2012; Shivaprasad et al. 

2012). These reports also indicate that RDR6 and DCL4 are necessary components for the 

biogenesis of 2nd siRNAs. RDR6 has also been implicated in modulating both PTI and ETI 

through post-transcriptional gene silencing (Katiyar-Agarwal et al. 2006; Boccara et al. 

2014). Thus, we examined the ability of AR156-induced ISR against Pst DC3000 in 

Arabidopsis rdr6 mutant.

As shown in Figure 5A, without AR156 pretreatment, the rdr6 mutant exhibited a 

significantly increased resistance relative to its corresponding wild-type (Col-0) plants, in 

agreement with previous study (Boccara et al. 2014). After Pst DC3000 infection, the rdr6 
mutant with AR156 pretreatment was moderately more resistant (insignificant under 

condition of P-value < 0.01 but significant under condition of P-value < 0.05) than mutant 

without AR156 pretreatment, but to a lesser significant extent to the difference between wild 

type plant with and without AR156 pretreatment (comparing the difference between Col-0 

and rdr6, Figures 5A, S3). These results indicate that the AR156-induced ISR is partially 

dependent on RDR6. In order to exclude the possibility that this reduced AR156-mediated 

ISR is due to altered AR156 rhizosphere colonization, we compared root AR156 

colonization associated with the rdr6 mutant line along with Col-0 7 days after AR156 
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treatment. No significant differences were observed between rdr6 and Col-0 (Figure 5B). 

The number of AR156 in the rhizosphere of each tested line of Arabidopsis plants was 

around 5×107 colony-forming unit per gram (CFU/g) of rhizosphere soil (Figure 5B), 

indicating that the reduced ISR was not due to different extent of AR156 colonizing the 

roots. These results suggested that RDR6 might play a regulatory role in the AR156-

triggered ISR against Pst DC3000 infection.

To further confirm that the observed induced ISR is indeed a function of miR825* -mediated 

gene silencing through generating 2nd siRNA, we analyzed 2nd siRNA along the miR825* 

targets. Our rationale is that if miR825* -triggered 2nd siRNAs was functional in ISR, we 

should observe 2nd siRNAs originated from the miR825* cleavage site; correlated 

expression patterns of the 2nd siRNAs and miR825*; and that the abundance of these 2nd 

siRNAs is correlated to ISR. As shown in Figure 6, we were indeed able to identify 2nd 

siRNAs along the At5g38850 transcript, although the phasing registry was not perfect and 

there were also non-phased siRNAs (Table S3). In both the AR156/Pst and the control/Pst 
plants, 2nd siRNAs were induced from the putative cleavage site of miR825*, which were 

located to the 251st nt from the 5′ end. The induction of 2nd siRNAs was most intense in the 

first 500 bp from the cleavage site, and then remained but in a declined manner until the 

most 3′ end of the transcript (Figure 6A). It should be noted that 2nd siRNAs were 

generated from both the plus and minus strands, with about 50% more from the plus strand 

(Figure 6B). Similar observation has been made in other independent studies (Zhai et al. 

2011; Boccara et al. 2014). It’s interesting to point out that although the general patterns 

were similar between the AR156/Pst and the control/Pst plants, there were more 2nd siRNAs 

induced in the control/Pst plants when compared with plants from the AR156/Pst treatment 

(Figure 6B). At5g38850 encodes a disease resistance protein (TIR-NBS-LRR class), which 

was also identified as a siRNA-targeted gene in a RDR6/DCL4 dependent manner in an 

independent study (Howell et al. 2007). Taken together, our results demonstrated that in the 

AR156/Pst plants, there were significantly less than 2nd siRNAs induced by miR825* at the 

At5g38850 locus when compared to the control/Pst treatment. The resulting boosted 

expression of At5g38850, together with other not yet uncharacterized R gene as wellQ2, 

contributes to the induced ISR.

DISCUSSION

The molecular mechanisms underlying ISR have been studied extensively, especially in the 

model plant Arabidopsis. Many molecular processes and signaling components at the 

interface between hosts and ISR-eliciting mutualists have been illustrated (Van Wees et al. 

2008; Pieterse et al. 2014). However, whether R genes are used in ISR remains known. How 

many miRNAs contribute to the modulation of ISR is not explored either. In our previous 

study, we found that Bacillus cereus AR156 could trigger systemic resistance in Arabidopsis 
thaliana. PR1 gene expression was induced to a higher level upon Pst DC3000 infection in 

AR156/Pst samples, when compared to control/Pst (Niu et al. 2011). Increasing evidence 

suggests that some miRNAs act as negative regulators of plant innate immunity: miRNAs 

suppress defense responses when plants are not challenged; upon infection, a healthy plant is 

capable of deploying a line of immune response by removing this small RNA-mediated 

suppression (Ruiz-Ferrer and Olivier Voinnet 2009; Seo et al. 2013; Niu et al. 2015). Our 
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data showed that when plants with and without AR156 pretreatment were compared, there 

were many small RNAs significantly differentially expressed after Pst DC3000 infection, 

indicating a potential role they play in modulating ISR (Table S1).

We explored which small RNAs might be involved in modulating ISR by identifying small 

RNAs that were significantly differentially expressed (≥ 3 or ≤1/3) between the AR156- and 

control-pretreated plants, with and without Pst DC3000 infection. We also paid extra 

attention to small RNAs that may target genes directly involved in plant defense, such as R 
genes, transcription factors, and protein ubiquitination pathway components. We finally 

focused on miR825* that satisfy the two abovementioned criteria. What made it more 

interesting was that the cognate miRNA generated from the same duplex with miR825*, 

miR825, was also significantly differentially expressed (3.7 fold reduction in AR156/Pst vs 

control/Pst). It would be interesting to see whether the miR825/825* pair represents a 

common innate immunity regulatory mechanism, as we previously found in the 

miR393/393b case (Zhang et al. 2011).

miR825* can target a disease resistance gene family belonging to the TIR-NBS-LRR class 

(Table 2). The target region of miR825* is embedded in a region encoding the TIR domain, 

which is relatively conserved in the TIR-NBS-LRR family proteins (Figure 1D). It is 

possible that multiple R genes are targeted by this specific miRNA. We observed that when 

miR825* was knocked down, these R genes were activated (Figure 2C), whereas when 

miR825* was overexpressed these R genes were suppressed (Figure 3B), supporting the idea 

that these genes are genuine targets of miR825*. miR825 may target At5G55970, a putative 

RING/U-box superfamily protein, and At5G44940, a F-box/RNI-like superfamily protein. 

Despite the fact that the functions of these two genes are unknown currently, an amino acid 

sequence analysis suggested that they might function in defense-related signaling. Some 

RING/U-box superfamily protein can function as E3 ubiquitin transferases that are involved 

in the protein ubiquitination pathway (Wang and Deng 2011). Meanwhile, F-box/RNI-like 

superfamily proteins are also known for their involvement in protein ubiquitination. An 

example of this protein group is TIR1 that mediates Auxin signaling by triggering Aux/IAA 

proteasomal degradation and activating ARFs from the repressive effects (Yang et al. 2013). 

TIR1 is a target of miR393, which is induced by elicitor flg22 and contributes to PTI 

(Navarro et al. 2006). Based on the functional domains these proteins possess, we predicted 

that miR825 might contribute to ISR by specifically activating certain signaling pathway via 

protein ubiquitination.

We further validated our findings by manipulating the expression levels of miR825 and 

miR825* in transgenic plants and examining the performance of ISR. miR825/825* 

knockdown mutants were more resistant (Figure 2D) whereas overexpressing plants were 

more susceptible than wild type plants (Figure 3C), indicating a negative role they may play 

on ISR. Neither transgenic plants overexpressing nor knocking-down miR825/825* 

responded to AR156 priming significantly (Figure S2). We believe this observation is in line 

with our conclusion that miR825/825* are negatively involved in priming plants from 

pathogen infection in a potentiated manner. When miR825/825* function is blocked, the 

priming activity is turned on such that further AR156 treatment won’t additionally induce 

ISR in a significant manner; on the other hand, overexpressing miR825/825* shuts down the 
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priming ability such that transgenic plants are unable to respond to AR156 treatment 

anymore. In plants that ISR is effectively primed, the expression of At5G38850, At3G04220 

and At5G40910 (target genes of the miR825*) and At5G44940 (a target gene of the 

miR825) was dramatically increased (Figure 4), suggesting a negative regulatory role 

miR825/825* playing in ISR.

Boccara and colleagues reported that a 22-nt miRNA, miR472, could initiate a cascade of 

2nd siRNAs and target R genes through a RDR6/DCL4 dependent manner. Their results 

showed that miRNA472- and RDR6 could mediate both PTI and ETI responses when 

infected with Pst DC3000 (Boccara et al. 2014). We studied ISR further in a rdr6 mutant 

because miR825* is also a 22-nt miRNA, and it is likely to function through a RDR6/DCL4 
dependent manner by initiating 2nd siRNAs as well (Li et al. 2012; Shivaprasad et al. 2012; 

Zhai et al. 2012;Q3 Boccara et al. 2014). Under a stringent statistical condition (i.e., P < 

0.01), the AR156-primed ISR was not significantly affected in the rdr6 mutant, when 

compared to Col-0 wild type (Figure 5A). This observation is in agreement with our 

hypotheses that miR825* may participate in ISR regulation through an RDR6-mediated 

pathway. However, when a lesser stringent statistical criteria is applied (e.g. P < 0.05), 

significantly different ISR was observed on rdr6 plants without and with AR156 

pretreatment (Figure S3). Therefore, it’s likely that there are alternative regulatory 

machineries besides RDR6-mediated 2nd siRNAs. We then analyzed generation of 2nd 

siRNAs on potential miR825* cleavage loci. We were able to find arrays of phased siRNAs 

(≥98% are 21 nt) aligned at the cleavage site on target gene At5g38850, peaked in the first 

500 nt to the 5′ end, and remained but declined until the most 3′ end (Figure 6A). In 

agreement with our hypothesis that AR156 pretreatment induced their generation, there were 

more siRNAs in the control/Pst then in the AR156/Pst plants. Almost no siRNA was 

identified upstream the miR825* target site, supporting our prediction that these siRNAs 

were generated due to the cleavage of At5g38850 by miR825*. At5g38850 encodes a 

disease resistance protein (TIR-NBS-LRR class), which has been previously observed as a 

siRNA-targeted gene in a RDR6/DCL4 dependent manner (Howell et al. 2007). Taken 

together, our results demonstrated a correlation between AR156/Pst treatments and 2nd 

siRNAs on the At5g38850 locus. We speculate that the reduced siRNAs is going to lead to a 

boosted expression of this R gene, which may contribute to the induced ISR observed.

Previous studies investigating the molecular mechanism of ISR have been focused on the 

roles of protein regulators, such as NPR1 and MYB72, and crucial signaling pathways such 

as JA and ET, where the involvement of R genes has been ignored. Our data demonstrated 

that plants were able to modulate ISR through miRNAs by specifically activating certain 

subgroups of R genes, whose activities were suppressed under normal conditions. This 

suppression is reinforced by using both miRNA (i.e., miR825*) and arrays of 2nd siRNAs. 

Upon infection in a primed tissue, this suppression can be released in a very rapid manner 

since once the expression of the initiating miRNA is quenched, all the 2nd siRNAs triggered 

by it will be diminished as well. This quick switch between an idle and engaged mode is in 

such a potentiated manner that best fit the defense responses employed by ISR.
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MATERIALS AND METHODS

Small-RNA library construction and deep sequencing

Bacterium treatment and pathogen infection was carried out on 4-week-old Arabidopsis 
Col-0 as described previously (Niu et al. 2011) with some modifications. Briefly, 10 mL of 

Bacillus cereus AR156 cell suspension at 5 × 107 CFU/mL was applied to the soil around 

the roots of Arabidopsis plants in each pot. For two control treatments, an equal volume of 

sterile 0.85% NaCl was applied to the soil around the roots of Arabidopsis in each pot. 

Seven days after induction treatment, plants of both treatments were inoculated by spraying 

the leaves with cell suspension of the virulent pathogen Pst DC3000 at 1 × 108 CFU/mL 

until all the leaves were covered with fine droplets. Leaves were collected at 7 days post-

treatment by AR156 if there was no following Pst DC3000 inoculation, or after 14 h post-

inoculation by Pst DC3000.

Small RNA extraction and library construction was carried out as described previously 

(Katiyar-Agarwal and Jin 2007; Chellappan and Jin 2009). Briefly, total RNA was isolated 

from infiltrated leaves and fractionated on a 15% denaturing polyacrylamide gel. RNA 

molecules ranging from 18 to 26 nt were excised and ligated to 5′- and 3′-RNA adaptors 

using T4 RNA ligase, followed by RT-PCR and gel purification as instructed by Illumina. 

The small RNA libraries were sequenced by Illumina Inc. and the UCR core facility.

Generation of transgenic plants

To generate the overexpression construct of miR825 and miR825*, the miR825 precursors 

were cloned using a miR319 backbone (based on Web MicroRNA Designer) into a Gateway 

destination vector, pEG100 (Earley et al. 2006; Schwab et al. 2006). The STTM825 and 

825*constructs used to inactivate miR825 and miR825* were generated according to Yan 

and colleagues (2012). Briefly, the sub-cloning vectors were amplified by using the 

following two primers: (i) 825–825* -STTMSwa48ntlink-PF: 

GccATTTAAATatggtctaaagaagaagaatGTTCA-

TGCACctaCTTCTTGAGAAgaattcggtacgctgaaatcaccag; (ii) 825-825-STTMSwa48ntlink-

PR: GccATTTAAAT-

tagaccataacaacaacaacTTCTCAAGAAtagGGTGCATGAACaagcttgggctgtcc-tctccaaatg. The 

PCR product that includes the pOT2 backbone (−3.6 kb) was purified and cleaved by SwaI, 

followed by purification and self-ligation. The recombinant plasmids (−3.6 kb) were further 

amplified by a pair of primers that contain PacI sites: (i) origin-del-PacI-PF: 

TCCCTTAATTAAGTTTGCAAGCAGCAGATTACGCG; and (ii) Origin-del-PacI-PR: 

TCCC-TTAATTAAGAAAGGCGGACAGGTATCCGGTAAG. The PCR products that 

contain STTM and a chloramphenicol selection marker were introduced into a modified 

pFGC5941 binary vector through the unique PacI site. All constructs described were 

electroporated into Agrobacterium tumefaciens GV3101, and used to transform Arabidopsis 
by the floral dipping method.

Pathogen infection

Bacterial growth assay and ISR assay were performed as previously described (Katiyar-

Agarwal et al. 2006; Katiyar-Agarwal et al. 2007; Niu et al. 2011). For bacterial growth 
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assay, 1 × 108 CFU/mL of Pst DC3000 was used for spray inoculation. Leaf samples were 

collected by acock borer, and the bacterial titer were determined by plating and counting the 

number of colonies at 0 and 3 dpi, respectively. At least 12-leaf discs were collected for each 

growth assay. Student’s t-test was used to determine the significant differences between 

mutants and control plants.

Quantification of AR156 within Arabidopsis rhizosphere

The colonization of AR156 within Arabidopsis rhizosphere were performed as previously 

described (Niu et al. 2011). Briefly, 1 g of mixed rhizosphere sample (fw) was resuspended 

in 9 mL of sterile 0.85% NaCl and was vortexed for 5 min. Serial dilutions of a cell 

suspension of the rhizosphere was plated on LB medium. The number of CFU per gram of 

rhizosphere soil was determined after incubation at 28 °C for 24 h.

Identification of target genes of miRNA

To identify miR825 and miR825* target genes, the guideline for target prediction was 

followed as previously described with several modifications (Allen et al. 2005). Only one 

gap located in the small RNA was allowed, but with double penalty. Nucleotides at positions 

10 and 11 of the small RNA must be a perfect match with its target. A maximum of three 

continuous mismatches was allowed if the mismatch region contained at least two G:U pairs 

and the penalty score of the region was multiplied by 1.5. We used 4.5 as the cutoff score for 

selecting the miRNA targets and 3.0 for miR825* targets selection.

qRT-PCR

To analyze the expression of target genes, total RNA was extracted from Arabidopsis leaves 

using TRIzol reagent. Reverse transcription to cDNA was conducted by using the 

SuperScript first-strand synthesis system (Invitrogen). SYBR Green mix was used in real-

time PCR to determine the expression level of miRNAs target genes. ACTIN2 was used as a 

quantitative control in the qRT-PCR analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. AR156 pretreatment induces ISR to Pst DC3000 in Col-0 plants
(A) Induction of systemic resistance to Pst DC3000 in Arabidopsis Col-0 plants by Bacillus 
cereus AR156. Plants are treated with AR156 at 5 × 107 CFU/ml and 0.85% NaCl for 7 

days, respectively. Leaves are spray inoculated with Pst DC3000 cell suspension at 1 × 108 

CFU/mL concentration. ISR is measured by counting colonies on plates 3 days after 

inoculation (dpi). (B) Expression of miR825 and miR825* in different treatments is 

examined by Northern blotting. Plants pre-treated with AR156 at 5 × 107 CFU/ml and 

0.85% NaCl for 7 days, respectively. Leaves are spray inoculated with Pst DC3000 cell 

suspension at 1 × 108 CFU/ml concentration. Total RNA is extracted from leaves with line 

numbers and time points indicated. RNA blots are hybridized with DNA oligonucleotide 

probes complementary to the indicated miRNAs. U6 is used as a loading control. (C) 

Predicted secondary stem loop structure for miR825 and miR825* with mature miRNA 

sequences indicated. (D) Nucleotide sequences targeted by miR825* are aligned to 

corresponding genes, with the TIR-NBS-LRR gene structure depicted at the top. TIR: the 

toll-interleukin-like receptor domain; NBS: the nucleotide binding site domain; LRR: the 

leucine-rich repeat domain. Red boxes on gene IDs represent these genes that are validated 

Niu et al. Page 15

J Integr Plant Biol. Author manuscript; available in PMC 2016 September 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



by using real-time PCR in this study. The big red box shows the predicted target region, with 

the target site on AT5G38850 highlighted in light green. “*” represents conserved 

nucleotide.
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Figure 2. Knocking down R825/825* enhances resistance to Pst DC3000
(A) Expression of miR825 and miR825* in STTM transgenic plants is examined by 

Northern blotting assay. RNA blots are hybridized with DNA oligonucleotide probes 

complementary to the indicated miRNAs. U6 is used as a loading control. (B) Phenotype of 

STTM825/825* transgenic plants (line 1 and 6) are compared to Col-0 WT plants. Pictures 

are taken 4 weeks after germination. (C) miR825 and miR825* target genes in the indicated 

transgenic lines is examined by qRT-PCR assay. Target genes and line numbers (#1 and #6) 

are as indicated. (D) AR156-mediated ISR in Col-0 and transgenic lines. Plants pre-treated 

with AR156 at 5 × 107 CFU/mL and 0.85% NaCl for 7 days, respectively. Leaves are spray 

inoculated with Pst DC3000 cell suspension at 1 × 108 CFU/mL concentration. ISR is 

measured by counting colonies on plates 3 days after inoculation (dpi). Error bars represent 
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standard deviation for at least 12 leaf discs. Statistical difference among samples is 

represented by using letters: different letters (A and B) represent significant difference (P < 

0.01) while same letters represent insignificant differences (P > 0.01).
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Figure 3. miR825/825* overexpression plants are more susceptible to Pst DC3000
(A) Expression of miR825 and miR825* in overexpression transgenic plants are examined 

by Northern blotting assay. RNA blots are hybridized with DNA oligonucleotide probes 

complementary to the indicated miRNAs. U6 is used as a loading control. (B) Phenotype of 

transgenic plants overexpressing miR825/825* (line 50 and 56) are compared to Col-0 WT 

plants. Pictures are taken 4 weeks after germination. (C) Expression of miR825 and 

miR825* target genes in the indicated transgenic lines is examined by qRT-PCR assay. 

Target genes and line numbers (#50 and #56) are as indicated. (D) AR156-mediated ISR in 

Col-0 and transgenic lines. Plants pre-treated with AR156 at 5 × 107 CFU/mL and 0.85% 
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NaCl for 7 days, respectively. Leaves are spray inoculated with Pst DC3000 cell suspension 

at 1 × 108 CFU/mL concentration. ISR is measured by counting colonies on plates 3 days 

after inoculation (dpi). Error bars represent standard deviation for at least 12 leaf discs. 

Statistical difference among samples is represented by using letters: different letters (A, B, 

and C) represent significant difference (P < 0.01) while same letters represent insignificant 

differences (P > 0.01).
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Figure 4. miR825/825* target genes is coordinately expressed with AR156-indued ISR
(A) Expression profiles of AT5G44940 (a miR825 target) and AT5G38850, AT3G04220 and 

AT5G40910 (miR825 targets). (B–D) in plants with AR156-induced ISR are measured. 

Plants are pre-treated with AR156 at 5 × 107 CFU/mL and 0.85% NaCl for 7 days, 

respectively. Leaves are spray inoculated with Pst DC3000 cell suspension at 1 × 108 

CFU/mL concentration. Total RNA is extracted from leaves with line numbers and time 

points indicated. Expression of miR825/825* target gene is examined by qRT-PCR: Error 

bars indicate standard deviation from three technical replicates. The experiments are 

repeated two times with similar results.
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Figure 5. AR156-induced ISR to Pst DC3000 is partially dependent on RDR6
(A) AR156-induced ISR is measured in wild type and rdr6 mutant plants. Arabidopsis Col-0 

and rd6 mutant plants are pre-treated with AR156 at 5 × 107 CFU/mL and 0.85% NaCl for 7 

days, respectively. Leaves are spray inoculated with Pst DC3000 cell suspension at 1 × 108 

CFU/mL concentration. ISR is measured by counting colonies on plates 3. Error bars 

represent standard deviation for at least 12 leaf discs. Statistical difference among samples is 

represented by using letters: different letters (A and B) represent significant difference (P < 

0.01) while same letters represent insignificant differences (P > 0.01). (B) Rhizosphere 

colonization is measured seven days after AR156 treatment. Data represent average numbers 

of CFU per gram of rhizosphere soil with standard deviation from three experiments.

Niu et al. Page 22

J Integr Plant Biol. Author manuscript; available in PMC 2016 September 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Identify 2nd siRNAs at the At5g38850 locus
(A) siRNAs are aligned to the Arabidopsis genome (version TAIR 10) by sequence 

similarities. Reads (read per million; RPM) is shown as bars at the Y-axis whereas locations 

of the siRNAs are presented at the X-axis. Light blue represents alignment to the plus strand 

while red to the minus strand. miR825* cleavage site is marked by an arrow, which is the 

251 nt to the 5′ end. Up: AR156/Pst; bottom: control/Pst. (B) The total reads aligned to the 
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plus or the minus strand in each sample is calculated by adding all the reads up and plotted 

to the right side of the corresponding figure.
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Table 2

miR825 and miR825* target predication

miRNAs Target gene Symbols Score Alignment

825* AT5G38850 Disease resistance protein (TIR-NBS-LRR class) 1

AT4G14370 Disease resistance protein (TIR-NBS-LRR class) family 1.5

AT5G40920 pseudogene, disease resistance protein (TIR-NBS-LRR class) 2.5

AT1G63750 Disease resistance protein (TIR-NBS-LRR class) family 2.5

AT4G11170 Disease resistance protein (TIR-NBS-LRR class) family 2.5

AT1G63740 Disease resistance protein (TIR-NBS-LRR class) family 2.5

AT1G63730 Disease resistance protein (TIR-NBS-LRR class) family 2.5

AT4G08450 Disease resistance protein (TIR-NBS-LRR class) family 3

AT5G41550 Disease resistance protein (TIR-NBS-LRR class) family 3

AT5G51630 Disease resistance protein (TIR-NBS-LRR class) family 3

AT5G40910 Disease resistance protein (TIR-NBS-LRR class) family 3

AT3G04220 Disease resistance protein (TIR-NBS-LRR class) family 3

AT5G40060 Disease resistance protein (NBS-LRR class) family 3

AT1G66090 Disease resistance protein (TIR-NBS class) 3

AT5G18360 Disease resistance protein (TIR-NBS-LRR class) family 3

825 AT5G55970 RING/U-box superfamily protein 4.5

AT5G44940 F-box/RNI-like superfamily protein 4.5

Prediction targets of miR825 and miR825* are listed, with gene ID, predicted function, and base-paring patterns shown. Real-time PCR validated 
targets of miR825 and miR825* are highlighted in red. A “:” represents a perfect match; a “.” represents a wobble (G: U pairs); a “·”(a space) 
represents an imperfect match. Note: Prediction targets of miR825 and miR825* are listed, with gene ID, predicted function, and base-paring 
patterns shown. A “:” represents a perfect match; a “.” represents a wobble (G: U pairs); a “·”(a space) represents an imperfect match.
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