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Abstract

Background

Roles of microRNAs (miRNAs) and short interfering RNAs (siRf)An biotic stres
responses, e.g., viral infection, have been demonstrated in plamaryystudies. Tomato
yellow leaf curl China virus (TYLCCNV) is a monopartite begomovirus taatsystemically
infect Solanaceae plants, and induces leaf curling, yellowing and enation symptdmes \ao-
inoculated with a betasatellite (TYLCCNB). The releasedogne sequence dficotiana
benthamiana provides an opportunity to identify miRNAs and siRNAs responsive to
begomovirus-associated betasatellit®lifenthamiana.

UJ

Results

mMiRNAs were identified in three small RNA libraries geated using RNA isolated froi.
benthamiana plants systemically infected with TYLCCNV (Y10A) alone, cdected with
Y10A and its betasatellite TYLCCNB (YBPor a TYLCCNB mutant (Y10f) that contain
a mutategC1, the sole betasatellite-encoded protein. A total of 196 conserved miRNA
38 families and 197 novel miRNAs from 160 families were identifienttiNern blot analysi
confirmed that expression of species-specific miRNAs was mouler| than that o
conserved miRNAs. Several conserved and novel miRNAs were found &sjansive t
co-infection of Y10A and Y1 but not to co-infection of Y10A and Y1@nsuggesting tha
these miIRNAs might play a role unique to interaction betweerp Y@ N. benthamiana.
Additionally, we identified miRNAs that can trigger the productionpbfised secondary
SiRNAs (phasiRNAS).
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Conclusions

Identification of miRNAs with differential expression profilesN. benthamiana co-infected
with Y10A and Y1 and co-infected with Y10A and Y1(@ndicates that these miRNAs
are betasatellite-responsive. Our result also suggested a gloteldi of miRNA-mediated
production of phasiRNASs in interaction between begomovirus\abdnthamiana.

Keywords

Nicotiana benthamiana, miRNA, phasiRNA, Begomovirus

Background

Endogenous small RNAs, which consist of microRNAs (miRNAs) amattsinterfering
RNAs (siRNAs), are important regulators of organ developmentssstresponses and
genomic stability in plants [1,2]. Roles of miRNAs and siRNAiotic and abiotic stress
responses, e.g., viral infection, have been demonstrated in plamsaiy studies [2].
MiRNAs downregulated or upregulated in plants infected with virush sisc miR156,
miR158, miR159, miR160, miR164, miR168, miR171, miR172, miR319, miR398 and
miR1885, might play a role in interactions between virus and platit8][3Flant endogenous
siRNA-mediated gene silencing was found to be involved in plant lgtBss, for example,
bacteria-inducechat-ssRNAATGB2 regulatesR-gene mediated plant immunity [11]. Rice



stripe virus infection enhanced the accumulation of phased miRNAs #&qparticular
precursor [12].

Plant miRNAs can trigger the production of phased secondary siRNAsiRMN¥as) from
either non-coding (e.gTAS) or protein-coding genes (e.jBS-LRR genes). Trans-acting
siRNAs (tasiRNAs) are distinctive siRNAs, which are gatent fromTAS transcripts in 21-
nucleotide (nt) phases in relative to the miRNA cleavage sitey &ct intrans to regulate
gene expression at the posttranscriptional level. Biogenesissi®fNiAs is triggered by
interaction of MIRNA(S) at single or dual ends of the precufé@ transcripts [13]. There
are at least eightAS loci that belong to fouTAS families TAS1-TA$4) in Arabidopsis and
four TAS3 loci have been identified in rice [13-15]. Recent studies denatedtthat plant
genomes are rich in phased siRNA (phasiRNA)-producing lod®H#S genes [16-19], and
may harbor hundreds of these loci in protein-coding genes [15,20-23]. &opkex a batch
of 21-nt and 24-nt phasiRNAs triggered by miR2118 and miR2275, respectivetg,
identified in the developing inflorescence of rice [18]. Biogene§iphasiRNAs and their
roles in posttranscriptional regulation have been well discussed in a recent [f24j.

Geminiviruses are a group of single-stranded DNA viruses thaé ceyastating economic
losses worldwide. Four generdldstrevirus, Begomovirus, Curtovirus and Topocuvirus)
have been classified according to genome organizations, host rangesamrsmdigsion
vectors, withBegomovirus being the most numerous and geographically wide-spread [25].
Begomoviruses have either monopartite or bipartite genomes. In thelqmsle, several
studies have shown that many monopartite begomoviruses have acquetdsatellite,
formerly called DNA, andpC1, the sole betasatellite-encoded protein, plays essential roles
in symptom induction, in suppression of transcriptional and posttranscriptipera
silencing, and also involves in suppression of selected jasmonic apdnses [25-29].
Tomato yellow leaf curl China virus (TYLCCNYV) is a monoparbegomovirus associated
with a betasatellite (TYLCCNB). TYLCCNV alone produced asymptc infection in
Nicotiana benthamiana and tomato plants. TYLCCNB is essential for induction of leaf c
symptoms in these host plants when co-infected with TYLCCNV. TYMNBGQOnutants
unable to express th#C1 protein abolished its ability to induce typical symptoms in plants
when co-inoculated with TYLCCNV [27]. In our previous study, we ideedifTYLCCNV-

and TYLCCNB-derived siRNAs by deep sequencing small RNAs gstemically infected

N. benthamiana plant leaves and found that viral transcript might act as RNAndiepe
RNA polymerase (RDR) substrates resulting in secondary sipidduction [30]. However,
plant miRNA profiles regulated by TYLCCNB remain largely unkmowRecent release of
the draft genome sequence Nf benthamiana [31] provides an opportunity to identify
MiRNAs and siRNAs from the host plant and investigate expression changes roffRNgts

and siRNAs in response to viral infection. In this study, we identiN. benthamiana
MiRNAs based on the draft genome and our previously generated Sifalii&®asets using

N. benthamiana plants infected with begomovirus, and found a number of mMiRNAs,
including a few putative phasiRNA triggers, were responsive tmfeation of TYLCCNV

and TYLCCNB but not to TYLCCNV and a mutated TYLCCNBNnbenthamiana.



Results

Identification of MIRNAS in N. benthamiana

The N. benthamiana plant leaves systemically infected with TYLCCNV (Y10Apre (P1),
or co-infected with TYLCCNV and its betasatellite TYLCCNB10pB; P2) or a TYLCCNB
mutant (Y10nf; P3) were harvested for RNA extraction and small RNA sequgf80]. In
the 12.2 million small RNA reads or 7.3 million unique reads fdrhenthamiana leaves, a
total of 7.2 million reads or 5.6 million unique reads could be mapped t¢. themthamiana
genome (Additional file 1: Table S1). Using the approach destiivgéhe Methods and
based on BLAST search against the public miRNA database (meRBadease 19), we
identified a total of 196 conserved miRNAs from 38 families inNhbenthamiana genome
(Additional file 2: Table S2). Meanwhile, a total of 197 novel miRNfom 160 families
were also identified (Additional file 3: Table S3). A furthearsé (BLASTn with < 1&) of
these novel mature miRNA sequences against the small RNA popsl&tomN. tabacum
recently generated by us [32] showed that 42 nhvekbnthamiana miRNAs is conserved in
N. tabacum. Target prediction indicated 147 (91.9%) novel miRNAs had at least one
potential target (Additional file 3: Table S3). Expression of two houBNAs, Nbe-miR70
and Nbe-miR145, together with the conserved miR159 could be detectédrtmern blot,
although the expression levels of the two novel miRNAs were mowkrlthan that of
miR159 (Figure 1), consistent with the well known phenomenon for lowlyesgpd non-
conserved miRNAs.

Figure 1 Novel Nicotiana benthamiana miRNAs responsive to TYLCCNV/TYLCCNB
infection. (A) and(B) Precursors of two nové\. benthamiana miRNAs, Nbe-miR70 and
Nbe-miR145(C) Northern blot analysis of expression of Nbe-miR70 and Nbe-miR1M5 in
benthamiana plants infected by TYLCCNV alone (Y10A or P1), together with TYLCCNB
(Y10p or P2) or mutated TYLCCNB (Y10pnor P3). Conserved miR159 was used as a
miRNA control.

Identification of putative phasiRNA triggers

Based on the draft genome Mf benthamiana and the algorithm described by Howell et al.
[17] (see Methods for the details), we found that over thousands aféoeiable to generate
21-nt and 24-nt phasiRNAs (phase score > 1.4). Of these phasiRNANGNA binding
site(s) could be predicted in at least 157 of 21-nt and 296 of 24-nRdphadoci (within the
region with phased small RNA reads and their two flanking 200-nbmeyi suggesting that
these miRNAs are putative phasiRNA triggerdNinbenthamiana (Additional file 4: Table
S4). For these potential phasiRNA triggers or phase registeis,putative cleavage sites
(between positions 10 and 11 in the predicted miRNA target srerg) all located at a phase
position. A total of 62 conserved miRNAs from 24 families which coutdl ko PHAS loci
were found, e.g.,, miR156 and miR482 (Table 1). More than FB8AS loci seem to be
triggered byN. benthamiana or Nicotiana-specific miRNAs, such as Nbe-miR2 (Additional
file 4: Table S4). One example was shown in Figure 2, in whichmiBd.13, a noveN.
benthamiana miRNA, was predicted to trigger production of 21-nt phased smalAsRiN a
N. benthamiana gene. In addition to non-coding transcript, SuCAAS genes, many protein-
coding genes were also identified as miRNA-triggeRdAS loci in N. benthamiana
(Additional file 4: Table S4), including some loci targeted by coreze miRNAS, such as
mMiR156 and miR482 (Table 1), which have been shown to generate phasiRNWw @itein-



coding genes in several recent studies [15,20-23,33,34]. When an extreroephsise score
(> 20) was applied, 1 and 13 loci generating 21-nt and 24-nt phasiRNfsctieely, could
still be identified.

Table 1Selected miRNASs (including some aBHAS trigger) with differentially
expression changes in response to co-infection of TYLCCNV and TYLCCNB N.

benthamiana
MiRNA family Expression Predicted target References for AsPHAS References
change (fold)* virus response  trigger# for PHAS
Conserved
miR160 17.6 Auxin response factor [3,8,9] ND
miR164 12.2 NAC domain protein [3,7,9] ND
miR169 12.0 CCAAT-binding transcription factor [3,8] ND
(CBF)
miR319 12.0 TCP/MYB [8] Yes
miR391 13.5 PutativeTAS [8] Yes
miR396 12.4 LRR receptor-like serine/threonine- [8] Yes
protein kinase, RLP/Pentatricopeptide
repeat protein
miR397 13.5 Laccase [8] Yes
miR398 118.4 CSD; Zinc finger, LIM- [8,10] Yes
type/Rhodanese-like
miR482 /miR2118 111.0 NBS-LRR [21] Yes [15,18,21]
miR827 13.1 AP2 domain-containing transcription Yes
factor/RCC1-like protein
miR4376 13.7 ACA Yes [22]
miR6020 12.0 Pentatricopeptide repeat/Glycosyl [20] Yes [20]
transferase
Novel
Nbe-miR2 15.9 RCC domain-containing protein ND
Nbe-miR3 16.7 Not known ND
Nbe-miR4 13.8 Not known ND
Nbe-miR6 12.8 GH3 family protein ND
Nbe-miR8 12.3 Heat shock protein binding protein ND
Nbe-miR64 12.1 C2 membrane targeting protein Yes
Nbe-miR70 12.1 Basic helix-loop-helix dimerisation ND
region bHLH
Nbe-miR84 13.4 Cyclic nucleotide gated channel ND
Nbe-miR99 13.5 F-box family protein Yes
Nbe-miR107 19.1 DNA repair protein radA ND
Nbe-miR124 12.9 Lactoylglutathione lyase ND
Nbe-miR129 12.1 Harpin-induced protein-like ND
Nbe-miR134 12.8 CHP-rich zinc finger protein/ F-box Yes
family protein
Nbe-miR142 12.0 Receptor like kinase, RLK ND

References for virus response aBRHAS by previous studies were listed. A detailed lisiswshown as
Additional file 5: Table S5.
*fold of P2/P1; #ND: not determined.

Figure 2 Nbe-miR113 triggered phasiRNA production in anNBS-LRR gene
(Niben044Scf0002438) ilN. benthamiana. (A) The alignment between miRNA and its
target. Two dots indicate match€3) The small RNA abundances and phasing score
distributions across Niben044Scf0002438.




Expression profiles of miRNAs responsive to co-intgion of TYLCCNV/
TYLCCNB

Previous reports showed that some miRNAs were differentialjyressed after virus
infection [8,10]. In this study, our focus was on the miRNAs resportsivieetasatellite
(TYLCCNB) associated with TYLCCNYV, i.e. those with a simiéxpression level in plants
infected with TYLCCNV (Y10A) and co-infected with TYLCCNVnd a mutated
TYLCCNB (i.e. Y10A + Y10nf) but with an up- or down-regulated expression level in
plants co-infected with TYLCCNV and a functional TYLCCNB (i.10A + Y1(3). With

the criteria of 1.7-fold changes in Y10A + YlOersus both Y10A and Y10A + Y1(rand

RPM (reads per million} 10 in at least one of the three samples, we found that among the
conserved miRNAs, miR160, miR164, miR397 and miR398 were up-regulatedawhere
mMiR169, miR391 and miR827 were down-regulated in responsive to TYLCCNBhanhd t
among the novel miRNAs, Nbe-miR8, Nbe-miR70, Nbe-miR107, Nbe-miR124 and Nbe-
miR134 were up-regulated whereas Nbe-miR2, Nbe-miR3 and Nbe-miRé&#2 down-
regulated in responsive to TYLCCNB (Table 1; Additional file 5: Table S5). Uplaiggn of
Nbe-miR70 was confirmed by northern blot (Figure 1). In addition, dowmnlaggn of
mMiR4376 observed in plants co-infected with TYLCCNV and a functiondlOGNB, i.e.
Y10A + Y103, was also confirmed by the northern blot results; consequently, an up-
regulation of its target gen@CA10 (autoinhibited Ca?*-ATPase 10) was detected by RT-
gPCR (Figure 3; Additional file 5: Table S5).

Figure 3 Expression of miR4376 and its targetACA10) mRNA in three different cDNA
libraries of N. benthamiana. (A) Alignment of miR4376 with its targ&CA10. (B)

Northern blotting of miR4376 iN. benthamiana plants infected by TYLCCNV alone (Y10A
or P1), together with TYLCCNB (YI0or P2) or mutated TYLCCNB (Y10pror P3).(C)
Expression oACA1O0 in various treatments measured by Real-time gPCR. Error bars
represent standard deviation determined with three biological replicates.

The majority of miIRNAs had a similar expression level Nn benthamiana plants
systemically infected with TYLCCNV alone (P1) and co-infecteith TYLCCNV and a
mutant betasatellite TYLCCNB (P3) (Additional file 5: Tab®5), confirming an un-
functional fC1 in the mutated TYLCCNB. This result also suggests thaatteementioned
MiRNAs that were responsive to betasatellite most likelyaddeave a role in interaction
between begomovirus amNl benthamiana. Interestingly, some of the differentially expressed
mMiRNAs, such as miR391, miR397 and miR398, were putative triggers ofRbphasi
production (Table 1).

Discussion

The involvement of miRNAs in diverse biotic responses (viral, battnd fungal) has been
demonstrated by recent studies [2]. Our study confirmed thaixfiression of host miRNAs
(such as miR391, miR397 and miR398) is affected in response to blétasdteere are at
least two different kinds of miRNAS: one is suppressed by tred suppressors of RNA
silencing (VSRs) while another is involved in anti-pathogen (virugebwlating plant innate
immune receptors or hormone signaling pathway. Viral encodedips interfere with host
RNAI pathways and thus distort the normal cellular activitgds They can bind directly to
host miRNAs and therefore making non-function of RNA-induced silencing compl8R
MiRNAs are key regulatory molecules in diverse biologicatesses in plants, for example,



mMiR164, miR159/319 for leaf development [1]. Apparently, the typicaldedfsymptoms in
N. benthamiana induced by co-infection of TYLCCNV and its betasatellite TYLNE could
be caused by deregulation of those differentially accumulated ABRN responsive to
betasatellite (Table 1). The differentially down-regulated miR4876. benthamiana plants
co-infected with TYLCCNV and TYLCCNB was predicted to targetACA gene and could
also be involved in leaf development, because a recent study showediR4&76 targets
ACA10 gene and plays a critical role in tomato reproductive growzh [& addition, the
MiRNAs, such as miR160, that were up-regulated in plants co-@adfedth TYLCCNV and
a mutated TYLCCNB but the up-regulation level was much smédbar that in plants co-
infected with TYLCCNV and a functional TYLCCNB could also haveok in response to
betasatellite.

Recent studies demonstrated a role of miRNA-mediated phasiRMAvga in diverse
biological processes, including pathogen resistance [15,20-23,34]. For example
miR482/2118-mediated cleavage of disease resistaiB&LRR genes not only plays an
important role in non-race specific disease resistance but siggeduction of phased small
RNAs that are able to regulate the expression of their samgetans [15,21]. Upon pathogen
infection, the expression level of miR482 was down-regulated and queeTséy its targets,
NBSLRR genes, were up-regulated [21,34]. miR482/2118 belongs to a specific type of
miRNA that generated from pre-miRNAs containing asymmetbglges in the
MiIRNA/mMiRNA* duplex and has been demonstrated to be the triggeprimuction of
phased 21-nt secondary small RNAs from their target trans¢himiegh the RDR6/DCL4
pathway [34]. Therefore, miR482/2118-mediated cleavage of target dieséstance genes

is expected to cause both decay of their target mMRNAs and pauettphased secondary
small RNAs from the target genes, such as shown in tomato, ewttiviedicago truncatula
[15,21,34]. Furthermore, at least one of the secondary small RNAsgsh&om a miR482
targetedNBS-LRR gene has been shown to target mMRNA encoding another defenseé-relate
protein [21], indicating that the secondary small RNAs generated grotein-coding genes

can behave likGAS loci in Arabidopsis [34]. In this study, the expression level of miR482
was up-regulated imN. benthamiana plants co-infected with TYLCCNV and TYLCCNB
compared to plants infected with TYLCCNV alone, which is in contvagh previous
observation. Meanwhile, this up-regulation of miR482 was also observedamis co-
infected with TYLCCNV and a mutated TYLCCNB (Additional fiie Table S5). Therefore,
more investigation is required to understand the function of miR482 in response
betasatellite. In addition to miR482, several other betasatabmonsive miRNAs, such as
miR397 and miR398, were potential triggers of phasiRNAs (Additional4il Table S4),
suggesting that both these miRNAs and the phasiRNAs generatedtdrgets of these
MiRNAs could play a role in interaction between begomovirus\amenthamiana.

Conclusions

A total of 196 conserved miRNAs and 197 novel miRNAs were found inghenge of\N.
benthamiana. Among them, several showed a differential expression pattermN.in
benthamiana plants co-infected with TYLCCNV and TYLCCNB and co-infectedthwi
TYLCCNV and a mutated TYLCCNB, suggesting a role of thesBNis in interaction
between the betasatellite associated with begomovirus Nandenthamiana plants. In
addition, our study showed that several of these differentiallyeegpd miRNAs were
potential triggers for production of phasiRNAs.



Methods

Small RNA and genomic data

Three sets of small RNA populations (accession number: GSE26368Nfrbemthamiana
were generated in our previous study using high-throughput sequeacimpiogy [30]. In
short,N. benthamiana plant leaves systemically infected with Tomato yellow taf China
virus (TYLCCNV) alone (P1), co-infected with TYLCCNV and itssaciated betasatellite
(TYLCCNB) (P2) or mutated TYLCCNB (P3) were sampled andduse sRNA cDNA
library construction. The sRNA libraries were sequenced usirngthigughput sequencing
technology. Draft genomic sequences bf benthamiana were downloaded from
http://solgenomics.net (Niben.genome.v0.4.4) [31].

Annotation of mIRNAs and loci generating phasiRNAs

All small RNA data were processed by a suite of perpstriClean reads were mapped to the
N. benthamiana genome sequences. Reads mapped to house-keeping noncoding RNAs (e.g.,
rRNA, tRNA, snRNA, snoRNA) were excluded for further analys®ur previous
bioinformatic pipeline designed following the criteria previouslycdesd by Meyers et al.
[35] was applied in miRNA annotation [36]. Prediction of stem-loop straavas performed

by the Vienna RNA package [37]. Candidates (pre-miRNAs) wittdaal ihairpin structure
containing the pair of small RNAs that are able to form aNWiRmMIRNA" duplex with less
than 4 mismatches and 2-nt of @verhangs were selected. Targets of miRNAs were
predicted by searching against the coding regions of\thbenthamiana genome using
psRNATarget (http://plantgrn.noble.org/psRNATarget/) [38] with tHefault settings
(maximum expectation: 3.0; length for complementary scoring: 2@abget accessibility -
allowed maximum energy to unpair the target site: 25.0; flankingHeargund target site for
target accessibility analysis: 17 bp in upstream and 13 bp in downstraage of central
mismatch leading to translational inhibition: 9—-11 RHAS loci were identified using the
algorithm

P:InKHgK]n_z], P> 0

(wheren = number of phase cycle positions occupied by at least one shalréad within
an eight-cycle window, andk = the total number of reads for all small RNAs with
consolidated start coordinates in a given phase within an eigle-eyetiow) described by
Howell et al. [17] and our previous studies [19,32]. mIRNAs that meHAS loci within
the regions generating phased small RNA reads or their flankingnt2@€gions were
considered as putative phasiRNA triggers. In tH4AS loci, the putative miRNA cleavage
sites (between positions 10 and 11 in the predicted miRNA tatge) were always found at
a position corresponding to a phase register.

Northern blot analysis of miRNAs

Total RNA was extracted from systemically-infectdd benthamiana leaves using Trizol
Reagents following the manufacturer’s instructions (Invitrogen, Carl€h®d A total of 15—
30 ug low molecular weight (LMW) RNA, isolated by Polyethylenggll (molecular weight



8000, PEG8000) and NaCl [39], was separated on a denaturing 15% polyadeyla
denaturing gels and transferred to Hybondrkembrane. After being cross-linked by UV
radiation, the Hybond membrane was hybridized with biotin-labeled DpiBbes
complementary to candidate miRNA sequences at 42°C overnight. Postization washes
were performed twice using 1X SSC and 0.5% sodium dodecy! s(#Bt®) at 42°C for 15
min. Hybridization signals were detected with stabilized sane@in-horseradish peroxidase
conjugate supplemented in Chemiluminescent Nucleic Acid Detectioduld (Thermo,
Pierce) according to the manufacturer’s instructions. To confirm equahgpatithe gels, U6
was selected as internal control and blots were also hybriditétd a DNA probe
complementary to U6.

Real-time quantification of miRNA target

One ng of DNase I-treated total RNA was reverse transcribedigu&iMV Reverse
Transcriptase (Takara, Dalian, China) following the manufactinestructions. Quantitative
real-time PCR was performed using SYBR Green PCR supe(Riache, Mannheim,
Germany) in a Lightcycl&r Real-time PCR system (Roche) as described [30]. Three
independent biological replicates were conducted and the relativessiprs of miRNA
target gene were normalized using the CT values obtained fantédmeal controlGADPH.
Analysis was carried out using Lightcy@let80 software supplemented by the manufacturer
(Roche).
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NBS, Nucleotide binding site; tasiRNA, Trans-acting siRNA.
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