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ABSTRACT Many pathogens express noncoding RNAs (ncRNAs) during infection
processes. In the most extreme case, pathogenic ncRNAs alone (such as viroids) can
infect eukaryotic organisms, leading to diseases. While a few pathogenic ncRNAs
have been implicated in regulating gene expression, the functions of most patho-
genic ncRNAs in host-pathogen interactions remain unclear. Here, we employ potato
spindle tuber viroid (PSTVd) infecting tomato as a system to dissect host interactions
with pathogenic ncRNAs, using comprehensive transcriptome analyses. We uncover
various new activities in regulating gene expression during PSTVd infection, such as
genome-wide alteration in alternative splicing of host protein-coding genes, en-
hanced guided-cleavage activities of a host microRNA, and induction of the trans-
acting function of phased secondary small interfering RNAs. Furthermore, we reveal
that PSTVd infection massively activates genes involved in plant immune responses,
mainly those in the calcium-dependent protein kinase and mitogen-activated protein ki-
nase cascades, as well as prominent genes involved in hypersensitive responses, cell
wall fortification, and hormone signaling. Intriguingly, our data support a notion that
plant immune systems can respond to pathogenic ncRNAs, which has broad implica-
tions for providing new opportunities for understanding the complexity of immune
systems in differentiating “self” and “nonself,” as well as lay the foundation for re-
solving the long-standing question regarding the pathogenesis mechanisms of vi-
roids and perhaps other infectious RNAs.

IMPORTANCE Numerous pathogens, including viruses, express pathogenic noncod-
ing transcripts during infection. In the most extreme case, pathogenic noncoding
RNAs alone (i.e., viroids) can cause disease in plants. While some work has demon-
strated that pathogenic noncoding RNAs interact with host factors for function, the
biological significance of pathogenic noncoding RNAs in host-pathogen interactions
remains largely unclear. Here, we apply comprehensive genome-wide analyses of
plant-viroid interactions and discover several novel molecular activities underlying
nuclear-replicating viroid infection processes in plants, including effects on the ex-
pression and function of host noncoding transcripts, as well as the alternative splic-
ing of host protein-coding genes. Importantly, we show that plant immunity is acti-
vated upon infection of a nuclear-replicating viroid, which is a new concept that
helps to understand viroid-based pathogenesis. Our finding has broad implications

Received 12 February 2017 Accepted 16
March 2017

Accepted manuscript posted online 22
March 2017

Citation Zheng Y, Wang Y, Ding B, Fei Z. 2017.
Comprehensive transcriptome analyses reveal
that potato spindle tuber viroid triggers
genome-wide changes in alternative splicing,
inducible trans-acting activity of phased
secondary small interfering RNAs, and immune
responses. J Virol 91:e00247-17. https://doi.org/
10.1128/JVI.00247-17.

Editor Anne E. Simon, University of Maryland

Copyright © 2017 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Ying Wang,
wang@biology.msstate.edu, or Zhangjun Fei,
zf25@cornell.edu.

† Deceased.

Y.Z. and Y.W. contributed equally to this work.

This article is dedicated to Biao Ding, a caring
mentor and exceptional colleague, who
provided oversight of the investigation since
its inception.

VIRUS-CELL INTERACTIONS

crossm

June 2017 Volume 91 Issue 11 e00247-17 jvi.asm.org 1Journal of Virology

http://orcid.org/0000-0002-9659-977X
http://orcid.org/0000-0001-9684-1450
https://doi.org/10.1128/JVI.00247-17
https://doi.org/10.1128/JVI.00247-17
https://doi.org/10.1128/ASMCopyrightv1
mailto:wang@biology.msstate.edu
mailto:zf25@cornell.edu
http://crossmark.crossref.org/dialog/?doi=10.1128/JVI.00247-17&domain=pdf&date_stamp=2017-3-22
http://jvi.asm.org


for understanding the complexity of host immune systems and the diverse functions
of noncoding RNAs.

KEYWORDS Viroid, noncoding RNA, alternative splicing, inducible phasiRNA,
immune responses

Long noncoding RNAs (lncRNAs) are ubiquitous in living organisms (1). In general,
they range from 200 to several thousand nucleotides (nt) in length. Many patho-

gens, including viruses, also express transcripts without protein-coding capacity (patho-
genic ncRNAs) in host cells during infection. Intriguingly, some pathogenic ncRNAs,
such as viroids, by themselves can cause diseases. However, in contrast to the explosive
discovery of such noncoding sequences, the biological significance of most pathogenic
ncRNAs during disease remains poorly understood.

Emerging evidence shows that some pathogenic ncRNAs can recruit host factors to
exert their functions. EBER2, a pathogenic ncRNA encoded by Epstein-Barr virus, binds
nascent viral RNA to drive host transcription factor paired box protein 5 (PAX5) to viral
DNA for downstream viral gene expression (2). Potato spindle tuber viroid (PSTVd), a
pathogenic ncRNA causing plant diseases, utilizes host transcription factors to mediate
host DNA-dependent RNA polymerase II transcription using PSTVd RNA templates
(3–5). Interestingly, a PSTVd relative, hop stunt viroid, can directly interact with a host
histone deacetylase to alter the methylation states of rRNA genes and potentially other
genes (6). Besides direct association with host proteins, pathogenic ncRNAs can serve
as precursors to generate small interfering RNAs (siRNAs) for function. For example, two
viroid-derived small RNAs (vdsRNAs) from peach latent mosaic viroid (PLMVd), which
replicates in chloroplasts, guide the cleavage of target transcripts encoding a chloro-
plast heat shock protein. This regulation has been implicated in symptom development
(7). Nevertheless, these pathogenic ncRNA-host factor combinations and/or vdsRNAs
cannot fully explain the molecular mechanisms underpinning the pathogenic ncRNA-
triggered symptoms.

In response to infectious RNAs (such as RNA viruses and viroids), RNA silencing is a
widely employed defense mechanism in animals and plants (8, 9). Both animals and
plants have Dicers or Dicer-like proteins (DCLs) to dice double-stranded viral or viroid
RNAs into small RNAs, which are loaded onto Argonaute proteins (AGOs) to further
inhibit infectious RNAs (8, 9). Therefore, Dicers and DCLs are proposed as pattern
recognition receptors while AGOs are considered effectors in RNA-based immunity (8).
In addition to the RNA-silencing pathway, animals have a broad arsenal of immune
responses, such as type I interferon and double-stranded-RNA-activated protein ki-
nases, to fight RNA viruses (10). These components work in concert as part of the
immune system. Plants also have innate immunity machinery, such as pathogen-
associated molecular pattern (PAMP)-triggered immunity (PTI) and effector-triggered
immunity (ETI). PTI is triggered by recognizing PAMPs via the membrane-associated
receptor-like protein kinases, which serve as the first layer of defense. Pathogens
counter the host plant defense by “injecting” effectors into plant cells, which trigger ETI
and downstream hypersensitive responses (HRs) (11–15). PTI and ETI are rarely used to
describe plant defense against RNA viruses due to the lack of well-defined molecular
patterns or effectors (11, 16, 17), despite the fact that some plant viruses can trigger
gene-for-gene resistance and HRs. In such scenarios, the plant immune system employs
various resistance genes to recognize certain viral proteins as avirulence determinants
and consequently to confer gene-for-gene resistance. These avirulence determinants
are critical for viral infection in compatible hosts and serve as virulence factors leading
to pathogenesis (18). However, some of the pathogenic ncRNAs can directly cause
diseases without introducing anything other than RNAs into plant cells. Whether this
pathogenicity is attributable mainly to the activation of host RNA-silencing machinery
or to the combined effects of the RNA-silencing machinery and other components (e.g.,
plant immunity) remains elusive. To better understand this, it is critical to dissect the
biology of pathogenic ncRNAs apart from the complex host-pathogen interactions,
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where pathogens often have various functional components (e.g., toxins, proteins, and
nucleic acids) that hinder the understanding of individual factors.

In this regard, viroids have distinct advantages to serve as a model. The genome of
a viroid is a single-stranded circular noncoding RNA, ranging from 250 to 400 nt, that
replicates and spreads in plants (19, 20). Its incredibly simple genome provides a clean
system without the interference of other products from pathogens while retaining the
natural infection status. Despite these advantages, however, the molecular basis of
viroid diseases remains elusive. Global changes in gene expression (including multiple
hormonal genes) certainly contribute to pathogenesis (19, 21–24), but these phenom-
ena are more likely the consequences. vdsRNAs may contribute to posttranscriptional
gene regulation (7, 25), but to date, these activities cannot fully explain viroid patho-
genesis.

Here, we employ PSTVd infecting tomato as an experimental system and apply
comprehensive genome-wide analyses to dissect the host responses to pathogenic
ncRNAs. We reveal several novel activities triggered by PSTVd infection, such as
affecting host lncRNA expression, genome-wide changes in alternative splicing of host
protein-coding genes, alteration in host microRNA (miRNA)-guided cleavage of tran-
scripts, and inducible trans-acting function of phased secondary siRNAs (phasiRNA). Our
analyses also provide the first comprehensive functional assessment of the whole
population of vdsRNAs. Importantly, we uncover the massive activation of genes
involved in the signaling of basal defense, indicating the activation of plant immunity
upon PSTVd infection. This concept helps elucidate global alteration in gene expression
in the context of immune responses and facilitates the development of effective
measurements against diseases caused by nuclear-replicating viroids. The discovery of
plant immune responses to viroid infection has broad implications for understanding
the complex host immune system and the diverse functions of ncRNAs.

RESULTS
Tomato transcriptome sequencing in response to a pathogenic noncoding

RNA. We inoculated tomato seedlings with PSTVd and verified the infection at 3 weeks
postinfection via Northern blotting (Fig. 1A). We emphasize that this is a critical stage
at which the PSTVd progeny start to accumulate in systemic leaves and symptoms
begin to emerge (Fig. 1B). Using RNA from the same samples, we constructed and

FIG 1 PSTVd-infected tomato plants. (A) Northern blots showing the presence of PSTVd in systemic
leaves 3 weeks postinoculation. (B) Symptom development in PSTVd-infected plants over 5 weeks.
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sequenced three sets of libraries: small RNA (sRNA), degradomal RNA (dRNA-Seq), and
RNA-Seq for mock- and PSTVd-infected tomato leaves with three biological replicates.
The data were analyzed in a coordinated manner to unravel the expression and
functions of various RNA populations. After processing the sequencing data (see Table
S1 in the supplemental material), for each sample we obtained 1 to 3 million high
quality sRNA reads, 3 to 14 million dRNA-Seq reads, and 5 to 17 million RNA-Seq reads
(except one PSTVd-infected library with 1.5 million reads). It is noteworthy that se-
quence abundance profiles of replicated samples showed high correlations (see Table
S2 in the supplemental material), indicating the high quality of the data we generated.
These data together captured the dynamics of various classes of regulatory RNAs and
the protein-coding mRNAs.

PSTVd infection impacts the expression of lncRNAs in tomato. Previous studies
on transcriptome changes during viroid infection focused on the expression dynamics
of protein-coding genes (21–24). The extent to which the PSTVd infection affects host
noncoding transcripts remains unexplored. Using the transcriptome data generated in
this study, we identified 6,726 genomic loci that generated detectable lncRNAs (see
Table S3 in the supplemental material). Interestingly, we also identified 217 previously
unannotated protein-coding loci in the tomato genome (see Table S4 in the supple-
mental material).

We further analyzed expression profiles of lncRNAs in response to viroid infection
and found that tomato lncRNAs exhibited stochastic expression patterns even among
the same treatments, which was in drastic contrast to the protein-coding transcripts
(Fig. 2). To uncover lncRNAs that show specific expression patterns in response to
PSTVd infection, we used stringent criteria (see Materials and Methods for details) and
identified 44 lncRNAs that were PSTVd responsive (see Table S5 in the supplemental
material).

Many transcripts, including protein-coding as well as noncoding RNAs, can be
processed by plant DCLs to generate sRNAs, such as pre-miRNAs and parental tran-
scripts of phasiRNAs. Plant DCL1 generates �21- to 22-nt miRNAs, whereas DCL2, DCL3,
and DCL4 generate siRNAs 22, 24, and 21 nt in length, respectively (26). To obtain a
better understanding of the potential of host transcripts in generating sRNAs, we
compared the rates of sRNA production from protein-coding transcripts versus those
from lncRNAs and found that the average production of sRNAs from lncRNAs was about
10 times higher than that from protein-coding transcripts (Fig. 3A). Interestingly, while
24-nt size class sRNAs were predominantly mapped to protein-coding transcripts,
similar amounts of sRNAs of 21-nt, 22-nt, and 24-nt size classes were mapped to
lncRNAs (Fig. 3B). Thus, our observation implies that lncRNAs are more potent sub-
strates of DCLs in generating 21- and 22-nt sRNAs than protein-coding transcripts. It is
noteworthy that most of the 44 lncRNAs with significant expression changes upon
PSTVd infection generated few or no sRNAs (see Table S5 in the supplemental material),
which implies that these lncRNAs are unlikely to function via sRNA pathways.

Accumulating evidence from recent reports supports the notion that various ln-
cRNAs can serve as protein scaffolds for functions (27). Among them, some show
specific coexpression patterns with their adjacent protein-coding genes, a phenome-
non that has been proposed to be caused by (i) the conformational changes of local
chromatin structure triggered by lncRNA expression or (ii) the induction or suppression
caused by lncRNA-transcription factor complexes (28). In the present study, we found
six lncRNAs showing tight coexpression patterns with their adjacent protein-coding
genes upon PSTVd infection: three lncRNAs were coupregulated with their cognate
adjacent protein-coding genes within 5 kb, two lncRNAs showed cosuppressed pat-
terns with their cognate adjacent protein-coding genes within 5 kb, and the last
showed opposite expression patterns (Fig. 4; see Table S6 in the supplemental mate-
rial). These protein-coding genes are mostly involved in various metabolic and hor-
mone signaling pathways (i.e., a uridine kinase, a peptidase A1, an inositol oxygenase,
a density-regulated protein, an auxin F-box protein, and a conserved hypothetical
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protein) (see Table S6 in the supplemental material). Based on the working model of
previously reported lncRNAs, we postulate that these lncRNAs possess regulatory
functions to modulate the expression of adjacent genes.

PSTVd globally affects the expression and alternative splicing patterns of
protein-coding transcripts. Previous studies using macroarray and microarray analy-
ses revealed that PSTVd infection in tomatoes triggers the expression changes of genes
involved in stress response, cell wall structure, chloroplast function, protein metabo-
lism, and hormonal pathways (21, 23). In this study, we employed RNA-Seq analysis to
achieve higher resolution in dynamic changes of gene expression profiles in response
to PSTVd infection in the Heinz 1706 cultivar. We identified 830 and 766 genes that
were significantly up- and downregulated, respectively, upon PSTVd infection (Fig. 5A;
see Table S7 in the supplemental material). The affected genes were predominantly
metabolic genes and genes responsive to stimuli, which is in line with previous reports.
Pathway analysis showed that 14 pathways were significantly elevated while 18 path-
ways were significantly suppressed upon PSTVd infection (P � 0.05) (see Table S8 in the
supplemental material). The specific induction of the ascorbate glutathione cycle and
L-ascorbate degradation V is of particular interest because both pathways are involved
in the metabolism of reactive oxygen species (ROS) (29), which is commonly associated
with plant responses to biotic and abiotic stresses.

FIG 2 Normalized expression levels of protein-coding genes or lncRNAs among all biological replicates.
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We further found that the differential expression of some protein-coding genes was
associated with altered alternative splicing (AS) events. Two types of AS changes were
observed: (i) splicing patterns were the same in mock-infected and infected samples,
but only one of the splicing variants showed significant changes in expression, and (ii)
splicing patterns changed directly between mock-infected and infected samples. We
found that 57 loci had only one splicing variant selectively up- or downregulated (type
I changes) (Fig. 5A; see Table S9 in the supplemental material). The type II changes
included exon skipping, alternative 5= donor sites, alternative 3= acceptor sites, and
intron retention. We identified 367 loci that showed distinct alternative splicing pat-
terns between mock-infected and infected samples (Fig. 5A; see Table S10 in the
supplemental material), among which intron retention was the most dominant AS
event while exon skipping and alternative acceptors each accounted for one-fourth of
the AS events (Fig. 5B). Gene ontology (GO) analysis showed that the genes with AS
changes (types I and II) were predominantly involved in biosynthetic and metabolic
processes, regulation of gene expression, and response to stress (Fig. 5C; see Table S11
in the supplemental material), indicating that PSTVd infection affects cellular processes
by altering both the sequences and expression of regulatory and metabolic gene
products.

PSTVd infection alters the functions of host sRNAs. sRNAs, including miRNAs and
siRNAs, are essential regulators involved in various biological processes. We tested if
PSTVd, a pathogenic ncRNA, affected the expression and functions of host sRNAs. As
shown in Fig. 6A (see Table S12 in the supplemental material), only miR171e and
miR4376 among all known tomato miRNAs showed significant changes in expression
upon PSTVd infection. This overall expression pattern is largely in agreement with
previous reports that viroid infection has a limited effect on host miRNA expression (30).

We then analyzed the expression of phasiRNAs, which are a unique class of plant
siRNAs derived from truncated transcripts as products of miRNA-guided cleavages (31,

FIG 3 Features of sRNAs derived from tomato lncRNAs. (A) Average abundances of sRNAs generated
from protein-coding transcripts and lncRNAs. (B) Size distribution of sRNAs mapped to protein-coding
mRNAs (left) and lncRNAs (right). The error bars indicate standard deviations.
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32) and display a head-to-tail phased pattern when mapped to parental transcripts. The
phasiRNA pathway has an impact on plant innate immunity by regulating various
nucleotide binding site–leucine-rich repeat (NBS-LRR) family genes (33–35). We iden-
tified 75 phasiRNA-generating loci (PHAS) and uncovered miRNA/sRNA triggers for 28
of them (see Table S13 in the supplemental material). None of the trigger miRNAs/
siRNAs showed significant changes in their accumulation levels in response to PSTVd
infection. However, the abundances of phasiRNAs generated from their parental PHAS
loci varied significantly (2-fold changes in average sRNA production) in 17 loci (see
Table S13 in the supplemental material). Some of these changes may be attributed to
the differential accumulation of parental transcripts. For example, the reduction of
phasiRNAs from the TIR1 (transport inhibitor response 1) gene (PHAS76; mapped to the
tomato gene Solyc09g074520) in PSTV-infected samples was associated with less accu-
mulation of TIR1 transcripts (see Table S13 in the supplemental material).

To evaluate the functions of host sRNAs in tomato responses to PSTVd infection, we
performed parallel analysis of RNA ends (PARE) of our dRNA data to uncover sRNA-
guided cleavages of mRNAs. PARE has been widely applied to validate sRNA-guided
transcript cleavage experimentally at a genome-wide level (36, 37). Statistical analysis
with the CleaveLand suite (36) identified sRNA-guided transcript cleavages and pro-
vided a calculated P value, as well as a category score ranking from 0 (most promising)
to 5 (least promising). In general, categories 0 and 1 can be considered strong support
of sRNA-guided cleavage (36). Using our deep-sequencing data on sRNAs (21- and
22-nt populations) and dRNAs, we uncovered 1,073 positive events of sRNA-guided
transcript cleavage satisfying both the criteria of a P value of �0.05 in at least one
sample and a category score of 1 or 0 in at least one sample (see Table S14 in the
supplemental material).

Most of the miRNA activities remained largely unaffected based on the category
scores and the accumulation levels of their target transcripts. For example, miR396
regulation of Solyc12g096070 (encoding growth-regulating factor 5 [GRF5]) did not

FIG 4 Tightly linked expression of lncRNAs and their nearby protein-coding genes. lncRNA–protein-
coding transcript pairs showed significant changes in expression upon PSTVd infection. Shown are the
expression dynamics (left) and genome coordinates (right) of lncRNAs and their cognate adjacent
protein-coding transcripts. The orange and blue boxes depict the coding and untranslated regions,
respectively. The gray boxes depict lncRNAs. The error bars indicate standard deviations.
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affect the accumulation of Solyc12g096070, and the category scores were 0 in all
mock-infected and PSTVd-infected samples (see Table S15 in the supplemental mate-
rial). These serve as positive controls supporting the quality of the data. Interestingly,
we found that activities were significantly enhanced for miR167-guided cleavage of
Solyc02g037530 (encoding auxin response factor 8 [ARF8]) in PSTVd-infected samples.
While all PSTVd-infected samples had category 0 for this regulation, two samples had
category 2 and one sample had category 0 in mock-infected samples. This enhanced
activity was correlated with a significant (P � 0.008), more than 2-fold reduction in
Solyc02g037530 accumulation (Fig. 6B; see Table S15 in the supplemental material). It is
noteworthy that changed activities appear to be restricted for specific targets. For
instance, activities remained unaffected for miR167-guided cleavage of Solyc03g031970
(ARF8-1) (see Table S15 in the supplemental material). We also observed an interesting
mode in which the activities of miRNA-guided cleavages were reduced but were
associated with less target transcript accumulation. For instance, miR393-guided cleav-
age of Solyc09g074520 (encoding TIR1) had category 0 in two mock-infected samples

FIG 5 Gene expression dynamics and global alterations in AS upon PSTVd infection. (A) Density plot of
protein-coding genes, differentially expressed protein-coding genes, and protein-coding genes with
changed AS (type I and type II) across the tomato genome. (B) Summary of different categories of changed
AS events. (C) Top 10 GO terms significantly enriched in protein-coding genes with changed AS.
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and category 2 in the other mock-infected sample but could be detected in only one
PSTVd-infected sample with category 4 (Fig. 6B; see Table S15 in the supplemental
material). This phenomenon may be caused by the reduction of target transcripts via
other regulatory means, resulting in less target for the miRNA activities. This is further
supported by the observation that the secondary siRNAs derived from miR393-guided
cleaved TIR1 transcripts (PHAS76) were also significantly reduced in PSTVd-infected
samples (see Table S13 in the supplemental material).

Furthermore, we identified a phasiRNA (phasiRNAX [5=-UCAGCUGUUGAGCUACGGU
GU-3=]) that acquired the trans-acting activity in mediating cleavage of transcripts from
Solyc09g042380 (encoding an unknown protein) only in PSTVd-infected samples (Fig. 7).
Similar inducible behavior was observed in another phasiRNA (phasiRNAY [5=-UGUUG
AUCGCGCUUCAGUUGU-3=]), which showed highly increased efficiency in guiding the
cleavage of Solyc07g052760 (encoding an unknown protein) specifically upon PSTVd
infection (Fig. 7).

Plant silencing machinery responsive to the infection of PSTVd. In plants, RNA
silencing has been proposed to play a major role in defending the infection of RNA
viruses and viroids (38). Viroids and their derived double-stranded RNAs are substrates
for DCLs to generate vdsRNAs, which are loaded into host Argonaute proteins for
function (39–41). Taking advantage of our dRNA data, we found that several vdsRNAs
showed the capacity to guide the cleavage of host transcripts, supported by PARE

FIG 6 Expression and cleavage activity dynamics of tomato miRNAs upon PSTVd infection. (A) miRNA expression changes in
PSTVd-infected samples compared with mock-infected samples. The average of miRNA counts in three replicates was used for plotting.
**, P � 0.01. (B) PARE data showing alteration in miRNA-guided cleavage activities. (Left) miRNA and target pairings. The arrows
indicate the guided cleavage positions. (Right) Abundances of degradome tags.
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analysis, in all three replicated samples (Fig. 8; see Table S14 in the supplemental
material). The transcripts that were targeted by vdsRNAs included those encoding
a PHD-Finger protein (Solyc08g082320), a DnaJ homolog protein (Solyc08g077290),
a kinase-like protein (SLV.24849.1), and a Golgi SNAP receptor complex member
(Solyc01g091020), all of which can be described as genes responsive to stimuli. We also
observed that additional vdsRNAs could potentially guide cleavage of host transcripts,
supported by a category score of 0 or 1 in the PARE analysis (see Table S14 in the
supplemental material). However, the guided-cleavage function for this set of vdsRNAs
was validated in only one out of the three replicates. This observation implies that some
vdsRNAs guide the cleavage of target transcripts in a stochastic fashion, which might
lack biological significance as individual events. Most of the above-mentioned vdsRNAs
were present at relatively low levels (�50 transcripts per million [TPM]), except vd-
sRNA1 (�380 TPM), in our sRNA deep-sequencing data (see Table S12 in the supple-
mental material). It is noteworthy that none of the vdsRNA targets showed significant

FIG 7 Inducible trans-acting activities of phasiRNAs by PSTVd. (Left) Pairings of phasiRNA targets. The
arrows indicate the cleavage sites. (Right) Abundances of degradome tags.

FIG 8 Cleavage of host transcripts guided by vdsRNAs of PSTVd. (A) Genomic locations of four vdsRNAs with potential cleavage
activities. Arrows indicate the complementary orientations, while lines with a black circle indicate the sense orientations. The five
domains on the PSTVd genome are labeled. (B) Four high-confidence vdsRNA-target pairs. The arrows indicate the guided-cleavage
positions confirmed by PARE data.
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expression changes in our RNA-Seq data sets, raising the possibility that vdsRNAs could
regulate these host target genes through translational inhibition or other means.

PSTVd infection triggers plant immune responses. Viroid infection generally leads
to disease symptoms, including stunting, leaf epinasty, and chlorosis (42). How viroids
cause plant diseases is an outstanding question. Through gene ontology analyses, we
noticed the significant and massive induction of genes involved in immune responses
upon PSTVd infection, as well as ROS production and responses (Fig. 9A; see Table S16
in the supplemental material).

The mitogen-activated protein kinase (MAPK) cascade is the central player in signal
transduction of PTI and ETI pathways to activate symptom-associated genes, such as
the PR1 and WRKY transcription factors. Our data showed high elevation of genes
encoding the MAPK3 (Solyc06g005170), as well as the PR1 (Solyc01g106620), and 13
WRKY transcription factors (see Table S7 in the supplemental material). Meanwhile,
calcium-based signal transduction cascades, through calcium-dependent protein ki-
nases (CDPKs), also play a critical role in sensing and responding to pathogen infection.
Our analysis uncovered four upregulated CDPKs (see Table S7 in the supplemental
material). Receptor-like kinases (RLKs) are membrane-localized proteins that sense
PAMPs in the intracellular space. Although viroids have no reported PAMPs, PSTVd
infection activated and repressed the expression of 50 and 15 RLKs, respectively (see
Table S7 in the supplemental material). A dominant group of genes involved in innate
immunity in plants is the NBS-LRR genes, which often recognize pathogen avirulence
determinants. Viroids do not encode any proteins and have no products except their
RNA genome and derivatives, but PSTVd could induce the expression of six NBS-LRR
genes (see Table S7 in the supplemental material).

Upon pathogen attack, the activation of plant innate immunity is often associated
with ion exchange, generation of ROS, cell wall fortification, and induction of hormone
pathways. A functional module underlying the HRs to viral infection relies on the
interaction of EDS1 (enhanced disease susceptibility 1), PAD4 (phytoalexin deficient 4),

FIG 9 Activation of plant immune responses upon PSTVd infection. (A) Simplified view of plant immune
response. The numbers of genes upregulated (red arrows) or downregulated (green arrows) by PSTVd
infection are shown next to each gene family/category. (B) Elevated accumulation of the MAPK3 protein
upon PSTVd infection. (Left) Western blots with Ponceau S staining as the loading control. (B) Statistical
analysis of the upregulation of the MAPK3 protein. *, P � 0.05; **, P � 0.01. pi, phosphorylated. The error
bars indicate standard deviations.
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and SAG101 (senescence-associated gene 101) (43–46). All three of these components
were activated in PSTVd-infected samples (see Table S7 in the supplemental material).
Gene ontology analysis showed significant expression changes of 93 genes involved in
cell wall biogenesis, 221 genes involved in ion transport, 90 genes involved in ROS
metabolism, and 107 genes involved in ROS responses upon PSTVd infection (see Table
S16 in the supplemental material). It has been shown that PSTVd infection greatly
impacts hormone signaling (21). In this study, we uncovered significant changes in
expression of (i) 93 and 146 genes involved in salicylic acid biogenesis and response,
respectively; (ii) 83 genes involved in auxin responses; (iii) 40 and 98 genes involved in
ethylene biogenesis and response, respectively; and (iv) 135 genes involved in response
to abscisic acid (see Table S16 in the supplemental material).

To validate our observations, we analyzed the induction of MAPK3 via Western
blotting. Using specific antibodies against plant MAPK3 and against phosphorylated
MAPK3, we observed the induction of MAPK3 and phosphorylated MAPK3 in PSTVd-
infected samples (Fig. 9B). This is in line with our RNA-Seq data and indicates the
activation of MAPK3, and possibly its signaling cascades, upon PSTVd infection.

DISCUSSION
A pathogenic ncRNA has global effects on host alternative splicing and lncRNA

expression. Previous studies using macroarray and microarray analyses showed that
PSTVd infection affects the expression of tomato genes, mainly those involved in stress
responses, cell wall structure, chloroplast function, protein metabolism, and hormonal
pathways (21, 23). Here, our high-resolution genome-wide analyses reveal the tran-
scriptome changes upon PSTVd infection that are not only in agreement with previous
observations, but also uncover a novel regulatory mode of PSTVd in affecting host
alternative splicing. Two types of AS changes were observed: (i) mRNA splicing gave rise
to the same patterns, but only one splicing variant showed significant changes in
expression, and (ii) splicing patterns changed between mock-infected and PSTVd-
infected samples. Each mode had dozens to hundreds of examples, supporting the
global effects on alternative splicing upon PSTVd infection. It is not clear how PSTVd
manipulates alternative splicing; however, it is intuitive to hypothesize that PSTVd likely
interacts with host factors to achieve genome-wide changes in alternative splicing.
Interestingly, a plant lncRNA has been shown to bind a splicing factor(s) that leads to
the alteration of alternative splicing (47). Thus, a future search for splicing regulators
that interact with PSTVd will likely provide mechanistic insights into pathogenic
ncRNA-triggered changes in alternative splicing.

Alternative splicing has pivotal implications in host-microbe interactions. For exam-
ple, a specific splicing form of the SYNTAXIN132 gene is critical for the symbiosis
between legumes and rhizobia (48). In another example, a land plant-specific splicing
form of eukaryotic general transcription factor IIIA is critical for aiding Pol II transcrip-
tion using a PSTVd RNA template (3). It is emerging as a new layer of gene regulation
as global changes in alternative splicing of host transcripts elicited by viruses have
started to be observed (49). Hence, the altered alternative splicing patterns of a host
may impact the replication and infectivity of PSTVd and other pathogens. Interestingly,
the dominant groups affected are proteins involved in various catalytic reactions. Due
to the changes in protein sequence caused by alternative splicing, their catalytic and
regulatory functions are likely affected. Thus, our analysis uncovered a novel layer of
gene regulation underpinning host-viroid interactions.

Several recent reports have revealed the role of lncRNAs in host immunity (50–52);
however, it is unclear if pathogenic ncRNAs alone can alter the expression of host
lncRNAs under native infection conditions. Our analysis demonstrated that pathogenic
ncRNAs globally affect the expression of host lncRNAs. With the accumulating evidence
supporting the regulatory role of lncRNAs in gene expression, this discovery reveals a
new direction to explore the functions of pathogenic RNAs during infection. Interest-
ingly, we showed that tomato lncRNAs are more potent in sRNA production, as well as
serving as substrates for DCLs generating 21- and 22-nt size class sRNAs, than protein-
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coding transcripts, which might be attributed to the lack of protection from ribosome
binding. Therefore, our analysis, together with the recent advances from other systems,
provides a solid foundation for future exploration of lncRNA functions in host responses
to pathogens.

PSTVd infection impacts the host miRNA-guided cleavage activity. miRNAs are
essential regulators of gene expression underlying various biological processes, includ-
ing host responses to pathogen infection. A battery of miRNAs in Arabidopsis, including
miR158a, miR160a, miR167, miR169, miR391, miR393, and miR396, showed elevated
expression and enhanced capacity to guide the cleavage of target transcripts upon
treatment with flg22 (53). These miRNAs regulate plant innate immunity in response to
pathogen infection. Regarding viral infections in plants, it has been shown that miR168
is elicited by the activity of viral P19 protein to suppress the expression of host AGO1,
which represents a viral counterdefense mechanism (54).

In our analyses, we found that the activity of miR167-guided cleavage of ARF8 was
enhanced upon PSTVd infection, leading to the suppression of ARF8 expression. This
likely impacts the auxin signaling pathways. It is noteworthy that miR167 regulation of
ARF8 is also affected during plant defense against bacteria and fungi (53, 55), repre-
senting a common strategy in plant defense against a broad spectrum of pathogens.
Besides the enhancement of miRNA activities, we observed another mode of action in
which less accumulation of target transcripts (caused by other pathways) leads to less
miRNA-guided cleavage. For example, miR393-guided cleavage of TIR1 transcripts was
disturbed (see Table S15 in the supplemental material), likely due to changes in the
accumulation of target transcripts. It is intriguing that miR393 is elevated during plant
defense against bacterial infections to suppress the expression of TIR1 (53). Here, we
observed a convergent pathway resulting in similarly reduced accumulation of TIR1. In
summary, it appears that miRNA-based regulation of genes involved in auxin signaling
is a general activity during plant-pathogen interactions.

Inducible trans-acting function of phasiRNAs in response to PSTVd infection.
phasiRNAs are generated from miRNA-guided cleaved transcripts. If a given phasiRNA
possesses guided-cleavage function for RNA transcripts other than its parental tran-
scripts, it is termed a trans-acting siRNA. Members of the miR482/2118 miRNA super-
family, as well as several other miRNAs, such as miR6022 and miR6023, control the
expression of various NBS-LRR genes by triggering the generation of phasiRNAs in
many plant species (33–35). This regulation is proposed to balance the plant’s normal
growth and responses to pathogen infection (56). A recent kingdom-wide survey of
phasiRNAs revealed the dynamic association of phasiRNA expression during viral
infection (31). However, the biological functions of most phasiRNAs were not analyzed
or validated.

Besides observation of the expression dynamics of phasiRNAs, our analysis also
revealed the trans-acting functions of several phasiRNAs in guiding target cleavage of
protein-coding genes. Intriguingly, we found that the trans-acting activities of two
phasiRNAs were specifically induced by PSTVd infection, which showed tight regulation
of the trans-acting activity of phasiRNAs. Whether this tight-regulation mechanism is
also involved in various other biological processes, such as development and responses
to biotic and abiotic stresses, deserves future exploration.

PSTVd infection triggers plant immune responses. Viroids are plant pathogens
that cause symptoms such as stunting, epinasty, and leaf rugosity (42). The molecular
basis of viroid pathogenicity is poorly understood. PSTVd infection alters the host
transcriptome (21, 23, 24); however, these observations were descriptive and lacked
in-depth mechanistic insights into plant-viroid interactions.

Plant innate immunity, such as PTI and ETI, is conserved in defending against
pathogens, such as bacteria, fungi, and parasitic plants (11, 57). Plants perceive the
presence of bacterial and fungal pathogens using various membrane-associated
receptor-like kinases and consequently activate PTI. Some pathogens have evolved
effectors to successfully interfere with PTI response as a counterdefense mechanism.
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Plants also utilize cellular NBS-LRR proteins to recognize effectors and activate ETI
response. A successful immune response results in the activation of MAPK cascades, as
well as other related activities, such as induction of the PR1 protein, generation of ROS,
and an increase in callose deposition (11, 14, 17). Although viruses do not have
identified effectors, some of them can trigger a hypersensitive response via the
activation of defense genes (45).

Our analysis clearly showed the activation of a plant immune response to PSTVd
infection. We unraveled the massive activation of genes in various signaling pathways
(e.g., MAPK3 and CDPKs), as well as prominent marker genes involved in the associated
activities (e.g., PR1, 1,3-beta-glucanase, and ROS biogenesis genes) (Fig. 9A). It is
noteworthy that the induction of MAPK3 was verified at both transcriptional and
translational levels in this study (Fig. 9). Interestingly, a recent report showed that the
ROS level was elevated in the metabolic profile in PSTVd-infected tomato plants (58).
Thus, it was clear that HRs were present in PSTVd-infected plants. PSTVd does not
encode any proteins, so it is unlikely to possess any known effectors to trigger immune
responses. Nevertheless, our data demonstrated that the tomato likely has effective
perception of the presence of this “nonself” RNA through direct recognition of the
infectious RNA and/or detection of the cellular environmental changes that result from
PSTVd replication.

Whether PSTVd activates a plant double-stranded-RNA-binding protein kinase to
trigger immune responses is an outstanding question. No double-stranded-RNA-
activated protein kinase has been identified in plants to date; however, previous reports
have suggested that a protein kinase viroid-induced (PKV) gene (Solyc12g017390) is
related to symptom development upon PSTVd infection (59, 60). Surprisingly, this PKV
gene was not expressed in any of our samples (mock infected or infected). This
discrepancy might be attributed to a cultivar-specific response, because we used the
Heinz 1706 tomato cultivar, while previous studies used Rutgers. Nevertheless, it
suggests a yet-to-be-identified player that connects the sensing of PSTVd and the
activation of plant immune responses, which might be one or a few of the elevated
protein kinases in our data set (see Table S7 in the supplemental material).

A molecular framework underlying PSTVd-triggered disease. Associated with
the activation of plant immune responses, plant cells often undergo significant changes
in cell wall dynamics, alteration in hormone signaling pathways, and generation of ROS.
Previous studies have reported some of the metabolic changes in viroid-infected plants
(21, 58, 61, 62), but none has explicitly addressed whether host immune responses are
activated upon viroid infection. Our data clearly showed that PSTVd infection activated
the plant basal defense, as evidenced by the massive activation of marker genes. We
propose a new model in which the RNA-silencing pathway and plant basal defense
cooperate to combat infection by PSTVd and possibly other nuclear-replicating viroids.
RNA-silencing machinery mainly functions to eliminate or inhibit the viroid genomic
RNAs and their derivatives by producing vdsRNAs. A few PSTVd vdsRNAs stochastically
target some host transcripts, but they hardly affect the accumulation of the host
transcripts. Meanwhile, the presence of PSTVd activates the plant basal defense and
leads to HRs inducing symptom development. Global changes in host gene expression
and the metabolic profiles reflect the activation of plant immunity and the HRs. The
plant alternative splicing machinery is manipulated upon PSTVd infection to further
regulate gene expression controlling various metabolic reactions, as well as stress
responses. Endogenous sRNAs contribute to the regulation of essential genes in
signaling pathways, such as an auxin-responsive transcription factor gene. This new
model will serve as a foundation to further elucidate plant-viroid interactions, as well as
to contribute to the development of preventive measures against viroid diseases.

MATERIALS AND METHODS
Plant materials. Tomato plants (cv. Heinz 1706) were grown in a greenhouse at 25°C with a 16-h/8-h

light/dark cycle. Seedlings with the first two true leaves just emerging were inoculated with water or
water containing 150 ng of PSTVdInt RNA (39). Three weeks postinoculation, the leaf samples were
collected and the PSTVd infection was verified by Northern blotting.
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Total RNA isolation and enrichment for sRNAs. Total RNA from leaves was isolated and fractioned
into �200-nt and �200-nt populations using RNAzolRT reagent (Sigma-Aldrich, St. Louis, MO). The sRNA
species were further purified using the mirVana miRNA isolation kit (Thermo Fisher Scientific, Grand
Island, NY) following the manufacturer’s instructions. The mRNA populations were further purified using
the Magnetic mRNA isolation kit (NEB, Ipswich, MA).

Northern and Western blots. Total RNA was run on 5% (wt/vol) polyacrylamide-8 M urea gels,
transferred to Hybond-XL nylon membranes using a vacuum blotting system (Amersham Biosciences,
Little Chalfont, United Kingdom), and then immobilized by UV cross-linking. After overnight hybridization
to [�-32P]UTP-labeled riboprobes at 70°C in Ultrahyb reagent (Thermo Fisher Scientific), the membranes
were washed four times and exposed to a storage phosphor screen (Kodak, Rochester, NY). To detect
PSTVd, probes were obtained by transcribing in vitro HindIII-linearized pRZ6-2 template using a T7
Maxiscript kit (Thermo Fisher Scientific).

For Western blotting, total proteins were extracted from leaves using RIPA buffer supplemented with
protease inhibitor cocktail (Sigma-Aldrich). The protein samples were then subjected to SDS-PAGE and
semidry membrane transfer following the standard protocol. The following antibodies were diluted for
the detection of MAPK3: primary antibody against Pi-MAPK3 (Novus Biologicals, Littleton, CO) at 1:1,000,
primary antibody against MAPK3 (Sigma-Aldrich) at 1:1,000, and horseradish peroxidase (HRP)-
conjugated anti-mouse secondary antibody (Sigma-Aldrich) at 1:4,000. After supplying HRP substrates
(Amersham Biosciences), the fluorescence signals were captured and analyzed using MyECL (Thermo
Fisher Scientific).

Library construction and sequencing. sRNA libraries were constructed following the established
protocol (63). Briefly, urea-PAGE gel-purified 18- to 30-nt sRNA populations were ligated with 3= and 5=
adapters. The sRNA populations with adapters were reverse transcribed, PCR amplified, and then purified
from the 3% agarose gel. dRNA libraries were generated following the established protocol (36) with
minor modifications. Briefly, a 5= RNA adapter containing an Ecop15I site (5=-CAGAGUUCUACAGUCCGA
CGAUCCAGCAG-3=) was ligated to the 5= end of sRNA-guided cleaved mRNA species (dRNAs). An
oligo(dT) primer containing an Ecop15I site (5=-CTGATCTAGAGGTACCGGATCCCAGCAGT-3=) was used to
reverse transcribe the dRNAs. The products were then subjected to Ecop15I digestion (New England
BioLabs), urea-PAGE gel purification of 97-mers, 3= DNA adapter ligation, and PCR amplification. Strand-
specific RNA-Seq libraries were constructed using the protocol described previously (64). All the library
constructs were analyzed and quantified with a bioanalyzer and sequenced on an Illumina HiSeq 2500
system.

RNA-Seq read processing, transcript assembly, and differential expression. Paired-end RNA-Seq
reads were processed to remove adapters, as well as low-quality bases, using Trimmomatic (65), and
trimmed reads shorter than 40 bp were discarded. The remaining high-quality reads were subjected to
rRNA sequence removal by aligning to an rRNA database (66) using Bowtie (67), allowing up to three
mismatches. The resulting read pairs were aligned to the tomato genome (83) using Tophat2 (68),
allowing up to two mismatches. Only the aligned read pairs with no mismatch were assembled into
transcripts using Cufflinks (69). The expression of the transcripts was measured and normalized to the
number of fragments per kilobase of exon per million mapped fragments (FPKM), based on all mapped
read pairs, using Cuffnorm, which is included in the Cufflinks package. Differential expression analysis
was performed using Cuffdiff, also included in the Cufflinks package. Protein-coding genes with adjusted
P values of �0.05 and no less than twofold changes were considered differentially expressed.

Functional annotation and coding potential assessment of assembled transcripts. The assem-
bled transcripts were compared to the Arabidopsis thaliana protein (70) and the UniProt (TrEMBL and
Swiss-Prot) databases (71) using the BLASTX program (72) with an E value cutoff of 1e�4. The coding
potential calculator (CPC) (73) was used to assess the coding potential of the transcripts.

Identification of lncRNAs and AS events. Assembled transcripts derived from the tomato gene
models or shorter than 200 bp were discarded. The remaining transcripts were digitally translated into
proteins in 3 forward frames, and the longest amino acid sequences were used to determine the open
reading frame (ORF) length. Only transcripts with CPC scores of �0 and ORF lengths of �100 were
determined to be lncRNAs. The identified lncRNAs were classified into different categories according to
their anatomical properties (68). Basically, lncRNAs with no intersection with any other transcripts and
located 500 bp from any tomato gene loci were annotated as large intergenic ncRNAs (lincRNAs).
LncRNAs that overlapped the minus strand of any region (intronic or exonic) of an annotated transcript
model were categorized as antisense lncRNAs. lncRNAs that overlapped, in the same orientation, intronic
regions of an annotated transcript model were categorized as intronic lncRNAs. Differentially expressed
lncRNAs were identified using the same approach as for protein-coding genes described above, except
that we required lncRNAs to be induced or repressed in all three replicated samples due to their
stochastic expression.

AS events were identified from the expressed isoforms using AStalavista (74). Different types of AS
events were extracted and counted as previously described (75), using an in-house Perl script.

sRNA sequence processing. sRNA reads were processed to remove adaptors, low-quality bases, and
short reads (less than 15 nt). The resulting sRNA reads were further cleaned by removing those that
matched the sequences of tRNAs, snoRNAs, snRNAs (collected from GenBank), or rRNAs (66) using Bowtie
(67). Raw counts for each unique sRNA were derived and normalized into TPM. sRNAs that were
expressed at �5 TPM in at least one sample were processed using DESeq (76) to identify sRNAs
differentially expressed between mock-infected and PSTVd-infected tomatoes. sRNAs with adjusted P
values of �0.05 and �2-fold changes were considered differentially expressed sRNAs.
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Identification of miRNAs. We mainly followed previously described methods (77) to identify miRNAs
from cleaned sRNA reads. sRNAs with �10 TPM in at least one sample were mapped to the tomato
genome (version SL2.40) using Bowtie (67), allowing no mismatches. sRNAs mapped to more than 20 loci
in the genome were discarded. The mapped loci and 200-bp flanking sequences on each side were
extracted and then folded in silico using RNAfold (78). The resulting folded structures were checked with
miRcheck (79) to identify candidate miRNAs, which were further compared with miRBase (80) to identify
conserved miRNAs.

Identification of candidate PHAS loci. We used previously described methods (31) to identify the
candidate PHAS loci. In short, the cleaned sRNA sequences were mapped to the tomato reference
sequences (genome or transcriptome) using Bowtie (67), allowing no mismatches and no more than six
hits. The reference sequences were then scanned with a sliding window of 189 bp (nine 21-nt phase
registers). A positive window was considered to contain no less than 10 unique sRNAs, with more than
half of the unique sRNAs being 21 nt in length, and with no less than three 21-nt unique sRNAs falling
into the phase registers. Windows were combined if they shared the same phase registers and fell into
the same gene loci. P values and phasing scores for positive windows were calculated following methods
described previously (81, 82).

dRNA read processing and identification of cleavage sites. dRNA data were processed to remove
adapters, low-quality bases, and short reads (�15 nt), as well as those mapped to the rRNA database. The
cleaned dRNA reads were aligned with the assembled transcripts to generate a degradome density file,
and the cleavage sites of miRNAs and siRNAs were identified using CleaveLand v4.3 (36).

Accession number(s). The raw sequences of sRNAs, dRNA, and RNA-Seq have been deposited in the
NCBI SRA with accession number SRP093503.
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