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A B S T R A C T

The present study demonstrates how different potato virus Y (PVY) strains affect the miRNA balance in tobacco
cv. Samsun. The two prevalent strains PVYNTN and PVYN−Wi caused severe and mild veinal necrosis (VN) re-
spectively, and the unique PVYZ-NTN strain induced milder vein clearing (VCl) in the upper non-inoculated
leaves. A single amino acid polymorphisms (SAPs) I252V and a Q412 to R412 substitution in the HC-Pro cistron of
the PVYZ-NTN strain might relate to the loss of VN in tobacco. The abundance of 18 out of the 26 tested miRNAs
was increased upon infection by the severe strains PVYNTN and PVYN−Wi. Expression of a group of defense
related transcripts were increased accordingly. Two miRNAs, nta-miR6020a-5p and nta-miR6164a/b, which
target the TIR-NBS-LRR type resistant TMV N genes involving in signal transduction, might correlate with the
PVYNTN and PVYN-Wi induced VN. The down-regulated mRNAs, e.g., RAP2-7 and TOE3, PXC3, LRR-RLK, ATHB-
14 and TCP4 targeted by nta-miR172, nta-miR390, nta-miR482, nta-miR166 and nta-miR319/159 respectively,
were related to regulation of transcription, protein phosphorylation and cell differentiation. The observed strain-
specific alteration of miRNAs and their targets are host dependent and corresponds to the symptom severity and
the viral HC-Pro RNA levels.

1. Introduction

Plant microRNAs (miRNAs) are endogenous small non-coding RNAs
of 20–24 nucleotides (nt) in length that post-transcriptionally regulate
eukaryotic gene expression by targeting specific messenger RNAs
(mRNAs) for cleavage or translational inhibition (Bartel, 2004; Voinnet,
2009). They are involved in nearly all aspects of plant biology, in-
cluding plant development, signal transduction, response to environ-
mental stress, and pathogen invasion, among others (Jin et al., 2013;
Jones-Rhoades et al., 2006; Khraiwesh et al., 2012).

Recently, increasing evidence has demonstrated that plant virus
infections can result in the perturbation of host miRNA expression
(Cillo et al., 2009; Du et al., 2014; Guo et al., 2017). Although ex-
pression of miR168 is enhanced by virus infection in a plant- and virus-
independent manner, many miRNAs and their targets respond to viral
infection differently depending on virus, virus strain type, plant species
and tissue type (Yin et al., 2014). The symptoms caused by viral in-
fection might be, in part, the consequence of misregulation of host

miRNAs (Bazzini et al., 2007; Naqvi et al., 2010; Xu et al., 2014).
Potato virus Y (PVY, species Potato virus Y, genus Potyvirus, family

Potyviridae) is among the top ten plant viruses due to its scientific and
economic importance (Scholthof et al., 2011). It infects a wide host
range including potato and tobacco. PVY is classified into different
strains based on its ability to elicit hypersensitive resistance (HR)
mediated by N genes in differential potato cultivars, symptoms in to-
bacco and genomic information (Kehoe and Jones, 2016; Singh et al.,
2008). The PVY strains that elicit HR genes Ny, Nc and Nz are classified
as PVYO, PVYC and PVYZ strains, respectively; and they do not induce
veinal necrosis (VN) in tobacco (Kerlan et al., 2011; Singh et al., 2008).
The PVY strains that overcome all these three HR genes are classified as
PVYN that causes VN in tobacco and PVYE that does not induce VN in
tobacco (Galvino-Costa et al., 2012; Singh et al., 2008). PVYN−Wi and
PVYNTN belong to the PVYN strain group, and PVYNTN elicits potato
tuber necrotic ringspot disease (PTNRD) in sensitive potato cultivars.
An increase in prevalence of PVYN−Wi and PVYNTN strains has been
reported (Davie et al., 2017; Funke et al., 2017; Yin et al., 2012).
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Tobacco is not only an established model species for plant molecular
biology study but also an indicator plant used in virology study, e.g.,
PVY strain typing. In a previous study, we have identified and se-
quenced three PVY isolates namely PVY-3202, PVY-3411 and PVY-
3303, which represent strains PVYNTN, PVYN−Wi and PVYZ-NTN, re-
spectively (Yin et al., 2017). It is worth noting that the isolate PVY-
3303 resembles the only one previously characterized molecularly
named PVY-L26 by Kerlan et al. (2011) and it is an important ob-
servation of the PVYZ-NTN strain in Europe. On the other hand, tobacco
miRNAs expression and their targets function have been studied
(Bukhari et al., 2015; Frazier et al., 2010; Guo et al., 2017; Tang et al.,
2012), and many were developmental-related and stress-responsive
(summarized in Table 1). Among them, members of nta-miR162 and
nta-miR168, and their mRNA target DCL1 and AGO1 respectively, are
supposed to be involved in miRNA biogenesis, plant development and
defense response to virus. Members of nta-miR159, nta-miR164, nta-
miR319 and nta-miR390 are predicted to play a role in plant devel-
opment, abscisic acid (ABA)- or auxin-activated signaling pathway and
regulation of programmed cell death. Members of nta-miR166 and nta-
miR396 have been shown to be involved in leaf development, cell
proliferation and adaxial/abaxial pattern specification. Multiple mem-
bers of nta-miR172 are supposed to be involved in defense response to
bacterium, fungus, incompatible interaction, hypersensitive response
and ethylene-activated signaling pathway. Members of nta-miR482,
nta-miR6020, nta-miR6021, nta-miR6025 and nta-miR6164 are sup-
posed to be involved in defense response and disease resistance. Al-
though expression patterns of host miRNA in response to PVY infection
have been studied in tobacco, Nicotiana benthamiana and potato (So-
lanum tuberosum L.) (Bazzini et al., 2007; Guo et al., 2017; Pacheco
et al., 2012; Yin et al., 2017), data on host miRNA expression in tobacco
plants infected with different PVY strains have not been published. The
aim of this study was to investigate the symptoms in tobacco caused by
the infection with the aforementioned three PVY strains and to de-
termine whether the PVY strains that produce severe symptoms influ-
ence miRNA balance differently than that produces mild symptoms.
Expression of twenty-six developmental-related and stress-responsive
tobacco miRNAs representing thirteen miRNA families and twenty-
three corresponding mRNA targets were analyzed.

2. Materials and methods

2.1. Plant material, PVY inoculation and sampling

Three PVY isolates PVY-3202 (KX356068.1), PVY-3411
(KX356069.1) and PVY-3303 (KX356070.1), representing PVYNTN,
PVYN−Wi and PVYZ-NTN strains respectively, were used (Yin et al.,
2017). Plants of tobacco cv. Samsun in the 4-5-leaf stage were used for
PVY inoculation. Mechanical inoculation was performed using sap from
systemically infected tobacco leaf tissues that were ground in 20 vo-
lumes of sterile water. The infectious leaf sap was applied to the lower
two leaves that were sprinkled with carborundum powder. A total of 15
plants were inoculated for each isolate. For the control, 15 non-in-
oculated healthy plants and 15 mock-inoculated (inoculated with water
instead of sap from the PVY infected leaf tissues) plants were used.
Small pieces of the 2nd to 4th leaf above the inoculated ones, i.e., the
upper non-inoculated leaves, were sampled from each plant at 3 and 14
days post-inoculation (dpi). Samples were stored at −80 °C for RNA
extraction. Pieces of the same leaves were used for virus detection using
an enzyme-linked immunosorbent assay (ELISA). Real-time reverse
transcription (RT) - quantitative PCR (qPCR) was performed using
samples from five selected plants to quantify the levels of the selected
miRNAs, mRNA targets and viral HC-Pro RNA, which encodes a RNA
silencing suppressor (RSS) helper-component proteinase (HC-Pro). Leaf
symptoms were observed at 3 and 14 dpi. The PVY-inoculated, non- and
mock-inoculated plants were kept in a growth chamber under con-
trolled environmental conditions (22 °C, 16 h light at 100 μmol s-1 m-2).

In total, the inoculation experiments were repeated three times, i.e.,
Experiments 1, 2 and 3. Table S1 summarized the number of tobacco
plants used for inoculation in each experiment, the number of plants
used for miRNAs and targets analysis and the time points for sample
collection.

2.2. Virus detection by ELISA and multiplex RT-PCR

Double-antibody sandwich (DAS) ELISA was conducted as described
by Syller (2001) using a monoclonal cocktail antibody (BIOREBA) that
recognizes all known isolates of all strains of PVY. Multiplex RT-PCR
strain typing was conducted according to Lorenzen et al. (2006) and
Chikh-Ali et al. (2010). The template RNA was extracted from the upper
leaves of the PVY-infected tobacco plants using the RNeasy Plant Mini
kit (QIAGEN). RT-PCR was performed using Superscript III one-step RT-
PCR with Platinum Taq DNA polymerase (Invitrogen) according to the
manufacturer’s instructions. The RT-PCR products were visualized on
1.5% agarose gel by ethidium bromide staining.

2.3. miRNAs, mRNA targets and viral RNA for testing

Twenty-six tobacco miRNAs which belong to thirteen miRNA fa-
milies and twenty-three mRNA targets were selected based on their
predicted function (Bukhari et al., 2015; Frazier et al., 2010; Tang et al.,
2012; Table 1). The levels of the selected miRNAs were analyzed by
real-time stem-loop RT-qPCR, a method that allows two miRNAs with
only a single nucleotide change to be differentiated using specific stem-
loop primers (Chen et al., 2005). The abundance of mRNAs targets and
viral HC-Pro RNA were tested by real-time RT-qPCR. The miRNAs and
targets tested in each inoculation experiment are listed in Table S2. The
majority of the tested genes were repeated in two inoculation experi-
ments. The sequences of the miRNAs tested in this study are listed in
Table S3. The stem-loop primers specific for miRNAs, primers specific
for the mRNA targets and viral HC-Pro RNA are listed in Tables S4 and
S5.

2.4. RNA extraction, reverse transcription and real-time qPCR

The real-time stem-loop RT-qPCR detection of miRNA and quanti-
fication of mRNA target by real-time RT-qPCR were conducted ac-
cording to Yin et al. (2017). Briefly, total RNA was extracted from leaf
tissues using the mirVana miRNA isolation kit (Invitrogen) according to
the manufacturer’s instructions. The RNA samples were treated with
DNA-free™ DNase (Invitrogen) to eliminate the DNA contamination.
RNA concentrations were measured with a spectrophotometer (Ep-
pendorf BioSpectrometer). RNA samples with an A260/A280 ratio in
the range of 1.8–2.0 were used for further analysis.

Reverse transcription was conducted using 1 μg RNA as the template
and carried out using the TaqMan micro-RNA Reverse Transcription kit
(Applied Biosystems) according to the manufacturer’s instructions. The
reverse transcription was conducted with the same condition and re-
agents for miRNA and mRNA.

Real-time qPCR was performed in 96-well plates with a LightCycler
480 real-time PCR instrument (Roche Diagnostics) using SYBR Select
Master Mix (Applied Biosystems) as described by the manufacturer. The
raw quantification cycle (Cq) values for each gene in each sample were
normalized to that of the reference gene using the advanced relative
quantification method of the LightCycler 480 software package. The
same reference gene, i.e., N. tabacum protein phosphatase type 2 A
(PP2 A) encoding gene (X97913), which was selected from among 15
assessed putative candidate reference genes, was used for the relative
quantification of miRNA as well as for mRNA (Z. Yin, unpublished
data). The software automatically calculates the relative expression
levels (REL) for each assay and displays it as 2−ΔCq. Each ΔCq values
were calculated as Cq(analysed gene) - Cq(reference gene). The REL (2−ΔCq) for
each gene represented the mean of five biological replicates, where
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Table 1
The predicted functions of the tobacco microRNAs (miRNAs) tested in PVY infected tobacco in this study.

miRNA Target gene Target protein class in Nicotiana tabacum Arabidopsis thaliana
protein match

Predicted function References

nta-miR168a
nta-miR168b-d

AGO1-1 Argonaute 1-like protein AT1G48410.3 miRNA function
Adaxial/abaxial pattern specification
Adventitious root development
Leaf development
Auxin metabolic process
Defense response to virus
Innate immune response

Frazier et al. (2010);
NCBI; TAIR

nta-miR162a/b DCL1 Endoribonuclease Dicer
homologue 1

AT1G01040.1 miRNA biogenesis
miRNA function
Embryonic pattern specification
Phase transition of meristem
Flower development
Regulation of seed development
Virus induced gene silencing

Frazier et al. (2010);
NCBI; TAIR

nta-miR159a
nta-miR319c
nta-miR319d

GAMYB Transcription factor GAMYB-like AT5G06100.3 Anther development
Negative regulation of growth
Regulation of abscisic acid-activated
signaling pathway
Positive regulation of programmed cell
death
Response to cytokinin, ethylene and
gibberellin

Frazier et al. (2010); This
study; NCBI; TAIR

nta-miR159b/c
nta-miR319d

TCP4 Transcription factor TCP 4-like AT3G15030.3 Cell differentiation
Leaf development
Leaf morphogenesis
Positive regulation of development

Frazier et al. (2010); This
study; NCBI; TAIR

nta-miR164a/c
nta-miR164b

NAC21/22 NAC domain containing protein 21/22 like
transcription factor

AT1G56010.2 Auxin-activated signaling pathway
Lateral root development
Multicellular organism development
Primary shoot apical meristem
specification

Frazier et al. (2010);
NCBI; TAIR

nta-miR166a-h
nta-miR166i
nta-miR166j

ATHB-14 Homeobox-leucine zipper protein ATHB-14-
like transcription factor

AT2G34710.1 Adaxial/abaxial pattern specification
Cell differentiation
Integument development
Meristem development

Frazier et al. (2010);
NCBI; TAIR

nta-miR172a-e/u/x/y
nta-miR172f/w
nta-miR172h
nta-miR172l

RAR1 Cysteine and histidine-rich domain-
containing protein RAR1-like

AT5G51700.1 Defense response to bacterium
Defense response to fungus
Incompatible interaction
Plant-type hypersensitive response
Respiratory burst involved in defense
response

Frazier et al. (2010); This
study; NCBI; TAIR

nta-miR172a-e/u/x/y
nta-miR172f/w
nta-miR172h
nta-miR172l

RAP2-7 Ethylene-responsive transcription factor
RAP2-7-like

AT2G28550.2 Ethylene-activated signaling pathway
Multicellular organism development
Vegetative to reproductive phase
transition of meristem

Frazier et al. (2010);
NCBI; TAIR

nta-miR172a-e/u/x/y
nta-miR172f/w
nta-miR172h
nta-miR172l

TOE3 AP2-like ethylene-responsive transcription
factor TOE3

AT4G36920.1 Meristem maintenance
Flower development
Plant ovule development
Specification of floral organ identity
Seed development

Tang et al. (2012); NCBI;
TAIR

nta-miR390b PXC3 Leucine-rich repeat receptor-like tyrosine-
protein kinase PXC3
Receptor like kinase, RLK

AT2G41820.1 ATP binding
Protein phosphorylation
Protein serine/threonine kinase
activity
Transmembrane receptor protein
tyrosine kinase signaling pathway

Bukhari et al. (2015);
Guo et al. (2017); NCBI;
TAIR

nta-miR396b NAC92 NAC domain-containing protein 92
Transcription factor

AT5G39610.1 Root development
Leaf senescence
Regulation of programmed cell death
Response to hormone
Response to salt stress

Frazier et al.(2010); This
study; NCBI; TAIR

nta-miR482b-5p LRR-RLK Leucine-rich repeat receptor-like protein
kinase At5g49770

AT5G49770.1 Protein phosphorylation
Transmembrane receptor protein
tyrosine kinase signaling pathway

Bukhari et al. (2015);
NCBI; TAIR

nta-miR6020a-5p TMV N TMV resistance protein N-like
Disease resistance protein (TIR-NBS-LRR
class) family

AT5G36930.2 Defense response
Signal transduction

Bukhari et al. (2015);
NCBI; TAIR

nta-miR6021 RLP12 Receptor like protein 12 AT1G45616.1 Defense response
Signal transduction

Bukhari et al.(2015);
NCBI

nta-miR6021 IMK2 Inactive leucine-rich repeat receptor-like
protein kinase IMK2a;
Receptor like protein 12

AT3G05660.1 Defense response
Signal transduction

Bukhari et al. (2015);
NCBI; TAIR

nta-miR6021 LRR-RLK AT1G35710.1

(continued on next page)

Z. Yin et al. Virus Research 260 (2019) 20–32

22



each replicate represented a mean of three technical replicates.
Expression change is shown as the ratio (fold) of the mean RELs for
PVY-inoculated/mock-inoculatedsamples,i.e.,2−ΔCq

(PVY-inoculatedsample)⁄
2−ΔCq
(mock-inoculated sample), at each time point.

2.5. Statistical analysis

Differences in the mean RELs (2−ΔCq) of each gene between the
PVY-inoculated and the mock-inoculated control samples were ana-
lysed by one-way ANOVA and Multiple Range Test using STATGRAP-
HICS PLUS software. The confidence level of all analyses was set at
95%, and values with P≤0.05 were considered significant.

2.6. Functional annotation

For functional annotation of the tested miRNA-targeted mRNA se-
quences, we performed BLASTX search against the non-redundant
GenBank protein sequence database with default Blast2GO settings
(Conesa et al., 2005; Conesa and Götz, 2008). Annotation and mapping
of gene ontology (GO) terms was done with the Blast2GO pipeline
(Blast2GO v5.2) and manually curated.

2.7. Comparison of amino acid (aa) sequences of the HC-Pro and three-
dimensional (3D) structure prediction by I-TASSER

Comparison of aa sequences of the RSS HC-Pro in the isolates PVY-
3202, PVY-3411 and PVY-3303 was conducted manually. Modeling of 3D
structure of the HC-Pro was carried out using the web server I-TASSER,
https://zhanglab.ccmb.med.umich.edu/I-TASSER/, Department of
Computational Medicine and Bioinformatics, University of Michigan, Ann
Arbor, MI, U.S.A. (Roy et al., 2012; Yang and Zhang, 2015; Zhang, 2009).

3. Results

3.1. Infection of PVYNTN, PVYN−Wi, and PVYZ-NTN strains induced
different symptoms in tobacco plants

The PVY isolates, i.e., PVY-3202, PVY-3411 and PVY-3303, used in
this study were identified in our previous work and are classified as
PVYNTN, PVYN−Wi and PVYZ-NTN strain, respectively (Yin et al., 2017).

In this study, as shown in Fig. 1, the multiplex RT-PCR conducted ac-
cording to Lorenzen et al. (2006) and Chikh-Ali et al. (2010) confirmed
the infection of tobacco plants with the expected strain type. PVY-3202,
PVY-3303 and PVY-3411 belong to PVYNTN (B), PVYNTN (A) and PVYN-
Wi, respectively, which is consistent with that identified in our previous
study.

Following inoculation with these three PVY strains, different sys-
temic symptoms, i.e., symptoms in the upper non-inoculated leaves,
were elicited depending on host and strain type. In tobacco cv. Samsun,
the PVYNTN isolate PVY-3202 caused severe VN, the PVYN−Wi isolate
PVY-3411 caused mild VN and the PVYZ-NTN isolate PVY-3303 caused
vein clearing (VCl) in the upper non-inoculated leaves of the tobacco
cv. Samsun plants at 18 dpi (Fig. 2 A–C). In potato cv. Etola, PVY-3202
(PVYNTN) elicited HR with no symptoms. PVY-3303 (PVYZ-NTN) in-
duced partial HR with mild symptom, e.g., mild systemic necrosis and
VN. PVY-3411 (PVYN−Wi) induced partial HR with severe symptoms,
e.g., severe systemic necrosis, mosaic, and VN (Fig. 2 E–H).

Based on an ELISA assay, the virus was not detected in the PVY-
inoculated tobacco plants at 3 dpi. At 14 dpi, the high levels of viral
accumulation in the upper non-inoculated leaves were detected which
indicates a systemic infection. The viral coat protein (CP) accumulation
levels, i.e., the virus titer (A405= 1.0), were similar among the plants

Fig. 1. Multiplex RT-PCR strain typing according to (A) Lorenzen et al. (2006)
and (B) Chikh-Ali et al. (2010) for the PVY infected tobacco. L, DNA ladder; H,
healthy control; 32, PVY-3202 (PVYNTN B); 33, PVY-3303 (PVYNTN A); 34, PVY-
3411 (PVYN−Wi B).

Table 1 (continued)

miRNA Target gene Target protein class in Nicotiana tabacum Arabidopsis thaliana
protein match

Predicted function References

Leucine-rich repeat receptor-like protein
kinase At1g35710

Protein autophosphorylation
Protein phosphorylation
Transmembrane receptor protein
tyrosine kinase signaling pathway

Bukhari et al. (2015);
NCBI; TAIR

nta-miR6025a R1A-10 Putative late blight resistance protein
homolog R1A-10

na Disease resistance Bukhari et al. (2015);
NCBI

nta-miR6025b R1B-17 Putative late blight resistance protein
homolog R1B-17,
NB-ARC domain-containing disease
resistance protein

AT1G59780.1 Defense response Tang et al.(2012); NCBI;
TAIR

nta-miR6025b R1-A-like Late blight resistance protein R1-A-like, NB-
ARC domain-containing disease resistance
protein

AT1G50180.1 Defense response Tang et al. (2012); NCBI;
TAIR

nta-miR6164a/b RPA70B Replication protein A 70 kDa DNA-binding
subunit B-likeb

AT5G08020.1 DNA recombination, DNA repair
DNA replication

Tang et al. (2012); NCBI;
TAIR

nta-miR6164a/b TMV N Nematode resistance-like protein
TMV resistance protein N-like,
Disease resistance protein (TIR-NBS-LRR
class)

AT5G17680.1 Defense response
Signal transduction

Tang et al. (2012); NCBI;
TAIR

NCBI, The National Center for Biotechnology Information, https://www.ncbi.nlm.nih.gov/; TAIR, The Arabidopsis Information Resource, http://www.arabidopsis.
org/; na, not available.

a Target protein class in N. tomentosiformis.
b Target protein class in N. attenuate.
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infected with the three different PVY strains in Experiment 1. However,
in Experiments 2 and 3, different levels of viral accumulation were
detected among those infected with different strains. Higher levels of
CP were detected in PVY-3411- and PVY-3202-infected tobacco plants
with an A405 value of 1.0 and 0.7, respectively, but lower levels were
detected for PVY-3303-infected ones (A405= 0.3). The accumulation
levels of the viral HC-Pro RNA showed similar trend in all three ex-
periments, i.e., higher HC-Pro levels in the PVY-3411- and PVY-3202-
infected plants and lower levels in the PVY-3303-infected ones. The
results for ELISA and HC-Pro RNA quantification are shown in Fig. 3
and the data were based on Experiment 2. The results for those from
Experiments 1 and 3 were shown in Figs. S1 and S2.

3.2. Tobacco miRNAs and mRNA target responsive to PVY infection were
identified

Twenty-six tobacco miRNAs and twenty-three corresponding target
mRNAs, which are supposed to play a role in plant development, biotic
stress response, signaling pathway and disease resistance, among
others, were selected for analyzing their expression pattern upon PVY
infection (Tables 1, S1 and S2). The abundance of miRNAs and mRNAs
were measured by real-time stem-loop RT-qPCR and conventional RT-
qPCR respectively. The raw Cq values for each gene were normalized to
that of the reference gene PP2 A. Expression change was calculated as
the ratio (fold) of the mean RELs, i.e., 2−ΔCq, of the PVY-inoculated
sample and that of the mock-inoculated (inoculation with water) one
for each gene.

In Experiment 1, 20 miRNAs and 11 target mRNAs were tested
(Tables 2, S1 and S2). Except for nta-miR172i and nta-miR172 r, whose
expression is undetectable, there were no statistical differences in the
expression levels of the remaining 18 miRNAs and the two mRNA tar-
gets (AGO1, the target of nta-miR168 and DCL1, the target of nta-
miR162) between the non-inoculated healthy plants and the mock-in-
oculated samples at both time points tested (3 and 14 dpi). Similarly, at
3 dpi, the abundance of the tested 18 miRNAs and the 10 mRNA targets
remains unchanged in the PVY-infected plants compared to the mock-
inoculated controls. At 3 dpi, only one target mRNA TOE3 was altered.
At 14 dpi, the abundance of the 5 out of the 18 tested miRNAs, i.e., nta-
miR159a, nta-miR164a/c, nta-miR164b, nta-miR166i and nta-
miR396b, were not altered by any tested strains. Finally, it was revealed
that 13 miRNAs out the 18 ones were significantly up-regulated in the
PVY-infected plants compared to the mock-inoculated controls, except a
reduction in the abundance of nta-miR319d caused by PVYZ-NTN

Fig. 2. Symptoms in the non-inoculated upper leaves of the PVY-infected tobacco cv. Samsun (A to D) and in that of potato cv. Etola (E to H) at 18 days post-
inoculation (dpi). In tobacco: PVY-3202 (PVYNTN) caused severe venal necrosis (VN) (A), PVY-3411 (PVYN−Wi) caused mild VN (B), and PVY-3303 (PVYZ-NTN)
caused vein clearing (VCl) (C), and D represents the healthy control. In potato: hypersensitive resistance (HR) in cv. Etola inoculated with PVY-3202, lack of
symptoms (E), systemic hypersensitive phenotype consisting of necrotic spots and VN (F) and systemic susceptible phenotype consisting of mosaic (G) in PVY-3411-
infected plants, systemic hypersensitive phenotype consisting of necrotic spots and VN in PVY-3303-infetcted plants (H).

Fig. 3. Virus titer in the non-inoculated upper leaves of the PVY-infected to-
bacco cv. Samsun at 14 days post-inoculation (dpi) – Experiment 2. In A: evi-
dence of infection according to enzyme-linked immunosorbent assay (ELISA).
Data represent mean of fifteen plants. In B: accumulation levels of the viral HC-
Pro RNA by RT-qPCR. The raw quantification cycle (Cq) values of HC-Pro RNA
in each sample were normalized to that of tobacco protein phosphatase type 2 A
(PP2 A) encoding gene (X97913). The relative expression level (REL) is dis-
played as 2−ΔCq. The ΔCq values were calculated as Cq(analysed gene)–Cq(reference
gene). The REL of HC-Pro RNA represents the mean of six biological replicates,
where each replicate is an average of three technical replicates. Differences
between the PVY-inoculated and the mock-controls were analysed by one-way
ANOVA and Multiple Range Test using STATGRAPHICS PLUS software.
Differences were assumed to be statistically significant at P≤ 0.05 and marked
with different letters. HC-Pro, helper-component proteinase, a viral silencing
suppressor (VSS). Error bar represents standard deviation (SD). Mock represents
mock-inoculation with water.
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infection. At 14 dpi, among the 11 target mRNAs tested, 4 mRNAs re-
main unchanged and 7 of them were altered.

In Experiments 2 and 3, only the 14 dpi samples and the mock-
control ones were tested, the healthy control and the 3 dpi samples
were not used (Table S1). In Experiment 2, among the 6 miRNAs and 12
target mRNAs tested, all the 6 miRNAs were up-regulated, two targets
remain unchanged and 10 targets were altered (Table 3). In Experiment
3, 15 miRNAs and 4 targets from Experiment 1 (Table S6) and all the 6
miRNAs and 12 targets from Experiment 2 (Table S7) were repeated.
Similar trends in miRNA and target expression were obtained in Ex-
periment 3 compared to that obtained in Experiment 1 and 2 with some
exceptions.

3.3. Tobacco miRNAs and their mRNA targets were altered differently
depending on strain type

The alteration of the 19 PVY responsive miRNAs (13 in Experiment
1 and 6 in Experiment 2) in the upper non-inoculated leaves of tobacco
infected with PVY isolates PVY-3202 (PVYNTN), PVY-3411 (PVYN−Wi)
and PVY-3303 (PVYZ-NTN) showed strain specificity (Tables 2 and 3).
Moreover, the miRNA members within the same family were altered
differently by the infection with different PVY strains (Fig. 4).

Of the 19 PVY responsive miRNAs, expression levels of the two of
them, nta-miR168a and nta-172a-e/u/x/y, were highly up-regulated by
the infection with all the three PVY strains in the upper leaves of

Table 2
Quantification of the levels of miRNAs in the non-inoculated upper leaves of tobacco cv. Samsun infected by PVYNTN, PVYN−Wi and PVYZ-NTN strains using real-time
stem-loop RT-qPCRa – Experiment 1.

miRNAs (mRNA targetb) Mock-inoculatedc PVY-inoculated

PVY-3202
(PVYNTN)

PVY-3411
(PVYN−Wi)

PVY-3303 (PVYZ -NTN)

Severe VN Mild VN VCl

3 dpi 14 dpi 3 dpi 14 dpi 3 dpi 14 dpi 3 dpi 14 dpi

nta-miR168a nc nc nc ↑11.1 nc ↑5.7 nc ↑3.4
nta-miR168b-d nc nc nc ↑5.3 nc ↑4.0 nc nc
AGO1 nc nc nc ↑2.5 nc ↑2.9 nc ↑2.0
nta-miR162a/b nc nc nc ↑6.9 nc ↑3.1 nc nc
DCL1 nc nc nc nc nc nc nc nc
nta-miR164a/c nc nc nc nc nc nc nc nc
nta-miR164b nc nc nc nc nc nc nc nc
NAC21/22 na na na nc na nc na nc
nta-miR166a-h nc nc nc ↑2.2 nc ↑1.7 nc nc
nta-miR166i nc nc nc nc nc nc nc nc
nta-miR166j nc nc nc nc nc ↑3.6 nc nc
ATHB-14 na na nc ↓0.2 nc ↓0.3 nc ↓0.5
nta-miR172a-e/u/x/y nc nc nc ↑ 4.0 nc ↑2.6 nc ↑1.7
nta-miR172f/w nc nc nc ↑1.5 nc ↑1.5 nc nc
nta-miR172h nc nc nc ↑2.1 nc ↑2.1 nc nc
nta-miR172l nc nc nc ↑1.8 nc nc nc nc
nta-miR172i ne ne ne ne ne ne ne ne
nta-miR172r ne ne ne ne ne ne ne ne
RAP2-7 na na nc ↓0.5 nc ↓0.7 nc nc
RAR1 na na nc ↑4.3 nc ↑3.7 nc ↑2.9
TOE3 na na ↓0.3 nc ↓0.5 nc ↓0.5 nc
nta-miR159a nc nc nc nc nc nc nc nc
nta-miR159b/c nc nc nc nc nc ↑2.3 nc nc
nta-miR319c nc nc nc nc nc ↑2.9 nc nc
nta-miR319d nc nc nc nc nc ↑1.7 nc ↓0.3
GAMYB na na nc nc nc nc nc nc
TCP4 na na nc ↓0.09 nc ↓0.18 nc ↓0.5
nta-miR390b nc nc nc ↑38.1 nc ↑16.1 nc nc
PXC3 na na na ↓0.2 na ↓0.4 na ↓0.7
nta-miR396b nc nc nc nc nc nc nc nc
NAC92 na na nc nc nc nc nc nc

a Expression change is shown as the ratio (fold) of the mean relative expression levels (RELs) for PVY-inoculated/mock-inoculated samples, i.e., 2−ΔCq
(3dpi PVY-inoculated

sample)/2−ΔCq
(3dpi mock-inoculated sample) or 2−ΔCq

(14dpi PVY-inoculated sample)/2−ΔCq
(14dpi mock-inoculated sample). The raw quantification cycle (Cq) values for each gene in each sample were

normalized to that of tobacco protein phosphatase type 2 A (PP2 A) encoding gene (X97913). The RELs are displayed as 2−ΔCq. The ΔCq values were calculated as
Cq(analysed gene)–Cq(reference gene). The REL of each gene represents the mean of five biological replicates, where each replicate is an average of three technical
replicates. Differences between the PVY-inoculated and the mock-inoculated (inoculation with water) controls were analysed by one-way ANOVA and Multiple
Range Test using STATGRAPHICS PLUS software. Differences were assumed to be statistically significant at P≤ 0.05. Samples showing a statistically significant
increase (↑) or decrease (↓) are indicated. dpi, days post-inoculation; na: not available; nc, no change; ne, not expressed; VN, veinal necrosis; VCl, vein clearing.

b mRNA targets: AGO1 (FG137295.1), Argonaute 1; DCL1 (BP528819.1), Endoribonuclease Dicer homolog 1; NAC21/22 (EH622111.1), NAC domain containing
protein 21/22 transcription factor; ATHB-14 (DV162377.1), Homeobox-leucine zipper protein ATHB-14-like transcription factor; RAP2-7 (FG196047.1), Ethylene-
responsive transcription factor RAP2-7-like; RAR1 (DV157766.1), Cysteine and histidine-rich domain-containing protein RAR1-like; TOE3 (FH462754.1), AP2-like
ethylene-responsive transcription factor TOE3; GAMYB (FG173519.1), Transcription factor GAMYB-like; TCP4 (AM824285.1), Transcription factor TCP 4-like; PXC3
(FG135208.1), Leucine-rich repeat receptor-like tyrosine-protein kinase PXC3; NAC92 (FG644078.1), NAC domain-containing protein 92.

c In the mock-inoculated (inoculation with water) controls, expression change was shown as fold of 2−ΔCq
(3dpi mock-inoculated sample)/2−ΔCq

(3dpi non-inoculated healthy sample)

or 2−ΔCq
(14 dpi mock-inoculated sample)/2−ΔCq

(14 dpi non-inoculated healthy sample). Healthy, non-inoculated healthy control.
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tobacco at 14 dpi, but to a different extent (Table 2, Fig. 4). PVY-3202
(PVYNTN) caused the most significant increase in these two miRNAs,
whereas PVY-3303 (PVYZ-NTN) caused the least significant increase.
PVYNTN infection resulted in the highest expression of nta-miR168a, up
to 11.1-fold in the infected plants compared with the mock-inoculated
controls.

Out of the 19 miRNAs being altered by PVY, ten miRNAs, i.e., nta-
miR168b-d, nta-miR162a/b, nta-miR166a-h, nat-miR172f/w, nta-
miR172 h, nta-miR390b, nta-miR482b-5p, nta-miR6020a-5p, nta-
miR6021, and nta-miR6164a/b were up-regulated in the upper non-
inoculated leaves of the plants infected with PVYNTN (PVY-3202) and
PVYN−Wi (PVY-3411) strains at 14 dpi (Tables 2 and 3, Fig. 4). The
abundance of the four of them, i.e., nta-miR168b-d, nta-miR162a/b,
nta-miR166a-h and nta-miR390b, was increased to a higher extent in

the plants infected with the PVYNTN strain than in those infected with
the PVYN-Wi strain. Infection with PVYNTN or PVYN-Wi strain induced the
expression of nta-miR172f/w and nta-miR172 h to a similar level,
reached 1.5- and 2.1-fold that of the mock-infected control, respec-
tively. Highly elevated expression was detected for nta-miR390b in the
PVY-3202 (PVYNTN) infected plants (38.1-fold), as well as for nta-
miR482b-5p in PVY-3202 (75.6-fold) and PVY-3411 (71.0-fold) in-
fected ones, compared to that in the mock-inoculated controls (Fig. 4).
No changes in the expression levels of these ten miRNAs were detected
in plants infected with PVYZ-NTN (PVY-3303).

The expression levels of nta-miR159b/c, nta-miR166j and nta-
miR319c out of the 19 PVY responsive ones, were increased only in the
plants infected with the PVYN−Wi strain (PVY-3411) (Table 2). In
contrast, the up-regulation of nta-miR172 l, nta-miR6025a, and nat-
miR6025b were detected only in the plants infected with PVYNTN strain
(PVY-3202) (Tables 2 and 3). The expression of nta-miR319d was up-
regulated in the plants infected with PVYN−Wi strain (PVY-3411), but
down-regulation upon PVYZ-NTN (PVY-3303) infection was observed
(Table 2).

For the 23 target mRNAs tested (11 in Experiment 1 and 12 in
Experiment 2), similar to their corresponding miRNAs, the expression
pattern of the target mRNAs also showed strain specificity (Tables 2 and
3). Expression levels of the 6 out of 23 mRNAs were not altered. Six out
of the 23 mRNAs were altered by all the three PVY strains, eight of them
were altered in PVYNTN (PVY-3202) and PVYN−Wi (PVY-3411) infected
plants, and three of them were altered only by PVYNTN.

For the different mRNAs targeted by the same miRNA family or
member, some may not respond to PVY, while others may be altered
differently (Tables 2 and 3). For example, TCP4, target for miR159/
miR319, was down-regulated, but GAMYB was not altered. Different
mRNAs targeted by the members of the same miR172 family were up-
(RAR1) or down-regulated (RAP2-7 and TOE3).

3.4. Functional annotation of the PVY responsive miRNA targeted mRNA
sequences

PVY infection caused alteration in the expression levels of the 17 out
of 23 mRNA targets tested. Different miRNA-mRNA expression patterns
were observed, i.e., no changes in miRNA and its target, up-regulation
of miRNA and no change in its target, up-regulation of miRNA and
down-regulation of its target, and up-regulation of miRNA and down-
regulation of its target (Table 4).

Following Blast2GO analysis, we obtained significant hits for 22
tested target sequences except LRR-RLK (AM795626) that was searched
manually (Table S8). In total, 19 biological processes, 15 molecular
functions, and 3 cellular components were categorized by gene on-
tology (GO) classification analysis (Table S9). The altered 17 mRNA
targets were related to 7 biological processes, 9 molecular functions,
and 2 cellular components (Figs. S3, S4 and S5).

In addition, we performed separate GO analyses for the up- and
down-regulated targets. The up-regulated targets were predicted to be
involved in the biological processes that are related to signal trans-
duction (TMV N) and gene silencing (AGO1), whereas the down-regu-
lated ones were related to regulation of transcription (RAP2-7, TCP4,
TOE3), protein phosphorylation (PXC3 and LRR-RLK) or cell differ-
entiation, development and cotyledon morphogenesis (TCP4) (Fig. 5A).
Several molecular processes, e.g., ADP binding (R1B-17, R1-A-like, TMV
N) and nucleic acid and protein binding (AGO1), were related to the up-
regulated targets, whereas DNA binding (RAP2-7, ATHB-14, TCP4 and
TOE3) and ATP binding (PXC3 and LRR-RLK) were related to the down-
regulated ones (Fig. 5B). The cellular component integral component of
membrane was related to the up-regulated targets RLP12 and R1B-17
and the down-regulated targets PXC3, LRR-RLK and ATHB-14, whereas
nucleus was related to the down-regulated ones RAP2-7, ATHB-14,
TCP4 and TOE3. (Fig. 5C).

Table 3
Quantification of the levels of miRNAs in the non-inoculated upper leaves of
tobacco cv. Samsun infected by PVYNTN, PVYN−Wi and PVYZ-NTN strains using
real-time stem-loop RT-qPCRa – Experiment 2.

miRNAs (mRNA targetb) PVY-inoculated

PVY-3202
(PVYNTN)

PVY-3411
(PVYN−Wi)

PVY-3303 (PVYZ -NTN)

Severe VN Mild VN VCl
14 dpi 14 dpi 14 dpi

nta-miR482b-5p ↑75.6 ↑71.0 nc
LRR-RLK (FG182985.1) ↓0.4 ↓0.6 nc
nta-miR6020a-5p ↑5.0 ↑10.2 nc
TMV N (FS424154.1) ↑2.7 ↑4.4 ↑2.4
TMV N (FG640422.1) ↑13.5 ↑24.6 nc
TMV N (FS422485.1) ↑3.0 ↑3.9 nc
nta-miR6021 ↑2.0 ↑1.9 nc
RLP12 ↑9.6 ↑7.7 nc
IMK2 nc nc nc
LRR-RLK (AM795626.1) ↑5.1 ↑3.6 nc
nta-miR6025a ↑1.4 nc nc
R1A-10 ↓0.6 nc nc
nta-miR6025b ↑4.1 nc nc
R1B-17 ↑1.7 nc nc
R1-A-like ↑1.6 nc nc
nta-miR6164a/b ↑4.9 ↑8.5 nc
RPA70B nc nc nc
TMV N (ET819368.1) ↑2.9 ↑2.3 nc

a Expression change is shown as the ratio (fold) of the mean relative ex-
pression levels (RELs) for PVY-inoculated/mock-inoculated samples, i.e., 2−ΔCq

(14dpi

PVY-inoculated sample)/2−ΔCq
(14dpi mock-inoculated sample). The raw quantification cycle (Cq)

values for each gene in each sample were normalized to that of tobacco protein
phosphatase type 2 A (PP2 A) encoding gene (X97913). The RELs are displayed
as 2−ΔCq. The ΔCq values were calculated as Cq(analysed gene)–Cq(reference gene).
The REL of each gene represents the mean of five biological replicates, where
each replicate is an average of three technical replicates. Differences between
the PVY-inoculated and the mock-inoculated (inoculation with water) controls
were analysed by one-way ANOVA and Multiple Range Test using STATGRA-
PHICS PLUS software. Differences were assumed to be statistically significant at
P≤ 0.05. Samples showing a statistically significant increase (↑) or decrease
(↓) are indicated. dpi, days post-inoculation; nc, no change; ne, not expressed;
VN, veinal necrosis; VCl, vein clearing.

b mRNA targets: LRR-RLK (FG182985.1), probable leucine-rich repeat re-
ceptor-like protein kinase At5g49770; TMV N (FS424154.1), TMV resistance
protein N-like, Avr9/Cf-9rapidly elicited protein 4; TMV N (FG640422.1), TMV
resistance protein N-like; TMV N (FS422485.1), TMV resistance protein N-like;
RLP12 (FS419993.1), Receptor like protein 12; IMK2 (AM835423.1), Receptor
like protein 12, inactive LRR receptor like protein kinase IMK2; LRR-RLK
(AM795626.1), LRR receptor like protein kinase At1g 35710; R1A-10
(FS434943.1), Putative late blight resistance protein homolog R1A-10; R1B-17
(ET692303.1), Putative late blight resistance protein homolog R1B-17; R1-A-
like (ET990662.1), Late blight resistance protein R1-A-like; RPA70B
(ET718171.1), Replication protein A 70 kDa DNA-binding subunit B-like; TMV
N (ET819368.1), TMV resistance protein N-like.
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3.5. Differences in the aa sequences and the predicted 3D structural models
of the RSS HC-Pro in PVY-3202, PVY-3411 and PVY-3303

The aa sequences of the RSS HC-Pro in PVY-3202, PVY-3411 and
PVY-3303 were compared manually (Fig. S6). Numbering of the PVY
HC-Pro residues is based on the P1/HC-Pro cleavage site determined by
a comparison of a large number of potyviral genomes (Adams et al.,

2005) which is nine residues downstream from the original position
used for the numbering of residues by Tribodet et al. (2005) and is
comparable to the numbering used by Tian and Valkonen (2013).

Five aa residues are differed in the HC-Pro among the tested isolates
(Table 5, Fig. S6). In PVY-3303 HC-Pro, X252 represents two aa residues
I252 and V252, which is differed than I252 in PVY-3202 and PVY-3411.
The X252 (I252 and V252) at the aa position 252, which is encoded by the

Fig. 4. Tobacco miRNAs altered by the
PVYNTN and PVYN−Wi strains or by all
the three strains and displayed strain-
specific expression. qPCR analyses of the
selected miRNAs in the non-inoculated
upper leaves of the PVY-infected to-
bacco cv. Samsun at 14 days post-in-
oculation (dpi). The miRNA expression
levels were measured using real-time
(stem-loop) RT-qPCR. The raw quantifi-
cation cycle (Cq) values for each gene in
each sample were normalized to that of
tobacco protein phosphatase type 2 A
(PP2 A) encoding gene (X97913). The
RELs are displayed as 2-ΔCq. The ΔCq
values were calculated as Cq(analysed
gene)–Cq(reference gene). The REL of each
gene represents the mean of five biolo-
gical replicates, where each replicate is
an average of three technical replicates.
Error bar represents standard deviation
(SD). Differences between the PVY-in-
oculated and the mock-inoculated (in-
oculation with water) controls were
analysed by one-way ANOVA and
Multiple Range Test using STATGRAP-
HICS PLUS software. Differences were
assumed to be statistically significant at
P≤ 0.05 and marked with different
letters. NTN, PVYNTN strain, isolate PVY-
3202; N-Wi, PVYN-Wi strain, isolate PVY-
3411; Z-NTN, PVYZ-NTN strain, isolate
PVY-3303.
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RTT (nt 1765–1767, R represents nt A and G, the genetic codes ATT and
GTT encode for aa residues I and V respectively), represents an example
of single amino acid polymorphisms (SAPs), also known as non-sy-
nonymous single nucleotide polymorphisms (nsSNPs) (Huang et al.,
2011). R412 in PVY-3303 is differed than Q412 in PVY-3202 and PVY-
3411. A single nucleotide change (A2242 to G2246) resulted in the single
aa change (Q412 to R412). H73 is present in all the three isolates,

however, the H73 in PVY-3303 is encoded by CAY (nt 1228–1230). Y
represents nt C and T and both CAC and CAT encode aa H. H73 in PVY-
3303 represents an example of synonymous single nucleotide poly-
morphisms (SNPs). In PVY-3411 HC-Pro, N263 is differed than K263 in
PVY-3202 and PVY-3303. A single nucleotide change (G1796 or G1800 to
T1796) resulted in the single aa change (K263 to N263). S434 is present in
all the three isolates, however, the S434 in PVY-3411 is encoded by AGY

Table 4
miRNA-mRNA alteration patterns in PVY infected tobacco.

miRNA-mRNA alteration patterns Examples

No changes in miRNA and no changes in mRNA target miR164-NAC21/22, miR396-NAC92
Up-regulation in miRNA and no changes in mRNA target miR162-DCL1, miR159/miR319-GAMYB, miR6021-IMK2, miR6164a/b-RPA70B
Up-regulation in miRNA and down-regulation in mRNA target miR166-ATHB-14, miR172-RAP2-7, miR172-TOE3, miR159/miR319-TCP4, miR390-PXC3, miR482-LRR-RLK

(FG182985.1), miR6025-R1A-10
Up-regulation in miRNA and up-regulation in mRNA target miR168-AGO1, miR172-RAR1, miR6020/miR6164-TMV N, miR6021-LRR-RLK (AM795626.1), miR6021-

RLP12, miR6025-R1B-17, miR6025-R1-A-like

AGO1 (FG137295.1), Argonaute 1; DCL1 (BP528819.1), Endoribonuclease Dicer homolog 1; NAC21/22 (EH622111.1), NAC domain containing protein 21/22
transcription factor; ATHB14 (DV162377.1), Homeobox-leucine zipper protein ATHB-14-like transcription factor; RAP2-7 (FG196047.1), Ethylene-responsive
transcription factor RAP2-7-like; RAR1 (DV157766.1), Cysteine and histidine-rich domain-containing protein RAR1-like; TOE3 (FH462754.1), AP2-like ethylene-
responsive transcription factor TOE3; GAMYB (FG173519.1), Transcription factor GAMYB-like; TCP4 (AM824285.1), Transcription factor TCP 4-like; PXC3
(FG135208.1), Leucine-rich repeat receptor-like tyrosine-protein kinase PXC3; NAC92 (FG644078.1), NAC domain-containing protein 92; LRR-RLK (FG182985.1),
probable leucine-rich repeat receptor-like protein kinase At5g49770; TMV N (FS424154.1), TMV resistance protein N-like, Avr9/Cf-9rapidly elicited protein 4; TMV
N (FG640422.1), TMV resistance protein N-like; TMV N (FS422485.1), TMV resistance protein N-like; RLP12 (FS419993.1), Receptor like protein 12; IMK2
(AM835423.1), Receptor like protein 12, Inactive LRR receptor like protein kinase IMK2; LRR-RLK (AM795626.1), LRR receptor like protein kinase At1g 35710; R1A-
10 (FS434943.1), Putative late blight resistance protein homolog R1A-10; R1B-17 (ET692303.1), Putative late blight resistance protein homolog R1B-17; R1-A-like
(ET990662.1), Late blight resistance protein R1-A-like; RPA70B (ET718171.1), Replication protein A 70 kDa DNA-binding subunit B-like; TMV N (ET819368.1), TMV
resistance protein N-like.

Fig. 5. Gene ontology-based term classification of mRNA targets corresponding to the up-regulated PVY responsive miRNAs. (A) Biological process, (B) molecular
function, (C) cellular component. DOWN, down-regulated targets. UP, up-regulated targets. The X axis represents the number of target sequences.
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(nt 2307–2309). Y represents nt C and T and both AGC and AGT encode
aa residue S. S434 in PVY-3411 represents another example of synon-
ymous SNPs.

Some other conserved motifs are present in HC-Pro in all the three
isolates (Fig. S6). The six PVYN-like aa residues are needed for the in-
duction of VN in tobacco, i.e., N330, K391 and E410 (Faurez et al., 2012;
Tribodet et al., 2005) and N330, R338, F341 and I346 (Tian and Valkonen,
2015). The FRNK motif (aa 179–182) is a probable point of contact with
small interfering RNA (siRNA) and miRNA duplexes (Shiboleth et al.,
2007). The RNP-2 (IGN) (aa 246–251) and RNP-1 (aa 282–289) motifs
are related to RNA binding and the CCCT motif (aa 290–293) is related
to long-distance viral movement (Cronin et al., 1995; Maia et al., 1996;
Tian and Valkonen, 2013, 2015; Urcuqui-Inchima et al., 2000). The
eight PVYN-specific amino acid “signatures”, i.e., N236, L238, A247, I252,
R262, K269, R270, and V301, overcome the potato HR gene Nytbr re-
cognizing the PVYO strains (Tian and Valkonen, 2013) except the SAPs
I252V in PVY-3303.

The 3D structural models for the HC-Pro in the three isolates were
obtained with I-TASSER (Fig. S7, Fig. S8, Table 6). Differences in the
predicted secondary structure were only detected in HC-Pro in the
isolate PVY-3411 (Fig. S7, Table 6). For the PVY-3411 HC-Pro, the aa
residues M17, L238 and T243 were located in a coil, strand and coil
structure respectively; whereas those for PVY-3202 and PVY-3303 were
located in a helix, coil and strand structure respectively. For PVY-3303
HC-Pro, two variants were analysed, HC-Pro I252 and HC-Pro V252. The
predicted secondary structure of PVY-3303 HC-Pro I252 and HC-Pro
V252 was the same, and it was not different than that of PVY-3202 HC-
Pro (Fig. S7). It indicates that the SAPs I252V did not cause changes in
the corresponding secondary structure. The five aa residues that are
different among the HC-Pro in the three isolates, i.e., H73 SNPs, I252V
SAPs, R412Q, N263K and S434 SNPs, did not cause changes in the sec-
ondary structure of the corresponding aa. The conserved motifs RNP-1,
CCCT and the IGN in RNP-2 (LAIGNL) were located in the same
structure of the HC-Pro in PVY-3202, PVY-3303 and PVY-3411, i.e, coil
and strand, strand and coil structure respectively. The top five models
of HC-Pro predicted by I-TASSER for each isolates were shown in Fig.

S8, where a C-score of a higher value signifies a model with a higher
confidence.

To sum up, in the PVYZ-NTN isolate PVY-3303, the SAPs I252V and
the Q412 to R412 substitution in the HC-Pro cistron might relate to the
loss of VN in tobacco compared to that of PVY-3202 causing VN in
tobacco. In the PVYN−Wi isolate PVY-3411, the different secondary
structure predicted for M17 (coil), L238 (strand) and T243 (coil) and the
K263 to N263 substitution in HC-Pro cistron might relate to the mild VN
in tobacco compared to that of PVY-3202 causing severe VN.

4. Discussion

The present study demonstrated the expression pattern of twenty-six
host miRNAs representing fourteen miRNA families, and twenty-three
corresponding mRNA targets, in tobacco plants infected with three
different PVY strains. Among them, the two prevalent strains PVYNTN

and PVYN−Wi caused severe and mild VN respectively, and the unique
PVYZ-NTN strain induced milder VCl in tobacco leaves. Based on
symptom severity, the strain PVYNTN was considered as the most ag-
gressive, the PVYN-Wi strain was less aggressive, and the PVYZ-NTN
strain was the least aggressive. The obtained data indicated a strain-
specific alteration of miRNAs and their targets, which is dependent on
the host and symptom severity, and may relate to PVY RSS HC-Pro.

Previous study suggested that viral infection selectively altered ex-
pression of the host miRNAs. For example, in rice plants, 69 out of 570
identified miRNAs were significantly modified by rice stripe virus (RSV)
infection, of which 56 miRNAs were up-regulated and 13 miRNAs were
down-regulated (Yang et al., 2016). In tobacco, 81 out of 322 detect-
able miRNAs changed their expression level significantly following PVY
infection, of which 57 miRNAs were up-regulated and 24 miRNAs were
down-regulated (Guo et al., 2017). The set of PVY responsive tobacco
miRNAs identified in this study are among those described as biotic and
abiotic stress-responsive ones, e.g., in tobacco mosaic virus (TMV)-in-
fected tobacco (Bazzini et al., 2011; Khraiwesh et al., 2011). The data
obtained in this study confirmed the recent findings that the up-reg-
ulation of the members of nta-miR159, nta-miR319 and nta-miR166 in
PVY infected tobacco plants (Guo et al., 2017). The up-regulation of
nta-miR168 observed in this study is consistent with that demonstrated
in previous studies in PVY-infected N. benthamiana and in potato virus X
(PVX)- or TMV-infected tobacco, confirming that the induction of
miRN168 is a common feature in plants during viral infection process
(Bazzini et al., 2011; Lang et al., 2011; Pacheco et al., 2012).

Table 5
Differences in the amino acid (aa) sequences among the helper-component
proteinase (HC-Pro) of the PVY isolates - PVY-3202, PVY-3411 and PVY-3303.

PVY-3202
(PVYNTN)

PVY-3411
(PVYN−Wi)

PVY-3303
(PVYZ-NTN)

Severe VN Mild VN VCl

H73

encoded by CAC
(nt 1224-1226)

H73

encoded by CAC
(nt 1224-1226)

H73 (synonymous SNPs)
encoded by CAY
(nt 1228-1230 Y=C+T)
CAC encodes aa H
CAT encodes aa H

I252
encoded by ATT
(nt 1761-1763)

I252
encoded by ATT
(nt 1761-1763)

I252V (SAPs)
encoded by RTT
(nt 1765-1767, R=A+G)
ATT encodes aa I
GTT encodes aa V

Q412

encoded by CAG
(nt 2241-2243)

Q412

encoded by CAG
(nt 2241-2243)

R412 (Q to R substitution)
encoded by CGG
(nt 2245-2247)

K263
encoded by AAG
(nt 1794-1796)

N263 (K to N substitution)
encoded by AAT
(nt 1794-1796)

K263
encoded by AAG
(nt 1798-1800)

S434
encoded by AGC
(nt 2307-2309)

S434 (synonymous SNPs)
encoded by AGY
(nt 2307-2309, Y=C+T)
AGC encodes aa S
AGT encodes aa S

S434
encoded by AGC
(nt 2311-2313)

NCBI GenBank accession numbers for PVY-3202, PVY-3411 and PVY-3303 are
KX356068.1, KX356070.1 and KX356069.1, respectively. VN, veinal necrosis;
VCl, vein clearing; SAPs, single amino acid polymorphisms; SNPs, single nu-
cleotide polymorphisms; nt, nucleotides. The mutations are shown in bold.

Table 6
Comparison of the predicted secondary structure obtained with I-TASSER for
the helper-component proteinase (HC-Pro) among the PVY isolates - PVY-3202,
PVY-3411 and PVY-3303.

HC-Pro
(aa residues or motifs)

PVY-3202
(PVYNTN)

PVY-3411
(PVYN−Wi)

PVY-3303
(PVYZ-NTN)

M17 helix coil helix
L238 coil strand coil
T243 strand coil strand
H73 SNPs helix (H73) helix (H73) helix (H73, SNPs)
I252, V252 coil (I252) coil (I252) coil (I252V, SAPs)
R412, Q412 coil (Q412) coil (Q412) coil (R412)
N263, K263 helix (K263) helix (N263) helix (K263)
S434 SNPs coil (S434) coil (S434, SNPs) coil (S434)
RNP-1

(aa 282-289)
coil and strand coil and strand coil and strand

CCCT
(aa 290-293)

strand strand strand

IGN (in RNP-2)
(aa 246-251)

coil coil coil

NCBI GenBank accession numbers for PVY-3202, PVY-3411 and PVY-3303 are
KX356068.1, KX356070.1 and KX356069.1, respectively. aa, amino acid. The
aa residues showing a different structure and aa mutations are shown in bold.
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In this study, we provided the first information on how different
PVY strains affect the miRNA expression pattern in the same host to-
bacco and in the same genotype (cv. Samsun), which added the new
data on miRNA expression in PVY strain-host specific interaction. Some
tested miRNAs responded to only one PVY strain type, while others may
respond to three or two PVY strains. The more aggressive strains
PVYNTN and PVYN−Wi caused alteration in 15 and 16 tested miRNAs,
respectively. The least aggressive PVYZ-NTN strain caused changes in 3
tested miRNAs only. For the same set of miRNAs being altered by
PVYNTN and PVYN−Wi strains or by all the three strains, the more ag-
gressive PVYNTN strain caused greater changes in their levels than did
the less aggressive ones PVYN-Wi or PVYZ-NTN. Previous studies have
indicated strain-specific alteration of host miRNAs in plants infected by
other viruses. In cucumber mosaic virus (CMV)-infected tomato and
Arabidopsis, the accumulation levels of miR159, miR165/166 and
miR319 were significantly enhanced by infection with the severe strain
CMV-Fny compared to the mild strain CMV-LS (Du et al., 2014; Cillo
et al., 2009). It was suggested that the 2b protein, an RSS encoded by
the severe strain CMV-Fny but not by the mild strains CMV-LS or CMV-
Q, has been shown to block AGO1 activity and impair proper miRNA-
guided mRNA cleavage in Arabidopsis (Chapman et al., 2004; Lewsey
et al., 2007; Zhang et al., 2006). Compared to a recent study, although
the significantly enhanced expression of the members of nta-miR172,
nta-miR390, nta-miR6025 and nta-miR6164 in PVYNTN and PVYN−Wi

infected tobacco was observed in this study, the expression of the same
set of miRNAs was down-regulated in PVYN infected tobacco as de-
monstrated by Guo et al. (2017), which might indicate strain-specificity
in host miRNA expression. Similarly, the expression of nta-miR396b
was up-regulated and that of nta-miR164 was down-regulated in PVYN

infected tobacco (Guo et al., 2017), their expression level remain un-
changed in PVYNTN, PVYN−Wi or PVYZ-NTN infected tobacco as shown
in this study.

The data obtained in this study provided additional evidence that
the strain-specific alteration of miRNA is host dependent and correlates
with the symptom severity and viral HC-Pro RNA levels. The more
aggressive strain, i.e., the strain that is able to induce severe symptoms,
which led to the greater changes in the miRNA expression in a given
hosts, may not alter the miRNA expression in another host if the same
strain do not produced any symptoms in such host. Previously, we
analyzed the expression of host miRNAs in a potato cultivar Etola in-
oculated with the same PVY isolates, i.e., PVYNTN isolate PVY-3202,
PVYN−Wi isolate PVY-3411 and PVYZ-NTN isolate PVY-3303, which
were used in this study. In the upper leaves of PVY-inoculated Etola
plants, increases in the expression levels of stu-miR168, stu-miR162,
stu-miR172e and two members of stu-miR482 were only detected in
PVYN-Wi-infected plants showing severe symptoms. However, changes
were not detected in the levels of the same set of miRNAs in PVYNTN-
inoculated plants showing HR resistance and no symptoms in the upper
leaves or in PVYZ-NTN-infected Etola showing necrotic reaction and
mild symptoms (Yin et al., 2017). Bazzini et al. (2007) demonstrated
that the expression of miRNAs 156, 160, 164, 166, 169, and 171 were
severely affected in tobacco infected by different viruses. Among which,
infection by TMV and tomato mosaic virus (ToMV) caused highly sig-
nificant increases in the levels of the miRNAs tested, PVX and tobacco
etch virus (TEV) caused moderate and PVY caused the fewest changes
in miRNAs, and correlated with the severity of disease symptoms
(Bazzini et al., 2007). The expression levels of PVY HC-Pro RNA may
correlate with the symptom severity in different hosts. Higher HC-Pro
levels were detected in the more aggressive strain infected plants with
severe symptoms, e.g., PVYN−Wi infected potato cv. Etola (Yin et al.,
2017) and PVYNTN or PVYN−Wi infected tobacco (this study), while
lower HC-Pro levels were detected in the least aggressive strain infected
ones with mild symptoms, e.g., PVYZ-NTN infected potato and tobacco.
Based on data obtained in this study and the previous findings, it can be
inferred that, i.e., how a virus strain influences miRNA balance may

depend on the degree of the aggressiveness of this strain in a given host
and the severity of the disease symptoms it caused in such host. Com-
pared to the less aggressive strains, the PVYNTN isolate PVY-3202, the
most aggressive in tobacco cv. Samsun, and the PVYN−Wi isolate PVY-
3411, the most aggressive in potato cv. Etola, induced the most severe
symptoms and affected the miRNA balance to the greatest extent in
their respective host tobacco or potato.

In this study, comparison of the aa sequences and the 3D structure
of the HC-Pro cistron in the three PVY strains indicates that the SAPs
I252V and the Q412 to R412 substitution might relate to the loss of VN in
tobacco, and the different secondary structure for M17 (coil), L238
(strand) and T243 (coil) and the K263 to N263 substitution might relate to
the reduced severity of VN in tobacco. The aa residues I252 and L238 are
among the eight PVYN-specific aa “signatures”, which overcome the
potato HR gene Nytbr recognizing the PVYO strains (Tian and Valkonen,
2013). The V252, a PVYO-specific “signatures”, in the I252V SAPs in PVY-
3303 HC-Pro might relate to the partial HR showing mild symptoms in
potato cv. Etola (Fig. 2, Yin et al., 2017). The different confirmation of
L238 locating in a strand structure in PVY-3411 HC-Pro might relate to
the partial HR with severe symptoms in Etola.

Previous findings using reverse or forward genetics approaches have
demonstrated that certain miRNAs may link to specific viral symptoms.
In N. benthamiana, nbe-miR166h-p5 was up-regulated by turnip mosaic
virus (TuMV) infection, however suppression of nbe-miR166h-p5 atte-
nuated leaf yellowing symptoms in TuMV- or PVX-infected plants and
reduced virus accumulation (Wang et al., 2018). In rice, the dwarfing
phenotype caused by rice gall dwarf virus (RGDV) infection was de-
pended on the high expression level of miR167 (Shen et al., 2012). A
reduction of osa-miR171b in RSV-infected rice contributed to RSV
symptoms, whereas plants overexpressing osa-miR171b were less sus-
ceptible to RSV and virus symptoms were attenuated (Tong et al.,
2017). Rice ragged stunt virus (RRSV) infection caused increased ac-
cumulation of miR319 but decreased expression of its target TCP21 in
rice plants, however plants overexpressing miR319 or downregulating
TCP21 exhibited disease-like phenotypes and were more susceptible to
RRSV (Zhang et al., 2016). In Arabidopsis, using a mild strain CMV-LS
based vector to express a miR159 target mimic sequence induced
symptoms resembling those induced by the severe strain CMV-Fny,
indicating a role of miR159 in disease symptom induction by the severe
strain (Du et al., 2014). Deregulation of miR159/319 might be also
linked with leaf curl disease caused by tomato leaf curl New Delhi virus
(ToLCNDV) infection in tomato (Naqvi et al., 2010). However, there
was no direct evidence to link certain miRNAs with the VN caused by
PVY infection in tobacco so far.

Recent findings by Michel et al. (2018) suggested that the PVYN-
induced systemic VN in tobacco likely represents an inefficient defense
response with hypersensitive response-like characteristics and the to-
bacco NtTPN1 gene, an ortholog of the Arabidopsis coiled coil (CC)-NB-
LRR resistance gene, is required for inducing VN. The authors proposed
a model that recognition of a PVYN-specific elicitor by NtTPN1 would
trigger the signal transduction pathway and lead to virus multiplication
and induction of VN, however a failure to recognize the virus would
result in no signal response and cause virus multiplication without in-
duction of VN. In this study, a groups of defense related miRNAs and
the targeted transcripts were indeed upregulated in tobacco plants in-
fected with the severe strains PVYNTN and PVYN−Wi showing VN, but
remained unchanged in the mild strain PVYZ-NTN infected ones
showing VCl. Among them, three TMV N transcripts targeted by nta-
miR6020a-5p and nta-miR6164a/b are belonging to the TIR-NBS-LRR
resistance gene family and are involved in the signal transduction based
on a GO analysis. It can be inferred that the upregulation of nta-
miR6020a-5p and nta-miR6164a/b might correlate with the PVYNTN

and PVYN−Wi induced VN observed in this study. In addition, the
aforementioned symptom-related miRNAs, e.g., nta-miR166a-h, nta-
miR159b/c, nta-miR319c and nta-miR319d, were also altered in the
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PVY-infected tobacco observed in this study.
Plant DCL1 and AGO1 are the two key enzymes in the miRNA

biogenesis pathway, and undergo sophisticated homeostatic regulations
through the action of miR162 and miR168, respectively (Xie et al.,
2003; Vaucheret et al., 2004; Voinnet, 2009). The induction of miR168,
together with AGO1 mRNA, is ubiquitous in plant-virus interactions
(Várallyay et al., 2010), including PVY-infected tobacco in this study. In
soybean mosaic virus (SMV) strain G7-infected soybean PI96983,
miR168 was up-regulated (2.85-fold) in parallel with the high-level
expression of AGO1 mRNA but with breakdown of AGO1 homeostasis
(Chen et al., 2015). Induction of AGO1 mRNA during viral infections is
a part of the plant defense response in antiviral RNA silencing, how-
ever, virus-induced accumulation of miR168, a counterdefense action
of the invading virus, is involved in repression of AGO1 protein accu-
mulation (Várallyay et al., 2010, 2014). In this study, PVY caused in-
crease in miR162 but DCL1 mRNA levels were not altered. Previous
finding suggested that the RSS P1/HC-Pro derepresses DCL1 by sup-
pression of miRNA-guided cleavage activity, not through inhibition of
miRNA generation, therefore miR162 accumulate to higher levels in the
presence of P1/HC-Pro (Kasschau et al., 2003). DCL1 mRNA is subject
to negative feedback regulation through miR162 (Xie et al., 2003).

In this study, the enriched PVYNTN and PVYN−Wi responsive miRNAs
caused up- and down-regulation of their corresponding targets.
Compared to a recent study, in which 88 miRNA-mRNA interaction
pairs were identified in PVYN infected tobacco (Guo et al., 2017), some
differences in miRNA-mRNA interaction types were revealed. The en-
hanced expression of miR319 resulted in the down-regulation of TCP4
in PVYNTN and PVYN−Wi infected tobacco (this study), but an up-reg-
ulation of it in PVYN infected ones (Guo et al., 2017). Antagonistic
expression of miR166 and its target ATHB-14 and REV were observed in
both studies. Down regulation of TOE3 (AP2) and PXC3 was related to
the up-regulation of miR172 and miR390 respectively in this study, but
the respecting miRNAs were down-regulated in that of Guo et al.
(2017). The up-regulation of disease resistance related targets R1B-17
and NB-ARC was correlated to the up-regulation of miR6025 in this
study but down-regulation of miR6025 in Guo et al. (2017). In this
study, the PVY responsive targets are related to signal transduction,
gene silencing, transcription regulation, protein phosphorylation, cell
differentiation, ADP, ATP, nucleic acid and protein binding. Guo et al.
(2017) demonstrated that the genes involving the DNA/RNA binding,
catalytic activity and signaling molecules were enriched.

In conclusion, the data obtained in this study confirmed that viral
infection, including different PVY strains, selectively altered expression
of the host miRNAs and targets. A SAPs I252V and a Q412 to R412 sub-
stitution in the HC-Pro cistron of the mild PVYZ-NTN strain might relate
to the loss of VN in tobacco. In tobacco, the abundance of 18 out of 26
tested host miRNAs were increased by the infection with the severe
strains PVYNTN and PVYN−Wi. For the same set of miRNAs being al-
tered, the more aggressive PVYNTN strain caused greater changes in
their levels than did the less aggressive one PVYN−Wi. The enhanced
expression of miRNA caused alteration of 17 out of 23 tested mRNA
targets. Gene ontology analysis revealed that the up-regulated targets
were related to signal transduction, gene silencing, ADP, nucleic acid
and protein binding, while the down-regulated ones were related to
regulation of transcription, protein phosphorylation, cell differentia-
tion, DNA and ATP binding. Two miRNAs nta-miR6020a-5p and nta-
miR6164a/b, which targets the TIR-NBS-LRR type resistant genes TMV
N involving in signal transduction, might relate to the PVYNTN and
PVYN-Wi induced VN. We provided evidence that the strain-specific al-
teration of miRNAs and their targets are host dependent and correlate
with the symptom severity and viral HC-Pro RNA level.
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