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Abstract: Beet necrotic yellow vein virus (BNYVV) infections induce stunting and leaf curling, as well as
root and floral developmental defects and leaf senescence in Nicotiana benthamiana. A microarray analysis
with probes capable of detecting 1596 candidate microRNAs (miRNAs) was conducted to investigate
differentially expressed miRNAs and their targets upon BNYVV infection of N. benthamiana plants.
Eight species-specific miRNAs of N. benthamiana were identified. Comprehensive characterization of
the N. benthamiana microRNA profile in response to the BNYVV infection revealed that 129 miRNAs
were altered, including four species-specific miRNAs. The targets of the differentially expressed
miRNAs were predicted accordingly. The expressions of miR164, 160, and 393 were up-regulated by
BNYVV infection, and those of their target genes, NAC21/22, ARF17/18, and TIR, were down-regulated.
GRF1, which is a target of miR396, was also down-regulated. Further genetic analysis of GRF1,
by Tobacco rattle virus-induced gene silencing, assay confirmed the involvement of GRF1 in the
symptom development during BNYVV infection. BNYVV infection also induced the up-regulation
of miR168 and miR398. The miR398 was predicted to target umecyanin, and silencing of umecyanin
could enhance plant resistance against viruses, suggesting the activation of primary defense response
to BNYVV infection in N. benthamiana. These results provide a global profile of miRNA changes
induced by BNYVV infection and enhance our understanding of the mechanisms underlying
BNYVV pathogenesis.

Keywords: Beet necrotic yellow vein virus; Nicotiana benthamiana; microarray; microRNAs; hormone
signaling; superoxide free radicals O2

−; reactive oxygen intermediates; defense

1. Introduction

Beet necrotic yellow vein virus (BNYVV), a member of the Benyvirus genus, is a multipartite
virus containing four or five single-stranded positive-sense RNAs that are individually packaged
into rod-shaped virions [1–3]. Among RNA1–5, RNA1 and RNA2, which are essential for infection
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and virus replication, encode the housekeeping genes, such as replicase, coat protein, and triple gene
block movement protein; the smaller RNAs, RNA3, -4, and -5, are involved in pathogenicity or vector
transmission during systemic BNYVV infection of beet or Nicotiana benthamiana [4,5]. RNA3 encodes
the p25 protein. Although, p25 is a pathogenicity determinant in sugar beet, it has no pronounced
effect in N. benthamiana during BNYVV infection [6]. In BNYVV-infected Beta macrocarpa, some
differentially expressed microRNAs (miRNAs), involved in auxin biosynthesis and signal transduction
pathways, may function in restraining plant growth; up-regulate miR156 in the ‘miR156–squamosa
promoter-binding-like protein–miR172–AP2-like factor’ pathway may be responsible for abnormal
axillary bud development [7]. Transcriptome sequencing indicated that changes in the differently
expressed genes are mainly enrichment in response to biotic stimulus and primary metabolic process [8].
RNA4 encodes a root-specific silencing suppressor p31 that is involved in efficient vector transmission
and slight enhancement of symptom expression in some Beta species, but it is a pathogenicity
determinant in N. benthamiana [6]. Our recent studies showed that RNA4-encoded p31 is responsible
for the induction of PR-10 transcription, which was closely associated with the induction of stunting
and leaf curling symptoms [9].

We characterized the transcriptome of N. benthamiana and B. macrocarpa leaves in response
to BNYVV infection, using the deep sequencing previously reported [8,10]. A study extended
this research by conducting transcriptomic analysis of naturally infected sugar beet (Beta vulgaris)
roots [11]. A comparison of these studies revealed that some signaling pathways, such as the
pathogenesis-related defense, cell-wall-associated, and hormone biosynthesis, are regulated in all of
these different hosts [8,10–12], suggesting evolutionarily conserved responses of plants to BNYVV
infection. However, some genes showed diverse expression patterns in different tissues across the
experimental and natural hosts. For example, expansin-related genes were up-regulated in the leaves
of B. macrocarpa and the root of B. vulgaris [8,11,12], but were repressed in the BNYVV-infected
N. benthamiana leaves [10], suggesting that the gene expression in response to BNYVV infection is
tissue-dependent and also varies among distantly related plant species.

MicroRNAs are important and conserved regulators that function in various plant physiological
and developmental processes. Plant miRNAs are a class of 20–24 nt endogenous small non-coding
RNAs. Coding genes for miRNAs possess their own transcriptional units that are regulated by
the corresponding transcriptional activator [13]. These miRNA genes (MIR) are transcribed into
primary miRNAs with a secondary stem-loop structure in the partial sequence by RNA polymerase
II, and then primary miRNAs are processed into miRNA-3p/miRNA-5p duplex by the Dicer-like
protein complex [14,15]. After transport into the cytoplasm and being methylated, miRNA-3p or
miRNA-5p enters into the RNA-induced silencing complex (RISC) and modulates plant morphogenesis
and growth [16,17]. For example, miR156 is a switch between vegetative and reproductive growth
in plants through acting as the miR156–squamosa promoter-binding-like protein–miR172–AP2-like
factor [18,19]. miR164 is involved in the EIN2–EIN3–miR164–NAC2 signaling module to regulate leaf
senescence [20].

Plant viruses selectively regulate the expression of several miRNAs to counteract the plant
defenses, leading to the formation of virus-induced symptoms. For example, Rice stripe virus (RSV)
blocks the defense response by significantly upregulating miR1870-5p and miR1423-5p during infection
of rice plants [21]. Rice ragged stunt virus (RRSV) suppresses jasmonic acid (JA)-mediated defenses by
inducing the expression of miR319 in rice, resulting in the enhancement of viral infection and symptom
development [22]. Similarly, mis-regulation of miR167 and its target gene, auxin response factor 8, is
responsible for the developmental abnormalities caused by three distinct viral silencing suppressors,
HC-Pro, P19, and P15, in Arabidopsis [23].

As obligate intracellular parasites, plant viruses depend on cellular machinery to support their
propagation. Plant viruses often perturb the host plants’ hormone signaling pathways to facilitate
their infection and symptom induction. For example, Rice dwarf virus (RDV) P2 protein interacts with
ent-kaurene oxidases to reduce the biosynthesis of gibberellins and promotes the appearance of the rice
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dwarf symptom. RDV hijacks auxin signaling by directly targeting the rice OsIAA10 protein, enhancing
viral infection and disease development [24,25]. Tobacco mosaic virus-Cg coat protein stabilizes DELLA
proteins which is named after its N-terminal containing DELLA domain, resulting in slow growth and
flowering delays [26]. Similarly, Tobacco mosaic virus replication protein can interact with the Aux/IAA
protein PAPI/IAA26 to regulate the disease development [27,28].

Although the symptoms in N. benthamiana, characterized by the developmental defects in root,
leaves, and flowers during BNYVV infection, have been reported previously [6], whether miRNAs
and hormones play roles in the development of symptoms remains largely unknown. In this study,
based on microarray analysis and previously reported transcriptome sequencing [10], a systematic
analysis of miRNA and hormone signaling pathways was conducted to explore their possible roles in
BNYVV-induced symptoms.

2. Materials and Methods

2.1. Plants, Viral Inoculations, and Detection

N. benthamiana plants were grown in a controlled-environment chamber at 24 ± 1 ◦C with 16 h
of illumination and 8 h darkness per day. Hydroponics of N. benthamiana was conducted by using
Hoagland’s nutrient solution, according to previous methods [29]. BN12 (RNAs 1 and 2), BN123
(RNAs 1, 2, and 3), BN124 (RNAs 1, 2, and 4), and BN1234 (RNAs 1, 2, 3, and 4) were preserved
in our laboratory [30]. In vitro transcripts of BNYVV RNAs (1 µg/µL) were then mixed with equal
volumes of inoculation buffer (50 mM glycine, 30 mM K2HPO4, 1% bentonite, and 1% celite, pH 9.2),
and rubbed onto leaves of N. benthamiana (20 µL per leaf). Inoculation buffer without the addition of
RNAs served as the negative control. Three pieces of leaves per plant were inoculated. At 12 days post
inoculation (dpi), Western blot analyses of total protein extracts from the upper un-inoculated leaves
was conducted using rabbit polyclonal antibodies against BNYVV coat protein (Figure S7).

2.2. Total RNA Extraction

The total RNAs were extracted from N. benthamiana leaves at 12 dpi according to previously
described methods [10]. RNA integrity and size distribution were examined via a Bioanalyzer 2100
(Agilent Technologies, Palo Alto, CA, USA) and agarose gel electrophoresis (1%). For each group,
the RNA pool was prepared by mixing RNA samples (12 µg per sample) from three individual plants.

2.3. Microarray Analysis

Based on the N. benthamiana small RNA library (GenBank accession No. GSE80694) [31] and the
reported N. benthamiana genome database [32], miRNAs were predicted with the ACGT101-miR-v3.5
software package (LC Sciences, Houston, TX, USA), followed by analysis with previously described
procedures [33]. We obtained 1596 candidate miRNAs and the same number of probes were designed
and synthesized for the subsequent microarray analysis.

The miRNA microarray experiment was performed according to the protocol provided by LC
Sciences (Hangzhou, China). Briefly, 1596 probes were designed for the miRNA microarray including
689 known miRNAs belonging to 86 miRNA families from 19 species, and 907 novel miRNAs from
detailed prediction performed by LC Sciences (Table S1).

The small RNAs (<300 nt) were size-fractionated using Microcon YM-100 centrifugal filters
(Millipore, Bedford, MA) from 2 µg of total RNA samples. These small RNAs were extended at the
3′ end with a poly (A) tail by using poly (A) polymerase. An oligonucleotide tag was ligated to the
poly (A) tail for later fluorescent dye staining. We made 1596 antisense detection probes using in situ
synthesis using photo-generated reagent chemistry. Hybridization was performed overnight on a
µParaflo microfluidic chip using a micro-circulation pump (Atactic Technologies, Houston, TX, USA).

Each probe was used for three times, arranged in different places on one chip, and three
biological replicates were performed. Tag-specific Cy3 and Cy5 dyes were used to label virus-free and
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BN1234-infected RNA samples, respectively, and were exchanged during the double-color microarray
assays. After RNA hybridization, tag-conjugating Cy3 and Cy5 dyes were circulated through the
microfluidic chip for dye staining. Fluorescence images were recorded using a laser scanner (GenePix
4000B, Molecular Device, Union City, CA, USA) and digitized using Array-Pro image analysis software
(Media Cybernetics, Silver Spring, MD, USA). The background signals were subtracted from the original
data, followed by normalization of the signals using the locally weighted regression (LOWESS) filter.

2.4. Target Prediction of Differentially Expressed miRNAs

The differentially expressed miRNA targets were annotated using the standard settings of
psRNATarget [34] with a maximum expectation value of 3.0 using transcripts of N. benthamiana
(Niben101) as references. GO analysis was performed to annotate the predicted targets.

2.5. Quantitative Reverse-Transcription Real-Time PCR (qRT-PCR)

To validate the small RNA sequencing results, the relative expression levels of 15 selected miRNAs
from BN1234-infected or mock-inoculated leaves were validated using stem-loop qRT-PCR. Primers
for the stem-loop qRT-PCR were designed using methods previously described [35]. Total RNA (3 µg)
was used in the reverse transcription reaction (30 µL). qPCR was performed in 96-well plates using the
CFX96 real-time PCR detection system (Bio-Rad, Hercules, CA, USA) with the following parameters:
95 ◦C for 15 s, followed by 40 cycles of 95 ◦C for 15 s, and then annealing at 60 ◦C for 30 s. Each
reaction mixture consisted of 1 µL cDNA, 7 µL SoFast EyaGreen Supermix (Bio-Rad, Hercules, CA,
USA), 1.5 µL (3 pmol/µL) of both forward and reverse primers, and 3 µL PCR-grade water [10].

The transcript levels of several target genes of selected six miRNAs were also assayed by qRT-PCR.
Reverse transcription of RNA was conducted using oligo (dT)20. qPCR was conducted as described
above. EF1A was used as an internal control. All reactions were performed using three biological
replicates for each treatment, and each biological sample of three pooled plants was evaluated with
three technical replicates. All primers, used in this study, are listed in Table S3.

2.6. Virus-Induced Gene Silencing (VIGS) of Selected Targets

TRV-based silencing of target genes was performed according to previously described methods [36].
The gene fragments were PCR amplified with specific primers (Table S3), digested with SmaI/KpnI,
and ligated into similarly digested pYL156 vector. TRV:mCherry, containing about 400 bp of DNA
fragment from mCherry fluorescent protein, served as the control. To confirm the systemic infection
of TRV, Western blot analysis was used for the extracts from systemic leaves of TRV:X-inoculated
N. benthamiana using the antibodies against the TRV coat protein (Figure S8). At 6 dpi, the expression
level of various target genes was analyzed by qRT-PCR with the primers listed in Table S3. EF1A was
used as the internal reference gene. At 7 dpi, the systemic leaves of TRV:X-infected N. benthamiana
were inoculated with BN124. At 25 dpi, Western blot was performed to detect the CP accumulation in
the inoculated leaves.

2.7. Determination of ROS Levels

ROS levels of systemic leaves of TRV:X-treated plants were determined as described previously [37].
Superoxide free radicals were detected with 0.1 mg/mL nitroblue tetrazolium (Sigma) in 25 mM HEPES
buffer (pH 7.6), and hydrogen peroxide (H2O2) was detected by 3,3′-diaminobenzidine staining.

3. Results

3.1. Floral and Root Development Defects During BNYVV Infection Requires the Presence of RNA4

Analysis of different treatments including Mock-, BN12 (RNAs1+2)-, BN123 (RNAs1+2+3)-, BN124
(RNAs1+2+4)-, and BN1234 (RNAs1+2+3+4)-infected N. benthamiana revealed that BNYVV-induced
symptoms were exacerbated in the presence of RNA4, which were characterized by stunting, downward



Viruses 2020, 12, 310 5 of 22

leaf curling (Figure 1a), and leaf area reduction at 12 days post-inoculation (dpi) (Figure 1b). In contrast,
BN12 and BN123 infection produced mild symptoms in N. benthamiana (Figure 1a,b). Leaf chlorosis
and senescence appeared on BN124-infected systemic leaves compared with BN12-infected leaves
at 16 dpi (Figure 1c). Development defects, including short stem and low seeding rate, occurred in
BN124-infected plants at 45 dpi (Figure 1d,f). Investigations into root development using Hoagland’s
nutrient solution revealed that the of root length of N. benthamiana inoculated with either BN124 or
BN1234 were shorter than those of Mock-, BN12-, or BN123-inoculated plants at 12 dpi (Figure 1e,g).
Together, these results indicated that BNYVV RNA4 plays a major role in induction of stunting, leaf
curling, and floral and root development defects in N. benthamiana during BNYVV infection.

Figure 1

Mock           BN12         BN123        BN124        BN1234(a)

(e)

0
10
20
30
40
50
60
70

M
O

C
K

BN
12

BN
12

3
BN

12
4

BN
12

34

th
e 

le
ng

th
 o

f r
oo

t

0

5

10

15

20

25

M
O

C
K

BN
12

BN
12

3
BN

12
4

BN
12

34

th
e 

le
ng

th
 o

f s
te

m

(f) (g)

BN12       BN124 (b) (d)BN12 BN124

(c)

12 dpi

12 dpi

12 dpi 45 dpi

16 dpi

(CM) (CM)

***
***

***
***

Figure 1. Stunting, leaf curling, and floral and root development defects in Nicotiana benthamiana,
induced by Beet necrotic yellow vein virus (BNYVV), requires the presence of RNA4. BNYVV infections
containing RNA4 induced; (a) stunting and leaf curling, (b) leaf area reduction, (c) leaf senescence,
(d) floral development defects, and (e) root development defects. (d) We observed more than seven full
capsules formed at the base of flowers with normal length in BN12-infected plants; in contrast, there
were about four small, shriveled, deformed capsules at the base of abnormally short flowers. Statistical
analysis of the stem and root length of different plants, shown in (a) and (e), are indicated in (f), and (g),
respectively. Error bars represent standard deviation of three individual plants (n = 3); *** p < 0.01.

3.2. Microarray Analysis of miRNAome in BNYVV-Infected N. benthamiana

A microarray analysis of healthy (L) and BN1234-inoculated N. benthamiana (VL) was performed
by LC Sciences (Hangzhou, China) using 1596 predicted miRNA probes. We obtained 388 miRNAs
with a hybrid signal >500 in L or VL microarray library, including 285 conserved miRNAs
belonging to 50 families and 103 novel miRNAs. Among them, miR169, miR393, miR394, miR395,
and miR399 showed low expression level (hybrid signal below 500 in L and VL microarray library)
in BNYVV-infected N. benthamiana [38]. However, due to their common existence in all terrestrial
species [39,40], these miRNAs were also included for subsequent assays.

3.2.1. Phylogenetic Analysis of the microRNAome of N. benthamiana

To gain an evolutionary insight into the N. benthamiana microRNAome from the microarray analysis,
we investigated the miRNAs’ distribution within the phylogenetic perspective of plant miRNAs
proposed by Taylor et al. [41]. Through sequence analyses, we identified 25 out of 34 conserved miRNA
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families in Eudicotyledons, four linage-specific miRNAs in Solanaceae (miR1919, miR6149, miR6024,
and miR6025), and five in genus Nicotiana (miR6019, miR6020, miR6147, miR6153, and miR6155).
Among all of these, miR482*, miR4376*, miR6025*, miR6147*, and miR6153* were identified for the
first time and they were induced by BNYVV infection (Figure 2).

66019*, 6020, 6147*, 6153*, 6155 
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Spermatophyta 

Angiospermae

Monocotyledons
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168*, 169*, 172*                     
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N. benthamiananmiR519*, nmiR574*, nmiR578* nmiR739*  

Figure 2

Figure 2. The distribution of microRNAs (miRNAs) of N. benthamiana from the phylogenetic perspective
of plant miRNAs. The phylogenetic perspective was proposed by Taylor et al. [41]; the graphic mode
was generated, according to the model constructed by Yin et al. [42]. Underlined black bold numbers
indicate miRNA families in N. benthamiana; italics indicate missing miRNAs; * indicates that miRNAs
belong to at least one member of an identified miRNA family; black * represents miRNAs that have
been reported previously; red * represents newly identified miRNAs.

Nine miRNAs were missing in N. benthamiana: miR530, miR535, miR536, miR2950, miR828,
miR2111, miR3627, miR3630, and miR4414 (Figure 2) [38,43,44], which are not identified or have a very
low expression in Nicotiana tabacum, Solanum lycopersicum and Solanum tuberosum, similar to that of
stu-miR530 and stu-miR3627 (reads < 10) [45], implying that the missing or low expression of these
nine miRNAs might be a common characteristic within the Solanaceae.

In summary, phylogenetic analysis of the identified N. benthamiana miRNAs provided useful
information for miRNA research in other species of the genus Nicotiana, as well as for plant
evolutionary analyses.

3.2.2. Species-Specific miRNAs in N. benthamiana

Eight species-specific miRNAs were identified in N. benthamiana (Table 1). Firstly, 103 potential
novel miRNAs (hybrid signal > 500 in L or VL library) were re-evaluated according to the stringent
criteria reported by Taylor et al. [41]. nmiR519-5p, nmiR574-5p, nmiR578-5p, and nmiR739-5p, and their
corresponding miRNA-3p were found to meet the screening criteria with a minimum free energy index
(MFEI) > 1 (Table 1). All these four miRNAs have been reported previously [43,44], and the secondary
structures of the precursors are shown in Figures S1–S4. Analysis of their precursor sequences by
searching the NCBI public database revealed that none of them were identical to other plant species data
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sets including N. tabacum, suggesting that these eight miRNAs are species-specific and independently
evolved within N. benthamiana.

Table 1. Summary of species-specific miRNAs identified in N. benthamiana.

miRNA
Name Length MFEI Norm-L Norm-VL Nicotiana

benthamiana
Nicotiana
tabacum

Other
Species

Other
Paper

nmiR519-3p 21 1.3 268 262 Found Not found Not found Y
nmiR519-5p 21 1.3 1900 1471 Found Not found Not found Y

nmiR578-3p 21 1.4 0 312 Found Not found Not found Y
nmiR578-5p 21 1.4 112 825 Found Not found Not found Y

nmiR574-3p 21 1.2 94 93 Found Not found Not found Y
nmiR574-5p 21 1.2 654 275 Found Not found Not found Y

nmiR739-3p 22 1.3 819 5216 Found Not found Not found Y
nmiR739-5p 21 1.3 1058 10851 Found Not found Not found Y

Notes: MFEI: minimal free energy index; Norm-L: reads of miRNAs in L library used health N. benthamiana leaves as
samples after normalization of the signals using the locally weighted regression (LOWESS) filter; Norm-VL: reads of
miRNAs in VL library used BN1234-infected N. benthamiana leaves as samples after normalization of the signals
using the locally weighted regression (LOWESS) filter.

N. benthamiana and N. tabacum have their own species-specific miRNAs. N. benthamiana does not
have miR6144, miR6145, miR6146, miR6148, miR6154, and miR6159, which were originally designated
as lineage-specific miRNAs in genus Nicotiana [38,43,44,46–49] (Figure 2). They are species-specific
miRNAs in N. tabacum. These results indicate that plants with a phylogenetically close relationship,
such as N. benthamiana and N. tabacum [50], have their own distinct miRNAs.

3.3. Differential Expression Profile of miRNAs

The microarray analysis revealed that 129 miRNAs (signal > 500 and p-value < 0.1 in L or
VL libraries) were differentially regulated by at least a 1.5-fold change (FC) in BNYVV-infected
N. benthamiana leaves compared with the mock-inoculated control (|log2Ratio (VL/L)| > 0.6). Among
these miRNAs, 94 were induced and 35 were inhibited (Table S1).

To evaluate the reliability of the results generated by the microarray analysis, stem-loop quantitative
reverse-transcription Real-time PCR (qRT-PCR) was performed. We evaluated the expression
patterns of 11 known miRNAs (miR164, miR168, miR393, miR396, miR397, miR398-3P/5P, miR403,
miR408, miR6020, and miR6025) and four novel miRNAs (nmiR287-3p, nmiR578-5p, nmiR739-5p,
and nmiR768-5p). A high correlation (R2 = 0.85) was found between the stem-loop qRT-PCR and
microarray analysis (Figure 3a,b). Thus, the alterations in miRNA expression detected by the microarray
analysis could reflect the actual miRNA expression changes between mock- and BN1234-infected
plants. miRNAs were selectively regulated by BN1234 infection. For example, miR164, miR396,
miR319, and miR393 were inhibited, and miR168, miR390, miR393, miR397, and miR398 were induced
(Table S1).

During the processing of primary miRNA comprised of the miRNA-3p/miRNA-5p duplex, one of
them enters into the RNA-induced silencing complex (RISC) to modulate target gene expression; the other
one is degraded by an unclear mechanism, which is also called miRNA*. Among miRNAs/miRNAs*
obtained from this microarray analysis, the amount of miRNA* was lower than corresponding miRNA
in healthy N. benthamiana in contrast to the high accumulation of miRNAs* present in BN1234-infected
N. benthamiana, regardless of the expression of their corresponding miRNAs changes (Figure S5).
These results suggested that BN1234 infection may interfere with miRNA synthesis pathways through
changing the expression of some miRNAs or impacting miRNA/miRNA* duplex stabilization.
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Figure 3. Differentially expressed miRNAs and their putative targets in mock- and BN1234-infected
N. benthamiana. (a) Validation of the relative expression levels of selected miRNAs in response to
BN1234, as determined by stem-loop quantitative real-time PCR (qRT-PCR) (gray), and microarray
analysis (black). (b) Correlation of the expression ratio of selected miRNAs measured by stem-loop
qRT-PCR and microarray analysis. (c) Validation of the relative expression levels of selected targets in
response to BN1234, as determined by qRT-PCR (gray) and RNA-Seq (black) [10]. (d) Correlation of
the expression ratio of selected targets measured by qRT-PCR and RNA-Seq [10]. EF1A was used as
the internal reference control. The experiments were independently repeated three times; error bars
represent the standard error of the mean (n = 3).

3.4. Differential Expression of Target Genes of BN1234-Responsive miRNAs

To investigate the potential regulatory roles of the detected BN1234-responsive miRNAs,
the miRNA targets were annotated by standard settings of psRNATarget [34] with a maximum
expectation value 3.0 using the genome of N. benthamiana as a reference, and 645 targets were obtained
(Table S2). Our results consistently revealed that plant-conserved miRNAs regulate similar targets across
various species [51], such as miR156 targets the Squamosal promoter-binding-like gene, and miR162′s
endoribonuclease Dicer homolog 1 and miR393′s transport inhibitor response 1. The expression pattern
of 11 targets of eight miRNAs was examined by qRT-PCR, followed by comparison with the results
of transcriptome sequencing about mock-Vs BN1234-inoculated plants, as reported previously [10].
The results showed a high correlation (R2 = 0.8313) between qRT-PCR and transcriptome sequencing
(Figure 3c,d). These results suggested that the alterations in target expression are correlated with the
changes in miRNAs during BNYVV infection, and the differential expression of these miRNAs are
consistent with the results of transcriptome sequencing as performed previously [10].

In BN1234-infected N. benthamiana, miR393, miR397, miR398, and miR408 were induced, and their
targets were inhibited correspondingly. Similarly, miR164 and miR6025 were inhibited, and their



Viruses 2020, 12, 310 9 of 22

targets were induced correspondingly. However, we noted that miR396 and their targets were all
down-regulated; miR168 was up-regulated, and its target expression level did not change significantly,
which might be due to the selective regulation of some miRNAs and their targets by BNYVV infection.
Gene ontology (GO) analysis was performed, and these target genes involve 78 items, including
“response to hormone” and “lignin catabolic process” (Figure 4a). The hormone signaling pathway
plays an important regulatory role in the growth and development of plants. Studies showed that plant
virus-induced symptoms are related to hormone dysfunction. For example, the stunting symptom in
RSV-infected rice was induced by inhibiting synthesis of GA and IAA [24,25]. We then analyzed the
target genes involved in the hormone signaling pathway. The results showed miR160 was up-regulated
and its target genes ARF17/18 were inhibited in BNYVV-infected N. benthamiana leaves (Figure 4b,c).
Previous studies have shown that the differential expression of miR167 and its target genes is related to
the development of floral organs [52]. The alterations in miR167 and its target genes, during BNYVV
infection, as mentioned above, suggested their potential roles in mediating the developmental defects
in floral organs during BNYVV infection (Figure 1). A similar case was also observed for miR393, which
targets the transport inhibitor response protein (TIR) and other auxin response factors (ARFs) [53].
The upregulation of miR393 during BNYVV infection may also contribute to the stunting and the
development defects in root and floral organ (Figure 1).
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Figure 4. Gene ontology (GO) analysis of the predicted miRNA target genes and expression pattern of
two signaling pathways that may contribute to the symptom induction by BNYVV. (a) GO analysis of
predicted targets of differentially expressed miRNAs; (b) the expression changes of auxin signaling
pathway caused by BNYVV infection; (c) the expression pattern of genes belonging to the auxin
signaling pathway from transcriptome analysis, and IAA synthetic gene YUCCA from qRT-PCR
analysis of mock- and BN1234-infected N. benthamiana. (d) The expression pattern of genes that function
in lignin biosynthesis pathway. * represents the differential expression of this gene could significantly
change the content of lignin [54–60].
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ASB, Anthranilic acid synthase; APT, anthranilate phosphoribosyl transferase; PAI,
phosphoribosyl-lanthranilate isomerase 1; IGS, indole-3-glycerolphosphatesynthase; TSA, tryptophan
synthase α chain; TSB, tryptophan synthase β-subunit 1; YUCCA, flavin monooxygenase-like
enzyme (FMO); the YUCCA gene is a rate-limiting enzyme in the auxin biosynthesis pathway.
PAL, phenylalanine-ammonialyase; F5H, Ferulate-5-hydroxylase; C4H, Cinnamate-4-hydroxylase;
CCoAOMT, Caffeoyl-CoA O-methyltransferase; 4CL, 4-hydroxycinnamoy-CoA ligase; CCR,
Cinnamoyl-CoA reductase; CAD, Cinnamyl-alcohol dehydrogenase; DIR, dirigent-like protein.

In addition, miR397 was induced, and its target gene, LAC11, was significantly reduced in
BNYVV-infected N. benthamiana (Figure 3). LAC11 encodes the laccase that catalyzes the oxidation
of lignin monomers into polymers at cell wall, and participates in the formation of cell walls [61].
To investigate the function of the down-regulation of LAC11 in the symptom induction during BNYVV
infection, Tobacco rattle virus -induced gene silencing (VIGS) was used for knocking down LAC11,
and the phenotype of VIGS-treated plants was monitored. The results showed that silencing of LAC11
considerably inhibited plant apical meristem growth in comparison to the TRV:mCherry-inoculated
control plants, because silencing of LAC11 inhibited the growth of new upper leaves (see the leaves
indicated by the yellow arrowheads inset Figure 5a). qRT-PCR confirmed that the expression of LAC11
was significantly down-regulated at 14 days post infiltration (Figure 5b). Therefore, these results
suggested that an association exists in the up-regulation of miR397 and subsequent down-regulation
of its target genes with the appearance of stunting symptoms in BN1234-infected N. benthamiana.

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

1.4

LAC11 GRF3 GRF1 T-164-1 NAM

R
el

at
iv

e 
ex

pr
es

si
on

PDS                   mCherry             LAC11(a)

mCherry               GRF1         mCherry GRF1  
(d)

mCherry     GRF3                mCherry               GRF3        mCherry   GRF3 

mCherry                T-164-1         mCherry T-164-1 (c)

mCherry                   NAM          mCherry NAM

TRV: mCherry

TRV: X

(b)

Figure 5

Figure 5. The phenotypes of silencing of the LAC11, GRF1, and GRF3 genes at 14 days post-inoculation
(dpi). (a) Silencing of LAC11 inhibited the formation of new upper leaves; N. benthamiana plants
agroinfiltrated with TRV:mCherry showed no obvious abnormality at 14 dpi. In contrast, silencing
of LAC11 led to the pronounced inhibition of plant apical meristem growth (see the leaves indicated
by the yellow arrowheads). (b) qRT-PCR analysis confirmed the silencing of these target genes as
described in (a,c,d). (c) Silencing of T-164-1 interfered with the growth of apical meristems, and there
were no obvious phenotypes in TRV:NAM-inoculated plants. NAM and T-164-1 are two different
genes of NAC (NAM/ATAF/CUC) gene family. (c) Silencing of GRF1 caused the dwarf symptom and
inhibited the growth of leaves; TRV:mCherry- and TRV:PDS (phytoene desaturase gene)-inoculated
N. benthamiana served as the negative, and positive controls, respectively.
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3.5. miRNAs-Targeted Genes Involved in Hormone Signaling Function in the Symptom Induction of BNYVV

BNYVV caused leaf curling and stunting in N. benthamiana. As plant hormones play an important
regulatory role in plant growth and development, we analyzed the effect of the miRNAs involved in
the hormone signaling pathway on the formation of symptoms during BNYVV infection.

3.5.1. BN1234 Infection Interferes with miR164-NACs-ETH Pathway

BNYVV infection induces the ethylene signaling pathway. The ethylene biosynthetic pathway
is methionine (Met)-S-methionine (SAM)-1-amino cyclopropane-1-carboxylic acid (ACC)-ethylene
(Figure 6a), which involves S-adenosylmethionine synthetase (SAMS), ACC synthetase (ACS), and ACC
oxidase (ACO) [62]. The transcriptome sequencing results showed that the expression of SAMS was
almost unchanged, ACS and ACO both increased, which is consistent with the upregulation of
EIN2, EIN3, and ERFs in BNYVV-infected N. benthamiana [63]. In addition, PR-10, the ethylene
response factor (Figure S6), was up-regulated to alleviate the senescence symptoms caused by
increased-content ethylene, which also supported that BNYVV RNA4 infection induced ethylene
biosynthesis (Figure 6b) [9,64].Viruses 2020, 12, 310 12 of 21 
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Figure 6. The changes in ethylene and gibberellin signal pathways caused by BN1234 infection.
The expression pattern of genes involved in (a,b) ethylene signal pathway and (c,d) gibberellin signal
pathway from transcriptome analysis, except GA20-OX, which was identified from qRT-PCR analysis
of mock- and BN1234-inoculated N. benthamiana.
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The miR164 down-regulated by BNYVV infection may positively regulate apical meristem growth.
miR164 expression decreased and its target gene, T-164-1 (NAC21/22), was significantly induced in
BNYVV-infected N. benthamiana. TRV-induced gene silencing (VIGS) was used to investigate the
function of T-164-1, and TRV:mCherry- or TRV:NAM-inoculated plants were used as the negative
control. NAM and T-164-1 (NAC21/22) are proteins of NAC family. The results showed that the growth
of plant apical meristem appeared normal in TRV:mCherry-inoculated and TRV:NAM-inoculated
plants. In contrast, silencing of T-164-1 (NAC21/22) significantly inhibited the growth of plant apical
meristem, and enhanced lateral bud growth (Figure 5c). qRT-PCR confirmed that the expression
of T-164-1 and NAM were significantly down-regulated at 14 dpi (Figure 5b). Thus, these results
suggested that BN1234 represses the expression of miR164, which may compromise the inhibition
effect caused by some other genes, such as miR397-LACs, thus maintaining the apical meristem growth
to some extent.

3.5.2. BN1234 Infection Changed miR396-GRFs-GA Pathway

BN1234 infection inhibited the gibberellin (GA) synthesis and signal transduction pathway. GA is a
kind of terpenoid, and geranyl pyrophosphate and isopentenyl pyrophosphate are the most important
precursor compounds for gibberellin biosynthesis (Figure 6c) [65]. Isopentenyl pyrophosphate:
dimethylallyl pyrophosphate isomerase (IDS) and geranylgeranyl pyrophosphate synthase (GGPPS)
were inhibited by RNA4 from BNYVV. GA20-oxidase, which catalyzes the conversion of inactive GA12
into active form, decreased, and GA2-oxidase, which catalyzes the conversion of active GA9/GA20 and
GA4/GA1 into inactive GA51/GA29 and GA34/GA8, increased [66]. Therefore, the biosynthesis of the
active form of GA was inhibited, but the degradation was enhanced in BNYVV-infected N. benthamiana.
DELLA protein, a suppressor in GA signal transduction pathway, was induced (Figure 6d), which
is consistent with results described previously [10]. In summary, these results indicated that the GA
synthesis and signal transduction pathway is negatively regulated by BNYVV infection.

GRF1 is the responsive gene of the GA pathway [67]. The GA signal pathway was inhibited,
and the expression of GRF1 was down-regulated in BN1234-infected N. benthamiana (Figure 3c).
Compared with TRV:mCherry- and TRV:GRF3-treated plants, silencing GRF1 significantly inhibited
the elongation of the stem and caused the dwarf symptom (Figure 5d,b). Altogether, these results
suggested that the down-regulation of GA-GRF1 pathway is strongly correlated with the formation of
dwarf symptoms during BNYVV infection.

3.6. miR168 and miR398 Induction Commonly Occurred During Plant–Virus Interaction

One of the main attributes of plants is the activation of a defense response against virus infection,
including oxygen burst, induced synthesis of pathogenesis-related proteins, and so on; most plant
viruses have viral suppressors of RNA silencing (VSRs) to counteract the host RNA silencing defense
response. To investigate whether some commonalities exist in the microRNAome of plants during
the interplay between plants and viruses, a comparison of our data with 28 other previously reported
plant–virus combinations indicated that miR168 and miR398 are up-regulated in a variety of plants
during infection with different viruses (Table 2).
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Table 2. The expression of miR168 and miR398 in different plants during virus infections.

Plant Virus Viral Suppressor of
RNA Silencing miR168 miR398 Reference

Nicotiana benthamiana

BBSV - ↓ - [31]

Cym19Stop - ↓ - [68]

CymRSV p19 ↑ - [68]

BNYVV p14+p31 ↑ ↑ Figure 3a

ACMV AC4 ↑ ↑ [69]

CLCuMV+B AC4 ↑ - [69]

CbLCuV AC4 ↑ ↑ [69]

TYLCV V2 ↑ - [69]

TYLCCNV+B βC1 ↑ ↑ [43]

TMV Replicase large subunit ↑ ↑ [44]

TCV p38 ↑ - [68]

PVX p25 ↑ ↑ [49,70]

TEV Hc-Pro ↑ - [68]

PVY Hc-Pro ↑ ↑ [71]

Nicotiana tabacum
PVX P25 ↑ - [49]

CMV 2b ↑ - [49]

Arabidopsis thaliana

TMV Replicase large subunit ↑ ↑ [68,72]

TCV p38 ↑ - [73]

CMV 2b ↑ - [68]

RMV Replicase large subunit ↑ - [68]

Brassica rapa TuMV HC-pro ↑ ↑ [74]

Oryza sativa RBSDV unknown - ↑ [75]

Solanum lycopersicum PVX p25 ↑ - [68]

TMV Replicase large subunit ↑ - [68]

Medicago truncatula SHMV Replicase large subunit ↑ - [68]

Beta macrocarpa BNYVV p14+p31 ↑ - [7]

Chaenomeles sinensis PMeV unknown - ↑ [76]

Vitis vinifera GLRaV-3 unknown - ↑ [77]

Notes: BBSV: Beet black scorch virus; CymRSV: Cymbidium mosaic virus; BNYVV: Beet necrotic yellow vein virus; ACMV:
African cassava mosaec virus; CLCuMV: Cotton leaf curl Multan virus; CbLCuV: Cabbage leaf curl virus; TYLCV: Tomato
yellow leaf curl virus; TYLCCNV: Tomato yellow leaf curl China virus; TMV: Tobacco mosaic virus; TCV: Turnip crinkle
virus; PVX: Potato virus X; TEV: Tobacco etch virus; PVY: Potato virus Y; CMV: Cucumber mosaic virus; RMV: Ribbgrass
mosaic virus; TuMV: Turnip mosaic virus; RBSDV: Rice black-streaked dwarf virus; SHMV: Sun-hemp mosaic virus; PMeV:
Papaya meleira virus; GLRaV-3: Grapevine leafroll-associated virus 3; Cym19Stop is the CymRSV mutant virus which
is unable to express RNA silencing suppressor p19 CymRSV encoded; B: betasatellite; “↑” means up-regulated
expression; “↓” means down-regulated expression; “-” means that there is no silencing suppressor in the virus;
“/” means that there is no report in relevant literature.
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3.6.1. Induction of miR168 during Virus Infection May be Related to VSRs

miR168 was induced in N. benthamiana infected by BNYVV. Up-regulated miR168 was found in
22 other combinations of different plants and VSRs (Table 1). Two exceptions were found in N. benthamiana:
BBSV and CymRSVP19stop interactions. BBSV was not reported to encode a VSR, and a premature
stop codon was introduced into the CymRSV genome to inactivate the expression of p19 VSR
(CymRSVP19stop) [31,68].

The up-regulation of miR168 is not related to the host species and the mode in which
different VSRs act. For example, all the combinations of BNYVV–N. benthamiana/–Beta macrocarpa,
TCV–N. benthamiana/–Arabidopsis thaliana, and CMV–N. tabacum/–Solanum lycopersicum showed
induction of miR168, but these viruses encode different VSRs. P38 encoded by TCV disturbs DCL
by binding long dsRNAs (double-stranded RNAs); CMV-encoded 2b preferentially binds to siRNAs
(Small interfering RNAs) to interfere their loading into AGO1. βC1, the VSR of TYLCCNV, induces
the expression of endogenous suppressors of RNA silencing, Nicotiana benthamiana calmodulin-like
protein (Nbrgs-CaM), to fight against the host RNA-silencing-mediated defense [78–80].

Altogether, the upregulation of miR168 commonly occurs during plant–virus interactions, which
may be associated with the virus-encoded VSRs.

3.6.2. miR398 Induction During Plant–Virus Induction Could Trigger Plant Defense Response

Analysis of the differential expression of miRNAs in 12 combinations of plants and viruses
showed that miR398 was induced in all combinations (Table 1), irrespective of virus or plant species.
For example, the expression of miR398 is up-regulated in N. benthamiana infected by seven viruses and
in two different plants infected by TMV.

Umecyanin is one of targets of miR398 (T-398) in N. benthamiana [38,81] and is involved in redox
reactions occurring during primary defense responses in plants and/or in lignin formation. miR398
expression is up-regulated in N. benthamiana infected by BN1234, and the expression of the target
gene umecyanin was decreased (Figure 3a,c). To investigate the role of umecyanin in the process
of BNYVV infection, TRV-induced gene silencing (VIGS) was used to downregulate the expression
of umecyanin. The expression of umecyanin was investigated by qRT-PCR and the concentration
of O2

− and virus were detected at 6 dpi. NBT (nitroblue tetrazolium) or DAB (diaminobenzidine)
staining was performed to analyze the level of O2

− or H2O2. The results showed that the concentration
of O2

− was higher in plants when umecyanin was silenced (Figure 7a). Both umecyanin-silenced
and vector control plants were challenged with BN124 at 7 dpi. Western blot analysis showed that
the accumulation of BNYVV coat protein was lower in the systemic leaves of N. benthamiana with
silencing of umecyanin at 25 dpi in comparison to that bombarded with the empty vector control
(Figure 7b), indicating that silencing of miR398′s target gene umecyanin could enhance plant resistance
against viruses. qRT-PCR analysis confirmed that the umecyanin mRNA was significantly reduced in
TRV:umecyanin-inoculated plants, compared with TRV:mCherry-inoculated control plants (Figure 7c).
These results suggested that the induction of miR398 during BNYVV infection is favorable for the
activation of plant defense responses.
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Figure 7. Silencing of miR398′s target gene umecyanin enhances plant resistance against viruses, which
is related to the increased level of O2

−. (a) The level of O2
− was higher in TRV: umecyanin-treated

N. benthamiana than that of TRV:mCherry-treated plants. (b) Silencing of miR398′s target gene
umecyanin could enhance plant resistance against BNYVV; (c) qRT-PCR analysis was used to confirm
the silencing of umecyanin and the upregulation of PR-1 in TRV:umecyanin-inoculated N. benthamiana
plants. (d) The level of O2

− increased in different viruses-infected plants. (e) A proposed model for the
miR398- and O2

−-mediated plant defense against virus infection.
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4. Discussion

We performed microarray analysis using 1596 probes to investigate microRNAs of N. bethamiana
and their responses to BNYVV infection. A total of 388 miRNAs were identified with hybrid signal >500
in L or VL microarray library, and the phylogenetic analysis of the microRNAome of N. benthamiana
was performed in combination with data from previous reports. The results showed that there were
25 out of 34 miRNA families in Eudicotyledons, and the loss or low abundance of nine miRNAs
(miR530, miR535, miR536, miR2950, miR828, miR2111, miR3627, miR3630, and miR4414) might
be a common feature of plants in the Solanaceae. In addition, N. tabacum and N. benthamiana have
their own species-specific miRNAs. Eight species-specific miRNAs were obtained in N. benthamiana.
We identified 129 differentially expressed miRNAs by microarray analysis, and their targets were
predicted accordingly and analyzed.

Leaf curling, induction of stunting, and root and floral development defects are dependent on
the presence of BNYVV RNA4. Hormones play an important role in the growth and development of
plants. Therefore, a systematic correlation analysis was performed on the changes in the expression
of genes and miRNAs involved in hormone signaling pathways. Among them, IAA synthesis was
inhibited. miR160 and miR393, which participate in the IAA signaling pathway, were correspondingly
induced and ARFs were decreased accordingly. These factors may be associated with the defects in the
root and flower organs. The ethylene synthesis pathway was activated. Down-regulation of miR164
and up-regulation of NAC21/22 involved in the ethylene signal transduction pathway was observed
in BNYVV-infected leaves. miR164-NAC21/22, together with miR397-LACs, could regulate apical
meristem growth, and both factors might be associated with the formation of stunting phenotypes.
GA synthesis was inhibited, the expression of GA response factor GRF1 (one target of miR396) also
decreased, which may play a role in the formation of stunting symptoms. GRF1 is the target of
miR396. The expression of both GRF1 and miR396 in the plants infected with BNYVV was reduced
(Figure 3a,c), and the differential expression of these target genes did not appear to be negatively related
with their respective miRNAs. Previous studies also showed that no simple linear gene expression
regulatory mechanisms exist, but rather multi-faceted regulatory networks of varying complexity in
the miRNA396-GRF regulatory unit, and the GRF gene family is subject to a regulatory mechanism
that are independent of miR396 [82]. Therefore, the down-regulation of miR396 does not necessarily
result in the increase of GRF1 expression.

Our findings revealed that BNYVV infection induced ethylene biosynthesis but repressed GA
signal pathway in the infected N. benthamiana leaves, consistent with the results from transcriptome
analysis of BNYVV-infected N. benthamiana leaves reported previously [10]. However, Fernando
Gil et al. reported that the ethylene signal transduction pathway is strongly suppressed in the
BNYVV-infected root tissues of sugar beet [11], and neither B. macrocarpa nor B. vulgaris was reported
to show changes in the genes of the GA signal pathway during BNYVV-infection [7,11,12]. Instead,
the auxin response is predominantly regulated in both B. macrocarpa and B. vulgaris during BNYVV
infection [7,11,12], suggesting plant-species-specific hormonal responses to BNYVV. Notably, auxin
increased considerably in sugar beet roots after BNYVV infection [11,12], whereas in the leaves of
B. macrocarpa, the auxin response seems to be repressed, as evidenced by the upregulations of miR393
and consequent down-regulation of transport inhibitor response protein 1 [7]. Similarly, jasmonic acid
content was proposed to be increased in the BNYVV-infected leaves of Beta macrocarpa, due to the
down-regulation of miR319 that is involved in the JA biosynthesis pathway [7,22,83], but showed no
obvious alteration in the roots of both B. macrocarpa and B. vulgaris during BNYVV infection [11]. These
results implied that hormone signaling is regulated in a tissue-dependent manner during BNYVV
infection. Regardless of plant species or plant tissues, the activation of the plant defense signaling
including oxidative stress (e.g., Reactive oxygen species (ROS) response) and the up-regulation of
pathogenesis-related genes (e.g., PR-1) is frequently observed during BNYVV infection [7,11,12],
indicating a shared response to BNYVV infection aong phylogenetically-distant plant species. More
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studies need to be performed in the future to further illustrate how these distinct signaling pathways
are coordinately regulated during BNYVV infection.

The up-regulation of miR168 and miR398 may commonly occur in virus-infected plants.
The increased expression of miR168 may be related to VSRs, which are often primary pathogenicity
determinants of viruses. AGO1 is the target gene of miR168. The expression of miR168 was significantly
up-regulated in BNYVV-infected N. benthamiana. However, the differential expression of AGO1 mRNA
was not detected. Previous studies also reported that changes in the expression of miR168 and AGO1
mRNA are not always negatively correlated [84,85], Nevertheless, the decrease in the expression of
AGO1 protein could alleviate the host RNA-silencing-mediated defense to benefit for the infection of
the virus [68].

The up-regulated expression of miR398 may be associated with the primary defense response among
different plant species. Its target genes include umecyanin (in N. benthamiana) or Cu/Zn-superoxide
dismutases (CSDs) and a copper chaperone for both CSD1 and CSD2 (CCS) in Arabidopsis, which are all
related to the redox process in the activation of primary defense response of plants. The increased
expression of miR398 and the corresponding decreased expression of its target genes is favorable for the
activation of plant defense responses against virus infection, which could be reflected, at least to some
extent, by the enhanced systemic acquired resistance after knocking down the umecyanin expression.

O2
−, H2O2, and ·OH radicals are three main forms of reactive oxygen intermediates (ROI),

and play an important role in plant defense responses [86–90]. In plants, O2
− can be converted to

H2O2 spontaneously or in the presence of superoxide dismutase (SOD). O2
− reacts with H2O2 to

produce ·OH radicals via Fenton’s reactions. The accumulation of O2
− can promote the formation of

·OH radicals. The accumulation of O2
− causes the increase in other reactive oxygen intermediates.

High concentrations of reactive oxygen in plants might directly damage the nucleic acids of the virus
to inhibit the replication of the virus; conversely, it can activate the plant disease resistance system.
For example, PR-1 mRNA was induced in TRV:umecyanin-treated plants (Figure 7c).

The concentration of O2
− increased in TRV:umecyanin-treated N. benthamiana and csd1, csd2 and

ccs (target genes of miR398 of Arabidopsis) mutant Arabidopsis [37] (Figure 7a), consistent with the report
of Guan et al. [37]. O2

− was also induced in Beet black scorch virus-, Cucumber mosaic virus-, or Turnip
mosaic virus-infected N. benthamiana or Arabidopsis thaliana (Figure 7d). In summary, we proposed a
model where O2

− is activated during virus infection, and O2
− scavenging activity of plants is inhibited

due to increased expression of miR398. All the above factors directly or indirectly enhance the antiviral
response of plants (Figure 7e).

In this work, a regulatory module consisting of miRNAs, their corresponding target genes, and the
related signaling pathways was established, which strongly supports the functional involvement of
miRNAs in mediating the symptom production by BNYVV. Our results extend the current knowledge
of the mechanisms underlying BNYVV pathogenesis and are useful for the development of new
antiviral strategies to control BNYVV-induced plant diseases.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1999-4915/12/3/310/s1.

Author Contributions: J.L. conducted the experiments, analyzed the data, and wrote the manuscript. Y.Z. and
C.H. provided conceptual advice and edited the manuscript for important intellectual content. All authors
discussed the results and commented on the manuscript. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by National Natural Science Foundation of China, grant number 31872637
and the China Agriculture Research System, grant number CARS-170304. The APC was funded by National
Natural Science Foundation of China.

Acknowledgments: We thank Zong-Ying Zhang at China Agricultural University and Qian Wang at Tobacco
Research Institute of CAAS for their useful comments on this study.

Conflicts of Interest: The authors declare no conflict of interest.

http://www.mdpi.com/1999-4915/12/3/310/s1


Viruses 2020, 12, 310 18 of 22

References

1. Tamada, T.; Baba, T. Beet necrotic yellow vein virus from rizomania-affected sugar beet in Japan. Jpn. J. Phytopathol.
1973, 39, 325–332. [CrossRef]

2. Tamada, T.; Shirako, Y.; Abe, H.; Saito, M.; Kiguchi, T.; Harada, T. Production and pathogenicity of isolates of
Beet necrotic yellow vein virus with different numbers of RNA components. J. Gen. Virol. 1989, 70, 3399–3409.
[CrossRef]

3. Tamada, T.; Abe, H. Evidence that Beet necrotic yellow vein virus RNA-4 is essential for efficient transmission
by the fungus Polymyxa betae. J. Gen. Virol. 1989, 70, 3391–3398. [CrossRef]

4. Richards, K.E.; Tamada, T. Mapping functions on the multipartite genome of Beet necrotic yellow vein virus.
Annu. Rev. Phytopathol. 1992, 30, 291–313. [CrossRef]

5. McGrann, G.; Grimmer, M.; Mutasa-Gottgens, E.; Stevens, M. Progress towards the understanding and
control of sugar beet rhizomania disease. Mol. Plant Pathol. 2009, 10, 129–141. [CrossRef] [PubMed]

6. Rahim, M.D.; Andika, I.B.; Han, C.; Kondo, H.; Tamada, T. RNA4-encoded p31 of Beet necrotic yellow vein
virus is involved in efficient vector transmission, symptom severity and silencing suppression in roots. J. Gen.
Virol. 2007, 88, 1611–1619. [CrossRef] [PubMed]

7. Liu, J.Y.; Fan, H.Y.; Wang, Y.; Zhang, Y.L.; Li, D.W.; Yu, J.L.; Han, C.G. Characterization of microRNAs of
Beta macrocarpa and their responses to Beet necrotic yellow vein virus infection. PLoS ONE 2017, 12, e0186500.
[CrossRef]

8. Fan, H.Y.; Zhang, Y.L.; Sun, H.W.; Liu, J.Y.; Wang, Y.; Wang, X.B.; Li, D.W.; Yu, J.L.; Han, C.G. Transcriptome
analysis of Beta macrocarpa and identification of differentially expressed transcripts in response to Beet necrotic
yellow vein virus infection. PLoS ONE 2015, 10, e0132277. [CrossRef]

9. Wu, W.Q.; Fan, H.Y.; Jiang, N.; Wang, Y.; Zhang, Z.Y.; Zhang, Y.L.; Wang, X.B.; Li, D.W.; Yu, J.L.;
Han, C.G. Infection of Beet necrotic yellow vein virus with RNA4-encoded P31 specifically up-regulates
pathogenesis-related protein 10 in Nicotiana benthamiana. Virol. J. 2014, 11, 118. [CrossRef]

10. Fan, H.Y.; Sun, H.W.; Wang, Y.; Zhang, Y.L.; Wang, X.B.; Li, D.W.; Yu, J.L.; Han, C.G. Deep sequencing-based
transcriptome profiling reveals comprehensive insights into the responses of Nicotiana benthamiana to Beet
necrotic yellow vein virus infections containing or lacking RNA4. PLoS ONE 2014, 9, e85284. [CrossRef]

11. Fernando Gil, J.; Wibberg, D.; Eini, O.; Savenkov, E.I.; Varrelmann, M.; Liebe, S. Comparative transcriptome
analysis provides molecular insights into the interaction of Beet necrotic yellow vein virus and Beet soil-borne
mosaic virus with their host sugar beet. Viruses 2020, 12, 76. [CrossRef] [PubMed]

12. Schmidlin, L.; De Bruyne, E.; Weyens, G.; Lefebvre, M.; Gilmer, D. Identification of differentially expressed
root genes upon rhizomania disease. Mol. Plant Pathol. 2008, 9, 741–751. [CrossRef] [PubMed]

13. Griffiths-Jones, S.; Saini, H.; van Dongen, S.; Enright, A. miRBase: Tools for microRNA genomics. Nucleic Acids
Res. 2008, 36, D154–D158. [CrossRef] [PubMed]

14. Xie, Z.; Allen, E.; Fahlgren, N.; Calamar, A.; Givan, S.A.; Carrington, J.C. Expression of Arabidopsis MIRNA
genes. Plant Physiol. 2005, 138, 2145–2154. [CrossRef] [PubMed]

15. Kim, Y.; Zheng, B.; Yu, Y.; Won, S.; Mo, B.; Chen, X. The role of mediator in small and long noncoding RNA
production in Arabidopsis thaliana. EMBO J. 2011, 30, 814–822. [CrossRef] [PubMed]

16. Zhang, B.; Wang, Q. MicroRNA-based biotechnology for plant improvement. J. Cell. Physiol. 2015, 230, 1–15.
[CrossRef]

17. Rogers, K.; Chen, X. Biogenesis, turnover, and mode of action of plant microRNAs. Plant Cell 2013, 25,
2383–2399. [CrossRef]

18. Poethig, R. Small RNAs and developmental timing in plants. Curr. Opin. Genet. Dev. 2009, 19, 374–378.
[CrossRef]

19. Fornara, F.; Coupland, G. Plant phase transitions make a SPLash. Cell 2009, 138, 625–627. [CrossRef]
20. Li, Z.; Peng, J.; Wen, X.; Guo, H. Ethylene-insensitive 3 is a senescence-associated gene that accelerates

age-dependent leaf senescence by directly repressing miR164 transcription in Arabidopsis. Plant Cell 2013, 25,
3311–3328. [CrossRef]

21. Yang, J.; Zhang, F.; Li, J.; Chen, J.; Zhang, H. Integrative analysis of the microRNAome and transcriptome
illuminates the response of susceptible rice plants to Rice stripe virus. PLoS ONE 2016, 11, e0146946. [CrossRef]
[PubMed]

http://dx.doi.org/10.3186/jjphytopath.39.325
http://dx.doi.org/10.1099/0022-1317-70-12-3399
http://dx.doi.org/10.1099/0022-1317-70-12-3391
http://dx.doi.org/10.1146/annurev.py.30.090192.001451
http://dx.doi.org/10.1111/j.1364-3703.2008.00514.x
http://www.ncbi.nlm.nih.gov/pubmed/19161359
http://dx.doi.org/10.1099/vir.0.82720-0
http://www.ncbi.nlm.nih.gov/pubmed/17412994
http://dx.doi.org/10.1371/journal.pone.0186500
http://dx.doi.org/10.1371/journal.pone.0132277
http://dx.doi.org/10.1186/1743-422X-11-118
http://dx.doi.org/10.1371/journal.pone.0085284
http://dx.doi.org/10.3390/v12010076
http://www.ncbi.nlm.nih.gov/pubmed/31936258
http://dx.doi.org/10.1111/j.1364-3703.2008.00498.x
http://www.ncbi.nlm.nih.gov/pubmed/19019003
http://dx.doi.org/10.1093/nar/gkm952
http://www.ncbi.nlm.nih.gov/pubmed/17991681
http://dx.doi.org/10.1104/pp.105.062943
http://www.ncbi.nlm.nih.gov/pubmed/16040653
http://dx.doi.org/10.1038/emboj.2011.3
http://www.ncbi.nlm.nih.gov/pubmed/21252857
http://dx.doi.org/10.1002/jcp.24685
http://dx.doi.org/10.1105/tpc.113.113159
http://dx.doi.org/10.1016/j.gde.2009.06.001
http://dx.doi.org/10.1016/j.cell.2009.08.011
http://dx.doi.org/10.1105/tpc.113.113340
http://dx.doi.org/10.1371/journal.pone.0146946
http://www.ncbi.nlm.nih.gov/pubmed/26799317


Viruses 2020, 12, 310 19 of 22

22. Zhang, C.; Ding, Z.M.; Wu, K.C.; Yang, L.; Li, Y.; Yang, Z.; Shi, S.; Liu, X.; Zhao, S.; Yang, Z.; et al.
Suppression of jasmonic acid-mediated defense by viral-inducible microRNA319 facilitates virus infection in
rice. Mol. Plant 2016, 9, 1302–1314. [CrossRef] [PubMed]

23. Jay, F.; Wang, Y.; Yu, A.; Taconnat, L.; Pelletier, S.; Colot, V.; Renou, J.; Voinnet, O. Misregulation of
auxin response factor 8 underlies the developmental abnormalities caused by three distinct viral silencing
suppressors in Arabidopsis. PLoS Pathog. 2011, 7, e1002035. [CrossRef] [PubMed]

24. Jin, L.; Qin, Q.Q.; Wang, Y.; Pu, Y.Y.; Liu, L.F.; Wen, X.; Ji, S.Y.; Wu, J.G.; Wei, C.H.; Ding, B.; et al. Rice dwarf
virus P2 protein hijacks auxin signaling by directly targeting the rice OsIAA10 protein, enhancing viral
infection and disease development. PLoS Pathog. 2016, 12, e1005847. [CrossRef]

25. Zhu, S.F.; Gao, F.; Cao, X.S.; Chen, M.; Ye, G.Y.; Wei, C.H.; Li, Y. The Rice dwarf virus P2 protein interacts
with ent-kaurene oxidases in vivo, leading to reduced biosynthesis of gibberellins and rice dwarf symptoms.
Plant Physiol. 2005, 139, 1935–1945. [CrossRef]

26. Rodriguez, M.; Conti, G.; Zavallo, D.; Manacorda, C.; Asurmendi, S. TMV-Cg coat protein stabilizes DELLA
proteins and in turn negatively modulates salicylic acid-mediated defense pathway during Arabidopsis
thaliana viral infection. BMC Plant Biol. 2014, 14, 210. [CrossRef]

27. Padmanabhan, M.S.; Goregaoker, S.P.; Golem, S.; Shiferaw, H.; Culver, J.N. Interaction of the Tobacco mosaic
virus replicase protein with the Aux/IAA protein PAP1/IAA26 is associated with disease development. J. Virol.
2005, 79, 2549–2558. [CrossRef]

28. Padmanabhan, M.; Kramer, S.; Wang, X.; Culver, J. Tobacco mosaic virus replicase-auxin/indole acetic acid
protein interactions: Reprogramming the auxin response pathway to enhance virus infection. J. Virol. 2008,
82, 2477–2485. [CrossRef]

29. Hoagland, D.R.; Arnon, D.I. The water-culture method for growing plants without soil. Circular. Calif. Agric.
Exp. Stn. 1950, 347, 32.

30. Wang, Y.; Fan, H.Y.; Wang, X.B.; Li, M.; Han, C.G.; Li, D.W.; Yu, J.L. Detection and characterization of
spontaneous internal deletion mutants of Beet necrotic yellow vein virus RNA3 from systemic host Nicotiana
benthamiana. Virol. J. 2011, 8, 335. [CrossRef]

31. Xu, J.; Liu, D.S.; Zhang, Y.L.; Wang, Y.; Han, C.G.; Li, D.W.; Yu, J.L.; Wang, X.B. Improved pathogenicity of a
Beet black scorch virus variant by low temperature and co-infection with its satellite RNA. Front. Microbiol.
2016, 7, 1771. [CrossRef] [PubMed]

32. Bombarely, A.; Rosli, H.G.; Vrebalov, J.; Moffett, P.; Mueller, L.A.; Martin, G.B. A draft genome sequence of
Nicotiana benthamiana to enhance molecular plant-microbe biology research. Mol. Plant Microbe Interact. 2012,
25, 1523–1530. [CrossRef] [PubMed]

33. Li, T.; Chen, J.; Qiu, S.; Zhang, Y.; Wang, P.; Yang, L.; Lu, Y.; Shi, J. Deep sequencing and microarray
hybridization identify conserved and species-specific microRNAs during somatic embryogenesis in hybrid
yellow poplar. PLoS ONE 2012, 7, e43451. [CrossRef]

34. Dai, X.; Zhao, P. psRNATarget: A plant small RNA target analysis server. Nucleic Acids Res. 2011, 39,
W155–W159. [CrossRef]

35. Chen, C.; Ridzon, D.; Broomer, A.; Zhou, Z.; Lee, D.; Nguyen, J.; Barbisin, M.; Xu, N.; Mahuvakar, V.;
Andersen, M.; et al. Real-time quantification of microRNAs by stem-loop RT-PCR. Nucleic Acids Res. 2005,
33, e179. [CrossRef] [PubMed]

36. Liu, Y.L.; Schiff, M.; Dinesh-Kumar, S.P. Virus-induced gene silencing in tomato. Plant J. 2002, 31, 777–786.
[CrossRef]

37. Guan, Q.; Lu, X.; Zeng, H.; Zhang, Y.; Zhu, J. Heat stress induction of miR398 triggers a regulatory loop that
is critical for thermotolerance in Arabidopsis. Plant J. 2013, 74, 840–851. [CrossRef]

38. Baksa, I.; Nagy, T.; Barta, E.; Havelda, Z.; Várallyay, É.; Silhavy, D.; Burgyán, J.; Szittya, G. Identification
of Nicotiana benthamiana microRNAs and their targets using high throughput sequencing and degradome
analysis. BMC Genom. 2015, 16, 1025. [CrossRef]

39. Montes, R.A.; Rosascárdenas, D.F.; Paoli, E.D.; Accerbi, M.; Rymarquis, L.A.; Mahalingam, G.;
Marsch-Martínez, N.; Marsch-Martínez, N.; Meyers, B.C.; Green, P.J.; et al. Sample sequencing of vascular plants
demonstrates widespread conservation and divergence of microRNAs. Nat. Commun. 2014, 5, 3722. [CrossRef]

40. Cuperus, J.T.; Fahlgren, N.; Carrington, J.C. Evolution and functional diversification of MIRNA genes.
Plant Cell 2011, 23, 431–442. [CrossRef]

http://dx.doi.org/10.1016/j.molp.2016.06.014
http://www.ncbi.nlm.nih.gov/pubmed/27381440
http://dx.doi.org/10.1371/journal.ppat.1002035
http://www.ncbi.nlm.nih.gov/pubmed/21589905
http://dx.doi.org/10.1371/journal.ppat.1005847
http://dx.doi.org/10.1104/pp.105.072306
http://dx.doi.org/10.1186/s12870-014-0210-x
http://dx.doi.org/10.1128/JVI.79.4.2549-2558.2005
http://dx.doi.org/10.1128/JVI.01865-07
http://dx.doi.org/10.1186/1743-422X-8-335
http://dx.doi.org/10.3389/fmicb.2016.01771
http://www.ncbi.nlm.nih.gov/pubmed/27867378
http://dx.doi.org/10.1094/MPMI-06-12-0148-TA
http://www.ncbi.nlm.nih.gov/pubmed/22876960
http://dx.doi.org/10.1371/journal.pone.0043451
http://dx.doi.org/10.1093/nar/gkr319
http://dx.doi.org/10.1093/nar/gni178
http://www.ncbi.nlm.nih.gov/pubmed/16314309
http://dx.doi.org/10.1046/j.1365-313X.2002.01394.x
http://dx.doi.org/10.1111/tpj.12169
http://dx.doi.org/10.1186/s12864-015-2209-6
http://dx.doi.org/10.1038/ncomms4722
http://dx.doi.org/10.1105/tpc.110.082784


Viruses 2020, 12, 310 20 of 22

41. Taylor, R.S.; Tarver, J.E.; Hiscock, S.J.; Donoghue, P.C.J. Evolutionary history of plant microRNAs. Trends Plant
Sci. 2014, 19, 175–182. [CrossRef]

42. Yin, H.; Fan, Z.; Li, X.; Wang, J.; Liu, W.; Wu, B.; Ying, Z.; Liu, L.; Liu, Z.; Li, J. Phylogenetic tree-informed
microRNAome analysis uncovers conserved and lineage-specific miRNAs in Camellia during floral organ
development. J. Exp. Bot. 2016, 67, 2641–2653. [CrossRef] [PubMed]

43. Zhang, R.; Marshall, D.; Bryan, G.; Hornyik, C. Identification and characterization of miRNA transcriptome
in potato by high-throughput sequencing. PLoS ONE 2013, 8, e57233. [CrossRef]

44. Xiao, B.G.; Yang, X.; Ye, C.Y.; Liu, Y.; Yan, C.H.; Wang, Y.; Lu, X.P.; Li, Y.P.; Fan, L.J. A diverse set of miRNAs
responsive to begomovirus-associated betasatellite in Nicotiana benthamiana. BMC Plant Biol. 2014, 14, 60.
[CrossRef] [PubMed]

45. Yin, K.; Tang, Y.; Zhao, J. Genome-wide characterization of miRNAs involved in N gene-mediated immunity
in response to Tobacco mosaic virus in Nicotiana benthamiana. Evol. Bioinform. Online 2015, 11, 1–11. [CrossRef]
[PubMed]

46. Yin, F.Q.; Gao, J.; Liu, M.; Qin, C.; Zhang, W.Y.; Yang, A.G.; Xia, M.Z.; Zhang, Z.M.; Shen, Y.O.; Lin, H.J.; et al.
Genome-wide analysis of water-stress-responsive microRNA expression profile in tobacco roots. Funct. Integr.
Genom. 2014, 14, 319–332. [CrossRef]

47. Gao, J.; Yin, F.; Liu, M.; Luo, M.; Qin, C.; Yang, A.; Yang, S.; Zhang, Z.; Shen, Y.; Lin, H.; et al. Identification
and characterisation of tobacco microRNA transcriptome using high-throughput sequencing. Plant Biol.
2015, 17, 591–598. [CrossRef]

48. Frazier, T.; Burklew, C.; Zhang, B. Titanium dioxide nanoparticles affect the growth and microRNA expression
of tobacco (Nicotiana tabacum). Funct. Integr. Genom. 2014, 14, 75–83. [CrossRef]

49. Lang, Q.; Jin, C.; Lai, L.; Feng, J.; Chen, S.; Chen, J. Tobacco microRNAs prediction and their expression
infected with Cucumber mosaic virus and Potato virus X. Mol. Biol. Rep. 2011, 38, 1523–1531. [CrossRef]

50. Fahlgren, N.; Jogdeo, S.; Kasschau, K.; Sullivan, C.; Chapman, E.; Laubinger, S.; Smith, L.; Dasenko, M.;
Givan, S.; Weigel, D.; et al. MicroRNA gene evolution in Arabidopsis lyrata and Arabidopsis thaliana. Plant Cell
2010, 22, 1074–1089. [CrossRef]

51. Gu, W.; Wang, X.; Zhai, C.; Xie, X.; Zhou, T. Selection on synonymous sites for increased accessibility around
miRNA binding sites in plants. Mol. Biol. Evol. 2012, 29, 3037–3044. [CrossRef] [PubMed]

52. Luo, Y.; Guo, Z.; Li, L. Evolutionary conservation of microRNA regulatory programs in plant flower
development. Dev. Biol. 2013, 380, 133–144. [CrossRef] [PubMed]

53. Li, S.; Xie, Z.; Hu, C.; Zhang, J. A review of auxin response factors (ARFs) in plants. Front. Plant Sci. 2016, 7,
47. [CrossRef] [PubMed]

54. Reddy, J.; Korth, K.; Wesley, S.; Howles, P.; Rasmussen, S.; Lamb, C.; Dixon, R. Post-transcriptional regulation
of phenylalanine ammonia-lyase expression in tobacco following recovery from gene silencing. Biol. Chem.
2000, 381, 655–665. [CrossRef] [PubMed]

55. Chen, H.; Jiang, H.; Morgan, J. Non-natural cinnamic acid derivatives as substrates of cinnamate 4-hydroxylase.
Phytochemistry 2007, 68, 306–311. [CrossRef] [PubMed]

56. Liang, H.Y.; Xia, X.Y.; Feng, X.S. UGPase and anti-sense 4CL and their regulation of synthesis of lignin and
cellulose in transgenic tobacco (Nicotiana tabacum L.). Plant Physiol. Commun. 2006, 42, 1067–1072.

57. Zhong, R.; Morrison, W.; Negrel, J.; Ye, Z.H. Dual methylation pathways in lignin biosynthesis. Plant Cell
1998, 10, 2033–2046. [CrossRef]

58. Piquemal, J.; Lapierre, C.; Myton, K.; O’connell, A.; Schuch, W.; Grima-pettenati, J.; Boudet, A.-M.
Down-regulation of cinnamoyl-CoA reductase induces significant changes of lignin profiles in transgenic
tobacco plants. Plant J. 1998, 13, 71–83. [CrossRef]

59. Halpin, C.; Knight, M.E.; Foxon, G.A.; Campbell, M.M.; Boudet, A.M.; Boon, J.J.; Chabbert, B.; Tollier, M.-T.;
Schuch, W. Manipulation of lignin quality by downregulation of cinnamyl alcohol dehydrogenase. Plant J.
1994, 6, 339–350. [CrossRef]

60. Davin, L.; Lewis, N. Dirigent proteins and dirigent sites explain the mystery of specificity of radical precursor
coupling in lignan and lignin biosynthesis. Plant Physiol. 2000, 123, 453–462. [CrossRef]

61. Ranocha, P.; Chabannes, M.; Chamayou, S.; Danoun, S.; Jauneau, A.; Boudet, A.; Goffner, D. Laccase
down-regulation causes alterations in phenolic metabolism and cell wall structure in poplar. Plant Physiol.
2002, 129, 145–155. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.tplants.2013.11.008
http://dx.doi.org/10.1093/jxb/erw095
http://www.ncbi.nlm.nih.gov/pubmed/26951373
http://dx.doi.org/10.1371/journal.pone.0057233
http://dx.doi.org/10.1186/1471-2229-14-60
http://www.ncbi.nlm.nih.gov/pubmed/24618068
http://dx.doi.org/10.4137/EBO.S20744
http://www.ncbi.nlm.nih.gov/pubmed/25673968
http://dx.doi.org/10.1007/s10142-014-0365-4
http://dx.doi.org/10.1111/plb.12275
http://dx.doi.org/10.1007/s10142-013-0341-4
http://dx.doi.org/10.1007/s11033-010-0260-6
http://dx.doi.org/10.1105/tpc.110.073999
http://dx.doi.org/10.1093/molbev/mss109
http://www.ncbi.nlm.nih.gov/pubmed/22490819
http://dx.doi.org/10.1016/j.ydbio.2013.05.009
http://www.ncbi.nlm.nih.gov/pubmed/23707900
http://dx.doi.org/10.3389/fpls.2016.00047
http://www.ncbi.nlm.nih.gov/pubmed/26870066
http://dx.doi.org/10.1515/BC.2000.086
http://www.ncbi.nlm.nih.gov/pubmed/11030423
http://dx.doi.org/10.1016/j.phytochem.2006.10.018
http://www.ncbi.nlm.nih.gov/pubmed/17141284
http://dx.doi.org/10.1105/tpc.10.12.2033
http://dx.doi.org/10.1046/j.1365-313X.1998.00014.x
http://dx.doi.org/10.1046/j.1365-313X.1994.06030339.x
http://dx.doi.org/10.1104/pp.123.2.453
http://dx.doi.org/10.1104/pp.010988
http://www.ncbi.nlm.nih.gov/pubmed/12011346


Viruses 2020, 12, 310 21 of 22

62. Chae, H.; Kieber, J. Eto Brute. Role of ACS turnover in regulating ethylene biosynthesis. Trends Plant Sci.
2005, 10, 291–296. [CrossRef] [PubMed]

63. Kendrick, M.; Chang, C. Ethylene signaling: New levels of complexity and regulation. Curr. Opin. Plant Biol.
2008, 11, 479–485. [CrossRef] [PubMed]

64. Wu, L.; Ma, N.; Jia, Y.; Zhang, Y.; Feng, M.; Jiang, C.; Ma, C.; Gao, J. An ethylene-induced regulatory module
delays flower senescence by regulating cytokinin content. Plant Physiol. 2017, 173, 853–862. [CrossRef]

65. Hedden, P.; Proebsting, W.M. Genetic analysis of gibberellin biosynthesis. Plant Physiol. 1999, 119, 365–370.
[CrossRef]

66. Sakamoto, T.; Miura, K.; Itoh, H.; Tatsumi, T.; Ueguchi-Tanaka, M.; Ishiyama, K.; Kobayashi, M.; Agrawal, G.;
Takeda, S.; Abe, K.; et al. An overview of gibberellin metabolism enzyme genes and their related mutants in
rice. Plant Physiol. 2004, 134, 1642–1653. [CrossRef]

67. van der Knaap, E.; Kim, J.; Kende, H. A novel gibberellin-induced gene from rice and its potential regulatory
role in stem growth. Plant Physiol. 2000, 122, 695–704. [CrossRef]

68. Várallyay, E.; Válóczi, A.; Agyi, A.; Burgyán, J.; Havelda, Z. Plant virus-mediated induction of miR168 is
associated with repression of ARGONAUTE1 accumulation. EMBO J. 2010, 29, 3507–3519. [CrossRef]

69. Amin, I.; Patil, B.; Briddon, R.; Mansoor, S.; Fauquet, C. A common set of developmental miRNAs are
upregulated in Nicotiana benthamiana by diverse begomoviruses. Virol. J. 2011, 8, 143. [CrossRef]

70. Bazzini, A.; Hopp, H.; Beachy, R.; Asurmendi, S. Infection and coaccumulation of Tobacco mosaic virus proteins
alter microRNA levels, correlating with symptom and plant development. Proc. Natl. Acad. Sci. USA 2007,
104, 12157–12162. [CrossRef]

71. Pacheco, R.; García-Marcos, A.; Barajas, D.; Martiáñez, J.; Tenllado, F. PVX-potyvirus synergistic infections
differentially alter microRNA accumulation in Nicotiana benthamiana. Virus Res. 2012, 165, 231–235. [CrossRef]
[PubMed]

72. Tagami, Y.; Inaba, N.; Kutsuna, N.; Kurihara, Y.; Watanabe, Y. Specific enrichment of miRNAs in Arabidopsis
thaliana infected with Tobacco mosaic virus. DNA Res. 2007, 14, 227–233. [CrossRef] [PubMed]

73. Wu, C.; Li, X.; Guo, S.; Wong, S. Analyses of RNA-Seq and sRNA-Seq data reveal a complex network of
anti-viral defense in TCV-infected Arabidopsis thaliana. Sci. Rep. 2016, 6, 36007. [CrossRef] [PubMed]

74. Wang, Z.; Jiang, D.; Zhang, C.; Tan, H.; Li, Y.; Lv, S.; Hou, X.; Cui, X. Genome-wide identification of Turnip
mosaic virus-responsive microRNAs in non-heading Chinese cabbage by high-throughput sequencing. Gene
2015, 571, 178–187. [CrossRef] [PubMed]

75. Sun, Z.; He, Y.; Li, J.; Wang, X.; Chen, J. Genome-wide characterization of Rice black streaked dwarf
virus-responsive microRNAs in rice leaves and roots by small RNA and degradome sequencing. Plant Cell
Physiol. 2015, 56, 688–699. [CrossRef]

76. Abreu, P.; Gaspar, C.; Buss, D.; Ventura, J.; Ferreira, P.; Fernandes, P. Carica papaya microRNAs are responsive
to Papaya meleira virus infection. PLoS ONE 2014, 9, e103401. [CrossRef]

77. Bester, R.; Burger, J.; Maree, H. Differential expression of miRNAs and associated gene targets in Grapevine
leafroll-associated virus 3-infected plants. Arch. Virol. 2017, 162, 987–996. [CrossRef]

78. Mérai, Z.; Kerényi, Z.; Kertész, S.; Magna, M.; Lakatos, L.; Silhavy, D. Double-stranded RNA binding may be
a general plant RNA viral strategy to suppress RNA silencing. J. Virol. 2006, 80, 5747–5756. [CrossRef]

79. Kontra, L.; Csorba, T.; Tavazza, M.; Lucioli, A.; Tavazza, R.; Moxon, S.; Tisza, V.; Medzihradszky, A.;
Turina, M.; Burgyán, J. Distinct effects of p19 RNA silencing suppressor on small RNA mediated pathways
in plants. PLoS Pathog. 2016, 12, e1005935. [CrossRef]

80. Li, F.; Huang, C.; Li, Z.; Zhou, X. Suppression of RNA silencing by a plant DNA virus satellite requires a host
calmodulin-like protein to repress RDR6 expression. PLoS Pathogens 2014, 10, e1003921. [CrossRef]

81. Nersissian, A.; Immoos, C.; Hill, M.; Hart, P.; Williams, G.; Herrmann, R.; Valentine, J. Uclacyanins,
stellacyanins, and plantacyanins are distinct subfamilies of phytocyanins: Plant-specific mononuclear blue
copper proteins. Protein Sci. A Publ. Protein Soc. 1998, 7, 1915–1929. [CrossRef] [PubMed]

82. Hewezi, T.; Maier, T.; Nettleton, D.; Baum, T. The Arabidopsis microRNA396-GRF1/GRF3 regulatory module
acts as a developmental regulator in the reprogramming of root cells during cyst nematode infection.
Plant Physiol. 2012, 159, 321–335. [CrossRef] [PubMed]

83. Schommer, C.; Palatnik, J.F.; Aggarwal, P.; Chételat, A.; Cubas, P.; Farmer, E.E.; Nath, U.; Weigel, D. Control
of jasmonate biosynthesis and senescence by miR319 targets. PLoS Biol. 2008, 6, e230. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.tplants.2005.04.006
http://www.ncbi.nlm.nih.gov/pubmed/15949763
http://dx.doi.org/10.1016/j.pbi.2008.06.011
http://www.ncbi.nlm.nih.gov/pubmed/18692429
http://dx.doi.org/10.1104/pp.16.01064
http://dx.doi.org/10.1104/pp.119.2.365
http://dx.doi.org/10.1104/pp.103.033696
http://dx.doi.org/10.1104/pp.122.3.695
http://dx.doi.org/10.1038/emboj.2010.215
http://dx.doi.org/10.1186/1743-422X-8-143
http://dx.doi.org/10.1073/pnas.0705114104
http://dx.doi.org/10.1016/j.virusres.2012.02.012
http://www.ncbi.nlm.nih.gov/pubmed/22387565
http://dx.doi.org/10.1093/dnares/dsm022
http://www.ncbi.nlm.nih.gov/pubmed/18056073
http://dx.doi.org/10.1038/srep36007
http://www.ncbi.nlm.nih.gov/pubmed/27782158
http://dx.doi.org/10.1016/j.gene.2015.06.047
http://www.ncbi.nlm.nih.gov/pubmed/26115771
http://dx.doi.org/10.1093/pcp/pcu213
http://dx.doi.org/10.1371/journal.pone.0103401
http://dx.doi.org/10.1007/s00705-016-3197-9
http://dx.doi.org/10.1128/JVI.01963-05
http://dx.doi.org/10.1371/journal.ppat.1005935
http://dx.doi.org/10.1371/journal.ppat.1003921
http://dx.doi.org/10.1002/pro.5560070907
http://www.ncbi.nlm.nih.gov/pubmed/9761472
http://dx.doi.org/10.1104/pp.112.193649
http://www.ncbi.nlm.nih.gov/pubmed/22419826
http://dx.doi.org/10.1371/journal.pbio.0060230
http://www.ncbi.nlm.nih.gov/pubmed/18816164


Viruses 2020, 12, 310 22 of 22

84. Li, W.; Cui, X.; Meng, Z.; Huang, X.; Xie, Q.; Wu, H.; Jin, H.; Zhang, D.; Liang, W. Transcriptional regulation of
Arabidopsis MIR168a and argonaute1 homeostasis in abscisic acid and abiotic stress responses. Plant Physiol.
2012, 158, 1279–1292. [CrossRef] [PubMed]

85. Gursinsky, T.; Pirovano, W.; Gambino, G.; Friedrich, S.; Behrens, S.; Pantaleo, V. Homeologs of the Nicotiana
benthamiana antiviral ARGONAUTE1 show different susceptibilities to microRNA168-mediated control.
Plant Physiol. 2015, 168, 938–952. [CrossRef] [PubMed]

86. Keppler, L. O2
--initiated lipid peroxidation in a bacteria-induced hypersensitive reaction in tobacco cell

suspensions. Phytopathology 1989, 79, 555. [CrossRef]
87. Peng, M. Peroxidase-generated hydrogen peroxide as a source of antifungal activity in vitro and on tobacco

leaf disks. Phytopathology 1992, 82. [CrossRef]
88. Apostol, I.; Heinstein, P.; Low, P. Rapid stimulation of an oxidative burst during elicitation of cultured plant

cells: Role in defense and signal transduction. Plant Physiol. 1989, 90, 109–116. [CrossRef]
89. Alexander, D.; Goodman, R.; Gut-Rella, M.; Glascock, C.; Weymann, K.; Friedrich, L.; Maddox, D.;

Ahl-Goy, P.; Luntz, T.; Ward, E. Increased tolerance to two oomycete pathogens in transgenic tobacco
expressing pathogenesis-related protein 1a. Proc. Natl. Acad. Sci. USA 1993, 90, 7327–7331. [CrossRef]

90. Doke, N. Generation of superoxide anion by potato tuber protoplasts during the hypersensitive response to
hyphal wall components of Phytophthora infestans and specific inhibition of the reaction by suppressors of
hypersensitivity. Physiol. Plant Pathol. 1983, 23, 359–367. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1104/pp.111.188789
http://www.ncbi.nlm.nih.gov/pubmed/22247272
http://dx.doi.org/10.1104/pp.15.00070
http://www.ncbi.nlm.nih.gov/pubmed/26015446
http://dx.doi.org/10.1094/Phyto-79-555
http://dx.doi.org/10.1094/Phyto-82-696
http://dx.doi.org/10.1104/pp.90.1.109
http://dx.doi.org/10.1073/pnas.90.15.7327
http://dx.doi.org/10.1016/0048-4059(83)90020-6
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Plants, Viral Inoculations, and Detection 
	Total RNA Extraction 
	Microarray Analysis 
	Target Prediction of Differentially Expressed miRNAs 
	Quantitative Reverse-Transcription Real-Time PCR (qRT-PCR) 
	Virus-Induced Gene Silencing (VIGS) of Selected Targets 
	Determination of ROS Levels 

	Results 
	Floral and Root Development Defects During BNYVV Infection Requires the Presence of RNA4 
	Microarray Analysis of miRNAome in BNYVV-Infected N. benthamiana 
	Phylogenetic Analysis of the microRNAome of N. benthamiana 
	Species-Specific miRNAs in N. benthamiana 

	Differential Expression Profile of miRNAs 
	Differential Expression of Target Genes of BN1234-Responsive miRNAs 
	miRNAs-Targeted Genes Involved in Hormone Signaling Function in the Symptom Induction of BNYVV 
	BN1234 Infection Interferes with miR164-NACs-ETH Pathway 
	BN1234 Infection Changed miR396-GRFs-GA Pathway 

	miR168 and miR398 Induction Commonly Occurred During Plant–Virus Interaction 
	Induction of miR168 during Virus Infection May be Related to VSRs 
	miR398 Induction During Plant–Virus Induction Could Trigger Plant Defense Response 


	Discussion 
	References

