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Abstract

Cucurbits are economically important crops worldwide. The genomic data of many cucurbits are now available. However, func-
tional analyses of cucurbit genes and noncoding RNAs have been impeded because genetic transformation is difficult for many
cucurbitaceous plants. Here, we developed a set of tobacco ringspot virus (TRSV)-based vectors for gene and microRNA
(miRNA) function studies in cucurbits. A TRSV-based expression vector could simultaneously express GREEN FLUORESCENT
PROTEIN (GFP) and heterologous viral suppressors of RNA silencing in TRSV-infected plants, while a TRSV-based gene silencing
vector could knock down endogenous genes exemplified by PHYTOENE DESATURASE (PDS) in Cucumis melo, Citrullus lanatus,
Cucumis sativus, and Nicotiana benthamiana plants. We also developed a TRSV-based miRNA silencing vector to dissect the
functions of endogenous miRNAs. Four representative miRNAs, namely, miR159, miR166, miR172, and miR319, from different
cucurbits were inserted into the TRSV vector using a short tandem target mimic strategy and induced characteristic phenotypes
in TRSV-miRNA-infected plants. This TRSV-based vector system will facilitate functional genomic studies in cucurbits.

Introduction

Cucurbits, including cucumber (Cucumis sativus), melon
(Cucumis melo), watermelon (Citrullus lanatus), and zucchini
(Cucurbita pepo), are economically important vegetables
globally. Although the genomic sequencing of many cucur-
bits has been completed (Huang et al, 2009; Garcia-Mas
et al, 2012, Guo et al, 2013; Shin et al, 2019; Wu et al,
2019; Wu et al,, 2020), the functions of most miRNA or non-
coding RNA have not yet been characterized. Some cucurbi-
taceous plants are highly recalcitrant to genetic
transformation, while in others it takes a long time to obtain

transgenic plants, which impedes functional genomic studies
in cucurbits.

A virus-based gene delivery system is an attractive, quick,
and promising approach for the transient gain- and loss-of-
function studies in plants recalcitrant to genetic transforma-
tion (Zhang and Ghabrial, 2006; Seo et al., 2016; Ding et al,,
2018). For the overexpression of a gene in vivo, plant virus-
based vectors can elevate the amount of protein in a short
time (Gleba et al, 2007; Baltes et al, 2014). For the knock-
down of plant genes, plant virus-induced gene silencing has
been widely employed as a fast and convenient tool in plant
biology studies (Liu et al, 2002; Robertson, 2004; Bachan
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and Dinesh-Kumar, 2012; Senthil-Kumar and Mysore, 2014).
Recently, some plant RNA or DNA viruses, including barley
stripe mosaic virus, Chinese wheat mosaic virus, cotton leaf
crumple virus, cucumber mosaic virus (CMV), potato virus
X (PVX), and tobacco rattle virus, have been engineered into
virus-based miRNA silencing (VbMS) vectors to inhibit the
miRNA function in maize (Zea mays), wheat (Triticum aesti-
vum), cotton (Gossypium hirsutum), Arabidopsis (Arabidopsis
thaliana), potato (Solanum tuberosum), and Nicotiana ben-
thamiana (Du et al, 2014; Gu et al, 2014; Sha et al, 2014;
Jiao et al, 2015; Liao et al, 2015; Jian et al, 2017; Yang et al,
2018; Zhao et al., 2020). However, to the best of our knowl-
edge, there has been no virus-based miRNA silencing tool
developed for cucurbits up to now.

Two reciprocal reverse genetic strategies have been used to
dissect the function of a specific miRNA. For gain-of-function
studies, the miRNA activity can be enhanced through trans-
genically overexpressing miRNA (Sainsbury et al, 2010; Zhang
et al, 2013; Yang et al, 2015). For loss-of-function studies,
miRNA activity can be blocked by expressing a miRNA-resis-
tant target that contains uncleavable mutations in the
miRNA-binding sequence (Javier et al, 2003; Franco-Zorrilla
et al, 2007). Some alternative approaches, including miRNA
target mimicry (Franco-Zorrilla et al, 2007), short tandem
target mimic (STTM; Yan et al, 2012), transcriptional gene si-
lencing of miRNA gene promoters (Vaistij et al, 2010), and
artificial miRNA-directed silencing of mIiRNA precursors
(Eamens et al,, 2011), have also been applied in the function
investigation of miRNA. The above approaches all require
time-consuming and expensive transformation. Furthermore,
transgenic approaches are not applicable to all cucurbit spe-
cies. Therefore, it is necessary to develop a fast and efficient
approach to investigate the function of cucurbit miRNAs.

Tobacco ringspot virus (TRSV; genus Nepovirus, family
Secoviridae) can infect plants including cucurbits, soybean,
blueberry, and N. benthamiana (Zellner et al, 2011; Abdalla
et al, 2012; Shakiba et al, 2012; Zhao et al, 2015). The ge-
nome of TRSV consists of two single-stranded RNAs. RNA1
contains an open reading frame encoding a polyprotein pre-
cursor, which is then cleaved into five mature proteins des-
ignated as32K, helicase, genome-linked protein, protease,
and RNA-dependent RNA polymerase. The RNA2 encodes a
polyprotein that can be cleaved into three mature proteins,
namely, 2a, movement protein (MP), and coat protein (CP).

In this study, we first engineered TRSV into a gene expres-
sion vector, which can simultaneously express two proteins
in virus-infected plants, and a gene-silencing vector to knock
down the expression of the PDS gene in four kinds of plants.
Then, we engineered TRSV into a VbMS vector to investi-
gate the biological roles of four representative miRNAs in
different cucurbitaceous crops.

Results

Engineering of TRSV as a gene expression vector
To determine whether TRSV can be used to express foreign
genes, we cloned its genomic RNA1 and RNA2 into the
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binary vector pCB301 to generate plasmids pTRSV1 and
pTRSV2, respectively. Then, the sequences coding GREEN
FLUORESCENT PROTEIN (GFP) and thosea asigna virus 2A
(T2A) catalytic peptide were inserted after the coding se-
quence for the MP/CP cleavage site in pTRSV2, producing
pTRSV2-GFP (Figure 1A). The Agrobacterium tumefaciens
cells harboring pTRSV1 and pTRSV2-GFP were infiltrated into
leaves of Luffa aegyptiaca and N. benthamiana plants. Green
fluorescence appeared in the noninoculated upper (i.e. sys-
temic) leaves at 7 d post agroinfiltration (dpai), but became
weak and disappeared in 10-12 d along with viral symptom
recovery (Figure 1B). To overcome this disadvantage, we
tested whether the co-expression of heterologous viral sup-
pressors of RNA silencing (VSRs) could increase the foreign
gene’s expression level. The coding sequences of three VSRs,
namely, the flock house virus (FHV) B2, tomato bushy stunt
virus (TBSV) P19, and CMV 2b, were individually inserted
into plasmid pTRSV2-GFP through T2A and porcine teschovi-
rus-1 2A (P2A) in tandem, and the resulting plasmids were
designated as pTRSV2-GFP-B2, pTRSV2-GFP-P19, and
pTRSV2-GFP-2b, respectively (Figure 1A). Upon co-agroinfil-
tration of each construct with pTRSV1 into L. aegyptiaca and
N. benthamiana plants, much brighter green fluorescence
appeared at 12 dpai (Figure 1B), indicating that the expres-
sion of heterologous VSRs could significantly increase GFP ex-
pression. Western blot analysis of total proteins extracted
from virus-infected L. aegyptiaca and N. benthamiana leaves
using a GFP antibody showed that two bands corresponding
to GFP-2A and GFP, respectively, were detected in TRSV-
GFP-VSRs-infected plants, less protein was detected in TRSV-
GFP-infected plants, and no protein was detected in the
mock-inoculated plants (Figure 1, C and D). These results
showed that the newly modified TRSV-based vector can sig-
nificantly increase the expression levels of foreign proteins.

Development of TRSV as a virus-induced gene
silencing vector

Virus-induced gene silencing (VIGS) is widely used to investi-
gate the function of genes (Liu et al, 2002; Senthil-Kumar
and Mysore, 2014; Choi et al, 2019). Because TRSV only
caused mild symptoms, we hypothesized that TRSV could
be modified as a VIGS vector. To test this point, we inserted
a 300-bp fragment of C. melo PHYTOENE DESATURASE
(PDS) into pTRSV2 to generate pTRSV2-CmPDS (Figure 2A).
The plasmids pTRSV2-CmPDS and pTRSV1 were first agroin-
filtrated into N. benthamiana plants. After 7 dpai, the
extracts of systemically infected leaves were used as inocu-
lum for C. melo, C. lanatus, and C. sativus plants. Nearly all
of the systematically infected leaves became completely
white at 18 dpi (Figure 2B). In contrast, the control plants
inoculated with TRSV showed no photo-bleaching pheno-
type. The results of three independent experiments showed
that the silencing efficiency could reach 75.0%-100.0% in C.
melo and C. lanatus, and 33.3%-417% in C. sativus
(Supplemental Table S1). The VIGS experiments were also
performed in N. benthamiana plants. The systemic leaves
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Figure 1 TRSV-based gene expression in L. aegyptiaca and N. benthamiana plants. A, Schemes of TRSV infectious clone and derivatives. The full-
length sequences of RNA1 and RNA2 were inserted between a duplicated cauliflower mosaic virus 35S promoter (2x35S) and the NOS terminator
(Nos). To construct pTRSV2-GFP, the GFP gene and the sequence encoding thosea asigna virus 2A (T2A) were inserted after the coding sequence
for the MOVEMENT PROTEIN/COAT PROTEIN (MP/CP) cleavage site (C/A). Heterologous VSRs and GFP were simultaneously expressed and sep-
arated by porcine teschovirus-1 2A (P2A) and T2A in TRSV-based dual genes expression vectors. The release of GFP relied on 2A mediated self-
cleavage and polyprotein cleavage. B, Effects of heterologous VSRs on GFP expression using TRSV-based expression vectors in plants at 12 dpai.
Symptoms and fluorescence signals of L. aegyptiaca and N. benthamiana infected with TRSV-GFP-B2, -GFP-P19, -GFP-2b, -GFP, and the control
pTRSV2. Scale bars= 1 cm in the second row. The third row shows a magnification of dotted rectangle regions in the second row. C and D,
Effects of heterologous VSRs on GFP expression in L. aegyptiaca and N. benthamiana leaves as determined with Western blotting
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Figure 2 Engineering TRSV as a VIGS vector. A, Schematic representa-
tion of pTRSV2. The Sna BI restriction enzyme site was inserted into
pTRSV2 downstream of the CP stop codon. The PCR products of the
respective PDS genes from cucurbits and N. benthamiana genome
were digested with Sna Bl and cloned into pTRSV2. B, Phenotypes of
PDS-silenced C. melo, C. lanatus, C. sativus, and N. benthamiana plants
at 18 dpai. The boxes indicate the flowers of TRSV control and TRSV-
PDS-infected N. benthamiana plants. The experiment was indepen-
dently repeated three times

and even the flowers of TRSV2-NbPDS-infected N. benthami-
ana plants showed a photo-bleaching phenotype
(Figure 2B). The silencing efficiency was 100.0% in three in-
dependent experiments (Supplemental Table S1). We also
used TRSV to silence the expression of eukaryotic initiation
factor 4E (elF4E) and eukaryotic initiation factor (iso) 4E
[elF(iso)4E] in melon. The results of reverse transcription
quantitative polymerase chain reaction (RT-qPCR) showed
that the mRNA expression levels of elF4E and elF(iso)4E
were significantly decreased (Supplemental Figure S1). Taken
together, these results indicated that TRSV can be utilized
as an effective VIGS tool in different plants.

TRSV-based silencing of miR166 reduced leaf
polarity

To test whether TRSV can be used as a VbMS vector, the
well-characterized miR166 was cloned into pTRSV2 using an
STTM strategy (Figure 3A; Yan et al, 2012; Sha et al, 2014;
Peng et al, 2018 Zhao et al, 2020). By 23 dpi, TRSV2-
STTM166-infected C. melo, C. lanatus, C. sativus, and L.
aegyptiaca plants showed a strong silencing phenotype in
which an ectopic leaf outgrew from the vein in the under-
side of the leaves. The abnormal bilateral symmetric leaves
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with a double-layered lamina were separated by the midvein
due to the alteration of adaxial-abaxial regulation in C. melo
(Figure 3B). The results of RT-qPCR detection showed that
the miR166 level was significantly reduced while the target
mMRNA level increased in all of the plants infected with
TRSV2-STTM166 (Figure 3, C and D). RT-PCR detection con-
firmed that STTM166 was expressed in the TRSV-STTM166-
infected plants (Figure 3E). The silencing efficiency was
62.5%-87.5% in C. melo and L. aegyptiaca plants and 12.5%—
37.5% in C. sativus and C. lanatus plants. A similar pheno-
type was observed in the model plant N. benhamiana, in
which the silencing efficiency could reach 88.0%-100.0%
(Supplemental Figure S2 and Supplemental Table S2). Taken
together, these results show that TRSV-based VbMS using
the STTM strategy can effectively suppress the miRNA func-
tion in cucurbits and N. benthamiana plants.

TRSV-based miR159 silencing caused pleiotropic
developmental defects in C. melo plants

MiR159, which targets GAMYB or GAMYB-like genes, is one of
the most ancient and abundant small RNAs in most land
plants (Fahlgren et al, 2007; Jeong et al, 2011; Kozomara
et al, 2019; Millar et al, 2019). However, the function of
miR159 in cucurbits has remained largely unknown (Liang
et al, 2019; Millar et al, 2019). To investigate the miR159-
GAMYB regulatory circuit in C. melo, we modified TRSV to ex-
press STTM159 (Figure 4A). The TRSV-STTM159-infected
plants were stunted and the leaves were smaller than the
control plants inoculated with TRSV (Figure 4B). Compared
with control plants, the miR159 level in TRSV-STTM159-
infected plants was significantly decreased while the mRNA
level of the target gene MYB29-like was significantly increased
(Figure 4, C and D). RT-PCR detection demonstrated that the
STTM159 was expressed in C. melo plants (Figure 4E). The si-
lencing efficiency was 37.5%-50.0% in C. melo plants. A similar
phenotype was observed in N. benthamiana plants, in which
the silencing efficiency was 25.0%-31.3% (Supplemental Figure
S3 and Supplemental Table S3). These results indicate that
TRSV can effectively block miR159 activity in plants.

TRSV-based VbMS of miR319 caused leaf
morphogenesis in C. lanatus plants

MiR319, a conserved miRNA family that participates in leaf
development, controls the activity of TEOSINTE
BRANCHED1, CYCLOIDEA, and PROLIFERATING CELL
NUCLEAR ANTIGEN BINDING FACTOR (TCP) genes (Ori
et al, 2007; Koyama et al, 2017). To test whether miR319
could suppress the expression of the TCP4 gene in C. lana-
tus, we modified TRSV to express STTM319 and inoculated
it into watermelon plants (Figure 5A). At 30 dpi, the TRSV-
STTM319-infected C. lanatus leaves were smaller than the
control plants (Figure 5B). The miR319 level was lower and
the expression level of the target gene TCP4 was higher in
TRSV-STTM319-infected C. lanatus leaves than in the con-
trol plants (Figure 5, C and D). RT-PCR detection showed
that STTM319 was expressed in TRSV-STTM319-infected C.
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tide in this position. The STTM166 sequence was introduced into pTRSV2 downstream of the CP stop codon. The 48 nucleotides stem-loop
spacer contributes to STTM stability and efficiency. B, Leaf phenotypes of plants inoculated with TRSV-STTM166 at 23 dpi. The arrows indicate
the ectopic leaf outgrowing from the vein. Scale bars =1 cm in the third column. The fourth column shows a magnification of dotted rectangle
regions in the third column. C, Stem-loop RT-qPCR detection of miR166 level in TRSV- and TRSV-STTM166-infected cucurbits plants. D, Relative
expression level of miR166 target gene in various cucurbits plants inoculated with TRSV or TRSV-STTM166. In (C) and (D), the biological experi-
ment was repeated three times. Error bars represent = SD. Statistical significance between treatments was determined using paired Student’s t
test: *P < 0.05, **P < 0.01, **P < 0.001. E, RT-PCR detection confirmed the TRSV infection as indicated by the presence of CP transcripts in all
plants and the expression of STTM166
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lanatus plants (Figure 5E). The silencing efficiency of miR319
was 43.8%-50.0% (Supplemental Table S4). These results in-
dicate that VbMS of miR319 has an impact on leaf develop-
ment in C. lanatus plants.

TRSV-based VbMS of miR172 caused flower
development defects in C. sativus plants

Arabidopsis miR172 is a crucial regulator of flower organ
identity and flower stem cell proliferation (Chen, 2004).

Over-expression of a  miR172-resistant  version  of
(APETALA2) AP2 elevated AP2 protein levels and led to an
indeterminate floral meristem producing supernumerary sta-
mens in Arabidopsis (Zhao et al, 2007). To test whether
TRSV-based VbMS of STTM172 could inhibit miR172 activ-
ity, we amplified STTM172 and cloned it into pTRSV2 to
generate pTRSV-STTM172 (Figure 6A). Extra petals arose
from inner floral meristem in TRSV-STTM172-infected cu-
cumber plants while the control plants grew normally,
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expression of miR172 in TRSV-STTM172-infected plants

suggesting that TRSV-based VbMS of miR172 suppressed
the function of miR172 (Figure 6B). The miR172 level was
lower and the mRNA level of the target gene C. sativus
APETALA2 (CsAP2) was higher in TRSV-STTM172-infected
cucumber plants than in the control plants (Figure 6, C and
D). RT-PCR detection showed that STTM172 was expressed
in TRSV-STTM172-infected cucumber plants (Figure 6E).
The silencing efficiency of miR172 in C sativus plants was
25.0%-37.5%. We also inoculated N. benthamiana plants
with TRSV-STTM172. Flowers in plants inoculated with
TRSV-STTM172 displayed shortened petals that could not
enclose the interior stamens and carpels. In certain extreme
cases, some calyces even turned into petals, causing abnor-
mal flower phenotypes (Supplemental Figure S4B). The level
of miR172 in TRSV-STTM172-infected N. benthamiana
plants was reduced, but the expression level of target gene
NbAP2-LIKE 1 (NbAP2L1) was increased (Supplemental

Figure S4, C and D). The silencing efficiency of miR172 in N.
benthamiana  plants  could reach  81.3%-100.0%
(Supplemental Table S5). All of these results suggest that
TRSV-based VbMS of miR172 using the STTM approach ef-
fectively inhibits miR172 function.

Discussion

Some cucurbit species are recalcitrant to genetic transforma-
tion. For example, the efficiency in C. melo ranges from 0.7%
to 7.0% (Fang and Grumet, 1990; Guis et al., 2000; Akasaka-
Kennedy et al, 2004; Ciiriik et al, 2005; Rhimi et al, 2007;
Chovelon et al, 2011; Choi et al, 2012; Ren et al, 2012).
VIGS provides an alternative strategy to study the function
of plant genes. However, very few plant virus-based silencing
systems work well in cucurbits (Zhao et al, 2016; Liu et al,,
2020). Recently, a cucumber green mottle mosaic virus-
based VIGS vector was developed, but it only induced a
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silencing phenotype in leaf veins (Liu et al, 2020). TRSV has
displayed potential in knocking down the expression of
genes in different crop plants (Zhao et al, 2016). Here, we
presented a set of TRSV-based vectors with high efficiency
in silencing genes or miRNAs in cucurbits, which will help
to validate the function of candidate genes involved in agro-
nomic traits. The efficiency of gene silencing was above 80%
in C. melo and C. lanatus, while it was about 35% in C. sati-
vus (Supplemental Table S1). This may be due to the infec-
tivity of TRSV in C sativus being weaker than that in C
melo and C. lanatus plants. In addition to serving as a re-
verse genetic tool, VIGS is also a forward genetics tool to
perform high-throughput genetic screens and functional ge-
nomics (Bachan and Dinesh-Kumar, 2012). The TRSV-based
VIGS vectors developed in this study can induce a silencing
phenotype within 18 d in four important cucurbitaceous
plants (Figure 2B). Therefore, they have great potential for
rapid and high-throughput forward genetic screens in
cucurbits.

Except for engineering TRSV as VIGS vectors, we devel-
oped its function in miRNA silencing. This is the first VbMS
vector for the function investigation of cucurbit miRNAs. It
is noteworthy that the efficiency of most TRSV-based
miRNA silencing is high in both model and crop plants. In a
previous study, only 20.0%-30.0% of N. benthamiana plants
expressing target mimics against miR165/166 showed the
expected phenotype (Sha et al, 2014). However, all of the
TRSV-miR165/166-infected N. benthamiana plants showed
defective symptoms in leaves (Supplemental Figure S2 and
Supplemental Table S2). Furthermore, the silencing efficiency
of miRNA was 75.0%—-87.6% in L. aegyptiaca plants and
68.8%-75.0% in C. melo. In most cases, the silencing effi-
ciency of miRNAs in N. benthamiana plants was higher than
that in cucurbitaceous plants. Only miRNA159 was an ex-
ception. In a previous study, no visible phenotype was ob-
served in TRV-miR159-infected N. benthamiana plants, but
all of the PVX-miR159-infected N. benthamiana plants dis-
played the expected phenotype (Sha et al, 2014; Zhao et al,
2016). Therefore, the development of VbMS systems pro-
vides potential solutions for the functional study of some
specific miRNAs.

Plant virus-based vectors can be utilized for transient
gain-of-function studies, especially in recalcitrant species for
genetic transformation (Choi et al,, 2019). TRSV can be used
to express GFP in N. benthamiana plants. However, the GFP
fluorescence becomes nearly invisible in newly emerging
leaves after 15 dpi (Zhao et al, 2016). The same problem oc-
curred in our study with both N. benthamiana and L. aegyp-
tiaca plants (Figure 2A). To overcome this drawback, we
engineered TRSV into a dual gene expression vector that si-
multaneously expressed GFP and heterologous VSR sepa-
rated through two different 2A peptides in tandem. Here,
we tested three different VSRs and found that the GFP ac-
cumulation in TRSV-GFP-B2-infected plants was slightly
higher than that in TRSV-GFP-p19 or TRSV-GFP-2b-infected
plants (Figure 1, C and D), which indicated that FHV B2 is
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more effective for TRSV-based protein expression in L.
aegyptiaca and N. benthamiana. The 2A peptides lead to rel-
atively high levels of downstream protein expression com-
pared with other strategies for multigene co-expression, and
they are small in size, thus bearing a lower risk of interfering
with the function of co-expressed genes (Donnelly et al,
2007; Liu et al, 2017). Two 2A peptides are different in the
sequence, which avoids the loss of foreign genes caused by
viral RdRP leap. Different viral 2A peptides are available in
the GenBank database and may be used for multiple gene
expression of TRSV-based vectors. In addition, we also used
TRSV to express Cas9 from Staphylococcus aureus (SaCas9,
3,162 bp) in N. benthamiana plants (Supplemental Figure
S5). The molecular weight of SaCas9 was 124 kDa. The
gene-expression capacity of TRSV indicated the possibility of
extending the usage of TRSV-based vectors. In recent stud-
ies, two plant virus-based vectors were modified for heritable
gene editing (Ellison et al, 2020; Ma et al., 2020). It will be
interesting to investigate whether TRSV can be used for
gene editing in the future.

Taken together, we have shown the great potential of
TRSV-based vectors in dissecting the biological roles of genes
and miRNA. The versatility of this set of vectors will signifi-
cantly facilitate functional genomic studies in cucurbitaceous
plants.

Materials and methods

Plasmid construction

To construct a full-length infectious clone, the genomic frag-
ments of TRSV RNA1 and RNA2 were obtained by one-step
amplification and cloned into the binary vector pCB301
downstream of a double cauliflower mosaic virus (CaMV)
35S promoter to generate pTRSV1 and pTRSV2, respectively.
The pTRSV2 vector was further modified to express foreign
genes and knockdown endogenous genes or miRNAs.

To improve the foreign gene expression level, the codons
for N-terminal 19 amino acids of CP with some nucleotide
substitutions for degenerate codons were duplicated and
added to the 5 of the GFP and SaCas9 genes (Zhao et al,
2016). The sequence encoding TaV 2A (5AGAGCAG
AAGGGAGAGGAAGCTTGCTAACCTGTGGAGACGTTGAG
GAAAATCCAGGGCCA-3') was also added to the 3’ of GFP
and SaCas9 genes to guarantee the efficient cleavage of GFP.
The Arabidopsis (A. thaliana) codon-optimized SaCas9 gene
was synthesized as the sequence published previously (Kaya
et al, 2016). To construct pTRSV2-GFP-B2, pTRSV2-GFP-
P19, and pTRSV-GFP-2b, sequences encoding heterologous
VSR and P2A (5GGCTCGGGCCAGTGTACTAATTATG
CTCTCTTGAAATTGGCTGGAGATGTTGAGAGCAACCCAG
GTCCC3') were inserted between the GFP-T2A and CP re-
gion in the pTRSV2-GFP vector through PCR using specific
primers as described in Supplemental Table S6.

The Sna BI restriction enzyme sequences downstream of
the CP translational stop codon were introduced into TRSV
RNA2 through one-step site-directed mutation (Liu and
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Naismith, 2008). The CuPDS gene and NbPDS gene were RT-
PCR amplified separately from the total RNAs from C. melo
and N. benthamiana leaves using specific primers and
inserted into pTRSV2 (Supplemental Table S6). A 48-bp oli-
gonucleotide was utilized as a linker to construct STTM
mMiRNA. The full sequence STTM miRNA was amplified and
cloned into pTRSV2 (Yan et al, 2012). All of the constructs
were confirmed by DNA sequencing before further use.
Primers are listed in Supplemental Table Sé6.

Plant growth and inoculation

Cucumis melo (cultivar “Huoyingua”), C. lanatus (cultivar
“Fufengshijilong”), C. sativus (cultivar “Nairewangzhongwang”),
L. aegyptiaca (cultivar “Changfengfiangsigua”), and N. ben-
thamiana plants were grown at 22°C in a greenhouse under a
16 h light/8 h dark cycle with 60.0% humidity. Plasmids were
individually transformed into A. tumefaciens GV3101 cells us-
ing a freeze-thaw method (Hofgen and Willmitzer, 1988). The
A. tumefaciens cultures were grown overnight in Luria—Bertani
liquid medium with appropriate antibiotics at 28°C and
individually re-suspended in an induction buffer containing
10-mM MgCl,, 10-mM MES, and 150-iUM acetosyringone as
described earlier (Geng et al, 2015). Separate cultures of A.
tumefaciens (ODgpo= 1.0) harboring pTRSV1, pTRSV2, or
pBinP19 were mixed in a 1:1:1 ratio and infiltrated into N. ben-
thamiana plants. The inoculated plants were grown and ob-
served until the phenotype appeared. The N. benthamiana
leaves agroinfiltrated with pTRSV2-CuPDS or pTRSV2-miRNA
were harvested at 6 dpi for rub-inoculation.

Protein extractions and western blotting

For total protein extraction, plant leaf tissue infected with
TRSV was ground in liquid nitrogen followed by suspension
in a protein extraction buffer. Samples were boiled for 10
min before centrifugation for 2 min at 10,000g at 4°C. The
supernatant was kept for SDS-PAGE. Proteins were then
transferred into a nitrocellulose membrane in tris-glycine
transfer buffer (25-mM Tris base, 192-mM glycine, and 3.5-
mM SDS) at 100 V for 60 min. The membrane was then
blocked in 5% (w/v) nonfat milk in Tris Buffered Saline with
Tween-20 (TBST, 20-mM Tris base, 150-mM NaCl, 0.05% (v/
v) Tween-20, pH=7.5) with gentle agitation for 60 min at
room temperature or 4°C overnight. The GFP-specific anti-
body was added to the nonfat milk at the appropriate dilu-
tion. Membranes were washed with TBST three times for 10
min each wash. Secondary goat anti-rabbit 1gG conjugated
with horseradish peroxidase (Sigma-Aldrich) was incubated
for 1 h at a working dilution. The nitrocellulose membranes
were then washed briefly with TBS (20-mM Tris base, 150-
mM NaCl, pH=17.5) after two washes in TBST for 10 min
each and then photographed. GFP imaging was observed
under long-wavelength UV light, and photographs were
taken using a Canon 80D camera.

RNA extraction and RT-PCR
Total RNAs were extracted from plant leaves using TransZol
reagent (TransGen Biotech, ET101-01). The resulting total
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RNA samples were treated with a gDNA wiper enzyme
(Vazyme, R233-01-AB) to remove plant genomic DNA.
Stem-loop RT-PCR was performed to detect the miRNA ex-
pression level. Total RNA of 1-5 pg was reverse transcribed
using a specific reverse primer and miRNA 1st Strand cDNA
Synthesis Kit (Vazyme, MR101-01). Then, PCR was per-
formed using miRNA Universal SYBR gPCR Master Mix
(Vazyme, MQ101-01). To detect the target gene level of in-
oculated plants, 1 pg total RNA (per sample) was reverse
transcribed using a HiScriptll Q RT SuperMix kit supple-
mented with random primers (Vazyme, R222-01-AB). RT-
gqPCR was conducted using a ChamQ SYBR gqPCR Master
Mix (Vazyme, Q311-02) on a thermocycler (LightCycler® 96,
Roche). The specific detection primers are listed in the
Supplemental Table S6. The CmACTIN gene was used as an
internal control for the detection of MiRNA and target
genes. The N. benthamiana elF4A and EF1a were used as in-
ternal controls for the analysis of miRNA and target genes.

Accession numbers

The sequence data of this paper can be obtained from
GenBank and the Sol Genomic Network under the following
accession numbers: LC376026.1 (CMV 2b), AJ288942.1 (TBSV
P19), X77156.1 (FHV B2), EU165355.1 (NbPDS), XM_011
654729 (CsPDS), NM_001297480.1 (CmelF4E), XM_0084
624612  [CmelF(ISO)4E], XM_0041376203  (CsCML42),
XM_004137168.3  (CsTCP4), XM_031885023.1 (CsAP2),
Niben1015¢f01383g07027.1 (NbMYBL1), and CK287095
(NbAP2LY).

Supplemental data

The following materials are available in the online version of
this article.

Supplemental Figure S1. TRSV-based silencing of elF4E
and elF(iso)4E in C. melo plants.

Supplemental Figure S2. TRSV-based
miR165/166 in N. benthamiana plants.

Supplemental Figure S3. TRSV-based knockdown of
miR159 in N. benthamiana plants.

Supplemental Figure S4. TRSV-based VbMS of miR172 in
N. benthamiana plants.

Supplemental Figure S5. The expression of SaCas9 gene
using TRSV in N. benthamiana plants.

Supplemental Table S1. Silencing efficiency of PDS genes.

Supplemental Table S2. Silencing efficiency of miR166.

Supplemental Table S3. Silencing efficiency of miR159.

Supplemental Table S4. Silencing efficiency of miR319.

Supplemental Table S5. Silencing efficiency of miR172.

Supplemental Table S6. Primers used in this study.
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