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One of the biggest challenges in clonal propagation of grapevine (Vitis vinifera) is difficulty of rooting. Adventitious root
initiation and development are the critical steps in the cutting and layering process of grapevine, but the molecular
mechanism of these processes remains unclear. Previous reports have found that microRNA (miRNA)-encoded peptides
(miPEPs) can regulate plant root development by increasing the transcription of their corresponding primary miRNA. Here,
we report the role of a miPEP in increasing adventitious root formation in grapevine. In this study, we performed a global
analysis of miPEPs in grapevine and characterized the function of vvi-miPEP171d1, a functional, small peptide encoded by
primary-miR171d. There were three small open reading frames in the 500-bp upstream sequence of pre-miR171d. One of them
encoded a small peptide, vvi-miPEP171d1, which could increase the transcription of vvi-MIR171d. Exogenous application of vvi-
miPEP171d1 to grape tissue culture plantlets promoted adventitious root development by activating the expression of vvi-MIR171d.
Interestingly, neither exogenous application of the vvi-miPEP171d1 peptide nor overexpression of the vvi-miPEP171d1 coding
sequence resulted in phenotypic changes in Arabidopsis (Arabidopsis thaliana). Similarly, application of synthetic ath-miPEP171c,
the small peptide encoded by the Arabidopsis ortholog of vvi-MIR171d, inhibited the growth of primary roots and induced the
early initiation of lateral and adventitious roots in Arabidopsis, while it had no effect on grape root development. Our findings reveal
that miPEP171d1 regulates root development by promoting vvi-MIR171d expression in a species-specific manner, further enriching the
theoretical research into miPEPs.

A type of small proteins with two to 100 amino acids
are peptides (Tavormina et al., 2015). Although most
reported plant peptides are derived from nonfunctional
precursors, different studies have pointed out the ex-
istence of peptides originating from function proteins
(Schmelz et al., 2006; Pearce et al., 2010; Chen et al.,
2014). Peptides play diverse roles in plant growth,

development, and environmental response by inter-
fering with signaling cascades or as important mes-
sengers in cell-to-cell communication (Murphy et al.,
2012; Qu et al., 2015). In addition, plant peptides have
been recently used as a new kind of fertilizer in fruit
trees such as litchi (Litchi chinensis) and mango (Man-
gifera indica; Zhou et al., 2009; Li et al., 2010).

Similar to protein-coding genes, microRNAs (miR-
NAs) are initially transcribed by RNA polymerase II
with amultisubunit complex to form a primarymiRNA
(pri-miRNA; Lee et al., 2004; Kim et al., 2011) and then
subjected to RNA splicing (Bielewicz et al., 2013) and
modificationwith a 59-7mGTP-capanda39-polyadenylated
tail (Xie et al., 2005). Another feature similar to coding
genes is that the promoter of miRNAs contains TATA box
cis-elements, which are recognized for the assembly of the
RNA polymerase II preinitiation complex (Xie et al., 2005;
Megtam et al., 2006). The transcription of MIRNA genes
with postprocessing modifications leads to the produc-
tion of pri-miRNAs containing a few hundred bases that
harbor a typical stem loop structure. The structured re-
gion of the transcript surrounding the miRNA sequence
is recognized and processed by Dicer-like1 in plants
(Tang et al., 2003; Kurihara and Watanabe, 2004). Sub-
sequently, the miRNA:miRNA* duplex that comprises
the mature miRNA and a fragment sequence from the
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opposing armwith similar size (miRNA*) is transported
into the cytoplasm (Bartel, 2004). Then, the miRNA* is
degraded, and the miRNA negatively regulates gene
expression based on the complementarity between the
miRNA and the target sequence by two possible mech-
anisms: transcript cleavage or translational inhibition
(Brodersen et al., 2008; Reis et al., 2015).
It is generally thought that the sequences upstream

and downstream of the stem-loop region are useless
and rapidly degraded after the excision of the pre-
miRNA. However, an increasing number of reports
indicate that there is a type of peptide translated
from short open reading frames (sORFs) in the 59 leader
sequence of an mRNA, pri-miRNA, or other tran-
scripts (Hanada et al., 2013; von Arnim et al., 2014;
Lauressergues et al., 2015). Although this type of pep-
tide maturation process has not been investigated in
detail, its effect on plant morphogenesis or regulatory
functions has been proven (Hanada et al., 2013; von
Arnim et al., 2014; Lauressergues et al., 2015). The
peptides produced from pri-miRNA are calledmiRNA-
encoded peptides (miPEPs; Lauressergues et al., 2015).
These miPEPs can promote the transcription of their
corresponding pri-miRNAs rather than enhance
miRNA stability, thereby increasing mature miRNA
accumulation (Lauressergues et al., 2015; Couzigou
et al., 2017).
As the underground organs of plants, the function of

roots is to fix terrestrial plants in soil and absorb water
and nutrients from soil. Therefore, roots are essential
for plant survival and growth. With the rapid devel-
opment of modern biotechnology, plant tissue culture
and cutting techniques have made great progress.
Meanwhile, many problems have arisen, such as diffi-
culty in rooting for some species. As an important fruit-
bearing crop, grapevine (Vitis vinifera) varieties are
widely planted around the world, and the main prop-
agation method is vegetative propagation, including
techniques such as cutting and layering. However, the
root formation ability of different grapevine varieties
differs, and the state of root development also varies,
which are extremely unfavorable for the development
and resistance of grapevine. The root systems produced
by grapevine cuttings and layering consist mainly of
adventitious roots and lateral roots. Therefore, the
study of themolecularmechanisms of adventitious root
formation and development has important theoretical
and practical value for the development of the grape
industry.
Adventitious root formation is a complex process in

which roots emerge from stems, leaves, or hypocotyls.
Adventitious roots may develop spontaneously or
upon environmental stress or hormonal treatment and
are crucial for clonal propagation (da Costa et al., 2018).
With the continuous improvement of high-throughput
sequencing technology and the deepening of miRNA
research, functional studies of miRNAs in root forma-
tion and development have been carried out in various
plants, such as maize (Zea mays), tomato (Solanum
lycopersicum), and rice (Oryza sativa; Ma et al., 2013;

Kong et al., 2014; Lakhotia et al., 2014). Among these
miRNAs, miR171, a conserved miRNA family, regu-
lates scarecrow-like (SCLs) genes belonging to the GRAS
(GAI [gibberellin insensitive], RGA [repressor gibberellin],
and SCR [scarecrow]) family (Bolle, 2004) and has been
reported to play an important role in root formation
and growth (Li et al., 2019). GRAS family members
participate in a variety of developmental processes,
including determining shoot and root cell fate
(Carlsbecker et al., 2010) and controlling meristem
maintenance (Stuurman et al., 2002; Schulze at al., 2010;
Wang et al., 2010; Engstrom et al., 2011; Curaba et al.,
2013; Huang et al., 2017; Jiang et al., 2018). Four HAM
(hair meristem) copies belonging to the GRAS family
exist in Arabidopsis (Arabidopsis thaliana), AtHAM1,
AtHAM2, and AtHAM3 mRNAs are targeted by
miR171, and Atham1, Atham2, and Atham3 mutants
exhibit a substantial reduction in elongation of the
primary root (Engstrom et al., 2011). In apple (Malus
domestica) rootstock, miR171/HAM may interact with
WOX (WUSCHEL-related homeobox) to participate in
cell fate determination during adventitious root for-
mation (Li et al., 2019). In Medicago and Arabidopsis, it
has been shown that the different miR171 members
participate in root stem cell niche maintenance by
restricting the translation of HAM mRNA (Wang et al.,
2010; Lauressergues et al., 2015).
miPEPs increase the expression of their correspond-

ing mature miRNA by stimulating the transcription of
pri-miRNA (Lauressergues et al., 2015). Synthetic
miPEPs have been proven to modify root development.
For example, miPEP165a, encoded by pri-miR165a of
Arabidopsis, could inhibit the growth of lateral roots
and promote the growth of primary roots, and in
Medicago truncatula, miPEP171b could reduce lateral
root formation and modify root development and the
symbiotic relationship between mycorrhizae and roots
(Lauressergues et al., 2015; Couzigou et al., 2017). Al-
though few reports about miPEPs are available, the
discovery of miPEPs reveals a new layer of gene regu-
lation and may present a key advantage in agronomy.
More experiments are needed to verify the existence of
the miPEPs in other species.
In this study, by detecting the temporal and spatial

expression of four vvi-MIR171genes during adventi-
tious root development of grapevine cultivar Muscat
Hamburg cuttings, we found that vvi-MIR171d had a
different expression pattern from the other vvi-MIR171
genes. To study the function of vvi-MIR171d, we first
analyzed the 500-bp sequence upstream of premiR171d
and found three sORFs. Through transient expres-
sion and promoter activity assays driven by different
lengths upstream of premiR171d, we found that the
peptide encoded by the first sORF could increase
the expression of vvi-MIR171d, and we named it
vvi-miPEP171d1. External application of synthetic
vvi-miPEP171d1 showed that it could increase adven-
titious root number in grape tissue culture plantlets
but had no effect on Arabidopsis. Our results indicated
that vvi-miPEP171d1 had a role in the formation of
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adventitious roots in grapevine. Overall, we demon-
strated the presence of a functional miPEP in grapevine,
providing a theoretical basis for studying miPEPs in
grapevine.

RESULTS

Identification of miPEPs in Grapevine

Mature miRNAs are formed from the stem loop re-
gions of long primary transcripts of MIRNA genes as
templates by RNA polymerase II, so the production of
mature miRNAs is dependent on the presence of pri-
miRNAs (Jonesrhoades et al., 2006). Recent studies
have found that there are sORFs in plant pri-miRNA
sequences that can encode a class of regulatory short
peptides (miPEPs; Lauressergues et al., 2015). To ex-
plore whether there are short peptides encoded by pri-
miRNAs in grapevine, first we need to know the char-
acteristic of reading frames in pri-miRNA sequences,
especially upstream of pre-miRNA. The positions of the
159 grapemiRNAs on the chromosomes reported in the
miRBase database were used to BLAST against the
grape genome to obtain a certain length of vvi-MIRNA
sequence. Due to the different lengths of pri-miRNAs,
to reflect the reading frame characteristics of all pri-
miRNAs as accurately as possible, the 500-bp se-
quence upstream of pre-miRNAs was used as the
prediction range. Twenty vvi-MIRNA genes were
randomly selected, forward primers were designed
within 500- to 600-bp sequences upstream of the cor-
responding precursor, and reverse primers were
designed at the 39 end of the precursor (Supplemental
Fig. S1A). The results showed that 16 vvi-MIRNAs
could be identified from the complementary DNA
(cDNA) synthesized fromRNA extracted frommultiple
tissues (Supplemental Fig. S1B). Thus, we analyzed the
possible transcription initiation sites in the 500 bp up-
stream of the pre-miRNAs using DNAMAN6.0. Mul-
tiple transcription initiation sites were identified in the
pri-miRNAs. Excluding the reading frames with more
than 100 or less than two amino acids, the number of
transcription initiation sites in the pri-miRNAs ranged
from one to 13 (Fig. 1; Supplemental Table S1).

If there were miPEPs in grapevine, it could be spec-
ulated that a part of pri-miRNAs in grape cells would
be used to form mature miRNA, and the other part
would be transported to the cytoplasm to participate in
the translation process. To validate this hypothesis, the
selected 20 vvi-MIRNAs were first confirmed by PCR
and sequencing (Supplemental Fig. S1C), and then re-
verse transcription quantitative PCR (RT-qPCR)was
performed to analyze their abundance using primers
designed to target the pri-miRNA and pre-miRNA se-
quences, respectively (Supplemental Fig. S2A). The re-
sults showed that the relative content of almost all the
pri-miRNAs in the cells was lower than that of the
corresponding pre-miRNAs (Supplemental Fig. S2B).
This might have resulted from the fact that pri-miRNA
takes a relatively long time to form pre-miRNA by

shearing and modification before mature miRNA takes
shape. Therefore, the different abundance levels of the
two existing sequences after vvi-MIRNA transcription
indicated that pri-miRNAs and pre-miRNAs might
perform different functions in grapevine.

Analysis of the miR171 Family in Grapevine

The conserved and ancient miRNA family (Zhang
et al., 2006), miR171, targeted SCL (SCR-like) family
members was first reported in Arabidopsis (Llave and
Carrington, 2002) and then reported in other species
(Huang et al., 2017; Li et al., 2017), indicating complex
functions for this miRNA family. Here, the vvi-miR171
family members identified in the miRBase database
were mapped on grape chromosomes: vvi-miR171b
and vvi-miR171c were distributed on chromosome 12,
vvi-miR171h and vvi-miR171i were located on chro-
mosome 17, and five additional members were dis-
tributed on five different chromosomes. In addition,
vvi-miR171j could not be found on any chromosome
(Fig. 1). The phylogenetic analysis of the MIR171 gene
family from 17 species showed six branches, and the
vvi-MIR171 family members were scattered on four
branches. Vvi-MIR171i had a closer evolutionary rela-
tionship to someMIR171 familymembers from rapeseed
(Brassica napus), and vvi-MIR171bwas closer to aMIR171
family member from black cottonwood (Populus
trichocarpa; Supplemental Fig. S3), indicating that the
evolutionary distance in theMIR171 gene familywas not
related to the genetic relationships between the species
itself; they had their special evolutionary process.

Expression Patterns of MIR171 Family Members and Their
Targets in Grapevine

To study the effects of vvi-miR171 on grape roots, we
first analyzed the changes of vvi-miR171 abundance
during the process of adventitious root formation by
stem-loop RT-qPCR. The results showed that the a-
bundance of vvi-miR171 in adventitious roots was
higher than that in phloem, and the vvi-miR171 abun-
dance level in phloem was reduced before the ap-
pearance of adventitious roots (Fig. 2A). Individual
miRNAs cannot regulate root development but rather
must be associated with their target genes. By rapid
amplification of 59 complementary DNA ends (59
RACE), we confirmed that the target genes of vvi-
miR171 were VvSCL15 and VvSCL27, and VvSCL15
was cleaved at a single site, whileVvSCL27was cleaved
at multiple sites (Fig. 2B). During the formation of ad-
ventitious roots, the expression level of VvSCL15 in the
phloem before adventitious root appearance was high
and decreased in adventitious roots, while the expres-
sion level of VvSCL27 in adventitious roots was higher
than that in phloem before adventitious root appear-
ance (Fig. 2C). To date, 10 vvi-miR171 family members
have been identified in grapevine. According to ma-
ture miRNA sequence alignment, the miR171 family
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members have the same length (21 nucleotides), and the
sequences of vvi-miR171a, vvi-miR171c, vvi-miR171d,
vvi-miR171i, and vvi-miR171j were the same, vvi-
miR171b, vvi-miR171e, and vvi-miR171h had single-
base differences at different sites, while vvi-miR171g
and vvi-miR171f lacked three bases at the 59 end and
had three additional bases at the 39 end compared to the
other members (Fig. 2D). These differences might be
caused by the identification of different cleavage sites
during the formation of the mature miRNAs.
By analyzing the sequences of vvi-MIR171 gene

family, we found that vvi-MIR171g is located in the
exon of nodulation signaling pathway2 gene (Supplemental
Fig. S4), and vvi-MIR171j cannot be found on a defined
chromosome (Fig. 1), so we did not study them further.
We analyzed the expression patterns of the remaining

vvi-MIR171 family members. The results showed that
each member was expressed in many tissues, such as
roots, stems, leaves, flowers, and fruits, and different
members showed different expression patterns in the
same tissue (Fig. 2E). These results indicated that the
miR171 family members of grapevine were highly
conservative, with only a few base mutations during
the evolutionary process, but they might play different
regulatory roles due to their temporal and spatial ex-
pression differences.

The Role of miR171 in Grape Root Development

Propagation by cuttings is an important method of
grape reproduction, and the formation of adventitious

Figure 1. Positions of predicted miPEPs on the Vitis vinifera chromosomes. Chr1 to Chr19 represent chromosome number from
chromosome 1 to chromosome 19. The numbers in parentheses represent the number of predicted miPEPs encoded by the small
reading frame in the 500 bp upstream of the pre-miRNA at this position, and the numbers left side of chromosomes represent the
starting positions of the miRNAs on that chromosome.
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roots is crucial for this process. According to the
expression patterns of miR171 family members in
different tissues, the expression of vvi-MIR171a, vvi-
MIR171d, vvi-MIR171e, and vvi-MIR171i mRNAs were
relatively high in roots, so we speculated that they
might play an important role in adventitious root for-
mation and development. To verify this speculation, we
examined the spatiotemporal expression patterns of the
four vvi-MIR171s during the rooting process of cv
Muscat Hamburg cuttings (Supplemental Fig. S5). The
results showed that the expression levels of vvi-
MIR171a and vvi-MIR171i in the phloem changed lit-
tle; when the adventitious roots formed, their expres-
sion levels in adventitious roots increased. For indole
acetic acid (IAA)-treated cuttings, the expression level
of vvi-MIR171a decreased in the late growth stage of
adventitious roots; this effect might be caused by the
growth cessation and maturation of the adventitious
roots. The expression of vvi-MIR171d and vvi-MIR171e
in adventitious roots was lower than that in phloem,
and there was a peak in the expression level of vvi-
MIR171d before the appearance of adventitious roots
(Fig. 3). Moreover, in grapevine ’Red Globe’ cuttings
(Supplemental Fig. S6), the spatiotemporal expressions

of the four vvi-MIR171 genes were similar to those in
Muscat Hamburg cuttings (Supplemental Fig. S7).
From this result, we speculated that vvi-MIR171a and
vvi-MIR171i might play a role in the growth of adven-
titious roots, while vvi-MIR171d could affect the for-
mation of adventitious roots.

Notably, ath-MIR171b, ath-MIR171c, and vvi-
MIR171d have the same mature miRNA sequence
(Fig. 4A). Previous studies have shown that the number
of branches were reduced, and the growth of primary
roots was inhibited in ath-miR171c/b-overexpression
Arabidopsis lines compared with the wild type (Wang
et al., 2010). To explore the role of vvi-MIR171d in root
development, we overexpressed vvi-miR171d and ath-
miR171c in Arabidopsis. Compared with the wild type,
the transgenic lines exhibited a phenotype of shorter
primary roots, adventitious roots appeared earlier, and
the density of lateral roots increased at the morphogical
lower end of the primary root (Fig. 4B).

miPEPs have been shown to modify plant phenotype
by the external application of synthetic peptides
(Lauressergues et al., 2015). We cultured Arabidopsis on
Murashige and Skoog (MS) medium containing 0.2 mM

ath-miPEP171c, which was predicted by Lauressergues

Figure 2. Expression patterns of vvi-
miR171 and target genes during ad-
ventitious root formation and growth of
cv Muscat Hamburg cuttings and the
expression pattern of the vvi-MIR171
family in different tissues. A, Relative
abundance of vvi-miR171 during ad-
ventitious root formation and growth of
cuttings by stem-loop RT-qPCR. B,
Cleavage sites of vvi-miR171 at com-
plementary sequences of VvSCL15 and
VvSCL27 mRNA as determined by 59
RACE. The numbers of 59 RACE clones
corresponding to each site are indi-
cated by arrows. The red boxes repre-
sent the GRAS domains of VvSCL15
and VvSCL27. Short black bars repre-
sent base matches, and black circles
represent base mismatches. C, Expres-
sion patterns of VvSCL15 and VvSCL27
during adventitious root formation and
growth of cuttings. The 3W to 10W in-
dicate the time that the samples were
collected beginning in the third week
(14th d) after cuttings were prepared,
and once a week until the 10th week. P,
Phloem; R, root. D, Multiple sequence
alignment of the vvi-miR171 family
members. E, Expression pattern of vvi-
MIR171 family in different tissues. Data
are plotted as means 6 SD, and error
bars show the SD among three biologi-
cal replicates (n 5 3).
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et al. (2015). Compared with the control group, the pri-
mary roots of plants treated with ath-miPEP171c were
inhibited significantly, and the number of lateral roots
and adventitious roots increased significantly in the
early stage of root development (Supplemental Fig. S8),
and in the later development of roots, the difference was
not significant. These results suggested that ath-
miPEP171c was active and could modify the root de-
velopment in Arabidopsis.

Exploration of vvi-miPEP171d in Grapevine

Based on the above results, we speculated that vvi-
MIR171d might play a different role from the other
three vvi-MIR171 genes in the formation of adventitious
roots. Is there a miPEP in grape that specifically regu-
lates the expression of vvi-MIR171d? First, we designed
primers at different positions in the sequence upstream
of pre-miR171d and combined them with a reverse
primer that targeted pre-miR171d for PCR amplifica-
tion (Supplemental Fig. S9A). The gel electrophoresis
results showed that the 500-bp sequence upstream of

pre-miR171d was part of the transcript of the vvi-
MIR171d gene (Supplemental Fig. S9B). Then, the
level of pri-miR171d in the cytoplasm and nucleus
were determined separately by RT-qPCR, showing
that most of pri-miR171d was present in the nucleus,
but pri-miR171d was also present in the cytoplasm
(Supplemental Fig. S9C). Through the previous anal-
ysis, we knew that there were three reading frames
upstream of premiR171d: the first reading frame
encoded seven amino acids and was named as sORF1
(vvi-miPEP171d1); the second reading frame encoded
17 amino acids and was named as sORF2 (vvi-
miPEP171d2); and the third reading frame encoded
six amino acids, and was named as sORF3 (vvi-
miPEP171d3; Supplemental Fig. S9D). Since miPEPs
can alter the transcription levels of their corresponding
pri-miRNAs (Lauressergues et al., 2015) to determine
which reading frame was functional, separate over-
expression vectors for each of these three reading
frames were constructed with the Cauliflower mosaic
virus (CaMV) 35S promoter (Fig. 5A). The three reading
frames were transiently overexpressed in grape tissue
culture plantlets with the empty vector as the control,

Figure 3. Abundance of vvi-MIR171a,
vvi-MIR171d, vvi-MIR171e, and vvi-
MIR171i mRNAs during adventitious
root formation and growth of cvMuscat
Hamburg cuttings treated with IAA,
2,3,5-triiodobenzoic acid (TIBA), and
control group. The 3W to 10W indicate
the time that the samples were col-
lected beginning in the thirdweek (14th
d) after cuttings were prepared, and
once a week until the 10th week. Data
are plotted as means 6 SD, and error
bars show the SD among three biologi-
cal replicates (n 5 3).
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and then the quantity of pri-miR171dwas detected. The
RT-qPCR results showed that sORF1 increased the ex-
pression level of vvi-MIR171d, while sORF2 and sORF3
had no effect on the expression of vvi-MIR171d (Fig. 5B).
In addition, the abundance of vvi-miR171 decreased
after sORF1 treatment compared with that of the con-
trol, while the abundance did not change in the sORF2
and sORF3 treatment groups (Supplemental Fig. S10A).
This result suggested that the first reading frame was
active.

To further validate our results, the region from the
vvi-MIR171d promoter to the ATG start site of either
sORF1 (PromiR171d-ATG1) or sORF3 (PromiR171d-
ATG3) was fused with the GUS gene, and the CaMV
35S promoter was used to drive the GUS gene as the
control (Fig. 5C). A transient transformation assay was
performed in grape tissue culture plantlets and Nicoti-
ana benthamiana leaves to observe GUS activity. The
results showed that PromiR171d-ATG1 could initiate
transcription of the GUS gene in grape tissue culture
plantlets and N. benthamiana leaves, and the activity
of the GUS protein could be detected, while the
PromiR171d-ATG3 could also initiate the transcription
of theGUS gene, but the activity of the GUS proteinwas
almost undetectable (Fig. 5, D and E). The abundance of
vvi-premiR171d in the PromiR171d-ATG3 treatment
also increased significantly (Supplemental Fig. S10B).
These results further demonstrated that the short pep-
tide encoded by the first reading frame was active.
Since the sequence from the promoter to the ATG start
site of sORF3 could initiate GUS transcription, but the
sequence from the promoter to the ATG start site of
sORF3 (including the stop codon of sORF1) could

terminate the translation of the GUS protein prema-
turely, thus the activity of the GUS protein could not be
detected. We named the short peptide encoded by
sORF1 as vvi-miPEP171d1. Furthermore, the abun-
dance of vvi-miR171 showed a slight decrease com-
pared with the control group, which was consistent
with the result of vvi-miPEP171d1 transient over-
expression (Supplemental Fig. S10C).

To explore whether synthetic vvi-miPEP171d1 can
enter cells after the external application, grape em-
bryogenic calli were treated with FITC (fluorescein
isothiocyanate)-miPEP171d1. We found that the flu-
orescence signal was aggregated in the cytoplasm
and partially in the nucleus, while the fluorescence
signal in the cells treated with FITC was evenly dis-
tributed throughout the cells (Fig. 6A). The crude
protein was extracted from the treated embryogenic
calli and detectedwith FITC antibody. FITC-miPEP171d1
could be detected (Fig. 6B), which further demonstrated
that vvi-miPEP171d1 could be absorbed by grape em-
bryogenic callus cells.

Based on the above results, we treated grape tissue
culture plantlets with synthetic vvi-miPEP171d1 to ex-
plore its effect on the expression of vvi-MIR171 family
members and other vvi-MIRNA genes. The results of
RT-qPCR showed that the expression of vvi-MIR171d
increased, and the expression level increased with
treatment duration. In addition, the expression levels of
vvi-MIR171a and vvi-MIR171iwere reduced and that of
vvi-MIR171i was reduced more significantly, while the
expression of vvi-MIR171e was barely changed
(Fig. 7A). We also detected the expression levels of
some other vvi-MIRNA genes and found that the

Figure 4. Multiple sequence alignment of vvi-
miR171d, ath-miR171b, ath-miR171c, and
their target genes and phenotypes of transgenic
Arabidopsis. A, Multiple sequence alignment of
vvi-miR171d, ath-miR171b, ath-miR171c, and
their corresponding target genes VvSCL15,
VvSCL27,AtHAM1,AtHAM2, andAtHAM3. B,
Representative photographs of transgenic Ara-
bidopsis cultured vertically on MS medium for
15 d. Scale bars 5 1 cm. WT, Wild type.
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expression of vvi-MIR160c was reduced at later stages,
while that of the other vvi-MIRNAswas hardly affected
(Fig. 7A). Under vvi-miPEP171d1 treatment, the a-
bundance of pri-miR171d and pre-miR171d increased
with the treatment duration, and the abundance of pre-
miR171d was always higher than that of pri-miR171d
(Supplemental Fig. S10D). These results suggested that
vvi-miPEP171d1 could induce vvi-MIR171d expression
specifically and increased the abundance of vvi-
premiR171d.
Then, we scored the abundance of vvi-miR171 and

the expression levels of the target genes VvSCL15 and
VvSCL27. The abundance of vvi-miR171 decreased at
the beginning of the vvi-miPEP171d1 treatment and
then increased with the treatment duration (Fig. 7B).
The expression level of VvSCL27 decreased, then in-
creased to a peak, and then finally decreased. The

expression of VvSCL15 increased and decreased after
reaching a peak (Fig. 7C). To further explore the dif-
ferent regulatory effect of vvi-miR171a, vvi-miR171d,
vvi-miR171e, and vvi-miR171i on VvSCL15 and
VvSCL27, we coexpressed VvSCL15 or VvSCL27 in N.
benthamiana leaves with each of the four vvi-MIR171s.
The results showed that the efficiency of vvi-miR171a,
vvi-miR171d, vvi-miR171e, or vvi-miR171i guiding the
cleavage of VvSCL15 and VvSCL27 mRNAs was dif-
ferent: VvSCL15 mRNA was mainly regulated by vvi-
miR171a and vvi-mR171i, and VvSCL27 mRNA was
mainly regulated by vvi-miR171d and vvi-miR171e
(Supplemental Fig. S10E). Thus, we could conclude that
vvi-miPEP171d1 induced the expression of vvi-
MIR171d, which decreased the abundance of VvSCL27
mRNA; meanwhile, the expression of vvi-MIR171i de-
creased, resulting in relatively high abundance of

Figure 5. Exploration of vvi-miPEP171d
in grapevine. A, Schematic diagrams of
OE-sORF1, OE-sORF2, and OE-sORF3
constructs with the CaMV 35S pro-
moter. B, Expression of vvi-MIR171d in
grape tissue culture plantlets after tran-
sient expression of sORF1, sORF2, or
sORF3. Asterisks indicate significance at
**P , 0.01, according to the two-tailed
Student’s t test. Data are plotted as
means 6 SD, and error bars show the SD

among three biological replicates (n 5
3). C Schematic diagrams of promoter-
MIR171d extending to ATG1 or ATG3
constructs. D Expression of GUS in
grape tissue plantlets and Nicotiana
benthamiana leaves. Data are plotted
as means 6 SD, and error bars show
the SD among three biological repli-
cates (n 5 3). E Activity analysis of
GUS in grape tissue culture plantlets
and N. benthamiana leaves.
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mRNA of its main target gene VvSCL15 (Fig. 7, B
and C).

Effects of vvi-miPEP171d1 on Grapevine Growth
and Development

To identify the function of vvi-miPEP171d1 in grape
adventitious root formation and development, we cul-
tured grape plantlets on 1 mg/l IAA MS medium
containing 0.2 mM synthetic vvi-miPEP171d1 or ath-
miPEP171c and IAA-free MS medium containing 0.2
mM synthetic vvi-miPEP171d1 or ath-miPEP171c. The
results showed that, for the group without IAA, the
adventitious root number increased under vvi-
miPEP171d1 treatment, and the length of the adventi-
tious roots became significantly shorter, while the
plantlets treated with ath-miPEP171c showed no phe-
notypic changes compared with the control group
(Fig. 8). For the IAA-added group, the number of ad-
ventitious roots increased and root length decreased
significantly under vvi-miPEP171d1 treatment, and the
plantlets treated with ath-miPEP171c also showed no
phenotypic changes compared with the control group
(Fig. 8). The abundance of vvi-miR171 was slightly re-
duced in the vvi-miPEP171d1-treated group, while that
in the ath-miPEP171c-treated group did not differ
(Supplemental Fig. S11A). In the first two rooting
stages, the expression of vvi-miR171 in the vvi-
miPEP171d1 treatment group was lower than that in
the control group, but in the later stage, they were not
distinguishable. The expression of VvSCL15 and
VvSCL27 was higher than that in the control group in

the first two stages and then approached that in the
control group in the third stage (Supplemental Fig. S11,
B and C). These results suggested that exogenous ap-
plication of synthetic vvi-miPEP171d1 could increase
the formation of adventitious roots, while ath-miPEP171c
had no effect on the formation and development of grape
adventitious roots.

To explore whether vvi-miPEP171d1 is universal and
can function in other species, Arabidopsis plants were
cultured on MS medium with or without 0.2 mM syn-
thetic vvi-miPEP171d1. The results showed that the
treated plants had little change compared to the control.
Furthermore, after overexpression of vvi-miPEP171d1
in Arabidopsis, the vvi-miPEP171d1-OE lines did not
differ from the wild type in height, branch
(Supplemental Fig. S12A), root length, or lateral root
number (Supplemental Fig. S12, B and C). These results
indicated that vvi-miPEP171d1 could only act in
grapevine and had no effect in Arabidopsis, which in-
dicated the functional specificity of this miPEP in dif-
ferent species.

DISCUSSION

Peptides perform multiple functions in plant growth
and development, and most of them are derived from
nonfunctional precursors or functional proteins
(Schmelz et al., 2006; Pearce et al., 2010; Matsubayashi,
2011). Recently, a novel type of peptide termed miPEPs
has been reported. These miPEPs are encoded by pri-
miRNA transcripts, and this type of peptide has a reg-
ulatory function (Lauressergues et al., 2015). Unlike

Figure 6. Subcellular localization of vvi-
miPEP171d1. A, The same cell was photo-
graphed for DAPI and GFP fluorescence and
bright-fieldmicroscopy, and then the images were
merged. Scale bars 5 25 mm. B, Western blot
analysis of Fitc-miPEP171d1 entering cells. The
black arrow indicates the position of vvi-
miPEP171d1, and asterisk indicates nonspecific
binding. “1” represents addition and “2” repre-
sents no addition. Short horizontal lines on the left
represent bands of proteins with different molec-
ular weights in themarker, and the number next to
the band represents the molecular weight of the
protein. The concentration of the SDS-PAGE gel
was 15%, the electrophoresis time was about
60 min (when the loading and small molecular
weight protein band reached to the middle length
of SDS-PAGE gel), and the 3.5 to 23 kDa protein
marker bands overlapped together.
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those of peptides derived from nonfunctional precursor
proteins or functional proteins, the transcripts encoding
this novel type of peptide should contain one or more
sORFs (Dinger et al., 2008). In this study, we analyzed
the open reading frames in the 500-bp sequences up-
stream of grape miRNA precursors that have been
registered in the miRBase database, and we found that
at least one open reading frames exist in each pri-
miRNA (Fig. 1; Supplemental Table S1). Therefore, we
speculate that there are peptides encoded by pri-
miRNAs in grapevine, and these peptides may regu-
late grapevine growth and development.
Among the miRNAs that are involved in the devel-

opment of plant roots (Couzigou et al., 2017), miR171 is
a conserved miRNA within different plant species that
has been associated with cell fate determination and
root organ development (Wang et al., 2010; Engstrom
et al., 2011). In apple, mdm-miR171a exhibited a low

expression level before the appearance of adventitious
roots (Li et al., 2019). To date, research on the effects of
miR171 on grape root development is still lacking. In
this study, the abundance of vvi-miR171 and its targets
VvSCL15 and VvSCL27 mRNAs were detected during
the root formation and development of grape cuttings,
and we found that the abundance of vvi-miR171 was
suppressed, and those of VvSCL15 and VvSCL27
mRNAs were increased in the phloem at the lower end
of the cuttings before the appearance of adventitious
roots (Fig. 1, A and C). Many studies have found that
the expression of SCL is elevated in the initial stage of
root development. For example, the SCR) reporter line
END199 shows GUS activity in the central cells of the
outer layer during lateral root formation (Malamy and
Benfey, 1997; Konishi and Sugiyama, 2006). CsSCL1
and PrSCL1 are highly expressed in rooting-competent
cuttings of Pinus radiata and Castanea sativa. (Sánchez

Figure 7. Effects of vvi-miPEP171d1 on
the expression of some vvi-MIRNA
genes, vvi-miR171, and VvSCL15 and
VvSCL27. A, Accumulation of vvi-
MIR171a, vvi-MIR171d, vvi-MIR171e,
vvi-MIR171i, vvi-MIR408, vvi-
MIR159b, vvi-MIR160c, vvi-MIR393a,
and vvi-MIR535mRNAs in grape tissue
culture plantlet roots treated with 0.2
mM vvi-miPEP171d1. B, Abundance of
vvi-miR171 in grape tissue culture
plantlet roots treated with 0.2 mM vvi-
miPEP171d1. C, Expression of VvSCL15
and VvSCL27 in grape tissue culture
plantlet roots treated with 0.2 mM vvi-
miPEP171d1. Data are plotted as means
6 SD, and error bars represent SD among
three biological replicates (n5 3). Aster-
isk indicate significance at *P, 0.05 and
**P, 0.01, respectively, according to the
two-tailed Student’s t test.
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et al., 2007), and CsSCL1 mRNA is specifically located
in the cambial zone and derivative cells during the
formation of adventitious roots, while in rooting-
incompetent shoots, it is diffuse and evenly distrib-
uted through the phloem and parenchyma (Vielba
et al., 2011). In this study, consistent with previous re-
ports, we demonstrated that vvi-miR171 affected the
formation of adventitious roots by regulating VvSCL15
and VvSCL27 in grapevine.

Pri-miRNAs can encode peptides. Overexpression of
miPEP171b and miPEP165a in M. truncatula and Ara-
bidopsis, respectively, increased the abundance of their
respective endogenous miRNAs by stimulating the
transcription of the pri-miRNA, which downregulated
the expression of its corresponding target genes and
affected root growth and development (Lauressergues

et al., 2015). Exogenous application of synthetic
miPEP172c could stimulate miR172c expression and
increase nodule number in soybean (Glycine max;
Couzigou et al., 2016). There are 50 miPEPs with
lengths of three to 59 amino acids sharing no common
signature, which suggests that each miPEP is specific
for its corresponding miRNAs (Lauressergues et al.,
2015). Through sequence analysis, we found three
sORFs in the 500-bp sequence upstream of premiR171d
(Supplemental Fig. S9D). The transient overexpression
experiment and GUS activity assay demonstrated that
the first sORF could specifically enhance the expression
of vvi-MIR171d (Fig. 5, B and D), and synthetic vvi-
miPEP171d1 treatment increased adventitious root
number of the grape tissue culture plantlets (Fig. 8;
Supplemental Fig. S11B). These results indicated the

Figure 8. Phenotypes of grape tissue culture
plantlets cultured with 0.2 mM vvi-
miPEP171d1 or ath-miPEP171c. A, Repre-
sentative photographs of grape tissue culture
plantlets cultured on MS medium contain-
ing 1 mg/L IAA and 0.2 mM vvi-miPEP171d1
or ath-miPEP171c or MS medium contain-
ing 0.2 mM vvi-miPEP171d1 or ath-
miPEP171c. Scale bars 5 1 cm. B, Adven-
titious root number and root length of 25-d-
old grape tissue culture plantlets cultured on
MS medium containing 1 mg/L IAA and 0.2
mM vvi-miPEP171d1 or ath-miPEP171c or
MS medium containing 0.2 mM vvi-
miPEP171d1 or ath-miPEP171c, and MS or
MS containing 1 mg/L IAA supplemented
with sterile water as control. Black dots
represent outliers. Asterisk indicate signifi-
cance at *P , 0.05 and **P , 0.01, re-
spectively, according to the two-tailed
Student’s t test. Data are plotted as means6
SD, and error bars show the SD.
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presence of miPEP in grapevine and confirmed our
speculation that vvi-miR171d could play an important
role in the formation of adventitious roots.
The expression pattern of vvi-MIR171d was quite

different from those of the other three members during
adventitious root formation in cuttings, especially in
the stage before adventitious root emergence (Figs . 2, A
and C, and 3). Thus, we speculated that vvi-MIR171d
might play a special role in the formation of adventi-
tious roots. It has been reported that miRNA family
members can generate different miPEPs (Lauressergues
et al., 2015); thus, treatment with different synthetic
miPEPs can enable distinct functional analysis of each
member of amiRNA family. In this study, after treatment
with synthetic vvi-miPEP171d1, we found that only the
expression of vvi-MIR171d was induced and that of vvi-
MIR171e and other vvi-MIRNAs was scarcely changed;
the expression of vvi-MIR171a and vvi-MIR171i was de-
creased significantly, and that of both target mRNAs
showed different changes, especially VvSCL15 mRNA
(Fig. 7; Supplemental Fig. S11), consistent with their ex-
pression patterns during the rooting process in cuttings:
the expression of vvi-MIR171dwas induced, while that of
vvi-MIR171a and vvi-MIR171iwas reduced, andVvSCL15
was increased during the adventitious root initiation
stage (Figs. 2C and 3; Supplemental Fig. S7). Based on
previous reports about the role of SCL in the formation of
adventitious roots, we speculated that the increased ex-
pression ofVvSCL15might be the reason for the increased
adventitious root number after miPEP171d1 treatment.
The increased content of pri-miR171d does not mean

that the content of miR171 is increased. There are 10
members of the miR171 family in grapevine, and more
experiments are needed to explore the relationship
among them. The miR171 mature sequences of these 10
members are highly conserved, and the conservation
determines the preference of the target gene and the
way it acts on the target gene. 59 RACE experiments
showed that the target genes of vvi-miR171 family
members were VvSCL15 and VvSCL27 (Fig. 2B). The
different expression patterns of eight vvi-MIR171 fam-
ilymembers inmany tissues suggested that they played
different regulatory roles in grape development and
growth (Fig. 2E). There are different bases among the 10
mature sequences of vvi-miR171 (produced by 10 pre-
miR171), indicating their different physiological func-
tions as small molecular regulators. The efficiency of
different miR171 members guiding the cleavage of di-
verse target genes was detected by the coinjection assay
on N. benthamiana leaves, and from the result we could
see that the efficiencies varied (Supplemental Fig.
S10E). Comparedwith the mature sequence, precursors
of different miR171 family members are less conserved
in sequence, and divergent in the evolutionary tree
(Supplemental Fig. S3). The specificity of the precursors
determines the specific hairpin structure, and precur-
sors of miRNA have different hairpin structures in
different species, which results in functional differences
(Van Wynsberghe et al., 2011). In Arabidopsis, the ac-
tivation of miR171 was thought to be due to direct

binding to the promoter region by its own target gene
AtSCL protein, thereby forming a homeostatic feed-
back loop (Xue et al., 2014). The efficiency of vvi-
miR171d guiding the cleavage of the two target
mRNAs was different, and the two target genes might
be involved in regulating the expression of other vvi-
MIR171 members, leading to differences in their ex-
pression patterns from that of vvi-MIR171d, thus
forming a complex regulatory network. It is interesting
and important to do further studies. In addition, the
expression patterns of 8 vvi-MIR171 family members in
many tissues were different (Fig. 2E), and different vvi-
MIR171 genes had different expression levels during
adventitious root development (Fig. 3; Supplemental
Fig. S7), indicating that the dosage effects and the spa-
tiotemporal expression specificity of vvi-miR171 family
members might form a complex regulatory network to
maintain and regulate VvSCL mRNA abundance (Li
and Mao, 2007), and further research could be per-
formed to demonstrate its exact features.
Through genetic studies, Atham1, Atham2,and Atham3

triple mutant plants were found to display a reduced
primary root phenotype, similar to that of 35Spro-
MIR171c plants (Wang et al., 2010; Engstrom et al.,
2011), and tomato plants overexpressing SlGRAS24
showed short primary roots and few lateral roots (Huang
et al., 2017), which shows that the expression of aMIRNA
or their target genes beyond a certain rangewill affect root
development. Plants balance gene expression levels
through complex regulatory networks. Compared with
homologous or heterologous miRNA overexpression,
treatment with miPEPs could be used to analyze gene or
miRNA function and their regulatory mechanisms, and
thismethod couldmore accurately reflect the endogenous
regulation in plants (Fig. 8).
The grape tissue culture plantlets treated with ath-

miPEP171c showed no difference from the control
(Fig. 8), and Arabidopsis seedlings cultured with vvi-
miPEP171d1 showed no change in root phenotype. Fur-
thermore, heterologousoverexpressionof vvi-miPEP171d1
in Arabidopsis did not affect the roots or aerial part com-
pared with the wild type (Supplemental Fig. S12). These
results again suggest that each miPEP is specific for its
correspondingmiRNA(Lauressergues et al., 2015) and that
miPEPs are species specific. According to the results of the
promoter-reporter and FITC-miPEP171d1 infecting em-
bryogenic calli penetration experiments, vvi-miPEP171d1
might regulate its own promoter activity, just as
Waterhouse and Hellens (2015) assumed. However, how
miPEPs enter the nucleus and increase the activity of their
own promoter needs further investigation.
In conclusion, we demonstrated that the species

specificity of the miPEP vvi-miPEP171d1 could affect
the growth and development of roots by regulating the
expression of its corresponding vvi-MIR171d in grape-
vine. While the ath-miPEP171c could regulate root de-
velopment in Arabidopsis, but not grapevine. These
results enrich the theoretical understanding of miRNA
regulation networks and provide new ideas for root
development studies in perennial fruit trees.
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MATERIALS AND METHODS

Plant Material

Micropropagated ‘Thompson Seedless’ grape (Vitis vinifera) plantlets were
grown in tissue culture at Shanghai Jiao Tong University, Shanghai, China. The
tissue culture plantlets were maintained under 16 h light and 8 h dark at 23°C and
subcultured every 30 d onMSmedium containing 1.0 mg/L IAA, 0.7% (w/v) agar,
and 3% (w/v) Suc. The pH of the medium was adjusted to 5.8 before sterilization.

For external application of vvi-miPEP171d1, tissue culture plantlets sub-
cultured for ;25 d under the above conditions were subjected to the following
treatments: about 5-cm tips were cut and subcultured on solid MS medium
containing 0.2 mM vvi-miPEP171d1 or 0.2 mM ath-miPEP171c; the solid MS
medium either contained 1 mg/l IAA or was hormone-free. The control groups
were placed in the samemediawithout the peptides. Forty uniform grape tissue
culture plantlets were selected for each treatment, and three biological repli-
cates were performed. After being subcultured 25 d, the number of adventitious
roots of each treatment was counted. In addition, a total of 200 uniform tissue
culture cuttings were selected and sampled at three time points: 3 (S0), 6 (S1),
and 9 d (S2). The tissue culture cuttings grown on theMSmediumwith 1.0 mg/
L IAA for 25 d were immersed in 0.2 mM vvi-miPEP171d1 solution for 30 min
and then removed to place in an empty container. Samples were collected at
regular intervals, frozen in liquid nitrogen, and stored in a 280°C ultralow
temperature freezer for further use.

The Arabidopsis (Arabidopsis thaliana) Columbia accession (Col) was used as
the wild type. Arabidopsis seeds were sterilized and sown on MS medium
containing 0.2 mM vvi-miPEP171d1 or ath-miPEP171c, and sterile water was
added to themedium of the control group. The seedlingswere transferred to the
corresponding medium after germination, and 10 Arabidopsis seedlings were
placed in each dish. The culture dish was placed vertically, and the growth of
the seedlings was observed regularly and photographed.

The grape cuttings were 1-year-old hardwood branches of ’Muscat Ham-
burg’ and ’Red Globe’. This work was carried out in the artificial climate room
of the experimental base of the School of Agriculture and Biology, Shanghai Jiao
Tong University, on November 25, 2017, and the temperature of the artificial
climate roomwas controlled at 25°C. Theworkwas repeated onMarch 20, 2018.
At pruning in winter, the 1-year-old healthily growing hardwood branches
were selected, marked, and then stored under river sand in a pit prepared in
advance. One day before the cuttings were started, the prepared branches were
removed from the pit and cut into pieces with two buds. The morphologically
upper end of the cuttings near the node was cut flat, and the morphologically
lower end was cut diagonally at a distance of 2 to 3 cm from the bud. Then 120
trimmed cuttings per treatment were dipped into different solutions: (1) a so-
lution containing 100 mg/L IAA; (2) a solution containing 80 mg/L 2,3,5-
triiodobenzoic acid; and (3) water as the control group. After soaking for 12 h,
the cuttings were taken from the container, the upper end was sealed with wax,
and the cuttings were inserted into the river sand at a 45-degree angle at a depth
of ;5 cm. After insertion, the river sand was pressed firmly and watered
thoroughly. The river sand was kept moist throughout the experiment. After
14 d of cutting incubation, we began to collect samples once a week. The
morphologically lower end of each sampled cutting was washed and photo-
graphed. The number of roots of each cuttingwas counted, and the adventitious
roots and;5 cm of the phloem at the morphologically lower end of the cuttings
were collected separately, frozen with liquid nitrogen, and stored in a 280°C
ultra-low temperature freezer for further use.

Synthetic Peptide Assay

Peptideswere synthesized by Shanghai RuiMian Biological Technology. The
purity of the synthetic peptides is $95% (w/w).

Peptide Sequence

The peptide sequences are as follows: vvi-miPEP171d1—MGYGTTP, FITC-
KMGYGTTP (1.22 kDa); ath-miPEP171c—MLSLSHFHIC.

RNA Extraction and Synthesis of cDNA

Nuclear and cytoplasmic fractions were isolated according to Xu and
Copeland (2012), and then the RNA and total RNA samples were extracted
using a modified hexadecyl trimethyl ammonium bromide method (Li et al.,
2009) and treated with DNase I (TaKaRa) to remove DNA contamination. Total

genomic DNA was extracted from young leaves using a modified hexadecyl
trimethyl ammonium bromide method and treated with RNase A to remove
RNA. The concentration of RNA was estimated using a Nanodrop Spectro-
photometer (Thermo Fischer Scientific). RNA was used as template to synthe-
size the first-strand cDNAusing the SuperScript reverse transcriptase (TaKaRa)
according to the manufacturer’s instructions. For vvi-miR171, a stem-loop
primer was designed for synthesizing the first-strand cDNA. Total RNA from
all three biological replicates was independently used for RT-qPCR.

Phylogenetic Analyses of the miR171 Family

We downloaded the precursor sequences of the miR171 family of V. vinifera
(vvi),Oryza sativa (osa),Medicago truncatula (mtr), Brassica napus (bna), Triticum
aestivum (tae), Populus trichocarpa (ptr), Zea mays (zma), Sorghum bicolor (sbi),
Selaginella moellendorffii (smo), Glycine max (gma), Solanu mlycopersicum (sly),
Citrus sinensis (csi),Nicotiana tabacum (nta), Prunus persica (ppe),Malus domestica
(mdm), and Fragaria vesca (fve) from miRBase database (http://www.mirbase.
org/). Multiple sequence alignments of the collected miR171 precursor se-
quenceswere performed, and a phylogenetic tree was constructed usingMEGA
6.0 software and the neighbor-joining method. A bootstrap test was performed
with 1000 replicates. The confidence values are shown on the branches.

PCR Analysis

To analyze whether the 500-bp sequence upstream of each pre-miRNA was
part of the pri-miRNA transcript, 20 pairs of primers were designed with for-
ward primers beyond 500 bp upstream of the pre-miRNA and reverse primers
at the 39 end of the pre-miRNA. For vvi-MIR171d, the primers used for ampli-
fication were a reverse primer at the 39 end of premiR171d and forward primers
at different sites beyond 350 bp upstream of premiR171d (Supplemental Fig.
S9A; Supplemental Table S2). DNA and cDNAwere used as templates to carry
out PCR assays. PCR amplification was performed as follows: preincubation at
94°C for 5 min followed by 35 cycles of denaturation at 94°C for 30 s, annealing
at 54°C for 30 s, and extension at 72°C for 1 min. The final extension was carried
out at 72°C for 10 min, and the reaction was held at 4°C. The VvGAPDH gene
was used as a control, and the total RNAwas determined to be clean of DNA by
observing the different sizes of bands in the two PCRs (Supplemental Figs. S1,
B and C, and S9B).

Plasmid Construction

DNA fragments of the vvi-MIR171d promoter, the precursor of vvi-miR171a,
vvi-miR171d, vvi-miR171e, and vvi-miR171i, the predicted coding sequences in
vvi-MIR171d, the partial coding frame sequences of VvSCL15 and VvSCL27
containing vvi-miR171 target sequence, and the precursor of ath-miR71c of
Arabidopsis were amplified from grape genomicDNAor cDNAorArabidopsis
cDNA. Primer sequences used for amplification are listed in Supplemental
Table S2. PCR-amplified fragments of vvi-premiR171a, vvi-premiR171d, vvi-
premiR171e, vvi-premiR171i, three reading frames predicted in vvi-MIR171d
(sORF1, sORF2, and sORF3), the partial coding frame of VvSCL15 and
VvSCL27, and Arabidopsis premiR171c (ath-premiR171c) were cloned into pRI
101-AN, all under the CaMV 35S promoter. The vvi-MIR171d promoter se-
quences were fused with GUS in vector pCambia1305. After confirmation by
sequencing, all vectors were then transformed into Agrobacterium tumefaciens
strain GV3101 and used for further transient expression or plant transformation
experiments.

Transient Expression and Plant Transformation

Leaves of 3- or 4-week-old Nicotiana benthamiana plants or grape tissue
culture plantlets were infiltrated with Agrobacterium strain GV3101 harboring
different constructs for transient expression. The Agrobacterium overnight cul-
ture was centrifuged, and the supernatant was removed. The concentration of
Agrobacteriumwas adjusted to an absorbance value of 1.0 at a wavelength of 600
nm (OD600 5 1.0) using suspension buffer (10 mM MgCl2, 10 mM MES [pH 5.6],
and 0.1 mM acetosyringone). Infiltration was performed after the resuspended
Agrobacterium was placed at room temperature for 2 to 4 h. After 24 h of in-
cubation in the dark, the N. benthamiana plants or grape tissue culture plantlets
were transferred to light and cultured for 2 d. The infiltrated tissues were col-
lected for RNA analysis or GUS analysis.
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The floral dipping method was used to create transgenic plants (Bechtold
et al., 1993). Transgenic seeds were screened on MS plates containing 25 mg/L
kanamycin. Approximately 10 independent T1 lines for each gene were gen-
erated. Homozygous T4 seeds of four representative lines for each construct
were routinely used for phenotypic analysis.

Histochemical Staining for GUS Activity

The histochemical GUS assay was performed as follows: plant tissues were
placed into GUS reaction buffer (0.5 mg/mL X-GlcA, 1% [v/v] methyl alcohol,
0.2 M phosphate buffer, pH 7.0). After vacuum infiltration for 10 min, the plant
tissues were incubated in GUS reaction buffer overnight at 37°C. Stained tissues
were cleared in 70% (v/v) ethanol to remove chlorophyll and photographed. At
least three independent trials were performed.

Determination of Cleavage Sites Using 59 RACE

The cDNAwasobtainedby reverse transcriptionof total RNAextracted from
leaves and roots and specific primers of the target genes. The cDNA was then
purified using the 59 RACE kit (Gibco BRL Biotechnology) according to the
manufacturer’s instructions. Nested PCR analyses were performed using pu-
rified cDNA as templates and the primers listed in Supplemental Table S2. The
amplified products were purified on 1% (w/v) agar gels and cloned to the
pMD19-Tsimple vector and then transformed into competent Escherichia coli
strain DH5a. We selected 15 positive clones from each predicted target gene for
confirmation by sequencing analysis.

Western Blot

Total protein extracts were obtained as previously described (Rudd et al.,
1996), and 50mgwere loaded and separated by SDS-PAGE. Primary antibodies
were used at 1:1000 (v/v) dilution and horseradish peroxidase-conjugated
goat anti-rabbit immunoglobulin Gwas used as secondary antibody at 1:3000
(v/v) dilution. The western blot analysis was performed as described by
Lauressergues et al. (2015).

Expression Analysis

For RT-qPCR, total RNA was treated with DNase I (TaKaRa), and 1 mg was
reverse transcribed to obtain first-strand cDNA according to themanufacturer’s
instruction (TaKaRa). The cDNAwas diluted 10 times with nuclease-free water,
and 1 mL was used as template for qPCR or stem-loop qPCR performed using
TB Green II mix (TaKaRa) in a CFX Connect Bio-Rad instrument. The relative
abundance of the mRNAwas calculated by the 22DDCTmethod and normalized
byVvGADPH, U6 (U6 belongs to small nuclear RNA and is transcribed by RNA
polymerase III, and the sequence is rich in U) of grapevine (Luo et al., 2018) and
Actin of N. benthamiana as reference (Livak and Schmittgen, 2001). The primers
used are listed in Supplemental Table S2.

Vvi-miPEP171d1 Uptake Assay in Grape
Embryogenic Callus

Vvi-miPEP171d1 labeled with FITC at the N terminus was synthesized from
Shanghai RuiMian Biological Technology ($95% purity). The grape embryogenic
calli were incubated with 0.1 mg/L FITC-miPEP171d1 or FITC in sterilizedwater
at 23°C for 10 h. After treatment, the calli were washed five times with sterile
water by gently shaking for 2min. The nucleiwere stainedwith 49,6-diamidino-2-
phenylindole. The calli were imaged using a Leica laser confocal scanning mi-
croscope (LAS AF Lite). Fluorescence was visualized with excitation at 488 nm.

Statistical Analysis

All data in this study were obtained from three independent experiments.
Data were plotted as means 6 SD, and error bars were SD. The data were ana-
lyzed with the two-tailed Student’s t test using GraphPad Prism 5.01 software.

Accession Numbers

Accession numbers for this study are as follows: vvi-miR171a
(MIMAT0005691), vvi-miR171d (MIMAT0005694), vvi-miR171e (MIMAT0005695),
vvi-miR171i (MIMAT0005698),VvSCL15 (LOC100251313),VvSCL27 (LOC100267664),
ath-miR171c (MIMAT0000921), AtHAM1 (NM_130079), AtHAM2 (NM_115927),
At HAM3 (NM_116232).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. PCR analysis of vvi-MIRNA gene transcripts.

Supplemental Figure S2. Relative abundance of pre-miRNA and pri-
miRNA.

Supplemental Figure S3. Phylogenetic analysis of miR171 family members
in 17 species.

Supplemental Figure S4. Schematic diagram of vvi-miR171g overlapping
with the exon of nodulation signaling pathway2 gene.

Supplemental Figure S5. Morphological features of the rooting process of
cv Muscat Hamburg cuttings.

Supplemental Figure S6. Morphological features of the rooting process of
cv Red Globe cuttings.

Supplemental Figure S7. The expression patterns of vvi-MIR171a, vvi-
MIR171d, vvi-MIR171e, and vvi-MIR171i during adventitious root forma-
tion and growth of Red Globe cuttings treated with IAA and 2,3,5-triio-
dobenzoic acid and the control group.

Supplemental Figure S8. Phenotype of Arabidopsis seedlings cultured
with 0.2 mM ath-miPEP171c.

Supplemental Figure S9. Analysis of the vvi-MIR171d transcript.

Supplemental Figure S10. Analysis of the relative abundance of miR171,
pri-miR171d, and premiR171d and efficiency ofvvi-miR171a, vvi-
miR171d, vvi-miR171e, and vvi-miR171i guiding the cleavage of
VvSCL15 and VvSCL27 mRNAs.

Supplemental Figure S11. The effects of vvi-miPEP171d1 on adventitious
root formation and growth of grape tissue culture plantlets.

Supplemental Figure S12. The phenotype of transgenic Arabidopsis
plants.

Supplemental Table S1. Peptide sequences encoded by the short putative
open reading frames in 500 bp upstream of vvi-pre-miRNAs.

Supplemental Table S2. Primers used in the study.
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