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Abstract: Pinellia ternata (Thunb.) Breit (abbreviated as P. ternata) is a plant with an important
medicinal value whose yield is restricted by many factors, such as low reproductive efficiency and
continuous cropping obstacles. As an essential breeding material for P. ternata growth and production,
the bulbils have significant advantages such as a high survival rate and short breeding cycles.
However, the location effect, influencing factors, and molecular mechanism of bulbil occurrence and
formation have not been fully explored. In this study, exogenously applied phytohormones were
used to induce in vitro petiole of P. ternata to produce bulbil structure. Transcriptome sequencing
of mRNA and miRNA were performed in the induced petiole (TCp) and the induced bulbil (TCb).
Gene Ontology (GO) term enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analysis were performed for the identification of key genes and pathways involved in bulbil
development. A total of 58,019 differentially expressed genes (DEGs) were identified. The GO and
KEGG analysis indicated that DEGs were mainly enriched in plant hormone signal transduction
and the starch and sucrose metabolism pathway. The expression profiles of miR167a, miR171a, and
miR156a during bulbil induction were verified by qRT-PCR, indicating that these three miRNAs
and their target genes may be involved in the process of bulbil induction and play an important
role. However, further molecular biological experiments are required to confirm the functions of the
identified bulbil development-related miRNAs and targets.

Keywords: induction; bulbil; P. ternata; microRNA; phytohormone; RNA-seq

1. Introduction

P. ternate, the most widely used herb in the Pinellia genus, is widely distributed in
China, Japan, and Korea [1]. The dried tuber of P. ternata, called Pinellia rhizome (PR),
is a commonly used medicinal plant after processing and is often used to treat phlegm,
cough, and morning sickness [2]. However, propagating P. ternata is difficult because of
viral infection, continuous cropping obstacles, unstable quality, and other factors [3]. As
a special vegetative propagule, the bulbil is usually found in the aboveground parts of
perennial herbs, such as Lilium lancifolium [4], Dioscorea alata [5], and P. ternate [6].

As a vegetative viviparous organ species, the bulbil has the characteristics of strong
vitality, high germination rate, and fast germination cycles [3]. Moreover, the bulbil’s
morphology, occurrence site, and number of different species have great variations [7].
The occurrence site of bulbils of P. ternata generally involves the petiole near the root,
and terminal globules occasionally emerge at the base of three leaves [8]. The anatomical
study of the normal development of P. ternata bulbils indicated that these developed from
the dedifferentiation and redifferentiation of the parenchyma cells between the ventral
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epidermis of young petioles and the outermost vascular bundles [9]. In vitro petioles of P.
ternata induced by MS medium containing a plant hormone comprising 0.5 mg/L 6-BA (IN-
(Phenylmethyl)-9H-purin-6-amine) + 0.2 mg/L NAA (Naphthaleneacetic acid) can obtain
a large number of vegetative structures that are similar to bulbils, which can be used in
production. They exhibited the same biological characteristics as normal bulbils (such as the
cork, capability of rooting, and growth points), and can develop into complete plants [10].
The process of bulbil formation induced by plant hormones can directly complete the
structural transformation from explant to bulbil without undergoing the callus stage [11].
This process involves the influence of complex internal and external factors and precise
gene expression regulation mechanisms. Evidence suggests that various plant hormones,
i.e., 3-Indoleacetic acid (IAA), jasmonic acid (JA), abscisic Acid (ABA), and trans-Zeatin-
riboside (ZR), play an important role in the development of bulbils [12,13]. However,
exploration at the molecular level still needs to be improved.

The development of bioinformatics and molecular biology supports the study of
gene expression in non-model organisms, especially medicinal plants that are relatively
scarce but have significant medicinal and research value [14,15]. The bulbil propagation
of P. ternata has important application value in practical production. Further, despite
continuous exploration of influencing factors, key genes, and analytical mechanisms in
bulbil formation, these features have thus far failed to be fully elucidated [6,16]. In this
study, we used plant hormones to induce bulbil formation and employed RNA-seq and
gRT-PCR for the expression of quantitative critical genes in the process of bulbil induction
to explore another process of bulbil formation and provide a reference for research on the
bulbil initiation and development mechanism.

2. Materials and Methods
2.1. Plant Materials

The tubers were collected from the planting base in Qingshui, Gansu Province under
the permission of the competent authority. The seeds were identified as P. ternata tubers
by Professor Xu Tao of Zhejiang sci-tech University, and planted in the greenhouse. The
soil composition was nutrient soil: vermiculite: perlite = 3:1:1; this was irrigated with
1/5 MS nutrient solution and watered once a week. The temperature setting of the green-
house where the tubers were cultured was within the range of 25 + 1 °C with a photoperiod
of 12 h. After 20 days of bulb culture, the petioles of the growing P. ternata plantlets were
cut into 3 cm segments as explants.

After being treated with 70% alcohol (30 s) and 10% sodium hypochlorite solution
(10 min), the explants were cultured in MS medium containing 0.5 mg/L 6-BA and 0.2 mg/L
NAA. Then, with the time gradient of 3, 6, 9, and 12 days, the tip of the petiole was cut
at 0.3 cm for the induction of the bulbil, and at the bottom 0.3 cm for the induction of
the petiole (Figure 1A-D). In order to show the completeness of the development of the
bulbil, the development and growth of the bulbil at 36 days and 108 days were assessed
(Figure 1E,F). Naturally occurring petioles were used as blank controls. mRNA and miRNA
sequencing were performed on the inducible petiole and the inducible bulbil on day 6,
because the structure of the inducible bulbil could be clearly observed. Five biological
replicates of each period, each consisting of 10-15 individual samples, were pooled into
two samples prior to sequencing. Three biological replicates were set for each period for
qRT-PCR validation. All samples were frozen with liquid nitrogen and then transferred to
—80 °C for preservation.
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A. 3 Days

B. 6 Days C. 9 Days D. 12 Days

Figure 1. The process of bulbil induction in P. ternata. 3 days (A), 6 days (B), 9 days (C), and
12 days (D) show the early stage of bulbil induction, and 36 days (E) and 108 days (F) show the
mature induced bulbil.

2.2. RNA Extraction, RNA Sequencing, and Small RNA Sequencing

Total RNA was extracted from each sample using the Spin Column Plant Total RNA
Purification Kit (Sangon Biotech, Shanghai, China) and the RNase-Free DNase Set (Sangon
Biotech, China), following the manufacturer’s protocol. The purity and concentration of
each RNA sample were analyzed using the Bioanalyzer 2100 and RNA 1000 Nano Lab
Chip Kit (Agilent, Santa Clara, CA, USA), with a RIN number > 7.0. Subsequently, the RNA
samples were sent to LianChuan Corporation (Hang Zhou, China) for construction of RNA
and small RNA (sRNA) sequencing libraries.

2.3. Analysis of mRNA-Seq

Firstly, in-house Cutadapt [17] and Perl scripts were used to remove the low-quality,
undetermined, and adaptor contamination reads. Then, sequence quality was verified
using FastQC (http:/ /www.bioinformatics.babraham.ac.uk/projects/fastqc/, accessed on
20 February 2023). De novo assembly of the transcriptome was performed with Trinity
2.4.0 [18]. All assembled Unigenes were aligned against the Gene Ontology (GO), non-
redundant (Nr) protein database, SwissProt, Kyoto Encyclopedia of Genes and Genomes,
and eggNOG databases using DIAMOND [19] with a threshold of E value < 0.00001.
Salmon [20] was used to determine expression level for Unigenes by calculating TPM [21].
The differentially expressed Unigenes were selected with log2 (fold change) > 1 or log?2
(fold change) < —1 and with statistical significance (p value < 0.05) using the R package
edgeR [22].
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2.4. Analysis of miRNA-Seq

The small RNA raw data were filtered using an in-house program, ACGT101-miR (LC
Sciences, Houston, TX, USA). After removing the adapter dimers, junk, low complexity
sequences, common RNA families, and repeats, only unique sequences with length of
18~25 nucleotide were retained and aligned to specific species precursors in miRBase 22.0
to identify known, novel 5p- or 3p- derived miRNA, and novel miRNAs. In the analysis
of miRNA expression levels, differential expression of miRNAs based on normalized
deep-sequencing counts was analyzed using Fisher exact test, chi-squared 2 x 2 test,
chi-squared nXn test, Student’s t-test, or ANOVA based on the experiment design. The
significance threshold was set to 0.01 and 0.05 in each test. The computational target
prediction algorithms (PsRobot, v1.2) were used to identify miRNA binding sites to predict
the genes targeted by the most abundant miRNAs. The GO terms and KEGG pathway of
the most abundant miRNA targets were also annotated.

2.5. gqRT-PCR Validation

The QuantStudio 3 real-time PCR system (Thermo Scientific™ EP0733, Santa Clara,
CA, USA) was used to validate the accuracy of RNA-seq and the expression profile of
key genes. The total RNA extraction and purification methods were consistent with those
described above. Due to differences in miRNAs and genes, reverse transcription uses
different processes. First, 250 ng RNA from each sample was used to synthesize single-
stranded miRNA cDNA using a miRNA 1st Strand cDNA Synthesis Kit (by stem-loop)
(Vazyme Biotech Co., Ltd., Nanjing, China). The specific primers of miRNA were syn-
thesized using the primer design software miRNA Design V1.01, which was provided
with the kit, using the mature sequence of miRNA. The reverse transcription reaction
of genes was processed using the Evo M-MLV reverse transcription kit II (Accuratebiol-
ogy, Hangzhou, China) in a 20 pL volume system containing 250 ng RNA following the
kit instructions.

Except for miRNA, specific primers used for qRT-PCR experiments were designed
using NCBI's online program Primer-blast (www.ncbi.nlm.nih.gov/tools/primer-blast/,
accessed on 20 March 2023). All primer sequences are shown in Tables 1 and 2. All the
qRT-PCR reactions were conducted using the SYBR® Green Premix Pro Taq HS qPCR Kit
(Accurate biology, Hangzhou, China). GAPDH was used as a reference gene to calculate the
expression level of target genes using the 2~ method [23]. The reaction conditions of
two-step qRT-PCR were as follows: 95 °C for 30 s, 95 °C for 5 s, 60 °C for 30 s, followed by
a disassociation stage (default parameters of the instrument). The qRT-PCR amplification
system was prepared in 10 pL volumes containing 5 uL of 2 x SYBR® Green Pro Taq HS
Premix, 0.2 puL of each primer, 1 puL of cDNA, 0.2 uL ROX reference dye, and 3.4 uL ddH,O.
Each sample was subjected to three technical replicates. Negative controls with RNase-free
water instead of cDNA were included.
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Table 1. Detailed information and primers of miRNA.

Gene ID miRNA Sequences Reverse Transcription Primer Primer Sequences (Forward/Reverse, 5'-3)
aly-miR167a-5p TGAAGCTGCCAGCATGATCTGA  GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTCAGAT PR g
mes-miR171a TTGAGCCGCGTCAATATCTCC GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGGAGAT A GCTGGTCT/SS g C(J:"l(": CG ((:: GGATé:é:FA{zTT
sbi-miR156a_L 1 TGACAGAAGAGAGTGAGCAC GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGTGCTC i%ﬁ%%i%%%%%%éigé%ﬁ%?
Table 2. Detailed information and primers of key genes and miRNA target genes.
Gene Annotation Homolog Locus (Fof::::gksz‘ll;::’c;,s_ 3 Product Length

ARF6 Auxin response factor 6-like isoform x1 XM_026023239.1 égg? gﬁéﬁgg g?gégi:f& 187 bp

IAA4 Auxin-responsive protein iaa4 isoform x3 XM_015774120 ,? ggggiigig%%gﬁnéggﬁgg 192 bp

SCL6 Scarecrow-like protein 6 XM_015771585 CG giggﬁii%%%éi?égggii 184 bp

SPL16 Squamosa promoter-binding-like protein 16 XM_015793891.2 ggi&%%?giéé?ggéggggg 189 bp

sus2 Sucrose synthase 2 XM_039929826.1 Acggg é (?"érf{"ACTAAAG(TjS? (?:fCCGTGG 199 bp

AMY?2 o amylase XM_015779949.2 AAGGAGAGCTATGGCGACTG 187 bp

GTGGGTATTCCTGGGTGTGT
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3. Results
3.1. Differentially Expressed Genes and Gene Function Enrichment Analysis of RNA-Seq

Compared with the uninduced petiole (P0, 0 days), bulbil induction development was
divided into four periods according to the morphological characteristics of induced bulbil
development, namely P1 (3 days), P2 (6 days), P3 (9 days), and P4 (12 days). Compared to
the control group, slight enlargement of the petiole tip and formation of growth points were
observed on day 6. Four samples from two tissues produced an average of 43.9 million valid
reads (ranging from 42.34 to 45.23 million valid reads). There were a total of 8602 significant
DEGs (p < 0.01, FDR < 0.05) detected between TCb and TCp, among which 4986 were
highly expressed in the TCb and 3616 were highly expressed in the petiole.

Gene Ontology (GO) annotation of the 8602 DEGs between TCb and TCp indicated
that these DEGs could be categorized into three main classifications: cellular component,
molecular function, and biological process (Figure S1). Hypergeometric tests were used in
GO enrichment analyses to determine the biological function of these over-enriched DEGs.
The enrichment analysis results revealed that the microtubule, tubule complex, microtubule
movement, and plasma membrane-related GO terms were highly enriched (Figure 2).

Statistics of GO Enrichment
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Figure 2. The GO enrichment analysis of TCb and TCp differentially expressed genes (DEGs). The top
20 GO terms with significant enrichment; rich factor indicates the enrichment degree of differential
genes, and the higher the value, the higher the enrichment degree.

Subsequently, all the DEGs between TCp and TCb were mapped to the KEGG database
(Figure 3) with the pathways involving starch and sucrose metabolism (108 DEGs), plant
hormone signal transduction (104 DEGs), and phenylpropanoid biosynthesis (76 DEGs)
having the highest number of DEGs. The pathway with the highest enrichment degree
(rich factor) was for isoflavonoid biosynthesis, followed by indole alkaloid biosynthesis
and prodigiosin biosyntheses.
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Statistics of Pathway Enrichment
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Figure 3. The KEGG pathway enrichment analysis of TCb and TCp differentially expressed genes
(DEGs). The top 20 KEGG pathways with significant enrichment; rich factor indicates the enrichment
degree of differential genes, and the higher the value, the higher the enrichment degree.

3.2. miRNAs Differentially Expressed in TCp and TCh Samples

Since the morphogenetic process of plant organs is regulated by miRNA, we sequenced
miRNA expression in TCb and TCp on the 6th day, at which the induced bulbil can be
observed. After removing adaptors and low-quality reads, we obtained 4.96 million (TCp1),
7.53 million (TCp2), 5.08 million (TCb1), and 4.35 million (TCb2) valid reads. A total of
171 miRNAs were identified in TCp and TCb, including 118 known miRNAs and 53 novel
miRNAs. The expression level was significantly different between TCp and TCb (p < 0.05).
There were fifteen miRNAs (Figure S2), among which nine miRNAs were highly expressed
in TCp.

3.3. miRNA Target Gene Prediction and Pathway Enrichment Analysis

We performed target gene prediction and functional enrichment analysis for miRNAs
whose expression levels were among the top 15 with significant differences between TCp
and TCb. A total of 624 target genes were predicted from 15 miRNAs. Subsequently,
KEGG pathway enrichment analysis of the target genes showed that plant hormone signal
transduction, mRNA surveillance pathway, and peroxisome pathways were significantly
enriched (Figure 4).

Statistics KEGG Enrichment

Quorum sensing; ®

Complement and coagulation cascades{ @
Riboflavin metabolism; ®

Protein export; ®

Mineral absorption+

| Gene Number

Phenylalanine, tyrosine and tryptophan biosynthesis{ ® ® 4
Endocytosis | @8
g One carbon poal by folate | @ 12
g Biosynthesis of secondary metabolites - unclassified+ | . 16
> Cholesterol metabolism+
g Sphingolipid metabolism
£ SNARE interactions in vesicular transport- pvalue
& Parathyroid hormone synthesis, secretion and action- 0.2201
Circadian rhythm - plant; .
Brassinosteroid biosynthesis: ® | 0.1148
Amyotrophic lateral sclerosis 1 o
Alanine, aspartate and glutamate metabolism: @ | 0.0094

mRNA surveillance pathway: @
Peroxisome
Plant hormone signal transduction
0.0 0.2 0.4
Rich Factor

Figure 4. The KEGG pathways enrichment analysis target genes of differentially expressed miRNAs
(DEmiRNAs). The top 20 KEGG pathways with significant enrichment; rich factor indicates the
enrichment degree of DEmiRNAs, and the higher the value, the higher the enrichment degree.
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3.4. Validation of Differential Gene and miRNA Expression by gRT-PCR

qRT-PCR was used for the expression profiles of three miRNAs, their target genes, and
three key genes during TCp and TCb at four stages of bulbil induction (Figure 5). Regular
differences occurred in the gene expression levels between petiole and bulbil genesis sites
in the phytohormone-induced explants. For example, miR167a expression was significantly
up-regulated relative to the petiole, reaching a peak in P3 and then plummeting while
continuously increasing in the bulbil. The trend of the miR167a target gene, auxin response
factor 6 (ARF6), in the bulbil and petiole, was opposite to that of miR167a, and completely
consistent with auxin-responsive protein 4 (IAA4). miR171a and its target gene (SCL6)
revealed similar spatial-temporal expression characteristics. However, the expression level
of SCL6 was down-regulated relative to the PO stage, contrary to the results for miR171a.
The expression level of miR156a was significantly up-regulated, but the target gene SPL6
was down-regulated. The expression trend of the SUS2 gene significantly differed between
TCp and TCb, and the expression level of AMY?2 tended to be consistent between tissues
and controls.
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Figure 5. Verification of expression profiles of key genes, miRNAs, and their target genes via qRT-
PCR. PO (red) was an uninduced petiole and served as a blank control, P1=3d,P2=6d,P3=9d,
P4 =12 d. There was no significant difference with the same letter (p > 0.05), while there was a
significant difference without the same letter (p < 0.05).

4. Discussion

In recent years, the classification and origin of plant bulbils and the influencing factors,
molecular mechanisms, and cytology of bulbils have attracted scholarly attention [24-29].
As a plant’s vegetative viviparous organ or special asexual reproductive organ, bulbils
have many advantages, such as strong vitality, high survival rate, and short germination
time, and are of great significance to plant growth and reproduction and environmental
adaptation [30,31].

The bulbil-initiating cells of plants that can produce bulbils in nature originate from
the meristem at growth sites, such as in P. ternata, P. cordata, Dioscorea polystachya, and Lilium
sulphureum [32-35]. In the research on bulbil induction, an induction system has been
established in L. lancifolium, P. ternata, and D. polystachya [11,36,37]. With its development,
high-throughput sequencing technology provides important technical support for screening
key genes and pathways in the regulation of bulbil formation and development. In this
study, we used high-throughput sequencing technology to conduct mRNA and miRNA
sequencing analysis on the early bulbil and petiole of P. ternata induced by phytohormones;
we also screened and identified numerous DEGs between TCp and TCb, and conducted
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gqRT-PCR to verify the expression profiles of miRNAs and their target genes in the four
periods of induction. These results provide substantial information for the natural and
induced occurrence of P. ternata bulbils and the involvement of miRNA in the regulation of
bulbil formation.

In the results of the GO enrichment analysis of DEGs, the expression levels of genes in
the GO term that were significantly enriched, such as the microtubule, tubulin complex,
and microtubule-based biological processes, were significantly higher in TCb than in TCp.
Bulbil induction is involved in the dedifferentiation and redifferentiation of plant cells [38],
and the dynamic changes in the microtubule and microtubule-related proteins are the
key links to ensure cell division and differentiation, growth and development, and cell
morphogenesis [39].

In the analysis of KEGG pathway enrichment of DEGs, the notable pathways mainly
include starch and sucrose metabolism, plant hormone signal transduction, and phenyl-
propanoid biosynthesis. Starch and sucrose metabolism pathways enriched 108 DEGs, most
of which were highly expressed in bulbils. On the one hand, the bulbil, as a unique vegeta-
tive reproductive organ, involved sugar substances, which showed a constant increasing
trend with the occurrence and expansion of the bulbil, and ended in the maturity or passive
maturity of the maternal wilt [25]. Sucrose is a substrate for transferring and forming
starch in the bulbil. Studies on the synthesis and metabolic balance of starch and sucrose
during bulbil development revealed that the starch content increased gradually with the
development of the bulbil. The metabolism of sucrose was active in the early initiation of
the bulbil, and the content of sucrose decreased sharply before the initiation of the bulbil
primordium. Moreover, the sucrose and starch content changed with the same trend during
the expansion of the bulbil primordium [40]. By contrast, sucrose and other substances
may play the role of signaling molecules involved in regulating the bulbil’s initiation and
occurrence [25]. Analysis of the expression profiles of a base of Sucrose synthase 2 (SUS2)
from two tissues during the four stages of induced bulbil development using qRT-PCR
indicated that the SUS2 expression level in TCb decreased first and then increased com-
pared with that in the uninduced stalk; moreover, these outcomes are completely opposite
to the trend for the petiole (Figure 5). Evidence suggests that SUS may play a role in the
development of the shoot apical meristem (SAM) [41]. Further, SUS overexpression can
significantly improve the growth rate of plants [42,43], and the increase in SUS activity in
the meristem is postulated to contribute to the increase in cell proliferation. In this study,
it was found that the plant hormone signal transduction pathway was one of the more
significant pathways in the enrichment results of the KEGG pathways for the target genes
of DEGs and DEmiRNAs (Figures 3 and 4).

Plant hormones are involved in the regulation of most life activities in the plant life
cycle, and miRNA has become a key regulatory factor in plant hormone response pathways
by affecting plant metabolism, distribution, and perception [44]. For example, auxin plays a
key role in the entire life process of a plant, and its function is mainly mediated by ARF and
AUX/IAA [45]. miR160 and miR167 are dynamic components of the AUX response pathway
that target the expression of the auxin response factor (ARF) genes, such as ARF10/16/17
and ARF6/8, to participate in adventitious root initiation, lateral root development, male
and female organ maturation, germination, and postembryonic development [46-48]. The
direct homology of AtARF in barley has also been shown to be regulated by miR167 [49].

Studies of somatic embryogenesis (SE) have shown that SE is regulated by miRNA
via the plant hormone signaling pathway [50]. In this experiment, the miR167a expression
level did not change significantly at the initial stage of bulbil induction and then showed
significant histological and temporal differences. This finding is consistent with the early
stage of SE, during which miR167 expression levels decreased significantly in the initial
dedifferentiation stage and increased in the late dedifferentiation stage [51,52]. miR167
was highly expressed in the late stage of SE of larch and longan [53,54], and the reduction
in miR167 activity promoted the formation of corpus callosum and somatic embryogene-
sis [55]. The expression level of the miR167 target gene ARF6 was significantly up-regulated
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in TCp at the initial stage of induction, gradually decreased and maintained equilibrium at
P3 and P4 (Figure 1), up-regulated in P2 of TCb, and then decreased, which was similar to
the temporal and spatial expression characteristics of auxin-responsive protein 4 (IAA4)
(Figure 5). ARF6 and ARFS8 are required for the gradient reaction of auxin, which is essential
for somatic embryogenesis, and miR167 affects auxin synthesis and local transport by
targeting ARF6 and ARF8 in embryogenic callus to regulate plant SE processes [56]. miR171
has been shown to regulate shoot meristem activity and phase transition by repressing
HAIRY MERISTEM (HAM) family genes, which are also named the LOST MERISTEM
(LOM) and SCARECROW-LIKE (SCL) genes in various plant species [57-60]. miR171 pre-
cursor and mature miR171 species are widely accumulated in different tissues of Arabidopsis
thaliana, but the MIR171A gene is highly specifically expressed in the epidermis of embryos,
vegetative SAM, young leaves and stems, inflorescence SAM, and floral meristem [61-63].
The promoter activity of the other three miR171/170 family genes (MIR171B/C, MIR170)
was also specifically switched on in the epidermis of shoot meristems at both vegeta-
tive and reproductive stages [62]. miR171 participated in the regulation of SE through
repression of the Scarecrow-like protein 6 (SCL6) gene and played an important role in
the regulation of SE at different stages [64,65]. In this study, miR171a was significantly
up-regulated in the early stage of bulbil induction (Figure 5) (which was consistent with
the early SE accumulation of miR171 in radish (Raphanus sativus L.) [66], indicating that
miR171a and its target genes played a key role in bulbil induction. However, the simi-
lar organizational and temporal expression characteristics and molecular mechanism of
miR171a and SCL6 during bulbil induction require further experimental verification and
interpretation (Figure 5). The miR156-SPL module plays a crucial role in the initial stage
of SE induction [67]. Overexpression of csi-miR156a or inhibition of one of the two target
genes, CsSPL3 and CsSPL14, can enhance the SE ability of citrus callus [68]. In the bulbil in-
duction process of P. ternata (Figure 5), significant up-regulation of miR156a and significant
inhibition of its target gene SPL6 indicated the important role of the miR156-SPL module.
However, the specific regulatory effects and related molecular mechanisms of the module
still need to be explored further. In the following studies, the physiological and biochemical
characteristics, microstructure, regulation of key genes, and molecular mechanism of the
P. ternata bulbil induction process will be the focus of exploration; this approach will be
more conducive to the in-depth investigation of the genesis and development mechanism
of P. ternata bulbils and the important role of this special plant organ. In addition, P. ternata
has a simple structure, fast growth rate, relatively fixed bulbil position, relatively stable
number of bulbils, and obvious and simple bulbil structure. Thus, P. ternata is an excellent
candidate for studying plant organogenesis and development and is worthy of further use
and research.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/genes14091727/s1, Figure S1: GO annotation of differentially
expressed genes in TCb and TCp; Figure S2: Differential expression of miRNAs in TCb and TCP.

Author Contributions: Writing—original draft, Validation, software, W.X.; Formal analysis,
Writing—original draft, Validation, Software, H.F,; Validation, X.P.; Writing—review and editing,
X.H.; Conceptualization, Resources, T.X.; Methodology, Writing—review and editing, Resources, Q.H.
The authors would like to thank Q.H. and X.H. for the great help in English improving. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by Natural Science Foundation of Zhejiang Province, grant
number LGN21H280004, the scientific research Fund of Zhejiang Sci-Tech University, grant number
16042093-Y, 2019Q052.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.


https://www.mdpi.com/article/10.3390/genes14091727/s1
https://www.mdpi.com/article/10.3390/genes14091727/s1

Genes 2023, 14, 1727 11 0f 13

Data Availability Statement: All RNA-seq induced bulbil formations are openly available in the
National Center Biotechnology Information Sequence Read Archive (SRA) database with accession
numbers of SRR25252584 (P. ternata) and SRR25252583 (P. ternata).

Acknowledgments: The author thanks Qiuling He and Xuejun Hua from Zhejiang Sci-tech University
for the instrumental support and language modification.

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

References

1. Ji, X;; Huang, B.; Wang, G.; Zhang, C. The ethnobotanical, phytochemical and pharmacological profile of the genus Pinellia.
Fitoterapia 2014, 93, 1-17. [CrossRef] [PubMed]

2. Bai,J;Qi,J,; Yang, L.; Wang, Z.; Wang, R.; Shi, Y. A comprehensive review on ethnopharmacological, phytochemical, pharmaco-
logical and toxicological evaluation, and quality control of Pinellia ternata (Thunb.) Breit. ]. Ethnopharmacol. 2022, 298, 115650.
[CrossRef] [PubMed]

3. Mao, R.; He, Z. Pinellia ternata (Thunb.) Breit: A review of its germplasm resources, genetic diversity and active components. J.
Ethnopharmacol. 2020, 263, 113252. [CrossRef] [PubMed]

4. He, G.; Cao, Y,; Wang, J.; Song, M.; Bi, M.; Tang, Y.; Xu, L.; Ming, J.; Yang, P. WUSCHEL-related homeobox genes cooperate with
cytokinin to promote bulbil formation in Lilium lancifolium. Plant Physiol. 2022, 190, 387-402. [CrossRef]

5. Wu, Z.G,; Jiang, W.; Tao, Z.M; Pan, X.J.; Yu, W.H.; Huang, H.L. Morphological and stage-specific transcriptome analyses reveal
distinct regulatory programs underlying yam (Dioscorea alata L.) bulbil growth. J. Exp. Bot. 2020, 71, 1899-1914. [CrossRef]
[PubMed]

6. Guo,C,;LiJ,;Li M; Xu, X,; Chen, Y.; Chu, J.; Yao, X. Regulation Mechanism of Exogenous Brassinolide on Bulbil Formation and
Development in Pinellia ternata. Front. Plant Sci. 2021, 12, 809769. [CrossRef]

7. Hao, C; Hu, E; Yang, PP. Research Progress on Plant Bulbil Formation. In Molecular Plant Breeding; GenBreed Publisher:
Richmond, BC, Canada, 2021; pp. 1-10.

8.  Ma, C; Wang, L.; Ye, D.; Xu, T. Transcriptome analysis of Pinellia ternata mutant based on high throughput sequencing. J. Zhejiang
Agric. Sci. 2018, 59, 1833-1838. [CrossRef]

9.  Luo,R;Du, Y; Sun, Y.; Cao, Z. Morphological Observation and Anatomical Study on Bulbil Development of Pinellia ternata. Acta
Bot. Boreali-Occident. Sin. 2014, 34, 1776-1781.

10. Li, X.; Wang, X. Study on the Rapid-Propagation Technical System with the Petioles of Pinellia ternate Breit as Explants. . Anhui
Agric. Sci. 2008, 6, 2247-2248+2284.

11.  Chang, L. Position Effect of the Leaf Stalks from Pinellia ternate (Thunb.) Berit. and Its Influencing Factors. Master’s Thesis,
Huazhong Agricultural University, Wuhan, China, 2007.

12.  Abraham Juarez, M.].; Hernandez Cardenas, R.; Santoyo Villa, ].N.; O’Connor, D.; Sluis, A.; Hake, S.; Ordaz-Ortiz, J.; Terry, L.;
Simpson, J. Functionally different PIN proteins control auxin flux during bulbil development in Agave tequilana. ]. Exp. Bot. 2015,
66, 3893-3905. [CrossRef]

13.  Chang, L.; Xu, Y.; Xue, J. Formation of Microtubers from the Petiole of Pinellia ternata (Thunb.) Berit. in vitro and Change of
Endogenous Hormones Content. . Huazhong Agric. Univ. 2007, 26, 612—-615.

14. Liu, Y;; Wang, Y.; Guo, F; Zhan, L.; Mohr, T.; Cheng, P; Huo, N.; Gu, R.; Pei, D.; Sun, J; et al. Deep sequencing and transcriptome
analyses to identify genes involved in secoiridoid biosynthesis in the Tibetan medicinal plant Swertia mussotii. Sci. Rep. 2017,
7,43108. [CrossRef] [PubMed]

15. Ponniah, S.K.; Thimmapuram, J.; Bhide, K.; Kalavacharla, V.K.; Manoharan, M. Comparative analysis of the root transcriptomes
of cultivated sweetpotato (Ipomoea batatas [L.] Lam) and its wild ancestor (Ipomoea trifida [Kunth] G. Don). BMC Plant Biol. 2017,
17,9. [CrossRef]

16. Luo, R; Tian, C.; Xia, L.; Chen, H.; Du, S.; Luo, X. Cloning and Expressional Analysis of PteAUX1 Gene Related to Bulbil
Development of Pinellia ternata. In Molecular Plant Breeding; GenBreed Publisher: Richmond, BC, Canada, 2021; pp. 1-19.

17.  Martin, M. Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet. |. 2011, 17, 10-12. [CrossRef]

18. Grabherr, M.G.; Haas, B.J.; Yassour, M.; Levin, ].Z.; Thompson, D.A.; Amit, I.; Adiconis, X.; Fan, L.; Raychowdhury, R.; Zeng, Q.;
et al. Full-length transcriptome assembly from RNA-Seq data without a reference genome. Nat. Biotechnol. 2011, 29, 644—652.
[CrossRef] [PubMed]

19. Buchfink, B.; Xie, C.; Huson, D.H. Fast and sensitive protein alignment using DIAMOND. Nat. Methods 2015, 12, 59-60. [CrossRef]
[PubMed]

20. Patro, R.; Duggal, G.; Love, M.L; Irizarry, R.A.; Kingsford, C. Salmon provides fast and bias-aware quantification of transcript
expression. Nat. Methods 2017, 14, 417-419. [CrossRef] [PubMed]

21. Mortazavi, A.; Williams, B.A.; McCue, K.; Schaeffer, L.; Wold, B. Mapping and quantifying mammalian transcriptomes by
RNA-Seq. Nat. Methods 2008, 5, 621-628. [CrossRef] [PubMed]

22. Robinson, M.D.; McCarthy, D.J.; Smyth, G.K. edgeR: A Bioconductor package for differential expression analysis of digital gene

expression data. Bioinformatics 2010, 26, 139-140. [CrossRef]


https://doi.org/10.1016/j.fitote.2013.12.010
https://www.ncbi.nlm.nih.gov/pubmed/24370664
https://doi.org/10.1016/j.jep.2022.115650
https://www.ncbi.nlm.nih.gov/pubmed/35988838
https://doi.org/10.1016/j.jep.2020.113252
https://www.ncbi.nlm.nih.gov/pubmed/32798614
https://doi.org/10.1093/plphys/kiac259
https://doi.org/10.1093/jxb/erz552
https://www.ncbi.nlm.nih.gov/pubmed/31832647
https://doi.org/10.3389/fpls.2021.809769
https://doi.org/10.16178/j.issn.0528-9017.20181032
https://doi.org/10.1093/jxb/erv191
https://doi.org/10.1038/srep43108
https://www.ncbi.nlm.nih.gov/pubmed/28225035
https://doi.org/10.1186/s12870-016-0950-x
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1038/nbt.1883
https://www.ncbi.nlm.nih.gov/pubmed/21572440
https://doi.org/10.1038/nmeth.3176
https://www.ncbi.nlm.nih.gov/pubmed/25402007
https://doi.org/10.1038/nmeth.4197
https://www.ncbi.nlm.nih.gov/pubmed/28263959
https://doi.org/10.1038/nmeth.1226
https://www.ncbi.nlm.nih.gov/pubmed/18516045
https://doi.org/10.1093/bioinformatics/btp616

Genes 2023, 14, 1727 12 of 13

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Fan, H.; He, Q.; Dong, Y.; Xu, W.; Lou, Y.; Hua, X.; Xu, T. Selection of suitable candidate genes for mRNA expression normalization
in bulbil development of Pinellia ternata. Sci. Rep. 2022, 12, 8849. [CrossRef]

Yang, P.-P; Xu, L.-F.; Xu, H.; He, G.-R.; Feng, Y.-Y.; Cao, Y.-W.; Tang, Y.-C.; Yuan, S.-X.; Ming, ]. Morphological and anatomical
observation during the formation of bulbils in Lilium lancifolium. Caryologia 2018, 71, 146-149. [CrossRef]

Yang, P; Xu, L.; Xu, H.; Tang, Y.; He, G.; Cao, Y.; Feng, Y.; Yuan, S.; Ming, J. Histological and Transcriptomic Analysis during
Bulbil Formation in Lilium lancifolium. Front. Plant Sci. 2017, 8, 1508. [CrossRef] [PubMed]

Wang, C.-N.; Cronk, Q.C.B. Meristem fate and bulbil formation in Titanotrichum (Gesneriaceae). Am. . Bot. 2003, 90, 1696-1707.
[CrossRef] [PubMed]

Murty, Y.S.; Purnima. Morphology, anatomy and development of bulbil in some dioscoreas. Proc. Indian Acad. Sci. 1983, 92,
443-449. [CrossRef]

He, G.; Yang, P; Tang, Y.; Cao, Y.; Qi, X.; Xu, L.; Ming, ]. Mechanism of exogenous cytokinins inducing bulbil formation in Lilium
lancifolium in vitro. Plant Cell Rep. 2020, 39, 861-872. [CrossRef]

Deng, T.; Kim, C.; Zhang, D.-G.; Zhang, ].-W.; Li, Z.-M.; Nie, Z.-L.; Sun, H. Zhengyia shennongensis: A new bulbiliferous genus
and species of the nettle family (Urticaceae) from central China exhibiting parallel evolution of the bulbil trait. Taxon 2013, 62,
89-99. [CrossRef]

Ai, X.-M; Chen, L.-Q.; Li, Y.H.; Xin, Z.-Y,; Xie, H. Research Progress of Vegetative Vivipary in Plants. ]. Trop. Subtrop. Bot. 2020, 28,
209-216. [CrossRef]

Li, J.; Sun, M.; Li, H.; Ling, Z.; Wang, D.; Zhang, J.; Shi, L. Full-length transcriptome-referenced analysis reveals crucial roles of
hormone and wounding during induction of aerial bulbils in lily. BMC Plant Biol. 2022, 22, 415. [CrossRef]

Zhang, Y.; Yu, B.; Chen, Y. Anatomical Study on the Generation of the Buibil of the Chinese Yam. Acta Agric. Univ. Pekin. 1994, 20,
413-418.

Zhu, Y.; Luo, R,; Chen, H.; Liu, D. Bulbil development of Pinellia cordata. Guihaia 2018, 38, 225-232.

Li, T; Li, S.-Q.; Luo, R. Morphological Observation and Anatomical Study on Bulbil Development of Lilium sulphureum. Acta Bot.
Boreali-Occident. Sin. 2012, 32, 85-89.

Xue, T.; Zhang, H.; Zhang, Y.; Wei, S.; Chao, Q.; Zhu, Y,; Teng, J.; Zhang, A.; Sheng, W.; Duan, Y,; et al. Full-length transcriptome
analysis of shade-induced promotion of tuber production in Pinellia ternata. BMC Plant Biol. 2019, 19, 565. [CrossRef] [PubMed]
Tang, Y. The Mechanism of Auxin Involving in Bulbil Formation of Lilium lancifolium. Master’s Thesis, Chinese Academy of
Agricultural Sciences, Beijing, China, 2019.

Han, X,; Yan, R;; Yin, J.; Zhang, P.; Guo, W.; Li, C. Research on Tissue Culture for Rapid Propagation and in vitro Bulbils
Regeneration System of Dioscorea opposita Thunb. Acta Bot. Boreali-Occident. Sin. 2013, 33, 2120-2125.

He, G.; Yang, P; Cao, Y.; Tang, Y.; Wang, L.; Song, M.; Wang, J.; Xu, L.; Ming, J. Cytokinin Type-B Response Regulators Promote
Bulbil Initiation in Lilium lancifolium. Int. J. Mol. Sci. 2021, 22, 3320. [CrossRef] [PubMed]

Hamada, T. Microtubule organization and microtubule-associated proteins in plant cells. Int. Rev. Cell Mol. Biol. 2014, 312, 1-52.
[CrossRef] [PubMed]

Yang, P. Study on Sucrose Metabolism during Bulbil Formation of Lilium lancifolium and LISUS2 Gene Cloning. Ph.D. Thesis,
Chinese Academy of Agricultural Sciences, Wuhan, China, 2020.

Goren, S.; Lugassi, N.; Stein, O.; Yeselson, Y.; Schaffer, A.A.; David-Schwartz, R.; Granot, D. Suppression of sucrose synthase
affects auxin signaling and leaf morphology in tomato. PLoS ONE 2017, 12, e0182334. [CrossRef]

Xu, S.M,; Brill, E.; Llewellyn, D.J.; Furbank, R.T.; Ruan, Y.L. Overexpression of a potato sucrose synthase gene in cotton accelerates
leaf expansion, reduces seed abortion, and enhances fiber production. Mol. Plant 2012, 5, 430-441. [CrossRef]

Coleman, H.D.; Ellis, D.D.; Gilbert, M.; Mansfield, S.D. Up-regulation of sucrose synthase and UDP-glucose pyrophosphorylase
impacts plant growth and metabolism. Plant Biotechnol. |. 2006, 4, 87-101. [CrossRef]

Curaba, J.; Singh, M.B.; Bhalla, P.L. miRNAs in the crosstalk between phytohormone signalling pathways. J. Exp. Bot. 2014, 65,
1425-1438. [CrossRef]

Weijers, D.; Nemhauser, J.; Yang, Z. Auxin: Small molecule, big impact. J. Exp. Bot. 2018, 69, 133-136. [CrossRef]

Gutierrez, L.; Mongelard, G.; Flokova, K.; Pacurar, D.I.; Novak, O.; Staswick, P.; Kowalczyk, M.; Pacurar, M.; Demailly, H.;
Geiss, G.; et al. Auxin Controls Arabidopsis Adventitious Root Initiation by Regulating Jasmonic Acid Homeostasis. Plant Cell
2012, 24, 2515-2527. [CrossRef]

Ru, P; Xu, L.; Ma, H.; Huang, H. Plant fertility defects induced by the enhanced expression of microRNA167. Cell Res. 2006, 16,
457-465. [CrossRef] [PubMed]

Wu, G.; Poethig, R.S. Temporal regulation of shoot development in Arabidopsis thalianaby miR156 and its target SPL3. Develop-
ment 2006, 133, 3539-3547. [CrossRef] [PubMed]

Curaba, J.; Spriggs, A.; Taylor, J.; Li, Z.; Helliwell, C. miRNA regulation in the early development of barley seed. BMC Plant Biol.
2012, 12, 1-16. [CrossRef] [PubMed]

Jin, L.; Yarra, R.; Zhou, L.; Zhao, Z.; Cao, H. miRNAs as key regulators via targeting the phytohormone signaling pathways
during somatic embryogenesis of plants. 3 Biotech 2020, 10, 495. [CrossRef] [PubMed]

Yang, X.; Wang, L.; Yuan, D.; Lindsey, K.; Zhang, X. Small RNA and degradome sequencing reveal complex miRNA regulation
during cotton somatic embryogenesis. . Exp. Bot. 2013, 64, 1521-1536. [CrossRef] [PubMed]


https://doi.org/10.1038/s41598-022-12782-5
https://doi.org/10.1080/00087114.2018.1449489
https://doi.org/10.3389/fpls.2017.01508
https://www.ncbi.nlm.nih.gov/pubmed/28912794
https://doi.org/10.3732/ajb.90.12.1696
https://www.ncbi.nlm.nih.gov/pubmed/21653346
https://doi.org/10.1007/BF03053017
https://doi.org/10.1007/s00299-020-02535-x
https://doi.org/10.1002/tax.621008
https://doi.org/10.11926/jtsb.4124
https://doi.org/10.1186/s12870-022-03801-8
https://doi.org/10.1186/s12870-019-2197-9
https://www.ncbi.nlm.nih.gov/pubmed/31852442
https://doi.org/10.3390/ijms22073320
https://www.ncbi.nlm.nih.gov/pubmed/33805045
https://doi.org/10.1016/B978-0-12-800178-3.00001-4
https://www.ncbi.nlm.nih.gov/pubmed/25262237
https://doi.org/10.1371/journal.pone.0182334
https://doi.org/10.1093/mp/ssr090
https://doi.org/10.1111/j.1467-7652.2005.00160.x
https://doi.org/10.1093/jxb/eru002
https://doi.org/10.1093/jxb/erx463
https://doi.org/10.1105/tpc.112.099119
https://doi.org/10.1038/sj.cr.7310057
https://www.ncbi.nlm.nih.gov/pubmed/16699541
https://doi.org/10.1242/dev.02521
https://www.ncbi.nlm.nih.gov/pubmed/16914499
https://doi.org/10.1186/1471-2229-12-120
https://www.ncbi.nlm.nih.gov/pubmed/22838835
https://doi.org/10.1007/s13205-020-02487-9
https://www.ncbi.nlm.nih.gov/pubmed/33150121
https://doi.org/10.1093/jxb/ert013
https://www.ncbi.nlm.nih.gov/pubmed/23382553

Genes 2023, 14, 1727 13 of 13

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Sabana, A.A.; Rajesh, M.K.; Antony, G. Dynamic changes in the expression pattern of miRNAs and associated target genes during
coconut somatic embryogenesis. Planta 2020, 251, 79. [CrossRef]

Zhang, ].; Zhang, S.; Han, S.; Wu, T,; Li, X.; Li, W.; Qi, L. Genome-wide identification of microRNAs in larch and stage-specific
modulation of 11 conserved microRNAs and their targets during somatic embryogenesis. Planta 2012, 236, 647-657. [CrossRef]

Lin, Y,; Lai, Z. Comparative analysis reveals dynamic changes in miRNAs and their targets and expression during somatic
embryogenesis in longan (Dimocarpus longan Lour.). PLoS ONE 2013, 8, e60337. [CrossRef] [PubMed]

Arora, S.; Singh, A K.; Chaudhary, B. Target-mimicry based miRNA167-diminution ameliorates cotton somatic embryogenesis via
transcriptional biases of auxin signaling associated miRNAs and genes. Plant Cell Tissue Organ Cult. PCTOC 2020, 141, 511-531.
[CrossRef]

Su, Y.H.; Zhao, X.Y,; Liu, Y.B.; Zhang, C.L.; O'Neill, S.D.; Zhang, X.S. Auxin-inducedWUSexpression is essential for embryonic
stem cell renewal during somatic embryogenesis in Arabidopsis. Plant J. 2009, 59, 448-460. [CrossRef] [PubMed]

Chen, X; Xue, X.-Y,; Zhao, B.; Chao, L.-M.; Chen, D.-Y.; Cui, W.-R.; Mao, Y.-B.; Wang, L.-].; Chen, X.-Y. Interaction between Two
Timing MicroRNAs Controls Trichome Distribution in Arabidopsis. PLoS Genet. 2014, 10, €1004266. [CrossRef]

Ma, Z.; Hu, X,; Cai, W.; Huang, W.; Zhou, X; Luo, Q.; Yang, H.; Wang, J.; Huang, ].]. Arabidopsis miR171-Targeted Scarecrow-Like
Proteins Bind to GT cis-Elements and Mediate Gibberellin-Regulated Chlorophyll Biosynthesis under Light Conditions. PLoS
Genet. 2014, 10, €1004519. [CrossRef] [PubMed]

Wang, L.; Mai, Y.-X.; Zhang, Y.-C.; Luo, Q.; Yang, H.-Q. MicroRNA171c-Targeted SCL6-II, SCL6-III, and SCL6-IV Genes Regulate
Shoot Branching in Arabidopsis. Mol. Plant 2010, 3, 794-806. [CrossRef] [PubMed]

Llave, C.; Kasschau, K.D.; Rector, M.A.; Carrington, ].C. Endogenous and Silencing-Associated Small RNAs in Plants. Plant Cell
2002, 14, 1605-1619. [CrossRef]

Takanashi, H.; Sumiyoshi, H.; Mogi, M.; Hayashi, Y.; Ohnishi, T.; Tsutsumi, N. miRNAs control HAM1 functions at the
single-cell-layer level and are essential for normal embryogenesis in Arabidopsis. Plant Mol. Biol. 2018, 96, 627-640. [CrossRef]

Han, H,; Yan, A.; Li, L.; Zhu, Y.; Feng, B.; Liu, X.; Zhou, Y. A signal cascade originated from epidermis defines apical-basal
patterning of Arabidopsis shoot apical meristems. Nat. Commun. 2020, 11, 1214. [CrossRef]

Parizotto, E.A.; Dunoyer, P.; Rahm, N.; Himber, C.; Voinnet, O. In vivo investigation of the transcription, processing, endonucle-
olytic activity, and functional relevance of the spatial distribution of a plant miRNA. Genes Dev. 2004, 18, 2237-2242. [CrossRef]

Wu, X.-M.; Kou, S.-J; Liu, Y.-L.; Fang, Y.-N.; Xu, Q.; Guo, W.-W. Genomewide analysis of small RNAs in nonembryogenic and
embryogenic tissues of citrus: microRNA-and siRNA-mediated transcript cleavage involved in somatic embryogenesis. Plant
Biotechnol. ]. 2015, 13, 383-394. [CrossRef]

Shi, Q.F; Long, ].M.; Yin, Z.P; Jiang, N.; Feng, M.Q.; Zheng, B.; Guo, W.W.; Wu, X.M. miR171 modulates induction of somatic
embryogenesis in citrus callus. Plant Cell Rep. 2022, 41, 1403-1415. [CrossRef]

Zhai, L.; Xu, L; Wang, Y.; Huang, D.; Yu, R.; Limera, C.; Gong, Y.; Liu, L. Genome-Wide Identification of Embryogenesis-
Associated microRNAs in Radish (Raphanus sativus L.) by High-Throughput Sequencing. Plant Mol. Biol. Rep. 2014, 32, 900-915.
[CrossRef]

Long, J.-M.,; Liu, C.-Y.; Feng, M.-Q.; Liu, Y.; Wu, X.-M.; Guo, W.-W. miR156-SPL modules regulate induction of somatic
embryogenesis in citrus callus. J. Exp. Bot. 2018, 69, 2979-2993. [CrossRef] [PubMed]

Feng, M.-Q.; Lu, M.-D,; Long, J.-M.; Yin, Z.-P,; Jiang, N.; Wang, P.-B.; Liu, Y.; Guo, W.-W.; Wu, X.-M.; Cubas, P. miR156 regulates
somatic embryogenesis by modulating starch accumulation in citrus. J. Exp. Bot. 2022, 73, 6170-6185. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s00425-020-03368-4
https://doi.org/10.1007/s00425-012-1643-9
https://doi.org/10.1371/journal.pone.0060337
https://www.ncbi.nlm.nih.gov/pubmed/23593197
https://doi.org/10.1007/s11240-020-01810-9
https://doi.org/10.1111/j.1365-313X.2009.03880.x
https://www.ncbi.nlm.nih.gov/pubmed/19453451
https://doi.org/10.1371/journal.pgen.1004266
https://doi.org/10.1371/journal.pgen.1004519
https://www.ncbi.nlm.nih.gov/pubmed/25101599
https://doi.org/10.1093/mp/ssq042
https://www.ncbi.nlm.nih.gov/pubmed/20720155
https://doi.org/10.1105/tpc.003210
https://doi.org/10.1007/s11103-018-0719-8
https://doi.org/10.1038/s41467-020-14989-4
https://doi.org/10.1101/gad.307804
https://doi.org/10.1111/pbi.12317
https://doi.org/10.1007/s00299-022-02865-y
https://doi.org/10.1007/s11105-014-0700-x
https://doi.org/10.1093/jxb/ery132
https://www.ncbi.nlm.nih.gov/pubmed/29659948
https://doi.org/10.1093/jxb/erac248
https://www.ncbi.nlm.nih.gov/pubmed/35661206

	Introduction 
	Materials and Methods 
	Plant Materials 
	RNA Extraction, RNA Sequencing, and Small RNA Sequencing 
	Analysis of mRNA-Seq 
	Analysis of miRNA-Seq 
	qRT-PCR Validation 

	Results 
	Differentially Expressed Genes and Gene Function Enrichment Analysis of RNA-Seq 
	miRNAs Differentially Expressed in TCp and TCb Samples 
	miRNA Target Gene Prediction and Pathway Enrichment Analysis 
	Validation of Differential Gene and miRNA Expression by qRT-PCR 

	Discussion 
	References

