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Abstract

Background Embryogenic callus (EC) has strong regenerative potential, useful for propagation and genetic
transformation. miRNAs have been confirmed to play key regulatory roles in EC regeneration across various plants.
However, challenges in EC induction have hindered the breeding of drumstick (Moringa oleifera Lam.), a tree with
significant commercial potential. Understanding the regulatory networks of miRNAs-IncRNAs during EC formation in
drumstick is crucial for overcoming these barriers.

Results In this study, three drumstick EC small RNA libraries were sequenced using an Illlumina Nova 6000 system.
We identified 50 known miRNAs and 233 novel miRNAs. Target prediction and functional analysis showed that
these miRNAs are involved in plant hormone signal transduction. Notably, miR319a and miR319b were upregulated
throughout the entire process, while miR171 and miR160 were downregulated in the earlier stage but upregulated
in the later stage. The expression patterns of 6 miRNAs detected by gRT-PCR were consistent with those observed in
RNA-seq. The regulatory relationships between 6 selected highly expressed miRNAs and their target genes generally
conformed to a negative regulatory pattern. Furthermore, miR156 and MolncRNA2275 were identified as key
regulators in MiRNA-mRNA-INcRNA network.

Conclusions In summary, our study provides valuable insights into the molecular mechanisms underlying EC
formation and enhances the understanding of the miRNA networks involved in this process.
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Introduction

De novo shoot organogenesis is one of the primary meth-
ods of in vitro plant regeneration, widely used in both
breeding and basic research [1]. Various regeneration
systems have been developed for different plant species,
including Arabidopsis thaliana, Nicotiana benthamiana
and Toona ciliate [2—4]. High regeneration efficiency is
crucial for genetic transformation, which is a key tool
in gene function analysis. During in vitro plant culture,
explants are capable of perceiving external plant hor-
mones, particularly cytokinin and auxin, to gain organo-
genic competence [5]. However, shoot regeneration is
a complex and dynamic process, with highly intricate
intracellular molecular regulatory mechanisms.

MicroRNAs (miRNAs) play a crucial regulatory
role in various developmental processes by modulat-
ing gene expression at the post-transcriptional level.
There is evidence suggesting that miRNAs are involved
in maintaining pluripotency and have also emerged
as key regulators of callus induction and regeneration
[6-8]. Notably, miR160 has been identified as a repres-
sor of organogenesis by mediating interactions between
auxin and cytokinin [9]. miR160 negatively regulates the
shoot regeneration capacity in Arabidopsis by targeting
ARFI10, which in turn modulates the expression of shoot
meristem-specific genes. Additionally, it is demonstrated
that miR319 inhibits the transcript levels of TEOSINTE
BRANCHED 1/CYCLOIDEA/PCF 3 (TCP3) and TEO-
SINTE BRANCHED 1/CYCLOIDEA/PCF 4 (TCP4), with
the suppression of shoot regeneration being alleviated by
modulating cytokinin responses [10]. During the early
stage of in vitro plant regeneration, the accumulation of
most miRNAs coincides with the establishment of the
shoot apical meristem, especially miR156 and miR166
[1]. miR156 is a highly conserved microRNA in plants.
During shoot regeneration, miR156 promotes the forma-
tion of adventitious shoots by suppressing the expression
of SQUAMOSA PROMOTER BINDING PROTEIN-LIKE
(SPL) transcription factors. This suppression indirectly
regulates downstream genes associated with plant hor-
mones, such as auxin and cytokinin, thereby influenc-
ing the balance and distribution of hormones during the
regeneration process [11]. Multiple miRNAs are involved
in the process of shoot regeneration in plants, and inves-
tigating their regulatory roles across different species is
of great significance. This is particularly true for econom-
ically important tree species such as drumstick, as it can
contribute to advancing breeding efforts and facilitating
large-scale propagation.

Moringa oleifera Lam., known for its rapid growth and
high economic value, belongs to the Moringaceae fam-
ily and is primarily cultivated in subtropical regions [12].
Commonly referred to as the drumstick tree, it has been
consumed for thousands of years due to its remarkable
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nutritional value, earning it the widely publicized title
of the “miracle tree”. Numerous studies have shown that
drumstick leaves are a rich source of amino acids, pro-
teins, vitamins, and minerals [13—15]. Additionally, their
high content of functional components, such as flavo-
noids and polysaccharides, endows them with various
biological activities, including antioxidant, hypotensive,
and anti-inflammatory effects [16, 17]. As a result, the
drumstick tree holds immense commercial value, with
promising applications in health-related fields such as
food and medicine. Despite its industrial potential, lim-
ited progress has been made in breeding drumstick
resources. Although tissue culture systems have been
developed using different plant tissues, regeneration effi-
ciency remains largely constrained by genotype [18, 19].
In previous studies, we found that the MoIAA13 gene
likely influences adventitious shoot induction efficiency
in the drumstick leaf regeneration system [20]. How-
ever, the role of miRNAs in regulating adventitious shoot
induction in drumstick tree leaves remains understud-
ied. In this research, we identified a total of 230 differen-
tially expressed miRNAs and their target genes involved
in shoot regeneration from in vitro drumstick leaves,
comprising 41 known miRNAs and 189 novel miRNAs.
We constructed a core regulatory miRNA-mRNA-
IncRNA network for drumstick shoot regeneration. Our
results preliminarily reveal that miRNAs play an impor-
tant role in the process of embryogenic callus forma-
tion. Moreover, miR156 and MolncRNA2275 interact to
play a central regulatory role. In summary, the findings
of this study provide valuable insights into the compre-
hensive miRNA-mRNA regulatory network involved
in drumstick shoot organogenesis, offering important
information for enhancing the propagation efficiency of
drumstick and contribute to molecular breeding efforts.

Materials and methods

Induction of shoot formation in in vitro drumstick leaves
Drumstick seeds from PKM-1 cultivar trees, collected
at the germplasm conservation farm of South China
Agricultural University, were disinfected and germi-
nated in sterilized MS (Murashige & Skoog) medium.
Young leaves from the sterile seedlings were then used as
explants. The leaves were trimmed to remove the petioles
and cut into pieces approximately 0.5 cm” in size. A few
incisions were gently made on each leaf using a sterile
scalpel before inoculating them onto MS medium sup-
plemented with 0.8 mg/L 6-BA (6-Benzylamino purine),
0.2 mg/L KT (Kinetin), and 0.05 mg/L NAA (1-naph-
thaleneacetic acid). All media were autoclaved at 121 °C
for 20 min. The cultures were maintained at a room
temperature of approximately 26 °C under a 12-hour
photoperiod.
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RNA extraction and small RNA sequencing

Drumstick leaf explants cultured for 0, 10 and 20 days
were collected for small RNA sequencing. Total RNA
was extracted from samples collected at each develop-
mental stage, with three biological replicates per stage,
using the Simple Total RNA Kit (OMEGA, Guangzhou,
China). The quality of the extracted RNA was rigorously
evaluated to ensure its suitability for small RNA library
construction. Specifically, RNA concentration and purity
were quantified using a NanoDrop 2000 spectrophotom-
eter (Thermo Fisher Scientific, Wilmington, DE, USA),
while RNA integrity was analyzed with the RNA Nano
6000 Assay Kit on the Agilent Bioanalyzer 2100 platform
(Agilent Technologies, CA, USA). Small RNA was ligated
with adaptors, reverse transcribed into cDNA, and the
resulting fragments were amplified by PCR and purified
using the AMPure XP system [21]. Finally, the qualified
PCR products were sequenced by Biomarker Technolo-
gies (Beijing, China). RNA-seq data was submitted to
National Center for Biotechnology Information (NCBI,
https://www.ncbi.nlm.nih.gov/) under accession number
PRJNA771463. Small RNA-seq data was submitted to
NCBI under accession number PRJNA814844. miRNA
sequences were submitted to GenBank under accession
number PQ469266 - PQ4695438.

Identification of miRNAs and target genes prediction

Raw reads from small RNA sequencing underwent ini-
tial quality assessment using FastQC (v0.11.9). Adapter
sequences were then removed using Cutadapt (v1.9.1),
followed by base quality control with Trimmomatic
(v0.36). Small RNAs (sRNAs) ranging from 18 to 30
nucleotides in length were aligned to the Rfam and
Ensembl databases using Bowtie software to filter out
ribosomal RNA (rRNA), transfer RNA (tRNA), small
nuclear RNA (snRNA), small nucleolar RNA (snoRNA),
other non-coding RNAs (ncRNAs), and repetitive
sequences. The remaining reads were mapped to the
drumstick reference sequence [22] using Bowtie to ana-
lyze their distribution [23]. Known miRNAs were iden-
tified through the miRBase database [24], while novel
miRNAs were predicted using mirDeep2 [25]. The sec-
ondary structures of the predicted novel miRNAs were
further analyzed using Randfold software. The potential
target genes of the identified miRNAs were predicted
using previously described methods [26]. Based on the
identified known miRNAs and newly predicted miR-
NAs, and using the drumstick gene sequence informa-
tion, target gene prediction was performed using the
TargetFinder software [27]. Differentially expressed miR-
NAs were identified using DESeq2 with a fold change
(FC)=1.5 and a false discovery rate (FDR)<0.05. Addi-
tionally, the target genes were mapped to the KEGG
database to predict their potential functions.
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Identification of IncRNA and target genes prediction

The RNA-seq data in our previous study [28] were used
to identify IncRNA. Raw data were filtered with fastp
software [29]. Clean reads were mapped to the refer-
ence genome [22] using HISAT2 (version 2.1.0). String-
Tie (version 2.1.3) was used for transcript assembly and
expression quantification. Transcripts shorter than 200
nt and those significantly overlapping with known pro-
tein-coding genes were filtered out. Subsequently, tran-
scripts with FPKM values less than 0.5 were removed.
The remaining transcripts were further analyzed for
coding potential using LGC [30], CPC2 [31], and CNCI
[32]. Transcripts predicted as non-coding by all three
tools were subjected to Pfam database for further fil-
tering. Transcripts encoding proteins were excluded,
and the final retained transcripts were classified as
IncRNAs. Differential expression analysis was performed
using DESeq2, applying thresholds of |log,FC| > 1 and
p-value<0.05. Rlblast was used to predict the target
genes of IncRNAs [33].

gRT-PCR validation of miRNAs

qRT-PCR was performed using the stem-loop RT-PCR
method to verify miRNA expression levels, with U6
selected as the internal control [34]. Briefly, cDNA was
synthesized from the RNA used for sSRNA-seq, employ-
ing the PrimeScript™ RT Master Mix (Takara, Japan). All
primers, including those for stem-loop RT-PCR and miR-
NAs, are listed in Table S1. The method for estimating
the relative expression level of each miRNA can be found
in Yang et al. [20].

Results

Differential expression miRNAs during shoot induction
Leaf explants produced abundant callus after 10 days
of culture, which gradually developed into adventi-
tious shoots after 20 days (Fig. S1). To investigate the
role of miRNAs in regulating adventitious shoot induc-
tion in the drumstick tree, nine miRNA libraries were
constructed from three explants at three stages (0 d,
10 d, 20 d). A total of 205.45 million clean reads were
obtained, with each sample exhibiting a Q30 (base qual-
ity>30) of not less than 96.34% (Table S2). In total, 283
miRNAs were identified, including 50 known miRNAs
and 233 novel miRNAs, with 41 known and 189 novel
miRNAs differentially expressed during shoot induction
(FDR=0.05, FC=1.5). Of these differentially expressed
miRNAs (DEMs), 209 were identified in the 0 d vs. 10 d
group, with 112 upregulated and 97 downregulated. As
the induction process progressed, the number of DEMs
decreased: only 85 DEMs were identified between the
10 d and 20 d stages, of which 48 were upregulated and
37 downregulated (Fig. 1A). Additionally, several DEMs
were found to be differentially expressed only in single
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Fig. 1 Identification of differentially expressed miRNAs (DEMs) at different stages of shoot induction. (A) Bar graph of up-regulated and down-regulated
miRNAs from pairwise comparisons. (B) Venn diagram showing the DEMs. (C) Heatmap of 41 known DEMs, the scale represents the log,FC value

comparison groups. Notably, 42 miRNAs exhibited dif-
ferential expression across all stages (Fig. 1B). Among
the 41 known DEMs, ptc-miR319a showed the high-
est expression level in explants cultured for 20 days,
while gma-miR5368 was significantly downregulated
in explants at 10 days (Fig. 1C). Moreover, several novel
miRNAs were significantly upregulated after 10 days of
explant induction culture and maintained consistently
high expression levels throughout the entire shoot induc-
tion process, including novel_miR_110, novel_miR_133
and novel_miR_115 (Table S3). These results suggest that
miRNA expression varies significantly across different
stages of shoot regeneration, and some DEMs are likely
required for regulation throughout the entire process.

Analysis of target genes of DEMs
miRNAs exert their biological functions by nega-
tively regulating their target genes [35]. To clarify the

expression of target genes of DEMs, we analyzed RNA-
seq data from drumstick tree callus and adventitious
shoot induction, which had been previously submitted to
NCBI under accession number PRJNA771463. In total,
230 DEMs identified through sRNA-seq were found to
collectively target 2271 protein-coding genes (Table S4).
Enrichment analysis of target genes for both known and
novel miRNAs consistently revealed significant enrich-
ment in the plant hormone signal transduction pathway,
highlighting the critical role of this pathway (Fig. S2). Fur-
thermore, a total of 671 target genes of DEMs were dif-
ferentially expressed during shoot induction (FDR=0.01,
FC=2). These 671 differentially expressed genes (DEGs)
were grouped into eight clusters based on their expres-
sion patterns using STEM software (Fig. 2A). Cluster 6
contained the most DEGs (264), with gene expression
increasing at 10 days and remaining stable between 10
and 20 days. Cluster 1 exhibited the opposite trend and
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Fig. 2 The expression trend and KEGG pathway analysis of target genes of DEMs. (A) The trend clusters of 671 target DEGs for 230 DEMs were obtained
using STEM software with P-value <0.05, the y-axis of each cluster indicates the log,FC value. (B) KEGG pathway analysis of all target DEGs

had the second most DEGs (234). This was consistent
with the observation that the number of DEMs decreased
in the later stages of shoot induction, and most target
genes were not differentially expressed. KEGG pathway
analysis revealed that many DEGs were significantly
enriched in plant hormone signal transduction pathways,
highlighting the critical role of plant hormones and their

signaling in the adventitious shoot induction of Moringa
oleifera.

Analysis of the top 10 DEMs at different stages

The top 10 DEMs from 0 to 10 days and 10 to 20 days
of explant development were further analyzed. DEMs
expression levels in explants from 0 to 10 days were
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generally higher than those from 10 to 20 days (Fig. 3A,
B). Most DEMs were downregulated at both stages,
while ptc-miR319a and mes-miR319b were continu-
ously upregulated throughout explant development.
It is also worth noting that all DEMs downregulated in
the 10 to 20-day stage belonged to the miR156 family
(Fig. 3B). Totally, 44 miRNA target genes were differen-
tially expressed between these two stages. These 44 DEGs
were classified into two groups based on their expres-
sion patterns (Fig. 3C). Generally, genes whose expres-
sion decreased from O to 10 days were grouped into
Class I, while those with the opposite trend were classi-
fied as Class II. Four of these DEGs were annotated in the
KEGG pathway of plant hormone signal transduction,
including lamu_GLEAN_10013390.1 (IAA9) and lamu_
GLEAN_10014873.1 (ARRY).
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gRT-PCR verification of miRNAs

To verify the expression of six miRNAs with higher dif-
ferential expression levels and confirm the reliability
of the sequencing data, qRT-PCR was performed at
three developmental stages of explants (Fig. 4A-F). The
expression level of miR319 gradually increased through-
out the cultivation process, reaching approximately 8
times the initial level after 20 days of culture. The other
four DEMs followed a similar expression pattern, with an
initial decrease followed by a slight increase at 20 days,
though still lower than their initial levels. The qRT-PCR
results showed a high correlation with the sequencing
data, with an R® value of 0.88 (Fig. 4G). These findings
suggest that the six DEMs may play important regulatory
roles in shoot induction in the drumstick tree and further
support the reliability of the sequencing analysis.
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Analysis of 6 selected miRNAs target genes

Furthermore, six target genes of the six selected DEMs
with high expression across the three stages were cho-
sen for expression level analysis. These target genes
generally adhered to the expected negative regulatory
relationship with their corresponding miRNAs, except

for lamu_GLEAN_10002723.1 (MYB33). The expression
of lamu_GLEAN 10012931.1 (USPA) increased dra-
matically as explant development progressed, while mes-
miR171c was only slightly downregulated. Conversely,
although ptc-miR319a was significantly upregulated,
its target gene lamu_GLEAN_10010102.1 (MYBI120)
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Fig. 5 miRNA and their target gene expression levels in three stages

showed only a slight downregulation. These results con-
firmed that miRNAs closely and precisely regulate their
target genes, although further validation is still required.

Discussion

Many miRNAs are involved in SAM regeneration

miRNAs are endogenous negative regulatory factors that
modulate the expression of target genes primarily at the
post-transcriptional level [36]. The miRNA regulatory
pathway is crucial for plant growth and development.
With the rapid development of bioinformatics and tran-
scriptomics, the function of miRNAs has been studied
more and more deeply [37, 38]. At present, it has been
confirmed that miRNA plays an important regulatory
role in the process of somatic cell regeneration in many
plants, which lays a foundation for further research on
the mechanism of miRNA regulation of somatic cell
regeneration [39—41]. In the current study, we also iden-
tified 50 conserved miRNAs and 233 novel miRNAs
via small RNA sequencing of the shoot apical meristem
(SAM) regeneration process derived from drumstick
explant. A total of 230 miRNAs were differentially
expressed during this process, with their 671 target genes
also showing differential expression levels. Analysis of

the expression trends and functional enrichment of these
differentially expressed target genes revealed that genes
involved in the plant hormone signal transduction path-
way were significantly regulated by miRNAs and played a
role in the formation of adventitious shoots.

Among the top 10 highly expressed miRNAs, miR319,
miR171, miR156 and miR160 were shared by the dedif-
ferentiated tissues. A recent study on miRNA responses
in Arabidopsis during a wide range of abiotic stress iden-
tified miR319b as a multi-stress-responsive miRNA, with
higher expression levels during metal stress and lower
levels during drought, heat, and salinity [42]. In our study,
the expression levels of miR319a and miR319b gradually
increased during the process of SAM regeneration. In
Arabidopsis, miR319b is also one of the miRNAs identi-
fied as highly expressed in early and advanced stages of
somatic embryogenesis [43]. miR156, one of the largest
miRNA families in plants, plays pivotal regulatory roles
in plant regeneration. Its expression was significantly
higher in embryogenic callus than in non-embryogenic
callus in citrus, and higher in differentiated callus com-
pared to undifferentiated tissues [44]. Elevated levels of
miR156 enhance the capacity for somatic embryogen-
esis by prolonging the juvenile phase and suppressing
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premature differentiation. During the shoot induction
of drumstick tree, miR156 expression increased signifi-
cantly, peaking at the stage of extensive callus formation
after 10 days of culture. This suggests that miR156 plays
a crucial role in promoting cellular dedifferentiation and
maintaining totipotency during organogenesis. In the
present study, the expression level of several miR156
members decreased at callus differentiation stage, likely
reflecting the need to reduce totipotency to facilitate
shoot formation. The conserved miR160 and miR171
were downregulated during the process of callus induc-
tion and upregulated in the stage of callus differentiation.
A similar pattern was observed in Arabidopsis, where
miR160a is also expressed highly during the advanced
stages of somatic embryogenesis induction and plays a
role in regulating embryonic development [43]. As drum-
stick callus formation and adventitious shoot develop-
ment progress, the downregulation of miR160 appears
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to relieve the repression of ARF genes, thereby enhanc-
ing auxin signal transduction and facilitating organ
regeneration. miRNAs play a crucial role in organogen-
esis by finely regulating the synthesis and distribution of
endogenous hormones through the modulation of genes
involved in plant hormone signal transduction pathways.

Potential regulatory networks of miRNAs during SAM
regeneration

Auxin and cytokinin establish molecular links between
hormone signaling and embryogenic regeneration by
activating or inhibiting multiple genes within their
respective pathways [45—-47]. There is increasing evidence
that miRNAs are involved callus formation and adven-
titious bud regeneration by targeting genes in hormone
signaling pathways [48]. In our study, KEGG pathway
analysis of the predicted targets of DEMs was performed
to explore the function of these differential genes. Most
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DEGs were significantly enriched in plant hormone sig-
nal transduction pathways. miR160a was barely detect-
able in the early stages of embryogenic callus induction,
but was highly expressed in the middle and late stages
of induction [49]. miR160 regulates embryogenesis by
targeting auxin response factors ARF10, ARF16 and
ARF17 [50]. miR156 was significantly expressed mainly
in embryogenic callus, but hardly expressed in non-
embryogenic callus, suggesting that miR156 plays an
important role in regulating embryogenic callus main-
tenance in citrus [44]. The SQUAMOSA PROMOTER
BINDING PROTEIN-LIKE (SPL) transcription factor is
the target gene of miR156. SPL can bind to type-B ARA-
BIDOPSIS RESPONSE REGULATOR (B-ARR), a key
transcription factor in the cytokinin signaling pathway,
resulting in inhibition of the transcriptional activation
activity of B-ARR. It showed insensitivity to cytokinin
[51]. Overexpression of miR156 in weakly embryogenic
wild kumquat led to downregulation of SPL expression,
and the embryogenic ability of transgenic callus was sig-
nificantly higher than that of wild type [52].

IncRNAs function as competitive endogenous RNAs
(ceRNAs) by sequestering miRNAs, thereby alleviating
their repression on target genes and indirectly enhanc-
ing the expression of these genes [53]. A total of 819
IncRNAs were identified as differentially expressed dur-
ing the process of SAM regeneration (Fig. S3 and S4).
KEGG pathway analysis of their target genes revealed
significant enrichment in the plant hormone signal
transduction pathway (Fig. 6A). This pathway includes
11 genes also identified as target genes of DEMs, such
as MoARR9, several ARFs, and IAAs. Previous studies
have demonstrated that MoIAAs play critical roles in the
induction of adventitious shoots in drumstick [20]. Con-
sistent with these findings, we constructed a correlation
matrix between mRNAs and IncRNAs (Table S5) and
identified 14 IncRNAs significantly associated with the
expression of these 11 genes (Fig. 6B). Additionally, 31
DEMs, including 17 known miRNAs and 14 novel miR-
NAs, were identified as directly targeting these 11 genes.
A regulatory network of miRNA-mRNA-IncRNA inter-
actions was constructed (Fig. 6C), highlighting MoIAA15
and MoARF6 as central nodes, suggesting their pivotal
roles in the SAM regeneration. novel_miR_22 was identi-
fied as a miRNA targeting MoIAA15. Moreover, miR156
and MolncRNA2275 were identified as key regulators
in this network (Fig. 6C). These findings are in line with
previous studies reporting the critical role of miRNA-
IncRNA interactions in developmental and regenerative
processes in plants [26].
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Conclusions

In this study, miRNAs and transcriptomic data were ana-
lyzed to gain further insights into the embryogenic callus
induction of the drumstick tree. miRNAs were found to
play a key regulatory role in the SAM regeneration pro-
cess. Target prediction and functional analysis revealed
their involvement in plant hormone signal transduction.
Specifically, miR319a and miR319b were upregulated
throughout the entire process, inhibiting their target
genes, including MYB transcription factors in the auxin
signaling pathway, which are closely related to embryo-
genic callus formation. The miRNA-mRNA-IncRNA
regulatory network was constructed during shoot regen-
eration, MoIAA15 and MoARF6 are central genes in the
network, with novel_miR_22 targeting MolAA1S. Addi-
tionally, miR156 and MolncRNA2275 have been identi-
fied as key regulatory factors within the network. These
findings provide valuable insights into the molecular
mechanisms of miRNA involvement in the shoot regen-
eration process.
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