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Abstract
Plant somatic embryogenesis (SE) is an in vitro biological process wherein bipolar structures are induced to form somatic cells and 
regenerate into whole plants. MicroRNA (miRNA) is an essential player in plant SE. However, the mechanism of microRNA408 
(miR408) in SE remains elusive. Here, we used stable transgenic technology in longan (Dimocarpus longan) embryogenic calli to 
verify the mechanism by which miR408 promotes cell division and differentiation of longan early SE. dlo-miR408-3p regulated 
riboflavin biosynthesis by targeting nudix hydrolase 23 (DlNUDT23), a previously unidentified gene mediating N6-methyladeno-
sine (m6A) modification and influencing RNA homeostasis and cell cycle gene expression during longan early SE. We showed that 
DlMIR408 overexpression (DlMIR408-OE) promoted 21-nt miRNA biosynthesis. In DlMIR408-OE cell lines, dlo-miR408-3p targeted 
and downregulated DlNUDT23, promoted riboflavin biosynthesis, decreased flavin mononucleotide (FMN) accumulation, pro-
moted m6A level, and influenced miRNA homeostasis. DNA replication, glycosylphosphatidylinositol (GPI)-anchor biosynthesis, 
the pentose phosphate pathway, and taurine and hypotaurine metabolism were also closely associated with riboflavin metabol-
ism. In a riboflavin feeding assay, dlo-miR408-3p and pre-miR408 were upregulated and DlNUDT23 was downregulated, increasing 
the m6A level and cell division and differentiation in longan globular embryos. When riboflavin biosynthesis was inhibited, dlo- 
miR408-3p was downregulated and DlNUDT23 was upregulated, which decreased m6A modification and inhibited cell division 
but did not inhibit cell differentiation. FMN artificial demethylated m6A modification affected the homeostasis of precursor 
miRNA and miRNA. Our results revealed a mechanism underlying dlo-miR408-3p-activated riboflavin biosynthesis in which 
DlNUDT23 is targeted, m6A modification is dynamically mediated, and cell division is affected, promoting early SE in plants.
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Introduction
Plant regeneration can be achieved through somatic embryo-
genesis (SE) without fertilization. This highlights the out-
standing totipotent potential of plant somatic cells 
(Koltunow and Grossniklaus 2003). In seed plants, the devel-
opment of the early zygotic embryo (ZE) determines seed 
quality (Radoeva et al. 2019). In horticultural crops, embryo 
development directly determines fruit quality and yield. 

Because the various stages of plant SE are extremely similar 
to those of ZE at morphological, physiological, biochemical, 
transcriptional, and protein levels, SE is a perfect model sys-
tem for investigating the molecular mechanisms underlying 
plant cell totipotency (Pramanik et al. 1992; Zimmerman 
1993; Goldberg et al. 1994). Globally, longan (Dimocarpus 
longan Lour.) is among the most important tropical and sub-
tropical woody fruit trees. Longan fruit is of high nutritional 
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and medical value and is, therefore, regarded as a treasure 
among fruits. The longan SE system is an excellent model 
among woody plants (Lai et al. 2000). Lai et al. conducted 
considerable intensive research into the mechanism of cy-
tology and molecular biology during longan SE (Lai et al. 
1997; Lin et al. 2017; Chen et al. 2020a). Elucidating the mo-
lecular mechanism underpinning cell totipotency in woody 
plants is of great importance. However, the embryogenic 
genes that are activated during early SE and the molecular 
mechanism underpinning cellular reprogramming remain 
poorly understood (Kennedy 2005; Vogel 2005; Li et al. 2022).

Increasing evidence demonstrates that microRNA (miRNA) 
has a crucial role in plant SE and responds to variations in the 
extracellular environment (Katarzyna et al. 2017; Long et al. 
2018; Wang et al. 2018). RNA polymerase II transcribes 
MIRNA loci to primary miRNAs (pri-miRNAs), which then 
forms precursor miRNAs (pre-miRNAs). These pre-miRNAs 
are processed into 21- to 24-nt mature miRNA duplexes 
through multiple and sequential cuts (Moro et al. 2018; 
Tomassi et al. 2020). Subsequently, target genes are downregu-
lated through cleavage or translation at the transcription or 
posttranscription level. miR408 is a class of 21-nt miRNA 
and is highly conserved in terrestrial plants. pre-miR408 is 
less conserved in different species, and miR408 may target dif-
ferent genes to realize completely different biological func-
tions (Liu et al. 2017; Gao et al. 2022). Because of these 
characteristics, miR408 plays diverse roles in plant develop-
ment. However, the target genes of miR408 remain poorly 
understood. Studies have shown that miR408 targets 
Uclacyanins (OsUCLs) (Zhang et al. 2017), Plantacyanin 
(PCY) (Jiang et al. 2021a; Hao et al. 2022), and Laccase 13 
(LAC13) (Song et al. 2018), affects copper homeostasis in 
vivo, and participates in photosynthesis regulation. It also tar-
gets Vacuolar invertase 1 (VIN1), thus regulating glucose and 
fructose synthesis (Ma 2012). Moreover, miR408-3p targets 
RNA polymerase II in rice (Oryza sativa) callus morphogenesis 
(Solanki et al. 2019). The miR408 promoter also has a function-
al and distinctive role in the embryo (Yang et al. 2021). 
dlo-miR408-3p negatively regulates DlLAC12 to participate in 
globular embryo (GE) development and abiotic stress in lon-
gan (Xu et al. 2022a). Transient dlo-miR408-3p overexpression 
(dlo-miR408-3p-agomir) promotes cell proliferation and GE 
morphogenesis, which may affect the cell cycle (Xu et al. 
2022b). Thus, we aimed to determine the molecular mechan-
ism of miR408 in regulating cell division and differentiation in 
longan. To address this question, we thoroughly investigated 
the biological function of miR408 using the SE model system 
and stable genetic transformation technology in longan.

mRNA and miRNA metabolism finely controls RNA quality 
and quantity mainly through multiple RNA degradation 
pathways. m6A methylation is the most abundant RNA re-
versible modification in eukaryotes, widely extensive in 
mRNA and noncoding RNA (ncRNA). m6A primarily occurs 
in the adenine of “RRACH” site. The expression of “writers, 
erasers, and readers” in the m6A pathway directly determines 
the level of m6A (Yue et al. 2019; Zheng et al. 2020). In 

mRNA adenosine methylase (MTA) mutants of Arabidopsis 
(Arabidopsis thaliana), MTA introduces m6A methylation 
modification on pri-miRNA, and the secondary structure of 
the stem-loop is substantially reduced, leading to substantial 
pri-miRNA accumulation, but miRNA levels are reduced 
(Bhat et al. 2020). MTA protein inactivation affects GE devel-
opment and eventually leads to embryo death (Zhong et al. 
2008). Two previous studies have shown that chemical modi-
fication or oxidative stress also regulates m6A modifications. In 
HeLa cells, flavin mononucleotide (FMN) acts as an artificial 
demethylase to specifically oxidize N6-methyl-substituted ad-
enosine after blue light absorption and effectively downregu-
lates m6A expression (Xie et al. 2017; Xie et al. 2019). These 
studies imply that m6A methylation of mRNA and 
pri-miRNA influences mRNA and miRNA biosynthesis. This 
process may also be affected by powerful small molecules, fur-
ther regulating RNA homeostasis.

FMN and flavin adenine dinucleotide (FAD) are riboflavin 
(vitamin B2, VB2) co-factors and act as co-substrates for 
many epigenetic processes, thereby integrating nutrition, 
metabolism, and gene expression (Shi et al. 2004; Kaelin 
and McKnight 2013). Riboflavin metabolism is ancestrally 
conserved, and its synthesis in plants is de novo (Bacher 
et al. 1999). Purine metabolism and the pentose phosphate 
pathway (PPP) offer the initial precursors of GTP and ribulose 
5-phosphate required for riboflavin biosynthesis (Hasnain 
et al. 2013). Tian et al. (2022) revealed the molecular mech-
anism underpinning riboflavin, which was involved in inte-
grating cell energy and cell cycle, and regulating maize seed 
development and embryonic development. FMN and FAD 
have pivotal roles in ATP generation and metabolic homeo-
stasis in the mitochondrial electron transfer chain (Sharma 
et al. 2019). FAD serves as a cofactor for lysine-specific de-
methylase (LSD) in the catalysis of oxidation of H3-K4 
N-methyl (Forneris et al. 2006). In early embryos, H3K4me3 
participates in the reprogramming of zygotic epigenomes 
(Xia et al. 2019). Moreover, H3K4me3 regulates DNA replica-
tion and damage, thus influencing the cell cycle 
(Serra-Cardona et al. 2022). These studies demonstrate that 
riboflavin biosynthesis is essential for the epigenetic regula-
tion of cell division and differentiation in plant SE.

However, no evidence is available reporting that miRNA 
regulates riboflavin biosynthesis in plants. NUDIX belongs 
to the pyrophosphate hydrolase family. It mainly regulates 
FMN synthesis from FAD and influences riboflavin homeo-
stasis (Maruta et al. 2012). In addition, NUDIX can uncap 
the small regulatory RNA linked to the NAD “cap”. NUDIX 
plays an essential role in RNA stability through the initiation 
of RNase E-mediated RNA degradation (Cahova et al. 2015; 
Sharma et al. 2020). In mammals, NAD-capped and 
FAD-capped RNAs can be uncapped by Nudix to regulate 
cell cycle and proliferation (Sharma et al. 2020). Through ex-
periments of transient transformation in Nicotiana tabacum 
and longan SE and the treatment with riboflavin and an in-
hibitor (diphenyleneiodonium chloride, DPI) in vivo and in 
vitro, we show that dlo-miR408-3p negatively regulates a 
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previously unidentified gene, DlNUDT23. Therefore, we show 
that the molecular mechanism of riboflavin metabolism- 
mediated m6A modification is targeted by dlo-miR408-3p- 
DlNUDT23, and consequently, this affects RNA homeostasis 
and cell proliferation during longan early SE.

In a previous study, the author found that dlo-miR408-3p is 
upregulated during longan early SE (Xu et al. 2020). These re-
sults suggested that dlo-miR408-3p overexpression may pro-
mote GE development. Moreover, studies have found that 
the expression patterns of miR408 located on the 3′-end 
arm and 5′-end arm of pre-miR408 were completely varied 
under different abiotic stresses (Xu et al. 2022a). We further 
investigated the mechanism involved in pre-miR408 process-
ing to miR408. SE is applied for regenerating genetically 
modified plants during transformation. Notably, transgenic 
technology of the Sapindaceae plant has only been performed 
by Xu (2010), Zhang (2004), and Zeng (2002) for gene function 
validation. However, the regeneration pathway of longan SE is 
of endogenous origin and is sensitive to Agrobacterium tume-
faciens and antibiotics, and is, therefore, difficult to regenerate. 
None of the aforementioned scholars have achieved stable 
transgenic regenerative cell lines, and hence, SE has not been 
successfully used to study gene functions in the past 12 yr. 
In our study, we focused on the function of DlMIR408 during 
longan early SE. Longan stable transgenic technology was used 
to construct DlMIR408 overexpression (DlMIR408-OE) cell 
lines by infecting longan embryogenic calli (EC). 
DlMIR408-regulated pathways were analyzed through whole- 
transcriptome high-throughput sequencing. We also 

performed cell morphology analysis and m6A modification le-
vel analysis. HPLC was used to detect the physiological content 
of riboflavin and taurine. Our work provides new insights into 
the molecular action of miR408 in longan early SE and closes a 
long-standing gap in understanding miRNA-mediated regula-
tion of riboflavin synthesis and plant embryonic development.

Results
Expression patterns of the dlo-miR408 family in 
different longan tissues
The longan genome contained 1 pre-miR408 and 4 mature 
dlo-miR408s. The relative expression analysis showed that 
dlo-miR408-3p and dlo-miR408b had the same expression pat-
tern in different longan early somatic embryogenic stages and 
tissues, whereas dlo-miR408-5p1 and dlo-miR408-5p2 had the 
same expression pattern (Fig. 1). Compared with roots, 
pre-miR408 expression was relatively higher in the female flow-
er and abortive fruit, followed by leaf and alabastrum, and the 
expression was lower in the stem, male flower, and anther. 
The expression of dlo-miR408-3p and dlo-miR408b was highly 
significantly upregulated in young and mature fruits. The ex-
pression of dlo-miR408-5p1 and dlo-miR408-5p2 was stable 
in different longan tissues (Fig. 1). These results indicated 
that the expression patterns of pre-miR408 and dlo-miR408 
were different. dlo-miR408-3p and dlo-miR408-5p, which 
were located at different pre-miR408 arms, had different expres-
sion patterns. Therefore, the regulation mechanism during 

Figure 1. The relative expression patterns of pre-miR408 and dlo-miR408 members in different early SE and different tissues of longan. EC, embryo-
genic callus; ICpEC, incomplete compact pro-embryogenic cultures; CpECGE, compact pro-embryogenic cultures globular embryos; GE, globular 
embryo. The different early SE of longan are induced according to Lai (2003). Error bars indicate means ± SDs, n = 3. *P ≤ 0.05, **P ≤ 0.01.
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pre-miR408 processing remains unclear and needs to be further 
investigated.

DlMIR408-OE cell lines obtained in longan EC
To further validate the functions of dlo-miR408 in longan. A. 
tumefaciens-mediated transformation was performed in lon-
gan. To generate the DlMIR408-OE vector, we amplified and 
cloned the full-length DlMIR408 cDNA (475 bp) into the 
pCAMBIA1301 (1301) backbone vector by using Pst1 and 
Sal1 (Supplemental Fig. S1, A to D). The receptor cell line 
was infected by Agrobacterium (Supplemental Fig. S1E). 
The reverse transcription quantitative PCR (RT-qPCR) result 
showed that pre-miR408 expression was significantly 
higher in the DlMIR408-OE-transformed transgenic callus 
(Supplemental Fig. S1, F to I). The presence of pri-miR408 
and GUS DNA in the wild type (WT) and DlMIR408-OE cell 
lines was validated using PCR. pri-miR408 was present in 
all WT and DlMIR408-OE cell lines (Supplemental Fig. S1, J 
and K), whereas GUS was only amplified in DlMIR408-OE 
cell lines (OE1−3) (Supplemental Fig. S1L). Moreover, in 
subcultured generation six (S6), GUS histochemical staining 
was used to detect the positive homozygous transgenic GE 
(Fig. 2, A and B), GUS and pre-miR408 was overexpressed 
in the homozygous GE of DlMIR408-OE cell lines (Fig. 2, C). 
This result demonstrated that the DlMIR408 gene sequence 
was stably overexpressed in the longan genome.

Whole-transcript sequencing of DlMIR408-OE 
transgenic cell lines
To further reveal the molecular mechanism of DlMIR408 during 
longan early SE, whole-transcriptional sequencing was per-
formed in the WT and DlMIR408-OE cell lines. The RNA integ-
rity number values for WT and DlMIR408-OE were larger than 8 
and 6, respectively. In total, 27.86 Gb of clean reads were ob-
tained from 2 samples. The lncRNA database of each sample 
generated at least 12 Gb of clean data. A total of 21.63 Mb 
was obtained for miRNA, with each sample miRNA generating 
no less than 10 M clean reads (Supplemental Table S1). A 
Q20 ≥ 97.9% and Q30 ≥ 94% for each sample indicated that 
the data quality was high, with the data having a very low prob-
ability of base mismatch and being very reliable for subsequent 
analysis. For the reference longan third-generation genome, the 
miRNA database had a high quality (98%). The mRNA and 
lncRNA database contained over 99% clean reads, of which 
75% were mapped, and 99% unmatched to ribosomal se-
quences, which were used for subsequent ncRNA identification 
(Supplemental Table S2).

Overexpression of DlMIR408-regulated longan SE by 
affecting mRNAs, miRNAs, and lncRNAs
We next conducted the differential expression (DE) analysis 
of mRNAs, miRNAs, and lncRNAs after DlMIR408-OE. A total 
of 6,253 DE mRNAs were screened, of them, 2,642 were 

Figure 2. The expression pattern of GUS and the pre-miR408, and the cell morphology in WT and DlMIR408-OE cell line for the whole-transcriptome 
sequencing. A) The WT and DlMIR408-OE cell lines after GUS staining, and the cell lines with independent 3 biological replicates. B) The positive 
homozygous transgenic GE of DlMIR408-OE under Olympus microscope observation, scale bars = 50 μm. C) The expression patterns of GUS and 
pre-miR408 in WT and DlMIR408-OE1. Error bars indicate means ± SDs, n = 3. **Highly significant difference (Duncan’s post hoc test, P ≤ 0.01).
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upregulated and 3,611 were downregulated. In total, 1,301 DE 
mRNAs were specifically upregulated in the DlMIR408-OE cell 
line, and 641 DE mRNAs were specifically downregulated in 
the DlMIR408-OE. A total of 65 known pre-miRNAs and 17 
previously unknown pre-miRNAs were identified. In total, 
114 known miRNAs belonged to 73 MIRNA gene families, 
with 107 in WT and 101 in DlMIR408-OE. A total of 21 DE 
miRNAs were screened, and 85.7% of the miRNAs (18/21) 
were upregulated. Of them, 61.1% were 21-nt miRNAs (11/ 
18) (Supplemental Table S3; Fig. 3). Compared with WT, 17 
previously unknown DE miRNAs were 24 nt in DlMIR408-OE 
(Supplemental Table S3). A total of 3,060 DE lncRNAs were 
screened, of them, 2,278 and 782 were upregulated and down-
regulated, respectively. A total of 8,230 previously unknown 
lncRNAs were obtained, including 6,761 cis-lncRNAs and 
1,285 antisense-lncRNAs, targeting 9,740 and 1,157 mRNAs, 
to obtain 14,704 and 1,327 lncRNA-mRNA pairs, respectively. 
These results indicated that DlMIR408-OE promoted 21-nt 
miRNA biosynthesis in longan. These DE RNAs were used 
for constructing regulatory models of mRNAs with miRNAs 
and lncRNAs.

Expression pattern analysis of DE mRNAs in the 
DlMIR408-OE cell lines
We further analyzed the functional annotation of DE RNAs af-
fected by DlMIR408-OE. The results showed that DE mRNAs 

contained 2 major categories of transcription factors (TFs) 
and functional genes. In total, 58 TF gene families were identi-
fied, and the most differentially expressed members included 
v-myb avian myeloblastosis viral oncogene homolog (MYB), 
basic helix-loop-helix (bHLH), ethylene responsive factor 
(ERF), and NAM-ATAF1/2-CUC2 (NAC) (Supplemental Fig. 
S2), followed by C2H2, M-type, WRKYGQK domain zinc finger 
motif (WAKY), FAR1, B3 domain transcription factor (B3), ba-
sic leucine zipper (bZIP), and other TF gene families, of them, 
MYB73 was predicted to be a target gene of the miR408 family. 
In DlMIR408-OE, the genes most highly upregulated were 
involved in the TCA cycle, RNA metabolism, riboflavin metab-
olism, GPI signaling, plant pathogen response pathway, 
plant hormone metabolism, calcium transport, and lipid me-
tabolism (Supplemental Tables S4-1). The number of downre-
gulated genes was higher than that of upregulated genes 
in DlMIR408-OE cell lines. The downregulated genes were 
mainly involved in RNA transport and metabolism, 
miRNA-mediated mRNA degradation, sugar metabolism, 
ion transport, amino acid metabolism, folate biosynthesis, 
cell cycle, and cell polarity (Supplemental Table S4-2). 
Importantly, dlo-miR408-3p was predicted to target a previ-
ously unidentified gene, DlNUDT23. These results suggested 
that DlMIR408 was involved in RNA metabolism and regu-
lated RNA stability, miRNA processing pathways, riboflavin 
biosynthesis, ion channel transport, and cell cycle regulation 
(Supplemental Fig. S3).

Figure 3. Known DE miRNAs in WT and DlMIR408-OE cell lines. The red label represents upregulated DE miRNAs, the blue label represents down-
regulated DE miRNAs, x represents the 5p, y represents 3p, and z represents not only maps to 5p but also maps to 3p after comparison with miRNA 
in other species.
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Gene ontology and Kyoto Encyclopedia of Genes and 
Genomes pathway analyses of DE mRNAs, miRNAs, 
and lncRNAs in the DlMIR408-OE cell lines
To investigate the potential role of the mRNA–miRNA– 
lncRNA model in longan early SE, gene ontology (GO) and 
Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses 
were performed. Compared with the WT, GO analysis revealed 
that mRNAs, miRNAs target genes, and lncRNAs target genes 
were significantly enriched in purine nucleotide binding, ion 
binding and transport, and cofactor binding (Supplemental 
Fig. S4, A, B, D, and F; Supplemental Table S5). KEGG analysis 
revealed that mRNAs, miRNAs target genes, and lncRNA tar-
get genes were significantly enriched in DNA replication, mis-
match repair, cell cycle metabolism, amino acid metabolism, 
fatty acid metabolism, m7G cap structure formation, RNA 
capping, NAD binding, tRNA binding, and transcription cofac-
tor activity in the DlMIR408-OE cell line (Supplemental Fig. S4, 
A, C, and F; Supplemental Table S5). Analysis of the top 20 
KEGG pathways of mRNAs revealed significant enrichment 
in DNA replication, riboflavin metabolism, mismatch repair, 
GPI-anchor biosynthesis, taurine and hypotaurine metabolism, 
sulfur metabolism, fatty acid degradation, phenylalanine me-
tabolism, and homologous recombination (Supplemental 
Fig. S4A; Supplemental Table S5). Moreover, analysis of the 
top 20 KEGG pathways of target genes of known DE 
miRNAs and lncRNAs revealed significant enrichment in ami-
no acid metabolism, energy metabolism, and carbohydrate 
metabolism (Supplemental Fig. S4, C and F; Supplemental 
Table S5). The target genes of previously unknown DE 
miRNAs were involved in glyoxylate decarboxylation metabol-
ism, glycine–serine–threonine, and carbon metabolism 
(Supplemental Fig. S4C).

Association among riboflavin metabolism, 
GPI-anchor biosynthesis, and PPP in the 
DlMIR408-OE cell lines
Riboflavin is a cofactor for enzymes such as succinate dehydro-
genase in the TCA cycle and acyl-CoA dehydrogenase in fatty 

acid oxidation (Kaelin and McKnight 2013). To further com-
prehend the importance of riboflavin metabolism during early 
SE, the association among the significantly enriched metabolic 
pathways of riboflavin metabolism, GPI metabolism, and 
the PPP were analyzed in the DlMIR408-OE cell lines. The pur-
ine metabolism pathway and the PPP provide GTP and ribu-
lose 5-phosphate, which act as synthesis precursors, for 
riboflavin metabolism. In DlMIR408-OE cell lines, DlRIBA1, 
DlRIBA3, and Dlrib5 were significantly upregulated, thereby 
promoting the synthesis of 3, 4-dihydro2-butane-4-phosphate 
and 2, 5-diamino-pyrimidine. Intriguingly, DlPYRR, DlPYRD, 
and DlFlavokinase were significantly downregulated, leading 
to 5-amino-6-uracil synthesis. The phosphate metabolism 
branch was activated, riboflavin accumulation increased, 
DlFlavokinase was downregulated, and FMN accumulation 
was decreased. Simultaneously, DlNUDT23 (Dlo029903) down-
regulation inhibited FAD transformation into FMN (Fig. 4). 
Furthermore, lncRNA transcriptome data revealed that 
lncRNA positively or negatively regulated riboflavin metabol-
ism in DlMIR408-OE cell lines. For example, DlNUDT23 
was positively regulated by lncRNAs (MSTRG.7391.1, HSP40), 
and both were significantly downregulated. Meanwhile, 
DlNUDT23 was also predicted to be negatively regulated by 
dlo-miR408-3p. DlRIBA3 (Dlo026341) was positively regulated 
by lncRNA (MSTRG.4152.1), and both were significantly upregu-
lated. DlPYRD was negatively regulated by lncRNA 
(MSTRG.19600.1). MSTRG.19600.1 was significantly upregulated, 
whereas DlPYRD was significantly downregulated. DlPAP17 was 
negatively regulated by lncRNA (MSTRG.8602.1). MSTRG.8602.1 
was significantly upregulated, whereas DlPAP17 was significant-
ly downregulated (Supplemental Table S4-3).

In addition, in the PPP, the gene Dlo004745 was significant-
ly upregulated, leading to the synthesis of D-6-phosphate glu-
cose, which acted as a synthesis precursor of GPI-anchor 
biosynthesis, and promoted phosphatidylinositol synthesis. 
By contrast, PIG C/H/P and PIG X/N/B/O/S were significantly 
downregulated. Most genes in taurine and hypotaurine me-
tabolism were significantly downregulated, thereby inhibit-
ing the synthesis of 5-glutamine-taurine. Thus, our results 

Figure 4. The association analysis of riboflavin metabolism, purine metabolism, and PPP in DlMIR408-OE cell line. The deep red color represents 
upregulation, and the blue color represents downregulation. The dotted circle indicates the regulatory model identified in DlMIR408-OE cell 
line and needs to be further verified.
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demonstrated that the PPP was activated, riboflavin metab-
olism was significantly activated, phosphatidylinositol me-
tabolism was affected, and taurine content was significantly 
decreased in DlMIR408-OE cell lines.

The transcriptional pattern validation of dlo-miR408/ 
DlLAC12 and the mRNA–miRNA–lncRNA model in 
the DlMIR408-OE cell line
To validate the accuracy of whole-transcriptome data, 
RT-qPCR was performed to verify the transcriptional expres-
sion patterns of pre-miR408, dlo-miR408-3p, dlo-miR408b, 
dlo-miR408-5p1, dlo-miR408-5p2, and known target gene 
(DlLAC12) and its alternative splice transcript DlLAC5 in 
the S9 of DlMIR408-OE, which has been identified as a posi-
tive homozygous transgenic cell line through GUS histo-
chemical staining. According to the results, the expression 
of GUS and pre-miR408 was highly significantly upregulated 
in DlMIR408-OE 1-2 and OE 1-8 cell lines (Fig. 5, A and B; 
Supplemental Table S6). Intriguingly, dlo-miR408-5p1 and 
dlo-miR408-5p2 were localized in the 5′-end arm and were 
significantly upregulated in the DlMIR408-OE 1-2 cell lines. 
However, dlo-miR408-3p localized in the 3′-end arm was sta-
bly expressed. No significant difference was observed in the 
expression of the target genes DlLAC12 and DlLAC5 in 
DlMIR408-OE 1-2 cell lines. These results indicated that the 
expression patterns of dlo-miR408 differed between the 
3′-end and 5′-end arms in pre-miR408. This result was con-
sistent with the expression patterns of dlo-miR408 in differ-
ent tissues (Fig. 5A; Supplemental Table S6) and under 
different abiotic stresses (Xu et al. 2022a). Based on the re-
sults of GO analysis that revealed DE mRNA enriched in 
RNA processing and metabolism, we further questioned 
whether they were related to posttranscriptional modifica-
tions at the RNA level during pre-miR408 processing into ma-
ture miR408.

Furthermore, the expression patterns of riboflavin 
metabolism-related genes and mRNA–miRNA–lncRNA 
models were verified through RT-qPCR. The results revealed 
that DlPAP3, DlRIB5, DlRIBA1, and DlRIBA3 were significantly 
upregulated, whereas DlFHY1, DlNUDT23, DlPAP17, DlPYRD, 
DlPYRR, and DlFlavokinase were significantly downregulated 
in DlMIR408-OE cell lines (Fig. 5C; Supplemental Table S6). 
Remarkably, MSTRG 7391.1 (HSP40) positively regulated 
DlNUDT23, and both of them were downregulated in 
DlMIR408-OE. In addition, we identified that the 
Dlo030860-miR157-X-MSTRG.19286.3 model participated in 
inorganic phosphate transport, UVB photosensitivity regula-
tion, and actin depolymerization. The Dlo027912 (SBT1.7)/ 
Dlo031999/Dlo012511-miR5139-z/miR8155-z-MSTRG.8256.1/ 
MSTRG.25770.1/MSTRG.14083.1 model influenced the 
activities of RNA–DNA hybrid ribonuclease and serine-type 
endopeptidase. The expression patterns of these models 
were also consistent with the transcriptome data (Fig. 5D; 
Supplemental Table S6). The aforementioned data indicated 
that lncRNA–miRNA–mRNA models participated in 

riboflavin metabolism, inorganic phosphate transport, UVB 
photosensitivity regulation, actin depolymerization, and 
serine-type endopeptidase activity after DlMIR408-OE.

dlo-miR408-3p degrades DlNUDT23, inhibits FMN 
biosynthesis, and regulates riboflavin biosynthesis
In the riboflavin biosynthesis pathway, DlNUDT23 was 
predicted to be a target of dlo-miR408-3p in the 
DlMIR408-OE cell lines (Fig. 4). To further investigate whether 
dlo-miR408-3p specifically and negatively regulated 
DlNUDT23 in vivo. DlMIR408-1301 and DlNUDT23-1301 overex-
pression vectors were constructed and transiently transformed 
in Nicotiana benthamiana and longan EC. We then performed 
GUS histochemical staining and quantitative expression analysis 
of dlo-miR408 and DlNUDT23 was performed through 
RT-qPCR. In the N. benthamiana transient transformation 
experiment, compared with the negative control, GUS staining 
of N. benthamiana leaves transformed with both 
DlMIR408-1301+ DlNUDT23-1301 was lighter than that of those 
transformed with the 1,301 empty vectors, DlMIR408-1301 and 
DlNUDT23-1301 alone (Fig. 6A). Compared with the negative 
control and positive control-1301, the relative expression of 
dlo-miR408-3p and dlo-miR408-5p1, from high to low, was 
“DlMIR408-1301 whole leaf” > “DlMIR408-1301 half of leaf”  
> “DlMIR408-1301 + DlNUDT23-1301” > “DlNUDT23-1301 half 
of leaf” > “DlNUDT23-1301 whole leaf” (Fig. 6B; Supplemental 
Table S7). By contrast, the DlNUDT23 expression changed 
from low to high for the aforementioned combinations 
(Supplemental Table S7). In summary, the results of the transi-
ent expression assay in N. benthamiana revealed that 
dlo-miR408-3p could degrade DlNUDT23. Next, the transient 
transformation of longan EC assay showed that DlNUDT23 
was significantly downregulated in DlMIR408-1301 or 
DlMIR408-1301 + DlNUDT23-1301 cell lines and only signifi-
cantly upregulated in the DlNUDT23-1301 cell lines. 
Conversely, dlo-miR408-3p was only significantly upregu-
lated in the DlMIR408-1301 EC cell line and downregulated 
in the DlNUDT23-1301 EC cell line (Fig. 6C; Supplemental 
Table S7). The aforementioned experimental results sup-
ported that dlo-miR408-3p negatively regulated DlNUDT23. 
This is also consistent with the finding that dlo-miR408-3p 
was upregulated, and DlNUDT23 was downregulated during 
longan early SE (Supplemental Fig. S5).

In addition, in vitro feeding assays with different concen-
trations of riboflavin and DPI were used to further investigate 
the expression patterns of miR408 and the target DlNUDT23. 
At 8 d (early GE stage), with 1.0 and 4.0 mM riboflavin sup-
plementation, dlo-miR408-3p was significantly upregulated, 
and DlNUDT23 was significantly downregulated, and both 
of them exhibited a typical negative regulation model. This 
model also appeared during culture treatment for 11 and 
14 d (middle and late stages of GE), with 0.5 to 4.0 mM ribo-
flavin supplementation. The expression pattern of 
DlFlavokinase was the same as that of DlNUDT23. The expres-
sion pattern of dlo-miR408-5p1 was the same as that of 
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Figure 5. The transcriptional level validation of dlo-miR408/DlLAC12 and mRNA–miRNA–lncRNA models in DlMIR408-OE stable transgenic cell 
lines. A) The expression patterns of GUS, pre-miR408, miR408-3p/b/5p1/5p2, and DlLAC12/DlLAC5. B) The GUS histochemical staining of WT 
(1-1 and 1-2) and DlMIR408-OE (1-2 and 1-8) transgenic cell lines. The scale bar represents 1 mm. C) The expression patterns of riboflavin 
metabolism-related genes in WT (1-1 and 1-2) and DlMIR408-OE (1-2 and 1-8). D) The expression patterns of the mRNA–miRNA–lncRNA models 
which participate in riboflavin and phosphate metabolism. Error bars indicate means ± SDs, n = 3 (Duncan’s post hoc test, *P ≤ 0.05, **P ≤ 0.01, 
***P ≤ 0.001).
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Figure 5. Continued

Figure 6. The regulatory relationship of dlo-miR408-3p and DlNUDT23 in N. tabacum and longan EC. A) The N. tabacum leaf after infecting the 
DlMIR408-1301 and DlNUDT23-1301 recombination vectors. The scale bar represents 1 cm. B) The expression patterns of DlNUDT23, 
dlo-miR408-3p, and dlo-miR408-5p1 infecting with DlMIR408-1301 and DlNUDT23-1301 recombination vector in different groups of tobacco 
leaf. C) The expression patterns of DlNUDT23, dlo-miR408-3p, and dlo-miR408-5p1 in longan EC. Error bars indicate means ± SDs, n = 3 
(Duncan’s post hoc test, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001).
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dlo-miR408-3p during culture treatment for approximately 
11 and 14 d with 0.5 to 4.0 mM riboflavin supplementation. 
However, there was no obvious rule about the expression 
pattern of pre-miR408 in different riboflavin treatments 
(Fig. 7A; Supplemental Table S7). By contrast, when supple-
mented with 0.625 and 1.25 μM DPI, dlo-miR408-3p was 
significantly downregulated, whereas DlNUDT23 was signifi-
cantly upregulated during culture treatment for 8 to 14 d 
(Fig. 7B; Supplemental Table S7). The results supported our 
hypothesis that dlo-miR408-3p negatively regulated 
DlNUDT23 and responded to riboflavin metabolism.

Together, these data further revealed that dlo-miR408-3p 
specifically targeted DlNUDT23 degradation, thereby affect-
ing FMN accumulation and promoting riboflavin biosyn-
thesis in longan.

Riboflavin promotes longan early SE
We further confirmed the hypothesis that riboflavin accu-
mulation promotes longan early SE. First, the riboflavin con-
tent was significantly increased in metabolomics data of 
longan early SE. Moreover, compared with the WT, the ribo-
flavin content was also significantly increased in 
DlMIR408-OE cell lines through HPLC determination (Fig. 8; 
Supplemental Table S8). The taurine content was significant-
ly decreased, which was consistent with the transcriptome 
data (Fig. 8; Supplemental Table S8). The results of physio-
logical content determination preliminarily supported our 
speculation, that is, DlMIR408-OE increased riboflavin accu-
mulation and might promote early SE in longan.

Next, we tested 3 in vitro feeding assays with different con-
centrations of riboflavin, FMN, and DPI in the dark. First, the 

Figure 7. The expression patterns of dlo-miR408 and the target gene, DlNUDT23, in the treatment of differential concentration of riboflavin and DPI. 
A) The relative expression of dlo-miR408-3p, dlo-miR408-5p1, DlNUDT23, DlFlavokinase, and pre-miR408 in different concentrations of riboflavin 
treated on different days (8, 11, and 14 d). CK means control check, 0.5, 1, 2, and 4 mean different concentrations of riboflavin treatment, and the 
unit is mM. B) The relative expression of dlo-miR408-3p and DlNUDT23 in different concentrations of DPI treated on different days (8, 11, and 14 d), 
CK means control check, 0.625, 1.25, and 2.5 mean different concentrations of DPI treatment, and the unit is μM. Error bars indicate means ± SDs, 
n = 3 (Duncan’s post hoc test, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001).
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results of cell morphology analysis revealed that during cul-
ture treatment for 14 d, in the presence of 0.5 mM riboflavin, 
the GE size was generally larger than that in the control check 
(CK) (0 mM). Nevertheless, with 4.0 mM riboflavin supple-
mentation, the GE size was generally smaller than that in 
the CK (0 mM) (Fig. 9A). Cell morphology after treatment 
with other riboflavin concentrations is presented in 
Supplemental Fig. S6(a). The result of FMN treatment 
showed that 0.5 μM FMN resulted in larger GE than those 
in the CK, while 10 μM FMN inhibited GE differentiation 
(Fig. 9B). This was consistent with riboflavin-mediated 
changes in cell morphology during early SE and further sup-
ported the conclusion that riboflavin promoted longan early 
SE. Simultaneously, compared with CK, the fresh weight of 
longan GE was significantly increased with 0.5 to 2.0 mM 
riboflavin treatment (Fig. 9D; Supplemental Table S9). 
Therefore, these cell morphology data supported our idea 
that activated riboflavin promotes cell division and differen-
tiation during longan early SE.

To determine cell division and differentiation during ribo-
flavin deficiency, we supplemented with different DPI con-
centrations. With 1.25 μM DPI supplementation, GE was 
more yellow and compact, and exhibited obvious differenti-
ation on different treatment days (Fig. 9C). Cell morphology 
after treatment with other DPI concentrations is presented 
in Supplemental Fig. S6(b). Interestingly, during the 14 d, 

rough material accumulated on the protoderm surface in 
GE (Fig. 9C). However, compared with CK, the fresh weight 
of longan GE was significantly decreased with 1.25 μM DPI 
treatment (Fig. 9E; Supplemental Table S9). This was contrary 
to the effect of riboflavin treatment on cell proliferation.

Taken together, the in vitro feeding assay with different 
concentrations of riboflavin, FMN, and DPI in the dark re-
vealed that the low concentration of riboflavin (0.5 mM) 
promoted the expansion of GE and cell proliferation, whereas 
higher riboflavin concentration (4.0 mM) had no significant 
effect on cell proliferation and GE development. However, 
when the riboflavin biosynthesis pathway was inhibited after 
1.25 μM DPI treatment, GE proliferation was inhibited, but 
differentiated normally, and some rough material appeared 
on the surface of protoepidermal cells in GE. This was con-
trary to the result that a low concentration of riboflavin pro-
moted GE proliferation in longan. Based on these data, our 
study evidenced that riboflavin accumulation promoted 
cell division and differentiation during longan early SE 
through in vitro positive and negative validation tests.

DlMIR408-OE increases riboflavin content and 
promotes m6a modification
As aforementioned, in DlMIR408-OE cell lines, pre-miR408 
and dlo-miR408-5p1/5p2 were significantly upregulated 

Figure 8. Riboflavin content and taurine content in longan early SE and DlMIR408-OE transgenic cell lines. A) The riboflavin content in metabolome 
during longan early SE, EC represents embryogenic callus, ICpEC represents incomplete compact pro-embryogenic cultures, GE represents globular 
embryo. The Y-axis represents the relative peak area. B) The riboflavin content in DlMIR408-OE (1-3, 1-5, 1-7, 1-9, and 1-10) and WT (1-4, 1-5, 1-6, 1-7, 
and 1-8), which were measured by HPLC. C) The taurine content in DlMIR408-OE (1-3, 1-12, and 1-13) and WT (1-10, 1-11, and 1-12), which were 
measured by HPLC. Error bars indicate means ± SDs, n = 3. *Significant difference (Duncan’s post hoc test, *P ≤ 0.05).
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and dlo-miR408-3p was not significantly upregulated 
(Fig. 5A). In total, 61.1% of the 21-nt miRNA exhibited upre-
gulated expression (Fig. 3). Moreover, dlo-miR408-3p nega-
tively downregulated DlNUDT23 expression, inhibiting FMN 
biosynthesis. As illustrated, FMN can be used as an artificial 

demethylase to specifically oxidize N6-methyl-substituted 
adenosine and effectively downregulate m6A level with 
high sensitivity and selectivity (Xie et al. 2017; Xie et al. 
2019). Simultaneously, the gene expression patterns of the 
m6A methylation pathway showed that the expression of 

Figure 9. Cell division and differentiation of longan EC after treating with different concentrations of riboflavin and DPI. A) The cell morphology of 
longan EC which is treated with CK (0), 0.5, and 4.0 mM riboflavin, culturing at 14 d, respectively, and the scale bars = 100 μm. B) The cell morph-
ology of longan EC treated with CK (0), 0.5, and 10 μM FMN, culturing at 14 d, respectively, the scale bars = 100 μm. C) The morphology of callus 
and somatic cells which are treated with CK (0 μM) (A, a) and 1.25 μM (B, b) DPI, and culturing at 8 d (8-A, 8-a; 8-B, 8-b), 11 d (11-A, 11-a; 11-B, 
11-b), and 14 d (14-A, 14-a; 14-B, 14-b), respectively. In 8-A, 8-B, 11-A, 11-B, 14-A and 14-B, the scale bars = 1 mm. In 8-a, 8-b, 11-a and 11-b, scale 
bars = 100 μm. In 14-a and 14-b, the scale bars = 20 μm. The purple frame indicates longan EC after 1.25 μM DPI treatment, the purple arrow in-
dicates the surface of the protoderm in GE of longan. D) Longan EC fresh weight with different concentrations of riboflavin treatments, the unit is 
mM. E) The longan EC fresh weight of different concentrations of DPI treatments, the unit is μM. Error bars indicate means ± SDs, n = 3. Duncan’s 
post hoc test, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001.
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“reader” genes (DlFIP37, DlECT2, and DlVIR) and “eraser” 
genes (DlALKBH2, DlALKBH6, and DlALKBH9B) was downre-
gulated, whereas the expression of “writer” genes (DlMTA16, 
21, 23) was upregulated (Supplemental Fig. S3). We further 
speculated that the pre-miR408 structure might be modi-
fied by m6A, and DlMIR408-OE decreased FMN content, 
then increased the m6A modification level, which in turn 
affected 21-nt miRNA homeostasis and the expression le-
vels of miRNAs localized on different pre-miRNA arms. 
Further supporting this assumption, online prediction of 
the pre-miR408 structure showed that “AGACA” and 
“GAACA” m6A modification sites were present at the 
5′-end arm of pre-miR408, in which “GAACA” happened 
to fall on dlo-miR408-5p, while no m6A modification site 
was observed on dlo-miR408-3p (Supplemental Fig. S7A). 
In addition, whole-transcriptome data analysis revealed 
that no m6A modification sites were present on 95% (20/ 
21) of the 21-nt DE miRNA precursors, whereas the 
miRNA precursors that were not differentially expressed 
contained moderate or high-confidence m6A modification 
sites (Supplemental Fig. S7, C and D). Thus, we further pro-
posed the hypothesis that miR408 overexpression nega-
tively regulated DlNUDT23 to affect the level of FMN 
synthase-mediated m6A modification and thus affect the 
expression levels of miRNA and pre-miRNA processing.

Subsequently, to further show the dlo-miR408-3p- 
DlNUDT23-FMN-m6a model regulated longan early SE, we 
performed m6A absolute quantification (Supplemental 
Table S10). The results showed that the m6A modification 
level increased in longan early SE and DlMIR408-OE cell 
lines (Fig. 10, A and B). Moreover, when treated for 
approximately 11 d, m6A absolute quantity increased with 
increasing riboflavin concentration (Fig. 10C). When ribofla-
vin biosynthesis was inhibited, the m6A modification level 
decreased with increasing DPI concentration (Fig. 10D). To 
the contrary, with increasing concentration of FMN treated 
14 d, dlo-miR408-3p was significantly downregulated and 
DlNUDT23 was upregulated. dlo-miR408-3p and DlNUDT23 
also maintained a typical negative regulatory model. 
DlALKBH9B (Dlo017784) and DlECT2 (Dlo018976) were upre-
gulated, while DlMTA23 had no significant difference among 
treatments (Fig. 10E). Cell cycle-related genes (DlCDKB1 
and DlCYCD7;1) were upregulated, and DlCYCA1;2 was 
downregulated. These results demonstrated that when 
we promoted FMN biosynthesis, m6A modification level 
might be decreased. The cell cycle was also promoted 
by FMN (Supplemental Table S10). These results initially 
supported our hypothesis that DlMIR408-OE increased 
riboflavin, and promoted m6A accumulation and GE 
development in longan. dlo-miR408-3p downregulated 
DlNUDT23 expression, decreasing FMN accumulation, 
and increasing riboflavin content in the positive and nega-
tive in vitro feeding assays. Hence, our data supported the 
hypothesis that the dlo-miR408-3p-DlNUDT23-FMN-m6A 
model promoted somatic cell division and differentiation 
in longan.

Discussion
Plant regeneration highlights the outstanding totipotent po-
tential of plant somatic cells without fertilization. The devel-
opment of somatic embryos directly determined the fruit 
quality and quantity. miRNA responds to variations in the 
extracellular environment and plays a crucial role in plant 
SE. Although miR408 targets different genes to regulate dif-
ferent biological processes in plant development, the mech-
anism of miR408 remains elusive in plant SE. Moreover, this 
must be accompanied by nutrient regulation during SE. FMN 
and FAD are riboflavin co-factors and act as co-substrates for 
many epigenetic processes, thereby integrating nutrition, 
metabolism, and gene expression. Whether miRNA regulates 
riboflavin metabolism and early somatic embryo develop-
ment remains largely unknown. Here, we provide genetic, 
physiological, and whole-transcriptome high-throughput se-
quencing evidence supporting the conclusion that 
dlo-miR408-3p targets a previously unidentified gene, 
DlNUDT23, activates riboflavin metabolism, mediates m6A 
modification by influencing miRNA and RNA homeostasis 
and cell cycle gene expression, and promotes cell division 
and differentiation, and finally promotes early SE of longan.

DlMIR408-OE activates riboflavin biosynthesis and 
promotes early SE in longan
Our data demonstrated that DlMIR408-OE activated ribofla-
vin biosynthesis-related gene upregulation (DlPAP3, DlRIB5, 
DlRIBA1, and DlRIBA3), significantly downregulated the 
genes of DlPYRD, DlFHY, DlFlavokinase, and DlNUDT23, and 
reduced FMN synthesis. Riboflavin metabolism was enriched 
in KEGG (Fig. 4). This result indicated riboflavin metabolism 
played an essential role during longan early SE. This result is 
similar to previous studies in which riboflavin directly regu-
lates the normal operation of the cell cycle, affects cell prolif-
eration and differentiation by influencing changes in gene 
expression and protein abundance, and determines cell 
fate, lack of riboflavin leads to early embryo abortion 
(Hilary et al. 2012; Hesami et al. 2020). However, until now, 
only 1 study showed that the riboflavin transport gene 
(RFVT3) was targeted by miRNAs in posttranscriptional regu-
lation in human intestinal epithelial cells (Lakhan et al. 2017). 
The specific molecular mechanism of miRNA-regulated ribo-
flavin biosynthesis in plants remains unclear. Notably, our 
functional experiments evidenced that dlo-miR408-3p tar-
geted DlNUDT23 and regulated riboflavin accumulation 
and promoted longan early SE. Unlike animals, riboflavin 
can be de novo produced through an ancestrally conserved 
pathway. The molecular regulation of riboflavin biosynthesis 
substantiates a key role in coordinating cellular energy and 
cell cycle for modulating endosperm development in seed 
plant (Tian et al. 2022). In our study, physiological content 
determination tests displayed that the riboflavin content 
was increased in GE and DlMIR408-OE. Simultaneously, ribo-
flavin biosynthesis was also influenced by GPI-anchor biosyn-
thesis and PPP pathway, and positively or negatively 
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regulated by the mRNA–miRNA–lncRNA models (MSTRG 
7391.1 (HSP40): DlNUDT23, MSTRG.4152.1: DlRIBA3, MSTRG. 
8602.1: DlPAP17, MSTRG.19600.1: DlPYRD) (Supplemental 
Table S4-3; Fig. 5D). Three in vitro feeding assays proved 
that dlo-miR408-3p targeted DlNUDT23 and regulated 
FMN synthesis and riboflavin accumulation (Supplemental 
Figure S7, A and B; Fig. 10E). Low concentration of riboflavin 
promoted cell proliferation and embryo enlargement of early 
GE in longan (Fig. 9, A and D). Low concentration of FMN up-
regulated cell cycle gene expression (DlCDKB1 and 

DlCYCD7;1), downregulated DlCYCA1;2, and promoted GE 
enlargement (Figs. 9B and 10E). Our previous study showed 
that DlCYCD7;1 upregulated during longan early SE (Zhao 
et al. 2022). In Arabidopsis, CYCD7;1 overexpression pro-
moted overgrowth of the embryo and endosperm (Carl 
et al. 2012). However, in longan early SE, a high concentration 
of riboflavin inhibited cell proliferation and embryo differen-
tiation. In contrast, when riboflavin biosynthesis inhibited 
(1.25 μM DPI treatment), cell proliferation was significantly 
inhibited but the differentiation of GE did not influence. 

Figure 10. dlo-miR408-3p-DlNUDT23-FMN-m6A model regulated longan early SE. A) The m6A absolute content in DlMIR408-OE cell lines. B) The 
m6A absolute content during different stages of longan SE (EC, ICpEC, and GE). C) The m6A absolute content in different concentrations of ribo-
flavin (CK(0), 1.0, and 4.0 mM) treated 11 d. D) The m6A absolute content in different concentrations of DPI (CK(0), 0.625, and 1.25 μM) treated 
11 d. E) The expression patterns of dlo-miR408-3p, DlNUDT23, m6A pathway-related genes, and cell cycle-related genes during different concentra-
tions of FMN (CK(0), 0.5, and 10.0 μM) treated 14 d, the unit is μM. Error bars indicate means ± SDs, n = 3. Duncan’s post hoc test, *P ≤ 0.05, 
**P ≤ 0.01.
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This further implies that DlMIR408 activates riboflavin bio-
synthesis and promotes early SE by regulating cell cycle 
gene expression in longan. This mechanism was verified in 
plants using the longan SE model system and longan stable 
transgenic technology. Theoretical insights into the regula-
tion of longan embryo development were gained in vivo by 
spraying riboflavin.

Riboflavin metabolism mediates m6a modification 
targeted through dlo-miR408-3p-mediated 
degradation of DlNUDT23
Studies have shown that miR408 targeted different genes in 
plants. Among them, the genes for plastocyanin, blue copper 
oxidase, and laccase were the most commonly reported. In 
rice, miR408 targeted VIN, UCL, and RNA pol II (Ma 2012; 
Zhang et al. 2017; Solanki et al. 2019). In wheat, miR408 targeted 
TOC1 (Zhao et al. 2016). While miR408 targeted 3-ketoacyl-CoA 
synthase 4 (lbKCS), plantacyanin (lbPCL), and galacturono-
syltransferase 7-like (lbGAUT) in Pachyrhizus erosus (Kuo 
et al. 2019). Notably, dlo-miR408-3p negatively regulated 
DlNUDT23 and inhibited FMN synthesis in longan through pre-
dictive analysis of the whole transcriptome, in vitro feeding as-
says, and transient transformation assay. A further study 
revealed that riboflavin typically serves as a precursor of FMN 
and FAD for diverse metabolic processes, and generates cofac-
tors (Kaelin and McKnight 2013). FMN acted as an artificial de-
methylase, a m6A-modified “eraser” to effectively downregulate 
m6A modification after absorbing blue light (Xie et al. 2017). 
The specific mechanism of this chemical modification is pos-
sibly that FMN acts similarly through the single-electron 

transport mechanism to naturally prevent RNA degradation. 
In the presence of light, FMN is excited and gets a proton 
and an electron from N6-methyl in m6A. FMN deprotonates 
amine cation and semi-quinone FMNH was obtained through 
the proton-coupled electron transfer pathway (Xie et al. 
2019). In our study, dlo-miR408-3p negatively regulated 
DlNUDT23, reduced FMN synthesis, and enhanced the absolute 
content of m6A modifications, activating the cell cycle gene ex-
pression, and finally promoting early SE as determined through 
the in vitro positive and negative feeding assays and in vivo 
transient transformation assays (Figs. 10 and 11).

The m6A methylation level is directly determined by the 
expression of the m6A methylation pathway-related genes 
(Yue et al. 2019; Zheng et al. 2020). Riboflavin generates 
FAD, which also acts as a co-substrate for many epigenetic 
processes, thereby integrating nutrition, metabolism, and 
gene expression (Shi et al. 2004). In our study, the m6A 
methylation pathway-related genes differentially expressed 
in the DlMIR408-OE cell lines (Supplemental Fig. S3). 
During FMN treatment, DlNUDT23, DlALKBH9B, and 
DlECT2 were upregulated, dlo-miR408-3p was downregu-
lated, cell cycle-related genes (DlCDKB1 and DlCYCD7;1) 
were upregulated, and DlCYCA1;2 was downregulated 
(Fig. 10). This demonstrated that FMN also influenced the ex-
pression of m6A pathway genes and decreased the m6A level 
in longan early SE, and regulated cell division and differenti-
ation by affecting the cell cycle. In addition, FAD acts as a 
prosthetic group of LSDs and activates H3K4me3 methyla-
tion modification, and DNA methylation modifications to af-
fect the expression of cell cycle-related genes and gene 
transcriptional repression (Venkatachalam et al. 2008; Tian 

Figure 11. The schematic diagram of the molecular mechanism of dlo-miR408 that regulates riboflavin metabolism and mediates m6A modification. 
The solid line represents the empirical regulatory relationship. The dotted line represents the regulatory relationship, which was supported by pre-
vious evidence (Tian et al. 2022). The red color represents upregulation. The solid lines represent the regulatory relationships verified in this study. 
GE, globular embryo.
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et al. 2022). Studies have shown that double-strand breaks 
mostly occur at preferred sites, which were marked by 
H3K4me3 (Chen et al. 2020b). In our study, the whole- 
transcriptome analysis of DlMIR408-OE cell lines revealed 
that genes associated with the TCA cycle, RNA metabolism, 
flavin-binding enzymes, and cryptochrome blue receptor 
were significantly upregulated (Supplemental Table S4-1). 
The DEAD-box family members, CNGC family, and most 
miRNA biosynthesis-related genes were downregulated. 
Hence, we speculated that there might be another mechan-
ism, and riboflavin metabolism might affect H3K4me3 
methylation, thus regulating the cell cycle and influencing 
early embryonic development of longan (Fig. 11). We here re-
vealed that the dlo-miR408-3p-DlNUDT23-FMN model may 
act as an artificial demethylation mechanism for regulating 
m6A methylation modification during longan SE. Thus, the 
scientific question of the mechanism of dlo-miR408-3p 
that promotes cell proliferation and differentiation during 
early SE has been addressed.

DlMIR408-OE influences homeostasis of RNA 
metabolism during longan early SE
Many factors affect the homeostasis of RNA metabolism, in-
cluding miRNA processing, RNA degradation in transcription 
and posttranscriptional regulation, lncRNA regulation, m6A 
modification, m7G capping modification, and NAD+ capping 
modification. In our study, DlMIR408-OE substantially pro-
moted the expression of 61.1% 21-nt miRNA (Fig. 3). 
Subsequently, DE mRNA annotation analysis was mainly re-
lated to RNA metabolism (Supplemental Table S4-1), such 
as mRNA splicing, processing and transport, miRNA synthe-
sis, and DlCRY2 and m6A methylation (Supplemental 
Table S4-2; Supplemental Fig. S3). Moreover, m6A modifica-
tion sites were predicted on the pre-miR408 structure and 
known targets (DlLAC12), and exhibited no sites on the DE 
miRNA precursor (Supplemental Fig. S7, A and B). Thus, 
we speculated that DlMIR408-OE promotes m6A methyla-
tion and affected RNA homeostasis during longan SE. A study 
noted that the CRY2 receptor affected the m6A encoder 
complex activity under blue light and regulated the circadian 
rhythm of plants (Wang et al. 2021). DlCRY2 was significantly 
upregulated in the DlMIR408-OE cell lines (Supplemental 
Table S4-1). These results suggested that FMN might also ab-
sorb blue light to regulate an increase in the m6A methyla-
tion modification level, or the DlCRY2 receptor might 
directly affect the m6A encoder activity to affect m6A modi-
fication during longan early SE.

In addition, the m7G cap protects RNA from degradation, 
maintains transcript stability, recruits related proteins, and 
ultimately affects the spatial and temporal distribution of 
genes and proteins (Malbec et al. 2019). In embryonic stem 
(ES) cells of mammals, m7G-modified miRNAs tend to 
form G-quadruplexes, which affected G-quadruplexes com-
plex formation and promoted pre-miRNA processing. 
Mettl1/WDR4-mediated m7G tRNA methylation was 

conducive to normal mRNA translation and self-renewal 
and differentiation of the ES cells (Lin et al. 2018). In our 
study, the m7G cap structure, RNA cap, and magnesium 
ion transmembrane transport activity were significantly en-
riched (Supplemental Fig. S4A). This implies that 
DlMIR408-OE may regulate m7G modification and influence 
RNA or miRNA homeostasis. Moreover, NAD+ capping 
modification exists during eukaryotic RNA 5′ modification. 
This is similar to the m7G capping process and widely exists 
in animals and plants. After transcription initiation, NAD+ re-
duces NAD+ (NADH) and dpCoA caps are added to RNA. 
This capping mainly maintains RNA stability. Nudix or 
DXO hydrolyzes the diphosphate bond to remove the 
NAD cap and produce nicotinamide mononucleotide and 
5′-phosphate ribonucleic acid. In mammals and bacteria, 
Nudt12 removes NAD capping in vitro so that, RNA decay 
accelerated, which is contrary to the effect of m7G caping 
modification. This mechanism is relatively conserved in ani-
mals, plants, and microorganisms (Grudzien-Nogalska et al. 
2019). In Arabidopsis, NAD tagSeq revealed that NAD+ cap 
RNA was mainly produced by numerous protein-coding 
genes and particularly gathered at specific regulatory small 
RNAs (sRNAs) and some mRNA 5′ fragments (Cahova 
et al. 2015; Zhang et al. 2019; Hu et al. 2021). Consistently, 
in our study, previously unknown miRNA target genes 
were mainly enriched in the oxidation–reduction reaction in-
volving NAD binding and the NAD or NADP receptor 
(Supplemental Fig. S4B). Meanwhile, dlo-miR408-3p was 
proved to target DlNUDT23. Thus, we preliminarily specu-
lated that DlMIR408 may be involved in the 5′ NAD+ capping 
modification during RNA processing and may regulate the 
homeostasis of RNA metabolism in the longan early SE. 
Thus, we propose that DlMIR408-OE not only mediates 
m6A methylation modification, but also may affect m7G 
and NAD+ capping as well as miRNA and RNA processing 
to maintain the RNA homeostasis.

Taken together, our data indicate that overexpression 
DlMIR408 activated riboflavin biosynthesis, reduced FMN ac-
cumulation, mediated m6A modification, and promoted 
early SE in longan. Riboflavin accumulation promoted cell 
division and differentiation during longan early SE via the 
model of dlo-miR408-3p-DlNUDT23-FMN and regulating 
cell cycle gene expression. 21-nt miRNA and RNA homeosta-
sis might be influenced through overexpressing DlMIR408 
mediating m6A modification, m7G modification, and NAD+ 

capping. Schematic diagram of the molecular mechanism 
of dlo-miR408 that regulates riboflavin metabolism and med-
iates m6A modification in Fig. 11.

Conclusions
Our work revealed a previously unexplored molecular mech-
anism of dlo-miR408: it regulates riboflavin biosynthesis and 
dynamically mediates m6A modification, affecting RNA 
homeostasis in longan early SE. This molecular mechanism 
provides insights regarding riboflavin biosynthesis and m6A 
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modification targeted by miRNA, which regulate cell division 
and cell differentiation in plants. In this study, the 
DlMIR408-OE cell lines were constructed through stable gen-
etic transformation of longan EC, and this approach was 
combined with the whole-transcriptome high-throughput 
sequencing. We speculated that dlo-miR408 targeted 
DlNUDT23, activated riboflavin biosynthesis, and influenced 
miRNA and RNA homeostasis. This was confirmed by the 
in vitro positive or negative feeding assay and the in vivo 
transient transformation assay. Moreover, we showed that 
riboflavin homeostasis mediated the m6A modification level, 
and influenced cell division and cell differentiation during 
longan early SE through physiological content determination 
and cell morphology and growth observation after the feed-
ing assay. In addition, we revealed that the model of 
DlNUDT23-miR408-3p-MSTRG 7391.1 participates in ribofla-
vin biosynthesis. All the results identified here provide the 
basis for the development of testable hypotheses and experi-
mental approaches. Our work provided insights into the mo-
lecular mechanism of miR408 in longan early SE and showed 
that miRNA regulates riboflavin synthesis and influences 
plant SE.

Materials and methods
Plant materials
EC of longan (D. longan Lour.) “Honghezi” were used as the 
genetically transformed receptor cell line. The EC were in-
duced using a ZE (2 to 3 mm) (Lai et al. 1997; Fang 2012). 
Then, the EC were cultured with MS medium supplemented 
with 1.0 mg L−1 2,4-dichlorophenoxyacetic acid (2,4-D) and 
cultured for 10 to 15 d at 25 °C. The WT EC had no vector 
infection. The pCAMBIA1301:GUS (1301) empty vector 
was modified by Feng (2016). The EHA105 Agrobacterium 
competent was supplied by Weidi company (Shanghai, 
China). Kanamycin (Kan) was purchased from Luoen. 
Acetosyringone (AS), rifampicin, and cefotaxime sodium 
salt were purchased from Thermo and YeaSen (Fuzhou, 
China).

Construction and transformation of vectors
The DlMIR408 genomic DNA sequence was PCR amplified 
from the EC, and the sequence length was 475 bp. Using 
PstI and SalI, the PCR product of DlMIR408 was cloned into 
the multiple cloning sites of the 35S-pCAMBIA1301:GUS vec-
tor in T4 ligase assay. The vectors were then mobilized into 
Agrobacterium EHA105 through freeze-thawing with liquid 
nitrogen. A. tumefaciens was used to transform the longan 
EC (refer to Xu 2010). Normally, longan EC were subcultured 
for 20 d as 1 generation (Lai et al. 1997). The longan calli with 
Agrobacterium were co-cultured for approximately 6 to 7 d, 
and this was referred to as subcultured generation 0 (S0), and 
GUS staining was performed using a GUS staining kit 
(Huayueyang, China). The DlMIR408-OE cell line was selected 
on MS medium containing no antibiotic by using the 

physical separation inoculation method. Subcultured gener-
ation one (S1) and subcultured generation two (S2) were ob-
tained. S0 was used for analyzing transient gene expression, 
subcultured generation three (S3) was used for GUS gene 
and pri-miR408 gDNA PCR amplification, S2 and S6 were 
used for phenotypic characterization, and S6 was used for 
the whole-transcriptome high-throughput sequencing.

Whole-transcriptome sequencing, assembly, and 
analysis
LncRNA and sRNA libraries were constructed from the 
DlMIR408-OE cell line and WT and were sequenced using 
Illumina Novaseq-6000 PE150 by Gene Denovo 
Biotechnology Co. (Guangzhou, China). Agilent 2100 and 
ABI StepOnePlus Real-Time PCR System (Life Technologies) 
were used to detect the quality and production, respectively. 
The 2 libraries were constructed as described by Lyu et al. 
(2020) and Jiang et al. (2022). Next, hisat2 was used to align 
the libraries with the longan third-generation genome (NCBI: 
Bio project PRJNA792504). Stringtie was used to reconstruct 
the transcripts and obtain known and previously unknown 
transcripts. Low-quality reads and sequences containing 
adapters and poly-N tails were removed to obtain clean 
data. The unmapped reads of previously unidentified pre-
dicted lncRNAs in the ribosome database and high-quality 
sRNA clean reads were used for the transcriptome analysis.

To evaluate gene expression levels, transcript abundances 
were calculated and normalized to Fragments Per Kilobase 
of exon model per Million mapped fragments (FPKM). The 
false discovery rate (FDR) < 0.05 and |log2FC| > 1 indicated 
significant DE of lncRNAs and mRNAs. The read count was 
standardized using edgeR (Robinson et al. 2010). The 
FPKMs of lncRNAs and mRNAs were analyzed after correct-
ing deep sequencing and transcript length. The known 
miRNAs were identified through blasting in the miRBase 
database of plants. miRNAs and pre-miRNAs were predicted 
using miRPara of SVM (version 6.3). The miRNAs were pre-
dicted and identified with hairpin structures, and the classes 
and abundance of tags were counted. The miRNA family was 
further analyzed. The identified miRNAs were used to deter-
mine the tag per million (TPM), TPM = T*10^6/N (T repre-
sents miRNA tags and N is the total miRNA tags). The 
dispersion was set up as 0.01 by edgeR (Robinson et al. 
2010), the selection criterion of DE miRNA was the expres-
sion level change of more than 2 times, and P < 0.05.

The DE mRNAs, miRNAs, and lncRNAs were then sub-
jected to enrichment analysis of GO and KEGG pathways. 
The mRNA–miRNA–lncRNA model was constructed in 
DlMIR408-OE cell lines. The FDR < 0.05 and |log2FC| > 1 
were used as the difference threshold for significant DE of 
mRNA and lncRNA. P < 0.05 and |log2FC| > 1 were used as 
the difference threshold for significant DE miRNA. The prin-
ciple was followed (Salmena et al. 2011). The bubble dia-
grams were used to analyze the top 20 pathways of GO 
and KEGG enrichment for mRNAs, miRNA targets, and 
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lncRNA targets. The subcultured generation nine (S9) 
DlMIR408-OE transgenic cell lines and RT-qPCR were used 
to validate the expression patterns of the mRNA–miRNA– 
lncRNA model.

Physiological determination
The DlMIR408-OE cell lines (1-3, 1-5, 1-7, 1-9, and 1-10) and 
WT cell lines (1-4, 1-5, 1-6, 1-7, and 1-8) were used as materi-
als to extract riboflavin. The riboflavin content was measured 
according to Pan et al. (2001) using HPLC, and the para-
meters for this determination are shown in Supplemental 
Table S11. The taurine content was measured according to 
Zhang et al. (2009) in the DlMIR408-OE (1-3, 1-12, and 1- 
13) and WT (1-10, 1-11, and 1-12) cell lines. The HPLC para-
meters used for measuring taurine content are listed in 
Supplemental Table S11. The global m6A methylation ratio 
was measured. First, SRAMP (http://www.cuilab.cn/sramp) 
was used to predict m6A modification of the pri-miR408 se-
quence and differentially expressed pre-miRNAs in the 
whole-transcriptome database of the DlMIR408-OE cell lines. 
Second, total RNA was extracted using the TransZol Up re-
agent (TransGen Biotech) from longan early SE (embryonic 
callus (EC), incomplete compact pro-embryogenic cultures 
(ICpEC), compact pro-embryogenic cultures globular em-
bryos (CpECGE), GE) (Lai 2003) and from DlMIR408-OE cell 
lines (1-2 and 1-8) and WT lines (1-1 and 1-2) that had 
been subjected to riboflavin and DPI treatments. According 
to the manufacturer’s instructions, the colorimetric method 
was used to detect the global m6A methylation level by using 
the EpiQuik m6A RNA Methylation Quantification Kit 
(Epigentek, Farmingdale, NY, USA).

A. tumefaciens-mediated transient transformation
Sequence information of DlNUDT23 was retrieved from the 
longan third-generation genome. NcoI and BglII were selected 
as the double restriction enzymes. DlNUDT23 gDNA was PCR 
amplified from EC, ligated downstream of the CMV 35S 
promoter in pCAMBIA1301, confirmed through sequencing, 
and cloned into the multiple cloning sites of the 
35S-pCAMBIA1301:GUS vector in the T4 ligase assay. The 
vector was imported into Agrobacterium EHA105 through 
freeze-thawing with liquid nitrogen. The recombinant 
Agrobacterium of DlNUDT23-1301 and DlMIR408-1301 was 
used to transform N. benthamiana leaves using A. tumefa-
ciens (refer to Wang 2013). For transformation in N. 
benthamiana, Agrobacterium was used as the negative con-
trol and 1301-GUS was used as the positive control. The 
DlMIR408-1301 plasmid was injected into the whole leaf 
and into one-half of a leaf, with the other half of the leaf 
left uninfected. The DlNUDT23-1301 plasmid was injected 
into the whole leaf and into one-half of a leaf, with the other 
half of the leaf left uninfected. DlMIR408-1301 +  
DlNUDT23-1301 was injected into the whole leaf simultan-
eously. For transformation in longan EC, Agrobacterium 
was used as a negative control and 1301-GUS as the positive 
control. Then, the calli were simultaneously infected with 

DlMIR408-1301, DlNUDT23-1301, and DlMIR408-1301 +  
DlNUDT23-1301.

In vitro feeding assays
Riboflavin and DPI with a purity of >98% were purchased 
from Baiquan Biotechnology Co. (Fuzhou, China). The ribo-
flavin concentration was set at 0 (CK), 0.5, 1.0, 2.0, and 
4.0 mM (refer to Guo et al. 2017; Jiang et al. 2021b). The 
FMN concentration was set at 0 (CK), 0.5, and 10 μM (refer 
to Xie et al. 2019). The DPI concentrations were set at 0 
(CK), 0.625, 1.25, 2.5, 5, and 10 μM (refer to Chae and Lee 
2001 ; Kanamori et al. 2012). In the assay, deionized water 
was used to dissolve riboflavin and DPI powder and to pre-
pare 0.1 and 1 mM stock solutions, respectively. MS was 
used as the basic medium. Longan EC were cultured in the 
medium supplied with 1.0 mg L−1 2, 4-D for 20 d, and inocu-
lated to the culture medium supplied with different concen-
trations of riboflavin treatment on 90 mm disposable petri 
dishes. Every plate was inoculated with 4 clumps of EC of uni-
form size exhibiting vigorous growth. After 8, 11, and 14 d, 
cell proliferation was measured on an electronic balance, 
and cell morphology of EC was observed under the micro-
scope (Olympus, Japan). The samples were collected and 
quickly frozen in liquid nitrogen and stored at −80 °C in a re-
frigerator for RNA extraction and RT-qPCR analysis.

RNA isolation and RT-qPCR
Total RNA was extracted from the DlMIR408-OE and WT cell 
lines by using the TransZol Up reagent (TransGen Biotech) 
according to the manufacturer’s protocol. Reverse transcrip-
tion was performed using the HifairTM II 1st Strand cDNA 
Synthesis SuperMix (Yeasen, Shanghai, China) for gene 
RT-qPCR, and TransScriptGreen miRNA Two-Step qRT-PCR 
SuperMix (TransGen Biotech, Fuzhou, China) and universal 
miRNA RT-qPCR primer were used for miRNA RT-qPCR. 
Specific primers were designed for DlMIR408, DlLAC12, and 
DlLAC5. RT-qPCR was performed using the Hieff UNICON 
qPCR SYBR Green Master Mix (Yeasen, Shanghai, China) in 
a 96-well plate on a LightCycler 480 instrument (Roche 
Applied Science, Switzerland). Each reaction was performed 
in triplicate. For each gene, the RT-qPCR system consisted 
of 10 μL of SYBR, 2 μL of cDNA template, 0.8 μL primer, 
and 6.4 μL of ddH2O. Each miRNA RT-qPCR system consisted 
of 10 μL of 2×TransStarTop/Tip Green qPCR mix, 2 μL of 
cDNA template, 0.4 μL primer, and 7.2 μL of ddH2O. The 
RT-qPCR procedure was as follows: initial denaturation for 
30 s at 95 °C, followed by 40 cycles of denaturation at 
95 °C for 10 s, annealing at 60 °C for 30 s, and extension at 
72 °C for 15 s. DlElf-4a, DlFSD, and DlEF-1a were used as the 
single internal controls for gene relative expression (Lin and 
Lai 2010). 5.8S and U6 were used as the single internal con-
trols for miRNA relative expression. The 2−△△CT method 
was used to calculate the relative expression (Lin and Lai 
2013a; Lin and Lai 2013b). All primers used in this research 
are listed in Supplemental Table S12.
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Statistical analysis
Statistical analyses were conducted using IBM SPSS 19.0 stat-
istical software. One-way ANOVA was performed followed 
by Duncan’s test. Error bars show means ± SD of 3 replicates 
(n = 3). Asterisks indicate a significant difference (*P ≤ 0.05, 
**P ≤ 0.01, ***P ≤ 0.001).

Accession numbers
The whole-transcriptome sequencing raw and processed se-
quencing data of WT and DlMIR408-OE cell line generated in 
this study have been submitted to the NCBI SRA (https:// 
dataview.ncbi.nlm.nih.gov/object/PRJNA894314?reviewer =  
jnl7npj065er4hd8sqn2m5uk7m), under accession number: 
PRJNA894314. The sRNA raw data and processed sequencing 
data of WT and DlMIR408-OE have been submitted to NCBI 
SRA (https://dataview.ncbi.nlm.nih.gov/object/PRJNA895752? 
reviewer = pa8n87rfgvn0jlgoc8mscg97s0), under accession 
number: PRJNA895752.
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