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ARTICLE INFO ABSTRACT

Keywords: The root of Angelica sinensis is utilized in Traditional Chinese medicine to enhance blood
Angelica sinensis ) replenishment and facilitate blood circulation. The early bolting and flowering (EBF) of
Early bolting and flowering A. sinensis, however, compromises the quality of the roots and restricts the yield of medicinal
3::]:;;22::5 substances. The study was conducted to compare the transcriptomic and metabolomic profiles

between EBF plants and normal plants of two cultivars of A. sinensis, followed by validation of the
transcriptome results using QRT-PCR. There were 3677 DEGs in EBF plants compared to normal
plants of cultivar 2 (Mingui No.2), and cultivar 4 (Mingui No.4) was 3354. The main differential
metabolites in the EBF and normal plants were phenolic acids, flavonoids, lignans, and couma-
rins. The analysis of 5 EBF-related pathways revealed 28 genes exhibiting differential expression
and 5 metabolites showing differential accumulation. The expression of the Lhcb5, Lhcb2, Lhcb6,
Lhcb1, Lhca4, ATPG1, EGLC, CELB, AMY, glgA, CYCD3, SnRK2, PYL, AHK2, AUX1, BSK, FabI/K,
ACACA and FabV decreased and the expression of the PsbR, PsbA, LHY, FT, CO, malQ, HK, GPI and
DELLA increased in EBF plants. In addition, the Abscisic acid, p-Glucose-6P, a-p-Glucose-1P,
NADP+, and ADP were more significantly enriched in EBF plants. The findings offer novel per-
spectives on the EBF mechanisms in A. sinensis and other medicinal plants of the Apiaceae family.

Gene-regulatory networks

1. Introduction

The perennial herb Angelica sinensis (Oliv.) Diels, belonging to the Apiaceae family, is primarily cultivated in northwestern regions
of China such as Gansu, Sichuan, and Yunnan provinces. Traditionally utilized for its dried root, this herb is known for its blood
replenishing properties, ability to enhance blood circulation and regulate menstruation, alleviate pain, and provide intestinal moisture
for relieving constipation [1,2]. The majority of the market supply of wild A. sinensis comes from artificial cultivation due to increasing
demand, as it is scarce and grows at high altitudes [3]. For industrialized cultivation, seeds are sown in May, and seedlings are collected
in autumn and overwintered indoors. Subsequently, the seedlings are transplanted for vegetative growth and either harvested in the
autumn of the second year to obtain non-lignified roots or left in the field until June [4]. The early bolting and flowering (EBF) in
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A. sinensis occurs during the second year, resulting in a significant reduction in both root yield and quality due to root lignification and
degradation of bioactive compounds [5].

With the development of the A. sinensis industry, controlling the EBF becomes an urgent issue. Plants must undergo vernalization
and long-day conditions to bolt and flower. Refraining from exposure to vernalization or long-day conditions can diminish the EBF rate
of A. sinensis [6,7]. The EBF can be influenced by various factors, such as germplasm selection, seedling age and weight, geographical
coordinates (latitude and longitude), and soil conditions [4]. The previous studies on the EBF of A. sinensis have concentrated on its
physiology and ecology [8,9]. Some studies have already reported that many genes and pathways can affect the EBF of A. sinensis, for
example, COL3, AS1, SPL5, and HDR1 in the photoperiodic pathway, GA20X8 in the GA pathway, and WIN1 and PAS2 in the VLCFA
biosynthesis [4-7,10,11]. How to effectively explore the essential genes from these large numbers of genes remains a scientific issue.

In this study, two A. sinensis cultivars were selected as experimental materials. Among them, cultivar 2 (Mingui No.2) was obtained
through the systematic selection method of the wild plant. The stem at the flowering and seed setting stage exhibited a tender green
color, with a stable EBF rate of 43%. Cultivar 4 (Mingui No.4) was derived by subjecting the original cultivar to irradiation using a
medium energy ion beam of 55MeV/u 40Ar17+ at a dose of 2.5Gy. The stem at the flowering and seed setting stage displayed a dark
purple hue, while maintaining a consistent EBF rate of 14% [12] (Supplementary Figs. S1 and S2). The EBF rate of the two cultivars
varies in the same region and growth stage. One hypothesis of the difference is the genetic variation within the genes.

We conducted an analysis of the transcriptome and metabolome to explore the disparities between EBF plants and normal plants in
these two cultivars. One hypothesis is the mutations occurred in the EBF related genes might be the internal cause of the different EBF
rates among cultivars and could potentially assist with mining the relevant genes that control EBF. We summarized five biosynthetic
pathways related to EBF, and comprehensively proposed a hypothesis on the regulatory pathways affecting EBF in A. sinensis. One good
attempt is to find differential genes between EBF plants and normal plants of different germplasms to evaluate the key genes of EBF,
followed a gene editing to solve the problem of EBF in A. sinensis through molecular breeding.

2. Materials and methods
2.1. Plant material

The two-year-old A. sinensis cultivars utilized in this study were identified by Director Fusheng Wang of Dingxi Academy of
Agricultural Sciences. The experiment samples were collected at the production base of Dingxi in Gansu Province (35°23'53.25" N,
105°1'37.98"E, altitude 2390 m) in August, China. We randomly collected fresh tender leaves from 20 EBF plants and 20 normal plants
(Mingui No.2 and No.4). After thorough mixing, the sample was carefully weighed and transferred into a 50 mL centrifuge tube before
being stored in liquid nitrogen. We collected 4 g samples for each treatment, which were divided into two parts and used for RNAseq
and metabolomics respectively. The samples included EBF plants (EZ) and normal plants (EW) of Mingui No.2, EBF plants (SZ) and
normal plants (SW) of Mingui No.4. Each group had three biological replicates.

2.2. RNA extraction, Illumina library construction, and sequencing

The Spin Column Plant Total RNA Purification Kit (Sangon Biotech, Shanghai, China) was employed for total RNA extraction. The
purity of the extracted RNA was evaluated using a NanoPhotometer spectrophotometer (IMPLEN, Los Angeles, CA, USA). For quan-
tification of RNA, the Qubit RNA Assay Kit (Life Technologies, Carlsbad, CA, USA) was utilized [13]. RNA integrity was assessed using
an Agilent Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA, USA). The results of RNA integrity testing were shown in
Supplementary Table S1. As previously described, Illumina sequencing libraries were constructed [13]. The cDNA libraries were
sequenced using the Illumina HiSeq platform (Illumina Inc., San Diego, CA, USA) by Wuhan MetWare Biological Science and Tech-
nology Co., Ltd. (Wuhan, China). The index-coded samples were clustered on a cBot Cluster Generation System using TruSeq PE Cluster
Kit v3-cBot-HS (Illumia), following the manufacturer’s instructions. Subsequently, library preparations were subjected to sequencing
on an Illumina platform, generating 150 bp paired-end reads.

2.3. Transcriptome data analysis

The sequences were subjected to adapter trimming, and reads with >5 uncertain bases or over 50% of bases with Qphred <20 were
filtered out using fastp(v0.23.2) in order to obtain high-quality clean reads. Subsequently, the GC content of the resulting clean reads
was calculated. The Fast QC tool also generated Q20 and Q30 values for assessing the quality of bases. Trinity(v2.13.2) was used to
concatenate 12 high-quality clean reads to obtain the transcriptome sequence of A. sinensis(Trinity.fa), then we used Corset(v1.09) to
remove redundancy to obtain the Unigene sequence. The Unigene sequence (Unigene.fa) was used to align the high-quality reads, and
subsequently, the gene expression level was determined.

TransDecoder(v5.3.0) was utilized to identify potential coding regions within transcript sequences obtained from de novo RNA-Seq
transcript assembly using Trinity(v2.13.2). The gene function was annotated using Diamond (v2.0.9) based on the following databases:
Nr, Swiss-Prot, Trembl, KEGG, GO, KOG/COG, and Pfam. The annotation process utilized a BLAST + algorithm with a threshold E-
value <1.0 x 107° [14,15]. The sequenced reads were aligned to the unigene sequence using Bowtie(v2.4.5), and gene expression
levels were quantified using RSEM(v1.3.1). Gene expression levels were measured in FPKM values. To identify differentially expressed
genes (DEGs), DESeq2 (v1.22.2) was employed with the following criteria: P < 0.005, |Log2FC| > 1, and false discovery rate (FDR) <
0.05 [16,17]. The GO enrichment analysis was conducted using the P.A Wallenius non-central hypergeometric distribution, and
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KOBAS 2.0(v2011) was employed for analyzing the KEGG pathway enrichment of DEGs [13].

2.4. Metabolome analysis

The biological samples were subjected to freeze-drying using a vacuum freeze-dryer (Scientz-100F). Subsequently, the freeze-dried
sample was pulverized for 1.5 min at 30 Hz using a mixer mill (MM 400, Retsch) with a zirconia bead. To dissolve the lyophilized
powder, 50 mg was mixed with 1.2 mL of a 70% methanol solution and vortexed for 30 s every 30 min, repeating this process six times
in total. After centrifugation at 12,000 rpm for 3 min, the extracts were filtered through a SCAA-104 membrane with a pore size of 0.22
pm (ANPEL, Shanghai, China) prior to UPLC-MS/MS analysis. The sample extracts were then analyzed using a UPLC-ESI-MS/MS
system (UPLC, ExionLC™ AD; MS, Applied Biosystems 4500 Q TRAP). The analytical conditions were as follows: UPLC column -
Agilent SB-C18 (1.8 pm, 2.1 mm x 100 mm), and the mobile phase consisted of solvent A (pure water with 0.1% formic acid) and
solvent B (acetonitrile with 0.1% formic acid) [18]. The acquisition of LIT and triple quadrupole scans was performed on a QTRAP-MS
equipped with an ESI Turbo Ion-Spray interface, utilizing the AB Sciex QTRAP 4500 System in positive ion mode. The instrument
control was facilitated by Analyst software (v1.6.1). The solvent system, gradient program, and ESI source operation parameters were
implemented following previously established methodologies [18].

The qualitative analysis of primary and secondary MS data was conducted by querying the internal database using a self-compiled
database provided by Wuhan MetWare Biological Science and Technology Co., Ltd. The Variable Importance of Projection (VIP) score
from the OPLS-DA model was utilized to identify the most significant metabolites that differentiate between treatments. Metabolites
with significant differences in content were set with thresholds of VIP >1 and fold change >2 or <0.5. A Principal component analysis
(PCA) was used to analyze the variability between groups and within groups. The functional annotation of differentially accumulated
metabolites (DAMs) was performed based on KEGG pathways [13].

2.5. Co-joint analysis of the transcriptome and metabolome

Based on the results of differential metabolite analysis in this experiment, we integrated the results from differential gene analysis
to map the differentially expressed genes and metabolites onto the KEGG pathway map for the same comparative group. Correlation
analysis was performed using quantitative values of genes and metabolites across all samples. The correlation analysis was performed
using the Cor function in R(v3.6.3) to calculate the Pearson correlation coefficient between genes and metabolites. A correlation
coefficient greater than 0.80 with a P-value less than 0.05 was considered statistically significant. Subsequently, all correlation cal-
culations for differentially expressed genes and metabolites were selected, and a correlation clustering heatmap was generated [13].

2.6. qRT-PCR verification

The validation of ten DEGs associated with EBF was performed using qRT-PCR [19]. The Actin gene was utilized for internal
control, and the relative expression levels were determined using a 2~ method. For each gene, three technical repeats were used,
and three independent experiments were conducted. A previous sequencing sample was utilized for RNA validation. The HiScript® II Q
RT SuperMix for qPCR (+gDNA wiper) (Vazyme, Nanjing, China) was employed in all reactions, in conjunction with the CFX96
Real-Time PCR System (Bio-Rad, CA, USA) [20]. Supplementary Table S2 contains the primer sequences.

2.7. Statistical analysis

The validation experiment for qRT-PCR consisted of three biological and three technical replicates to ensure accurate determi-
nation of PCR efficiency. Statistical analysis was conducted using ANOVA and Duncan multiple comparison tests, as determined by
SPSS(v22.0).

Table 1

Overview of the sequencing data obtained from the 12 samples.
Sample Clean Reads Clean Base(G) Q20(%) Q30(%) GC Content(%)
EW1l 42,696,226 6.4 97.23 92.02 41.96
EwW2 46,785,338 7.02 98.33 94.67 41.89
EW3 49,853,364 7.48 98.16 94.24 42.15
EZ1 45,625,468 6.84 97.95 93.77 42.49
EZ2 44,926,932 6.74 98.24 94.47 42.44
EZ3 47,006,504 7.05 98.32 94.68 42.11
SW1 49,282,886 7.39 98.27 94.59 42.16
SW2 43,635,338 6.55 97.94 93.75 42.38
SW3 42,178,954 6.33 98.27 94.66 42.3
SZ1 48,909,926 7.34 98.26 94.5 42.41
SZ2 48,385,720 7.26 98.06 94.04 43.29
SZ3 45,397,206 6.81 98.09 94.11 42.67
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3. Results
3.1. Overview of the A. sinensis transcriptomic analysis

The sequencing of 12 constructed libraries yielded a total of 554.7 million high-quality clean reads. The Q20, Q30, and GC content
ranged from 97.23% to 98.33%, 92.02%-94.68%, and 41.89%-43.29%, respectively. The GC content of EBF plants was generally
observed to be higher compared to that of normal plants (Table 1). A total of 207,777 transcripts were generated from the clean reads,
with an average contig size of 1234 bp and an N50 contig size of 2223 bp (Supplementary Table S3). The functional annotations for all
unigenes were provided in Supplementary Table S4. A. sinensis exhibited a total of 113,404 annotated unigenes (54.58%). The NR
database identified 82,457 (72.71%) significant matches. A. sinensis transcript sequences were 68.16% similar to that of Daucus carota
subsp. sativus, 19.65% similar to Quercus suber, and 0.55% similar to Hordeum vulgare subsp. vulgare (Supplementary Fig. S3).

The transcripts of A. sinensis were categorized into three distinct groups of Gene Ontology (GO) terms, specifically biological
process (BP) (195,646), cellular component (CC) (68,927), and molecular function (MF) (93,127), as presented in Supplementary
Table S5. The terms were subsequently segregated into 48 subcategories. Within the BP category, the most frequently observed terms
were cellular process, metabolic process, and responses to stimuli. In the CC category and MF category, cellular anatomical entities and
protein-containing complexes were the predominant terms for describing binding and catalytic activities respectively, as depicted in
Supplementary Fig. S4. There were 47,626 unigenes assigned to 139 KEGG pathways and 51,947 unigenes were assigned to 25 KOG
pathways in A. sinensis. In KOG pathways, 593 genes belonged to nucleotide transport and metabolism, 4746 genes were signal
transduction mechanisms and 3064 genes were energy production and conversion. Analyzing metabolic pathways in A. sinensis was
made possible by these annotation results.

The Pearson’s Correlation Coefficient was utilized as an evaluation metric to assess the biological repeated correlations. A Pear-
son’s correlation coefficient ranging from 0.39 to 0.79 was identified between the EZ and EW samples (Fig. 1A). A Pearson’s corre-
lation coefficient ranging from 0.65 to 0.80 was observed between the SZ and SW samples, while a Pearson’s correlation coefficient
ranging from 0.67 to 0.97 was found between the EZ and SZ samples. According to these findings, there were significant disparities in
gene expression between EBF plants and normal plants of the same cultivar, as well as variations observed among EBF plants from
different cultivars. Fig. 1B illustrated distinct gene expression profiles between EBF and normal plants across both cultivars (PCA).

3.2. Different expression genes analysis of A. sinensis

Four pairwise comparisons were established (EW vs. SW, EZ vs. EW, EZ vs. SZ, and SZ vs. SW) to investigate the DEGs in A. sinensis
for EBF and normal plants. The number of transcripts that had significant changes was determined by volcano plots. The comparison
between SZ and SW identified a total of 3354 differentially expressed genes (DEGs), with 1326 up-regulated and 2028 down-regulated
genes. Similarly, the comparison between EZ and EW revealed a total of 3677 DEGs, including 1970 up-regulated and 1707 down-
regulated genes. Additionally, the comparison between EW and SW showed that there were 268 up-regulated DEGs and 191 down-
regulated DEGs. Conversely, the comparison between EZ and SZ indicated that there were 1955 up-regulated DEGs and 300 down-
regulated DEGs (Fig. 2A). By searching for literature reports on pathways related to EBF, 189 transcription factors (115 up-
regulated and 74 down-regulated) were selected from 3354 differential transcription factors in SZ vs. SW, and EZ vs. EW was 191
up-regulated and 92 down-regulated, while EZ vs. SZ was 38 up-regulated and 28 down-regulated (Fig. 2B-D). A Venn diagram showed
that 7652 DEGs were obtained across the four treatments, 4 of which were shared, the functions of four common DEGs were NPH3
family protein expression, fatty acid dehydrogenase synthesis, V-ATPase subunit H synthesis, and p-mannose binding lectin expression.
In the comparison of EBF plants of the same cultivar and the normal plants, there were 2283 and 1960 independent genes of Mingui
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Fig. 2. Differential transcription factors among different groups. (A) Overall situation, (B-D) Transcription factors related to early bolting in
each group.

No.2 and Mingui No.4 respectively, as well as 1394 shared genes.

The GO enrichment analysis results revealed that the four comparisons’ DEGs were significantly enriched in 1,689, 4,037, 3,749,
and 4076 GO terms, respectively. The cellular component (CC) category exhibited plant-type cell walls (GO: 0009505) as the most
enriched components, whereas peroxidase activity (GO: 0004601) was the top-ranking terms in the molecular function (MF) category.
The biological process (BP) category was characterized by the highly represented terms of response to oxygen levels (GO: 0070,482)
and decreased oxygen levels (GO: 0036,293) (Fig. 3, SZ vs. SW).

For the EW vs. SW, the most enriched term of BP, CC, MF was plant organ senescence (GO: 0090,693), nuclear chromosome (GO:
0000228), and the MF category was oxidoreductase activity (GO: 0016,717) respectively. Under the comparison of EZ vs. EW, in the
BP category, the most enriched terms were secondary metabolite biosynthetic (GO: 0044,550), the CC category was plant-type cell wall
(GO: 0009505), and the MF category was UDP-glucosyltransferase activity (GO: 0035,251). For the comparison between EZ and SZ,
the BP category exhibited significant enrichment in terms related to translation within the cytoplasm (GO: 0002181), the CC category
was categorized into peptidase complex (GO: 1905368), and the MF category was oxidoreductase activity (GO: 0016,717) (Supple-
mentary Figs. S5-S7).

An analysis of KEGG revealed the key biological pathways of A. sinensis, and the variation in EBF rate among different cultivars
could provide insights into the changes occurring within these pathways. The six most significantly enriched pathways for SZ vs. SW
(Fig. 4) included metabolic pathway, biosynthesis of secondary metabolites, ribosome, carbon metabolism, plant-pathogen interac-
tion, and plant hormone signal transduction. The EZ group demonstrated significant enrichment in various pathways, including
secondary metabolite biosynthesis, carbon metabolism, ribosomes, and the MAPK signaling pathway, when compared to the SZ group.
Similarly, the metabolic pathway, biosynthesis of secondary metabolites, plant-pathogen interaction, signal transduction, and ribo-
some were found to be the top five pathways enriched in EZ vs. EW. In contrast, the top five significantly enriched pathways for EW vs.
SW included the metabolic pathway, biosynthesis of secondary metabolites, plant hormone signal transduction, biosynthesis of amino
acids, and starch along with the MAPK signaling pathway (Supplementary Figs. S8-S10).
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Fig. 3. Functional classifications of genes that are differentially expressed in SZ compared to SW according to gene ontology.
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3.3. Different expressed transcription factor analysis

There were 167 TFs differentially expressed between SZ and SW (Supplementary Table S6). TFs in this study were divided into 46
families, with CoHy (17), bHLH (12), bZIP (11), MADS-MIKC (10), and AP2/ERF (10) being the major groups. With respect to type of
regulation, 7CoHys and 8 bHLHs were up-regulated, while 10 WRKYs and 4 bHLHs were down-regulated. Most TFs were up-regulated
in SZ as compared with SW.

The significant TFs identified included AP2/ERF-AP2(23), CoH, (16), bHLH (14), NAC (13), MADS-MIKC (11), bZIP (9), and more
than half of TFs were up-regulated in 235 TFs in EZ vs. EW (Supplementary Table S7). The significant TFs identified in EZ vs. SZ
(Supplementary Table S8) included CoH; (13), bHLH (4), HMG (4), and 43 TFs were up-regulated in 58 TFs. The major TFs identified
included CoHj (3), Jumonji (3), NAC (3), and 23 TFs were up-regulated in 33 TFs in EW vs. SW (Supplementary Table S9).

3.4. Different accumulated metabolites analysis

Prior to conducting an analysis on the differentially accumulated metabolites (DAMs), the level of variability among and within
groups was assessed using PCA. There was good separation between the 12 samples (Fig. 5A). A total of 38.54 percent of the variability
was accounted for by PC1, while 13.77% was accounted for by PC2. Flavonoids (19.07%), phenolic acids (15.58%), and lipids
(12.84%) were the most prevalent metabolites in all samples (Fig. 5B).

A total of 403 differentially expressed genes (219 up-regulated and 184 down-regulated) were identified in the comparison be-
tween SZ and SW. They were 72 phenolic acids, 66 flavonoids, 51 lignans and Coumarins, 33 amino acids and their derivatives, 32
lipids, 25 alkaloids, 24 organic acids, 22 nucleotides and derivatives, 17 terpenoids, 2 quinones, and 59 other metabolites (Supple-
mentary Table S10). In NCBI, 10 DAMs exhibiting large differential multiples and high content related to EBF were found to be
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significantly up-regulated or down-regulated. The results indicated that lignans, such as Syringaresinol-4-O-(6"-acetyl) glucoside,
Medioresinol-4,4"-di-O-glucoside and Syringaresinol-4-O-glucoside, were significantly up-regulated in EBF plants. However, 4,5-O-
Decaffeoylquinic Acid Methyl Ester (Phenolic acids) and Naringenin-7-O-glucoside (Flavanones) were significantly down regulated
(Fig. 6A). In EZ vs. EW, the 325 DAMs (198 up-regulated and 127 down-regulated) were identified, they were 60 phenolic acids, 58
flavonoids, 40 lignans and coumarins, 32 lipids, 27 amino acids and derivatives, 23 alkaloids, 18 organic acids, 12 nucleotides and
derivatives, 12 terpenoids, 1 Quinones and 42 other metabolites (Supplementary Table S11). In the comparison between SW and EW, a
total of 212 DAMs (147 up-regulated and 65 down-regulated) were identified. These metabolites comprised 36 phenolic acids, 32
flavonoids, 24 lignans and coumarins, 27 lipids, 11 amino acids and derivatives, 20 alkaloids, 11 organic acids, 5 nucleotides and
derivatives, 10 terpenoids, 3 quinones, as well as an additional set of other metabolites (Supplementary Table S12). The comparison
between EZ and SZ revealed the identification of 94 DAMs (89 up-regulated and 5 down-regulated). These included a variety of
compounds, such as 12 phenolic acids, 13 flavonoids, 30 lignans and coumarins, 7 lipids, 5 amino acids and derivatives, 11 alkaloids, 3
organic acids, 2 nucleotides and derivatives, 2 terpenoids, 1 quinone, and an additional set of eight other metabolites (Supplementary
Table S13).

The 403 DAMs were classified and assigned to 25 metabolic pathways using a combined KEGG enrichment analysis in the com-
parison between SZ and SW (Fig. 6B). The primary pathways identified were metabolic pathways (ko01100), followed by the
biosynthesis of secondary metabolites (ko01110) and cofactors (ko01240). Additionally, variations were observed in plant hormone
signal transduction (ko04075), carbon metabolism (ko01200), and photosynthesis (ko00195). The pathways that demonstrated the
most significant enrichment in EZ compared to SZ were those associated with the biosynthesis of diverse plant secondary metabolites
(ko00999) and tryptophan metabolism (ko00380), as illustrated in Supplementary Figs. S11-14.

The DEGs and DAMs were selected from the overall correlation results for further correlation analysis, based on a Pearson cor-
relation coefficient greater than 0.80 and a P-value less than 0.05. The network relationship between genes and metabolites was
established through KGML analysis. The findings revealed a consistent trend in the majority of cases, where gene expression and
metabolite changes were observed to align in pathways such as photosynthesis, photosynthesis-antenna proteins, starch and sucrose
metabolism, as well as plant hormone signal transduction associated with bolting and flowering. The genes expression and the change
of metabolites had the same trend in most cases, such as PsbA and NADP, AHP and Abscisic acid (Fig. 7). This finding underscored the
importance of genes and metabolites interactions in biological processes. Additionally, the metabolism pathways of starch and sucrose
in SZ demonstrated upregulation of alpha-p-glucose 1-phosphate and AMY compared to SW, as depicted in Supplementary
Figs. S15-518.

3.5. Integrated analysis of DEGs and DAM:s in the photosynthesis-related biosynthesis pathway

In the comparison of DEGs and DAMs in the photosynthesis-related biosynthesis pathway between EBF and normal plants(Fig. 8),
we found that compared with normal plants, the psbR and psbA in EBF plants were significantly up-regulated, while ATPG1, Lhca4,
Lhcb1, Lhcb6, Lhcb2, and Lhcb5 were otherwise significantly down-regulated (genes with the same expression in both cultivars). In
addition, the NADP+ and ADP were significantly up-regulated in EBF plants. The process of photosynthesis involves two photo-
chemical reactions. One is known as the Photosystem II, which absorbs short-wavelength red light at 680 nm. The other is called
Photosystem I, which captures long-wavelength red light at 700 nm. The PS II complex is composed of essential components, namely
the chlorophyll-binding inner peripheral antenna proteins (CP47 and CP43) and two core polypeptides (D1 and D2), which are the
largest proteins in the complex located on the thylakoid membrane of the chloroplast [21]. The outer layer of PS II is a light-harvesting
fragment complex (LHCII) formed by combining photosynthetic pigments and proteins. In our study, we observed a significant
up-regulation of PshA in D1 and PsbR in D2, along with a remarkable down-regulation of Lhcb1, Lhcb6, Lhcb2, and Lhcb5 in LHCIL.
Based on these findings, it could be inferred that these changes were conducive to water decomposition and facilitate the transfer of
electrons from water to PS I. Besides, notably down-regulated Lhca4 in LHCI and ATPG1 in ATP synthase might increase the production
of ADP and NADP + to provide energy for EBF.
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3.6. Integrated analysis of DEGs and DAM:s in the circadian rhythm pathway

Plant flowering in photoperiodic induction requires an appropriate circadian rhythm and the formation of certain balance between
photoreceptors (photosensitive pigments, cryptocyanins, and ultraviolet B receptors) or some related substances. If the length of day
and night changes, the balance will be disrupted, leading to the expression of some genes that promote or inhibit flowering, thereby
initiating or inhibiting flowering [22]. CONSTANS(CO) protein is an output channel regulated by the circadian rhythm of the
photoperiod-biological clock. CO encodes a B-type zinc finger domain protein, and its expression is regulated by the circadian rhythm
of the biological clock. The receptor and the biological clock interact under long sunlight conditions to activate CO production in
phloem companion cells, the CO then activates TWINSISTER OF FT (TSF) and FLLOWERING LOCUS T (FT) genes, which are down-
stream targets of CO. Flower meristems are eventually induced to promote flowering [23,24]. In the circadian rhythm pathway be-
tween EBF and NP of two cultivars (Fig. 9), we found that LHY, CO, and FT were significantly up-regulated in EBF plants and possibly
were the key genes inducing EBF. Under this pathway, we also made a discovery that significantly up-regulated CDF1 between the EBF
of the two cultivars (EZ vs. SZ) could possibly be one of the genes leading to the difference in EBF rates.

3.7. Integrated analysis of DEGs and DAMs in the starch and sucrose metabolism pathway

The levels of p-Glucose-6P and a-p-Glucose-1P were significantly up-regulated in the starch and sucrose metabolism pathway
(Fig. 10). The expression of EGLC, CELB, AMY, and glgA in the p-Glucose synthesis pathway was significantly down-regulated in EBF
plants, whereas GPI and HK involved in p-Fructose-6P synthesis were significantly up-regulated. In this pathway, we also found that HK
and treX were significantly up-regulated between EBF plants of the two cultivars, while bglX was significantly down-regulated (EZ vs.
SZ).

3.8. Integrated analysis of DEGs and DAM:s in the plant hormone signal transduction pathway

It was observed that in this pathway (Fig. 11), seven DEGs and one DAM were identified. AUX1 in tryptophan metabolism, AHK2 in
zeatin biosynthesis, PYL and SnRK2 in carotenoid biosynthesis, and BSK and CYCD3 in brassinosteroid biosynthesis were significantly
down-regulated in EBF plants. Besides, DELLA involved in diterpenoid biosynthesis were significantly up-regulated, and abscisic acid
was significantly up-regulated. Under this pathway, we also found that AUX/IAA in tryptophan metabolism and PR-1 in phenylalanine
metabolism were significantly up-regulated between EBF plants of the two cultivars (EZ vs. SZ), which might presumably contribute to
the plant growth and disease resistance of cultivar 2.
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3.9. Integrated analysis of DEGs and DAMs in the very-long-chain fatty acid biosynthesis pathway

VLCFAs present in plants serve multiple functions, including serving as an energy source for the synthesis of glycerides, biofilm
lipids, and sphingolipids in seeds. Additionally, they act as precursors for the biosynthesis of cuticular wax. Moreover, these VLCFAs
are found in the epidermis of plants where they play a crucial role in regulating water retention, enhancing drought resistance, and
promoting growth [25]. DEGs involved in the VLCFAs biosynthesis pathway (Fig. 12) including acetyl-CoA carboxylase (ACACA),
enoyl-[acyl-carrier protein] reductase (FabV), I (Fabl), and II (FabK) were down-regulated in EBF plants as compared to normal plants.
A slight decrease in the content of VLCFAs could promote cell proliferation, thereby promoting the growth of buds and causing EBF.
Long-chain acyl CoA synthase (ACSL), one of the possible genes resulting in higher EBF rate of cultivar 2 to cultivar 4, was significantly
up-regulated in the EBF plants (EZ vs. SZ).

3.10. The validation of gene expression through qRT-PCR

To ensure the accuracy of the transcriptome data, we conducted a random selection of 10 genes from 5 regulatory pathways
associated with EBF in A. sinensis (Fig. 13). The relative expression levels (RELs) were found to be in accordance with the FPKM values,
with down-regulated 0.8-, 0.4-, 0.7-, 0.7-, 0.3-, 0.1-, 0.4-, and 0.3-fold for the genes glgA, AMY, CELB, EGLC, Lhcb6, AHK2, AUX1, and
CYCD3, respectively, in the EBF plants compared to the normal plants (cultivar 2). And with up-regulated 1.7-, and 10.3-fold for the
genes malQ and CO in the EBF plants (cultivar 2). Notably, the CO gene expression was observed to be significantly elevated in cultivar
2 compared to cultivar 4 (P < 0.001). This finding suggests that the higher expression of the CO gene in cultivar 2 may contribute to the
observed disparity in EBF rate between the two cultivars.



C. Zhu et al. Heliyon 10 (2024) e28636

Far red light Blue light
v | PHYB || PHYB | pim ’
Red light
CRY oo

A\

O DNA

COP1
ELF3

CIRCADIAN RHYTHM ‘

.

Flowering

DNA

g
1=

N

[ PRRO | | PRR

T

O DNA

)

Fig. 9. Metabolic pathway map of the circadian rhythm.

STARCH AND SUCROSE ‘ ADP-glucose « @ o-D-Glucose- 1P
METABOLISM W:‘i.
O Cellulose r——
D-Fructose .
Starch glycogen Maltodextrin

- C) Cellodextrin
D-Fructose-6P {_) Maltose

- 9) Cellobiose ‘ |
D-Glucose-6P - | H
() Dextrin

EGLC f i
AMY 0.5
s 0
/\D-Glucose L] "K“’ o5
FO 1,3-p-Glucan \ﬁ: on I

EW SW EZ SZ

Fig. 10. Pathway map of the starch and sucrose metabolism.
4. Discussion

Early bolting and flowering (EBF) is the phenomenon of bolting in advance and entering reproductive growth, before the vegetative
body of a plant is fully grown. Factors affecting the EBF of plants include genetic factors, ecological environmental factors, and growth
materials. Currently, most studies focus on large quantity of vegetables with bolting characteristics, such as cabbage [26] and onion
[27]. Despite the prevalence of perennial medicinal plants susceptible to endogenous biological factors, there remains a dearth of
systematic investigation into the underlying mechanisms of this phenomenon within medicinal plant research. Among them, EBF is
common phenomenon in Apiaceae medicinal plants, such as Angelica dahurica [28], A. sinensis, Hansenia weberbaueriana [29], and an
unresolved puzzle in the production of traditional medicine. In this study, based on the investigation of the EBF problem of A. sinensis,
we found that there were six cultivated species in actual production, of which two (Minggui No. 2 and No. 4) were the most typical.
They were green and purple stems respectively, and the content of active components in the root also varies. The EBF rate of No. 2 had
been steadily higher than No. 4 over the years. The transcriptomic and metabolomic analysis of these two cultivars was conducted to
explore the key genes that determine their EBF. In previous studies, transcriptome analysis was conducted only on normal and EBF
plants of a specific cultivar, without comparing differential metabolites. Additionally, it was found that the accumulation of
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endogenous hormones (ABA and ACC) in leaves and bulbs of Lilium formolongi can inhibit flowering [30]. Our findings indicate a
significant accumulation of ABA in EBF plants, suggesting its potential role as a key metabolite in such plants. Furthermore, the
expression patterns of ABA-related genes exhibited a positive correlation with stem length during the development of leaf lettuce,
consistent with the outcomes of the investigation [31]. All evidence indicated that studying the changes in differential metabolites in
EBF plants was necessary. In addition, the EBF rates of the two cultivars were different. From the perspective of germplasm com-
parison, it was inclined to refine and minimize the identification of important genes that affect EBF and combine gene editing tech-
nology to conduct germplasm innovation to reduce the occurrence of EBF in A. sinensis fundamentally.

Compared to the normal plants of the same period, the EBF plants of cultivar 2 and 4 had 3677 and 3354 DEGs, respectively. This
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indicated that multiple genes mediated the occurrence of EBF. The specific gene expression could activate or inhibit a certain
biosynthetic pathway, leading to abnormal changes in metabolites and causing changes in physiological and growth indicators. The
expression of RcPAP1 in the epichile before orchid flowering was found by Li to specifically activate the anthocyanin biosynthesis
pathway, leading to significant accumulation of cyanin and resulting in a purple-red color [32]. The key active compounds in the
traditional application of A. sinensis roots are Ferulic acid, Ligustilide, and Chlorogenic acid [33]. The present study revealed sig-
nificant variations in the relative content of phenolic acids and flavonoids among different varieties of normal plants (P < 0.005).
Notably, Minggui 4 exhibited a ferulic acid content that was 4.58 times higher than that observed in Minggui 2. Additionally, the
differential metabolites observed in the EBF plants primarily consisted of phenolic acids, flavonoids, lignans, and coumarins when
compared to the normal plants. The presence of EBF resulted in a reduction of active compounds in A. sinensis, consequently impacting
the quality of the medicinal material.

There are at least four flowering induction pathways in Arabidopsis thaliana, including photoperiodic, autonomous and vernal
pathways, carbohydrate or sucrose pathway, and gibberellin pathway [34,35]. The photoperiodic pathway is, to date, the most clearly
explained pathway. Plant leaves sense light, in which light receptors sense light signals, triggering circadian rhythms based on length
of day and night and intensity of light. A certain balance will be formed between the photoreceptor itself or some related substances.
Changes in the length of day and night can disrupt this balance, leading to the expression of genes that promote or inhibit flowering,
thereby initiating or inhibiting flowering [22]. The peripheral subunits (PsbA and PsbR) of the oxygen-evolving complex (OEC), which
were responsible for stabilizing PSII, exhibited differential expression in EBF plants. Polymerization stability, photosynthetic pro-
tection, and water oxidation processes are all influenced by the presence of PsbR [36]. The process of photosynthesis consists of two
distinct components, namely a reaction center and a peripheral antenna. The light-harvesting complex (LHC) primarily comprises
antenna proteins, which play a crucial role in this process. The photosynthesis antenna protein pathway of C1 in EBF plants exhibited a
significant enhancement, notably, accompanied by a noteworthy decrease in the expression of various genes encoding Lhcb(1,2,5, and
6) and Lhca4. These genetic alterations were instrumental in bringing about the observed changes in EBF.

Photoperiod-induced flowering of plants requires an appropriate circadian rhythm. Under prolonged exposure to sunlight, the
biological clock and receptors interact to induce the upregulation of CONSTANS protein (CO) in companion cells of leaf phloem. CO
then activates downstream target genes FLOWERING LOCUS T (FT) and TWINSISTER OF FT (TSF). In the photoperiodic pathway, FT
plays a crucial role in determining the flowering time of plants, and it is possible that “anthocyanin”, a flowering-inducing substance, is
an expression product of the FT gene. The process of photoperiod induction triggers the translocation of FT mRNA from the leaf to the
apical tissue of the plant. Once translated into the FT protein, it forms an association with the transcription factor FD of the bZIP
molecule, thereby facilitating the activation of SUPPRESSOR OF OVEREXPRESSION OF CO1 gene (SOC1), APETALA1 (AP1), and
LEAFY (LFY). This activation triggers the production of flower meristem, ultimately promoting flowering [23,24]. The expression of
LONGATED HYPOCOTYL (LHY), a transcription factor implicated in the regulation of the circadian clock, exhibits a rhythmic pattern
following the circadian rhythm [37]. The up-regulation of LHY expression occurs in response to increased red-light signals received by
phytochrome B (PHYB), thereby promoting the expression of CO and FT, ultimately resulting in the generation of EBF.

The presence of sucrose (Suc) and its hydrolysis products glucose (Glc) and fructose (Fru) is indispensable for cellular biosynthesis
and signal transduction throughout the entire life cycle of a plant. Moreover, the stimulation of flowering in Arabidopsis is attributed to
the increased expression of LFY induced by sucrose. This phenomenon underscores the significance of sucrose in regulating plant
development [38]. The expression of EGLC, CELB, AMY, and gigA involved in p-Glucose synthesis was significantly down-regulated in
EBF plants. Conversely, GPI and HK involved in p-Fructose-6P synthesis were significantly up-regulated. Additionally, there was a
significant increase in the levels of p-Glucose-6P and o-p-Glucose-1P. Amylase is an enzyme that produces maltose by hydrolyzing
amylopectin and amylose, and the synthesis of p-Glucose-6P was increased in the upregulation of malQ and HK. During the flowering
transformation process, sucrose levels in the phloem and stem tips rapidly increase, stimulating EBF by enhancing LFY expression.
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The regulation of plant growth and development is orchestrated by a repertoire of phytohormones, encompassing GA, IAA, JA,
CTK, SA, and BR. We found seven DEGs linked to hormone signaling, such as AUX1, AHK2, DELLA, PYL, SnRK2, BSK, and CYCD3. It is
widely believed that GA promotes flowering by enhancing the transcriptional activity of LFY or activating SOC1 expression through
GAMYB [39,40]. During flower development, GA can override the inhibitory effects of DELLA (key proteins in the GA signaling
pathway) proteins, particularly RGA and RGL2, thereby promoting the transcription of B and C functional genes. Additionally, GA
facilitates seed germination, enhances stem growth, and regulates flowering time [41]. We found that DELLA proteins were
up-regulated in EBF plants. DELLA, as a negative regulatory factor, may serve as a response regulation in plants to inhibit GA, or it
positively regulates EBF in plants through interactions with other plant hormones as an integrated protein, this may be an interesting
point for further research.

In the epidermis, wax compounds are synthesized directly from very-long-chain fatty acids (VLCFAs). Pollen-stigma interactions
have been reported to involve them in cellular communications, which are essential for plant development [42]. In Arabidopsis shoot
apex cells, VLCFAs appear to regulate cell proliferation [25]. The comparison of four transcriptome data sets revealed the presence of
four commonly observed DEGs, primarily involved in unsaturated fatty acid biosynthesis and fatty acid metabolism, including
acetyl-CoA carboxylase (ACACA), enoyl-[acyl-carrier protein] reductase (FabV), I (Fabl), and II (FabK). The reduction in VLCFAs
content can enhance cellular proliferation and induce EBF by accelerating the transition from vegetative to reproductive growth phases
[10].

The occurrence of EBF in A. sinensis is the result of a complex interplay among various factors. The study revealed an up-regulation
of positive regulators associated with photosynthesis, including the photosynthesis-antenna proteins pathway, circadian rhythm
pathway, starch and sucrose metabolism pathway, plant hormone signal transduction pathway, and very-long-chain fatty acid
biosynthesis pathway. Conversely, genes that inhibit EBF were found to be down-regulated. The present study proposes a regulatory
pathway for the control of EBF in A. sinensis (Fig. 14). A crucial element of photoperiodism involves the interaction between photo-
receptors and circadian rhythm, which triggers CO gene expression and positively regulates FT. The hormone signaling pathway
encompasses genes involved in biosynthesis and signaling, which activate essential genes encoding MADS-box proteins, including
SOC1. The SOC1 protein functions as a pivotal regulator that initiates the onset of floral development. MADS-box proteins are believed
to integrate signals from photoperiodism and hormone signaling pathways, thereby regulating the expression of LFY, which serves as a
link between floral induction and floral development. Different gene expressions of sucrose and ATP synthase pathways provide energy
to EBF. VLCFAs mainly affect cell proliferation on the stem to induce EBF. We integrated the changed genes in five pathways related to
the EBF of A. sinensis. Compared with previous studies [4-7,10,11], we found that FT, SOC1, LFY, and Sucrose were the key factors and
common characteristics affecting EBF. And we compared two cultivars with different EBF rates and found that the genes influencing
the consistent EBF rate may be CDF1, HK, treX, bglX, AUX/IAA, PR-1, ACSL, and CO. These genes were different from previous studies
and may also be noteworthy genes for solving the problem of EBF in A. sinensis, which needed further validation. After conducting a
comprehensive analysis of the transcriptome and metabolome of two A. sinensis varieties, we observed that the expression levels of
genes associated with EBF were comparatively lower in Mingui 4 when compared to Mingui 2. Consequently, it is imperative to
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signify inhibition, and two horizontal dashed lines indicate an indirect interaction. The purple color signifies a potential genetic factor influencing
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Web version of this article.)
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emphasize on enhancing the promotion and application of Mingui 4 in practical production.
5. Conclusions

The EBF and normal plants of each cultivar exhibited DEGs and DAMs, which played a pivotal role in the development of EBF.
Transcriptomic and metabolomic analysis revealed five pathways associated with EBF of A. sinensis, namely the photosynthesis and
photosynthesis-antenna proteins pathway, circadian rhythm pathway, starch and sucrose metabolism pathway, plant hormone signal
transduction pathway, and very-long-chain fatty acid biosynthesis pathway. The key genes associated with EBF in A. sinensis were
identified and genetically mapped. The utilization of gene-editing techniques, such as CRISPR/Cas 9, is warranted for the purpose of
validating the regulatory role of these genes in EBF. The obtained results offer novel insights into the mechanisms underlying EBF in A.
sinensis and other medicinal plants belonging to the Apiaceae family.
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