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Editorial on the Research Topic 


Application of multi-omics to important traits of ornamental and beverage plants


Ornamental plants contribute to the beautification of the environment, and beverage plants are the raw materials for people’s favorite beverages, both of which play an indispensable role in human production and life. With the rapid development of sequencing technology, omics research has been applied to ornamental plants and beverage plants, resulting in a large amount of omics data, such as genome, transcriptome, proteome, metabolome, etc. However, the study of single omics has great limitations, and there is an urgent need to apply multi-omics to the study of ornamental plants and beverage plants. To explore this interesting research direction, this editorial showcases recent findings and novel insights into “Application of Multi-Omics” to broaden our current understanding of genetic mechanisms responsible for important agronomic, ornamental and resistance traits in ornamental plants and beverage crops.




Genomes sequencing of ornamental plants

Genome sequencing is an important step toward correlating genotypes with phenotypic characters. Jasmine is famous for its strong fragrance and is used as raw material for scented tea and essence. A draft genome for Jasmine. sambac cultivar ‘Danbanmoli’ was assembled by Qi et al., with a size of 520.80Mb and 353,363 predicted genes. Only an ancient whole-genome duplication event was occurred in J. sambac, and its divergence from Osmanthus fragrans and Olea europaea occurred approximately 31.1 million years ago. With the help of multi-omics, numerous transcription factors (TFs) and candidate genes associated with heat stress response and aroma compounds were identified based on the genome, transcriptome and metabolome integration analysis, which lays the foundation for genetic improvement of jasmine flowers.

Another well-known ornamental plant, Rhododendron, is used extensively in gardens. Shen et al. assembled a mitochondrial genome of Rhododendron × pulchrum with a length of 816,410 bp and 64 mitochondrial genes. 88 simple sequence repeats (SSR) and five genes (nad1, nad2, nad4, nad7, and rps3) were identified and developed as a molecular marker. The results of genome collinear alignment and phylogenetic tree analyses verified that there was gene rearrangement between R. × pulchrum and R. simsii mitochondrial genomes, which is useful for the study of population genetics and evolution in Rhododendron and other genera in Ericaceae.





Multi-omics contribute to color formation mechanism analysis

Cyanidin 3,5-O-diglucoside (Cy3G5G) and peonidin 3,5-O-diglucoside (Pn3G5G) were the primary anthocyanins in rose petals, whose total content and proportion play a role in the depth and hue of the petals, respectively. Wang et al. explored the mechanism of flower color formation in Rosa rugosa through a combination of chemical and transcriptome analysis. Thirty-five differentially expressed genes (DEGs) play a role in the upstream pathway of anthocyanin biosynthesis, regulating the total amount of Cy3G5G and Pn3G5G, and RrAOMT regulates the ratio of Cy3G5G and Pn3G5G through methylation and determines the color of the petals. Their study provided a novel insight into flower coloration mechanism in Rosa.

In Dendrobium hybrida, Wang et al. found that DhMYB2 and DhbHLH1, related to anthocyanin biosynthesis, are highly expressed in purple floral tissues. Furthermore, 29 DEGs involved in anthocyanin biosynthesis were screened by transcriptome and their expression patterns are similar to those of DhMYB2 and DhbHLH1. Moreover, yeast one-hybrid (Y1H) and dual‐luciferase reporter assays (DLR) showed that DhMYB2 and DhbHLH1 combined with the promoter regions of five structural genes (DhF3’H1, DhF3’5’H2, DhDFR, DhANS, and DhGT4) to activate their transcription.

To shed light on the regulatory mechanisms of the yellow-leafed Forsythia, Zhang et al. measured pigment content and observed leaf anatomical structure of yellow-leaf and green-leaf progenies derived from a hybrid population, and found that yellow-leaf individuals were deficient in chlorophyll and the chloroplast structure. Numerous candidate DEGs (especially ChlH and POLGAMMA2) were screened out by comparative transcriptome. Moreover, ChlH and POLGAMMA2 changed chlorophyll synthesis and chloroplast ultrastructure by working with several structural genes, which were confirmed by virus-induced gene silencing and transient overexpression analyses.





Multi-omics contribute to fragrance formation mechanism analysis

Fragrance is one of the most distinctive ornamental characteristics of ornamental plants. Lily is a well-known bulb flower with very high ornamental and commercial value worldwide. To elucidate the mechanism of floral fragrance release, Yang et al. analyzed the transcriptome of 11 stages of flower development, and 4,934 DEGs were enriched in the KEGG pathway and were partially involved in the signaling of plant hormones and monoterpene biosynthesis. Among them, LiMYB35 was found to be able to activate the LiOcS promoter through Y1H, DLR, and EMSA experiments, thus contributing to monoterpenes biosynthesis. These results lay the foundation for understanding the molecular mechanism of lily fragrance.

In another study, Liu et al. identified 1,350 metabolites in Opisthopappus taihangensis ‘Taihang Mingzhu’ leaves and inflorescences, of which terpenoids were the most abundant. A total of 82,685 genes were identified in leaves and different stages of flower development by transcriptome, and 43,901 were annotated in protein databases. Additionally, 52 genes involved in the regulation of terpene synthesis were identified by integrating transcriptome and metabolic data. In Opisthopappus longilobus,Liu et al. performed transcriptome and metabolomic analysis on leaves, buds, and inflorescences during the exposure, initial opening, and flowering phase. Through GC-MS platform and self-built database, 308 terpene metabolites were detected in leaves, buds, and inflorescences, and 56 candidate genes regulating the synthesis of terpene compounds were identified by transcriptome. These findings may be use to understand the fragrance mechanism of Opisthopappus and accelerate the breeding of fragrant flower varieties.

The widely-targeted volatilomics (WTV) and transcriptome were performed by Du et al. to investigate the dynamic changes and formation mechanism of floral fragrance of Dendrobium chrysotoxum. Finally, 153 different volatile organic compounds (VOCs) and 4,487 DEGs were identified in flowers of different flowering stages. Furthermore, a transcriptional metabolic regulatory network consisting of four structural genes (TPSb1, TPSb3, TPSb4, and DXS3) involved in terpenes synthesis and 100 related TFs was established, which provides a reference for the breeding of fragrant dendrobium.

Tea is the most popular beverage in the world after water. The flowers and leaves of tea plants contain abundant secondary metabolites. Tang et al. explored the metabolic feature of tea flowers and leaves by integrating metabolome and transcriptome. Flowers contain more terpenoid compounds than young leaves, which may be due to higher levels of expression of late-stage genes for the terpenoid biosynthesis pathway in tea flowers. In addition, the distribution of flavonol and catechin was similar in flower and leaves, but key genes involved in flavonoid biosynthesis were selectively expressed by flower and leaves. Their study provides a new insight in mechanisms of biosynthesis and transcriptional regulation of bioactive compounds in tea tree.





Multi-omics contribute to stress and hormone response mechanism analysis

Cold is one of the key factors affecting plant growth, development and flowering. The sensing and signal transduction mechanism of tea plants to cold stress was summarized by Wang et al. Additionally, the functions and possible regulatory networks of 128 cold stress-responsive genes/families identified by genomics and transcriptome sequencing was systematically summarized through literature review. There was also a discussion of the way in which the application of exogenous treatments to improve the resistance of tea plants to cold stress.

TFs of the three-amino-acid-loop-extension (TALE) gene family play an considerable role in plant hormone regulation pathway and response to abiotic stress. Yang et al. identified 23 TALE genes in P. mume genome and found that their promoters contained multiple hormones and abiotic stress response elements. 4 of 11 TALE genes highly expressed in the P. mume stem could respond to many hormones and abiotic stresses. Furthermore, fragment replication and tandem replication events were one of the reasons why there were more family members than other homologous species.

To explore the molecular mechanism of Paeonia ostii response to waterlogging stress and waterlogging recovery, Zhang et al. performed the full-length transcriptome sequencing of P. ostii root by PacBio platform. The study found that P. ostii responded to waterlogging stress by adopting hypoxic resting syndrome enhanced waterlogging tolerance by reducing the uptake of nitrate and water from the soil.

Camellia petelotii and C. impressinervis, both members of the Camellia golden subgroup, have different tolerance to high light intensity. Huang et al. discovered that high-light stress caused more severe damage to C. impressinervis and a stronger response to reactive oxygen species than C. petelotii, possibly due to the reduction of formation and stability of photosynthetic photosystem II and photosystem I complexes and the interconnecting electron transfer chain. Moreover, C. petelotii could promote the synthesis and transduction of high trans-zeatin signaling in response to high-light stress and maintain normal growth and development.

Triptolide (TPL), a compound isolated from Tripterygium wilfordii, has the effect of treating many human diseases. To decipher the molecular mechanism of TPL toxicity, Luo et al. described the characteristics of protein-coding genes, long-chain non-coding RNA, and cyclic RNA by deep RNA-seq analysis. Finally, c-Jun was screened as a candidate target for TPL and Per1 related circadian rhythm signals were involved in TPL-induced nephrotoxicity.

Li et al. performed a comparative analysis of the genome and transcriptome of Prunus mume and P. persica to explore the molecular mechanism of early flowering in Prunus plants. A total of 19,169 orthogonal groups were identified between the P. mume genome and the P. persica genome. Genes belonging to the orthogonal group account for 92.4% of the P. mume genome and 91.2% of P. persica, respectively. In addition, 305 DEGs including three hub genes (FT, TLI65, and NAP57) involved in the early flowering regulation pathway, and 25 TFs were identified, which provides insights in the molecular mechanism of flowering time regulation in Prunus genus.





Multi-omics contribute to crop reproduction and breeding

The difficulty of asexual reproduction is one of the main factors limiting the popularization of peony. Using embryo as explant to induce callus is of great significance to improve peony regeneration system, peony breeding and the industrial development of peony. Zhu et al. selected the best explants and induction medium for the peony ‘Fengdanbai’ embryogenic regeneration technology system. A total of 3,470 DEGs, including 1,767 up-regulated genes and 1,703 down-regulated genes, were identified based on comparative transcriptome analysis of ‘Fengdanbai’ in vitro embryos with different proliferation capability. GO and KEGG enrichment analysis showed that DEGs were mainly enriched in the metabolic pathway of phenylpropanoid biosynthesis, which provides a reference for improvement of regeneration technology system of peony.

The unusually long vegetative period is a critical factor limiting the ornamental value of Cymbidium orchids. Ahmad et al. found that, under specific cultural conditions, three species of cymbidium could flower within six months by skipping the vegetative period. Hormones and flower regulators are speculated to be the determining factors in this phenomenon. Numerous of DEGs related to hormones, floral integrators and MADS-box genes were screened by transcriptome of leafless flowers and normal vegetative leaves. Moreover, the expression pattern of auxin, gibberellin, and cytokinin relative genes varied greatly among different Cymbidium species.

Increasing demand for food from a rapidly growing global population and a changing climate have put enormous pressure on global agricultural systems. Applying genomics, transcriptomics, proteomics and metabolomics to agriculture will facilitate the analysis of the complex genetic properties of food crops, so as to cultivate new crop varieties with positive adaptability to climate change and enhance food production. Recently, Mahmood et al. reviewed the application of the multi-omics revolution in the crop genetic mechanism analysis, and presented profound insights on how to use the multi-omics integration strategy to cultivate crop varieties with desired traits.

In brief, the studies mentioned above can be a foreground to set up the next targets for altered ornamental and beverage plants with desired important traits. Multi-omics analysis is an effective tool to decipher the genetic mechanism of plant key traits and resistance. With the application of omics strategies to plant genetics and breeding research, we are facing greater prospects and challenges.
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Leaf color is one of the most important features for plants used for landscape and ornamental purposes. However, the regulatory mechanism of yellow leaf coloration still remains elusive in many plant species. To understand the complex genetic mechanism of yellow-leaf Forsythia, we first compared the pigment content and leaf anatomical structure of yellow-leaf and green-leaf accessions derived from a hybrid population. The physiological and cytological analyses demonstrated that yellow-leaf progenies were chlorophyll deficient with defected chloroplast structure. With comparative transcriptome analysis, we identified a number of candidate genes differentially expressed between yellow-leaf and green-leaf Forsythia plants. Among these genes, we further screened out two candidates, ChlH (magnesium chelatase Subunit H) and POLGAMMA2 (POLYMERASE GAMMA 2), with consistent relative-expression pattern between different colored plants. To verify the gene function, we performed virus-induced gene silencing assays and observed yellow-leaf phenotype with total chlorophyll content reduced by approximately 66 and 83% in ChlH-silenced and POLGAMMA2-silenced plants, respectively. We also observed defected chloroplast structure in both ChlH-silenced and POLGAMMA2-silenced Forsythia. Transient over-expression of ChlH and POLGAMMA2 led to increased chlorophyll content and restored thylakoid architecture in yellow-leaf Forsythia. With transcriptome sequencing, we detected a number of genes related to chlorophyll biosynthesis and chloroplast development that were responsive to the silencing of ChlH and POLGAMMA2. To summarize, ChlH and POLGAMMA2 are two key genes that possibly related to yellow-leaf coloration in Forsythia through modulating chlorophyll synthesis and chloroplast ultrastructure. Our study provided insights into the molecular aspects of yellow-leaf Forsythia and expanded the knowledge of foliage color regulation in woody ornamental plants.

KEYWORDS
Forsythia, yellow-leaf, ChlH, POLGAMMA2, transcriptome sequencing, chlorophyll biosynthesis, chloroplast development


Introduction

The genus of Forsythia belongs to the family of Oleaceae, and is consisted of many deciduous species that are commonly used ornamental plants (Shen et al., 2019). Forsythia species are prized for their arching branches, golden blossoms, and early flowering features and are widely cultivated worldwide. The fruits of Forsythia were often used for medical treatment and herbal drug industries (Guo et al., 2007; Piao et al., 2008). During the cultivation history of Forsythia, many morphologically diverged cultivars were evolved and selected. Forsythia koreana “Suwon Gold” is a yellow-leaf cultivar, forming magnificent golden canopy throughout growing seasons (Wang et al., 2017). Comparing with green-leaf cultivars, F. koreana “Suwon Gold” is less vigorous and its leaves are more susceptible to sun burn during summer (Wang et al., 2017). Though great effort has been made to breed for colored leaf cultivars, the mechanism controlling yellow-leaf coloration in Forsythia remains unknown.

Leaf coloration is an important ornamental aspect for plants used in landscape applications. Various leaf color can enhance the ornamental effect of plant species and compensate for the monotonous color during growing period (Dong et al., 2020). Different leaf color often reflects the composition and content of major pigments, including chlorophyll, carotenoids, and flavonoids in the mesophyll cells (Sinkkonen et al., 2012; Yang et al., 2015). For example, the redness of red maple leaves is a result of low chlorophyll content and accumulated cyanidin (Chen et al., 2019). Chlorophyll and carotenoids are two major pigments that determine the leaf yellowing in plants (Luo et al., 2019; Mo-zhen et al., 2020). Previous studies have characterized more than twenty enzymatic steps required for chlorophyll biosynthesis (Sobotka, 2013). The first step is the insertion of Mg2+ into protoporphyrin IX (PP IX) to form Mg-PP IX, which is catalyzed by Mg-chelatase (Terry et al., 2002). Mg-chelatase is a protein complex that comprised of subunits encoded by ChlI (magnesium chelatase Subunit I), ChlD (magnesium chelatase Subunit D), and ChlH (magnesium chelatase Subunit H) (Wang and Grimm, 2015). Apart from catalyzing the chlorophyll branch, ChlH also participates in plastid-nuclear signaling pathway that regulate the expression of photosynthesis-related nuclear genes in Arabidopsis (Mochizuki et al., 2001). Mutations in ChlH gene led to underdeveloped thylakoid membrane and low chlorophyll content in rice (Jung et al., 2003). DVR encodes the 3,8-divinyl protochlorophyllide a 8-vinyl reductase that catalyzing another indispensable step for chlorophyll biosynthesis (Pogson et al., 2015). DVR mutants exhibited yellow-green phenotype with reduced chlorophyll content, arrested chloroplast development, and attenuated photosynthesis activity in rice (Rodríguez et al., 2016). Mutation in genes involved in chlorophyll degradation can also produce leaf color mutants (Zhao et al., 2020). For example, a yellow-leaf mutant of Cymbidium sinense is caused by the up-regulation of two enzymes, CLH2 (CHLOROPHYLLASE 2) and RCCR (red chlorophyll catabolite reductase), which promote the breakdown of chlorophyll a (Amancio et al., 2015).

On the other hand, abnormal chloroplast development can also affect the chlorophyll accumulation and cause yellow leaf phenotype (Zhao et al., 2020). For example, the Arabidopsis “cue” mutants, exhibiting yellow-green and pale-green leaves, have delayed chloroplast differentiation and impaired chloroplast structure (Loìpez-Juez et al., 1998). Chloroplast development is regulated by the coordination of nuclear and chloroplast genes that mediate transcription and translation, thylakoid formation, pigment synthesis, plastid-nuclear signaling transduction, and chloroplast division (Pogson and Albrecht, 2011; Zhao et al., 2020). Any mutation in these genes may impair the chloroplast development and functioning (Kessler and Schnell, 2009). A genetic screen in yellow-leaf soybean detected a point mutation in YL (YELLOW LEAF), a chloroplast localized gene homologous to the Arabidopsis ORRM1 (ORGANELLE RRM PROTEIN 1), which regulates chloroplast RNA-editing and photosynthesis (Zhu et al., 2020). In Arabidopsis, the mutation in SCO1 (SNOWY COTYLEDON 1), which encodes the chloroplast elongation factor G, led to cotyledon albinism due to improperly developed chloroplasts (Ruppel and Hangarter, 2007). Despite the research advancements in leaf color regulation, the mechanism underlying leaf yellowing may differ across different plant species.

To understand the physiological basis of yellow leaf-color in Forsythia, we compared the pigment and anatomical characteristics of yellow-leaf and green-leaf accessions from a F1 hybrid population generated in a previous study (Wang et al., 2017). Subsequently, we performed comparative transcriptome analysis and obtained a number of differentially expressed genes that possibly related to the leaf color difference between yellow-leaf and green-leaf Forsythia. Among the candidate genes, we screened out two genes, ChlH and POLGAMMA2, with consistent expression patterns among different leaf-color progeny lines regardless of light-intensities. We further verified their functions with virus-induced gene silencing and transient over-expression technique in Forsythia and other model plant species. By analyzing the transcriptome change after gene silencing, we explored the possible genetic mechanism of ChlH and POLGAMMA2 in regulating leaf-color in Forsythia. Our study revealed the physiological and transcriptional characteristics of yellow-leaf Forsythia, and provided valuable information for future breeding of colorful foliage plants.



Materials and methods


Plant materials

To reduce the genetical difference between two Forsythia species, we hybridized F. koreana “Suwon Gold” (♂) with F. “Courtaneur” (♀) and generated progenies with clear leaf-color variations (from green to yellow) in a previous study (Wang et al., 2017). All hybrids were planted in the nursery at National Engineering Research Center for Floriculture (40°02′ N, 115°50′ E) in Beijing, China. We randomly selected thirty progeny strains of yellow-leaf and green-leaf plants and propagated ten clones for each strain from stem cuttings. To study the effect of light intensity on leaf-coloration, we selected ten green-leaf (L1 group) and yellow-leaf (L2 group) lines with three biological replicates for each group, and cultivated them under the natural light conditions (daily light intensity range from 1,300 to 1,500 μmol⋅m–2⋅s–1). Similarly, we selected ten green-leaf (S1 group) and ten yellow-leaf accessions (S2 group) for shade treatment (daily light intensity 390–450 μmol⋅m–2⋅s–1). These two light-intensity treatments were performed from May 3, 2017 to June 3, 2017 with the same environmental temperatures. Mature leaves (the third and fourth leaves from the top) of new branches in each Forsythia plant were sampled for further analysis.



Measurement of pigment content

To characterize the four treatment groups, we measured the color of mature leaves for plants in L1, L2, S1, and S2 group with the fifth edition Royal Horticultural Society Color Chart, respectively. Approximately 150 mg fresh leaves were collected for each sample and immersed into 20 ml of 80% acetone (v/v) at room temperature in the dark for 24 h. The absorbance of supernatant was measured for each group at 470 nm, 646, and 663 nm using BioMate 3S UV-visible spectrophotometer (Thermo Fisher Scientific, Shanghai, China) with three technical replicates. The chlorophyll (Chl a, Chl b, and total Chl) and carotenoid (Car) contents were determined according to Lichtenthaler (1987). The Chl/Car ratio was calculated as the total chlorophyll content to total carotenoids content.



Leaf anatomy and chloroplast ultrastructure examination

Mature leaves were selected and fixed in FAA solution (acetic acid: 70% alcohol = 1:3). Cross sections (12 mm thick) were sliced using a microtome, stained with 50% water-soluble safranin and fast green, and mounted in gelatin-glycerine. For each leaf sample, five to ten sections were randomly selected for observation under microscope ZEISS Scope A1. The leaf thickness, thickness of upper epidermis, lower epidermis, palisade, and spongy parenchyma were measured using Image-Pro Plus 6.0. The CTR (cell tense ratio) and SR (spongy ratio) values were also calculated for three sections of three progeny lines randomly selected for each color group (He et al., 2017).

For transmission electron microscopy (TEM) analyses, mature leaves of each group were sampled and cut into 2 mm × 4 mm pieces fixed with 3% glutaraldehyde solution (glutaraldehyde solution is prepared with 0.1 mol/L phosphate buffer, pH 7.2) at 4°C for at least 2 hours. The samples were then rinsed with phosphate buffer for 3–5 times and fixed in 1% osmium tetroxide solution at 4°C overnight, followed by dehydration using gradient ethanol solutions (50, 70, 95, and 100% alcohol). Samples were embedded in epoxy resin and sliced with LEICA DC61 ultra-thin microtome (Leica Microsystems, Germany). The ultrathin sections were examined under JEM-1010 electron microscope (JEOL, Tokyo, Japan). For statistical analysis, we conducted at least three independent measurements for each parameter in ten mesophyll cells of three randomly selected leaves for each group. The leaf anatomical features and chloroplast structure were also examined and compared for the newly sprouted leaves of plants before and after transient silencing and over-expression of candidate genes.



Transcriptome sequencing and candidate gene identification

Leaves were collected from ten randomly selected progeny lines of each color group (L1, S1, L2, S2) with three biological replicates. Total RNA was extracted and the RNA integrity was assessed using Agilent 2100 bioanalyzer. A total of twelve sequencing libraries were prepared and sequenced on Illumina Hiseq 2500 platform (Novogene Bioinformatics Technology Co., Ltd., Beijing, China). Raw reads were deposited in NCBI SRA archive as BioProject PRJNA437859 (SRA accession: SRS3039871-SRS3039882).

Raw reads were cleaned by filtering adaptor and low quality sequences with fastp v0.19.7 (Chen et al., 2018). We mapped all clean reads to the reference genome of F. suspensa (Li et al., 2020) using HISAT (Kim et al., 2015) and sorted the alignment with Samtools (Li et al., 2009). Transcript abundance level was estimated with Stringtie (Li and Dewey, 2011) and was normalized to FPKM value (Fragment Per kilo bases per Million reads). Differential expression analysis was performed on four groups using DEGseq R package (Wang et al., 2010). We defined genes with adjusted p-value ≤ 0.05 and fold change ≥2.0 as differentially expressed genes (DEGs). GO and KEGG enrichment analyses were performed on the DEGs using the “phyper” function in R. GO terms and KEGG pathways with FDR < 0.05 were considered as significantly enriched.

To determine the transcriptional profile established by the silencing of FsChlH and FsPOLGAMMA2, we performed RNA-seq on leaves of green-leaf Forsythia before and after ChlH and POLGAMMA2 were transiently silenced, respectively. The procedure of sampling, RNA extraction, library construction, and sequencing were the same as described above. The raw sequence data generated correspondingly were deposited in NCBI SRA archive under BioProject PRJNA756703 (SRA accession: SRR15559813-SRR15559824). Differential expression analysis was conducted by comparing the FsChlH-silenced (CY) and FsPOLGAMMA2-silenced (PY) plants with their green-leaf vector controls (CG and PG). The DEGs were defined as genes with adjusted p-value ≤ 0.05 and fold change ≥2.0 in the differential expression analysis.



Expression pattern analysis

To validate the results of RNA-seq and expression pattern of candidate genes, sample RNA was extracted with Plant RNA Kit (Omega Bio-Tek, United States) and was reverse transcribed using the Prime Script RT reagent Kit with gDNA Eraser (Takara Bio, Japan) following the manufacturer’s protocols. Quantitative real-time RT-PCR was performed using TB Green® Premix Ex Taq II (Takara Bio, Japan) on CFX Connect Real-Time System (Bio-Rad Laboratories, Inc., United States) following the temperature setting: 30 s at 94°C, 40 cycles of 94°C for 5 s, 60°C for 30 s, and 72°C for 30 s. Relative gene expression was performed using the 2–ΔΔCt method with CYCLOPHILIN gene used as reference gene (Shen et al., 2019). The primers of selected DEGs for qRT-PCR assays were designed with Primer Premier 5 software (Premier, United States) and were provided (Supplementary Table 1). Each qRT-PCR experiment was performed with three biological replicates and three technical replicates. qRT-PCR experiments were also performed to evaluate the candidate gene expression in plants with target genes transiently silenced or over-expressed. For model plant systems, ACTIN genes were used as internal reference for tomato (Chang et al., 2018) and tobacco (Aziz et al., 2019) in the qRT-PCR analysis.



Plasmid construction

Full length sequence of FsChlH and FsPOLGAMMA2 were cloned and were inserted into the pSuper1300 vector to generate the pSuper1300-FsChlH and pSuper1300-FsPOLGAMMA2 for gene over-expression. Gene-specific fragments of FsChlH and FsPOLGAMMA2 between 300 and 500 bp were cloned and transferred into the pTRV2 vector, which encodes the RNA2 genome of TRV (Tobacco Rattle Virus) (Fu et al., 2005). Primers used for preparing the expression vectors above were provided (Supplementary Table 2). All constructed vectors were sequencing confirmed by Sangon Biotech Inc. (Shanghai, China) and were transformed into the Agrobacterium GV3101 strain cells.



Transient gene over-expression and silencing

For transient over-expression assay, the transformed agrobacteria with pSuper1300-FsChlH and pSuper1300-FsPOLGAMMA2 were used to infect yellow-leaf plants following previously reported protocols (Yamamoto et al., 2018). With leaf veins as the boundary, we infected only one side of the leaf, leaving the other side as the control. For VIGS assay, the green-leaf Forsythia plants were infiltrated with Agrobacterium strains containing the mixture of pTRV2 and pTRV2-FsChlH, pTRV2, and pTRV2-FsPOLGAMMA2, with empty-loaded pTRV2 as the mock based on previously established protocol (Shen et al., 2021). For each treatment, six individual plants were infected, kept in dark for 24 h, and were maintained in climatic chamber [light intensity 300 μmol⋅m–2⋅s–1; day length: 16 h (22°C)/8 h (18°C); relative humidity 60%]. Similarly, VIGS studies were performed in tomato (Solanum lycopersicum) and tobacco (Nicotiana benthamiana) following the standard protocols (Senthil-Kumar and Mysore, 2011). The plants with transient silencing or over-expression of target genes were examined for leaf pigment content and chloroplast structure following same protocols described above.



Statistical analysis

All data were analyzed using SPSS software v.17.0 and the statistical significances of leaf pigment contents, anatomical features, and gene expression levels were assessed using one-way ANOVA followed by multiple comparisons using Duncan’s Multiple Range Test (DMRT).




Results


Phenotypic analysis of yellow-leaf Forsythia

The yellow-leaf progenies with yellowish leaf (YG11A-YGGN144A) under natural light conditions convert to yellow-green (YGG144A-C) when transferred to low light-intensity condition (Figure 1A). While the virescent leaves of green-leaf lines (YGG146A-B) converted to green (GG137A-GGN137C) after shade treatment (Figure 1A). The pigment content analysis revealed that Chl a, Chl b, total Chl content, and carotenoid of yellow-leaf lines under natural light conditions (L2) were 0.12, 0.26, 0.38, and 0.29 mg/g, respectively (Table 1). In contrast, the Chl a, b, and carotenoid content in green-leaf lines (L1) were 0.77, 0.29, and 0.61 mg/g, respectively (Table 1). After the shading treatment, chlorophyll and carotenoid contents were both significantly increased in green-leaf and yellow-leaf plants (Table 1). The Chl/Car ratio in yellow-leaf plants after shading treatment is significantly higher than that of the yellow-leaf plants under normal daylight condition (Table 1). However, there is no significant differences in Chl/Car ratio between yellow-leaf and green-leaf plants under natural light conditions (Table 1). We observed significantly higher level of Chl a in green-leaf lines than that of yellow-leaf lines in both natural light and shade conditions. Moreover, no significant difference was observed in Chl b content among the four treatment groups (Table 1). Therefore, the accumulation of Chl a content is likely one major cause for the leaf-color difference between green-leaf and yellow-leaf Forsythia lines.
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FIGURE 1
Phenotypic analysis of yellow-leaf and green-leaf Forsythia plants under different light-intensity treatments. (A) Leaf color of four groups (L1: green-leaf Forsythia under natural light condition; L2: yellow-leaf Forsythia under natural light condition; S1: green-leaf Forsythia under shade condition; S2: yellow-leaf Forsythia under shade condition). (B) Leaf anatomy of plants in four groups. EP refers to epidermis; PT refers to palisade tissue; ST refers to spongy tissue; HY refers to Hypodermis. (C) Chloroplast ultrastructure of plants in four groups. G refers to granum; S refers to starch grain; OG refers to osmiophilic globule.



TABLE 1    The photosynthetic pigment content in green-leaf and yellow-leaf plants under different light intensities.
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To compare the leaf anatomical features in four treatment groups, we measured the thickness of four tissue types: epidermis (EP), palisade tissue (PT), sponge tissue (ST), hypoderm (HY). The thickness of EP, PT, and CTR (Palisade thickness/Leaf thickness) of yellow-leaf Forsythia plants (L2 and S2) were significantly lower than those of green-leaf Forsythia plants (L1 and S1) (Supplementary Table 3 and Figure 1B). After shade treatment, the sponge tissue thickness in both yellow-leaf (L2) and green-leaf Forsythia plants (L1) decreased dramatically (Supplementary Table 3 and Figure 1B). By examining the chloroplast structure with TEM, we observed abnormal chloroplast structure in yellow-leaf plants (Figure 1C). Under natural light conditions, the chloroplasts of the green-leaf Forsythia plants (L1) were well-developed with normally stacked grana (Figure 1C). Each chloroplast contains 1–2 huge starch grains and a few plastoglobules. However, yellow-leaf Forsythia plants (L2) contained chloroplasts lacking grana with only abnormally arranged lamellar structures (Figure 1C and Supplementary Table 4). After shading treatment, the chloroplasts of green-leaf plants (S1) remain normal, while a few loosely packed thylakoids with few layers were visible in the chloroplasts of yellow-leaf (S2) Forsythia plants (Figure 1C and Supplementary Table 4). Moreover, the number of osmiophilic globules was significantly increased in yellow-leaf Forsythia plants than that of green-leaf lines in shade condition (Figure 1C and Supplementary Table 4). These results suggested that the chloroplast development and chlorophyll biosynthesis were disrupted in the yellow-leaf Forsythia plants and these defects cannot be fully recovered in low irradiance condition.



Transcriptome sequencing and differentially expressed gene analysis

To understand the molecular mechanism of yellow leaf coloration in Forsythia, we performed RNA-seq on leaves of yellow-leaf and green-leaf plants. After trimming adapters and filtering out low-quality reads, we obtained a total of 120.22 Gb clean reads generated from twelve sequencing libraries (Supplementary Table 5). With differential expression analysis, we identified a total of 1820 DEGs between yellow-leaf and green-leaf Forsythia lines under natural light conditions and 346 DEGs after shade treatment (Supplementary Figure 1). By comparing the DEG sets from high and low light-intensity treatments, we obtained 157 common DEGs. To validate the accuracy of RNA-seq results, we performed qRT-PCR analysis and observed that the relative gene expression pattern of the selected DEGs is in agreement with that in transcriptome data (Supplementary Figure 2). Among the DEGs identified in normal light condition, 1011 DEGs were up-regulated and 809 DEGs were down-regulated. Functional enrichment analysis revealed that these DEGs were significantly enriched in oxidation-reduction process (GO:0055114), carbohydrate metabolic process (GO:0005975), and DNA repair (GO:0006281) (Supplementary Table 6). Among the DEGs identified between yellow-leaf and green-leaf lines after shade treatment, we identified 127 up-regulated DEGs and 219 down-regulated DEGs. These DEGs were found mainly involved in biological processes, such as nucleic acid-templated transcription (GO:0097659), galactose metabolic process (GO:0006012), and oxidation-reduction process (GO:0055114) (Supplementary Figure 1 and Supplementary Table 6).



Identification of candidate genes related to yellow-leaf coloration in Forsythia

To screen for candidate genes associated with yellow-leaf phenotype, we mainly focused on analyzing the expression profiles of DEGs involved in pigment biosynthesis and chloroplast development and only considered those with consistent relative expression pattern among different leaf-color plants for downstream functional verification. In total, we identified 19 DEGs related to chlorophyll biosynthesis and three DEGs related to carotenoid biosynthesis (Supplementary Table 7). We observed the down-regulation of ChlH, CRDs (COPPER RESPONSE DEFECT 1), DVR, and HEMA1 (glutamyl-tRNA reductase) in the yellow-leaf plants comparing to green-leaf lines, which is consistent with the low chlorophyll content in yellow-leaf plants under natural light conditions (Figure 2A). In contrast, a few genes promoting the biosynthesis of Chl a, such as ChlM (magnesium protoporphyrin IX methyltransferase), CHlI (magnesium chelatase subunit I), GSA1 (GLUTAMATE-1-SEMIALDEHYDE-2,1-AMINOMUTASE), and HEMBs-HEMGs displayed higher expression level in yellow-leaf plants (Figure 2). CAO2 (CHLOROPHYLL A OXYGENASE), the key enzyme involved in Chl b biosynthesis, also showed lower expression level in yellow-leaf plants (Figure 2). We also observed a number of DEGs displaying contrasting expression patterns between yellow-leaf and green-leaf plants after shade treatment (Figure 2A). For example, the transcription levels of CAO1-2, CRD1-2, DVR, HEMA1, and PORA1-3 (PROTOCHLOROPHYLLIDE OXIDOREDUCTASE A) were low in yellow-leaf plants, but were strongly up-regulated under low light-intensity condition (Figure 2A). Among all the DEGs related chlorophyll biosynthesis, ChlH were consistently down-regulated in yellow-leaf lines regardless of the light-intensity condition (Figure 2A). Thus, we considered ChlH as one of the key candidate genes for the following functional analysis.
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FIGURE 2
The expression profile of genes involved in chlorophyll and carotenoid biosynthesis. (A) The candidate genes in the chlorophyll biosynthetic pathway and their expression profiles across four treatment groups; (B) the candidate genes in the carotenoid biosynthetic pathway and their expression profiles across four treatment groups. The star symbols highlight the DEGs in either group comparisons.


We also detected four DEGs that were involved in carotenoid synthesis (Supplementary Table 7). These include PSY2 (PHYTOENE SYNTHASE), CRTISO (CAROTENOID ISOMERASE), ZEP (ZEAXANTHIN EPOXIDASE), and ZDS (ZETA-CAROTENE DESATURASE). All four genes were relatively down-regulated in yellow-leaf lines under natural light conditions (Figure 2B). However, the expression of PSY2 and ZEP was significantly induced in shade condition (Figure 2B). ZDS, on the other hand, remained lowly expressed in both green-leaf and yellow-leaf Forsythia plants after shade treatment (Figure 2B). CRTISO was consistently down-regulated in yellow-leaf plants under both natural-light and shade conditions (Figure 2B). Since the content level of carotenoids is not the major reason for yellow leaf-color, we excluded the candidate genes related to carotenoid biosynthesis from further functional investigations.

Furthermore, we examined the expression pattern of DEGs that are related to photosynthesis, chlorophyll binding and chloroplast development. Among them, three genes were annotated to lipid metabolism, including GLTP3 (GLYCOLIPID TRANSFER PROTEIN 3), LTPL101 (lipid-transfer family protein), and GDPD3 (GLYCEROPHOSPHODIESTER PHOSPHODIESTERASE 3). The expression levels of GLTP3 and GDPD3 were significantly higher in yellow-leaf plants, but were then dropped in shading condition (Supplementary Figure 3). The expression of LTPL101 was low in natural light conditions, and were induced in both green and yellow plants after shading treatment (Supplementary Figure 3). We observed the transcriptional pattern change of photosynthesis-related DEGs as the irradiance change. For example, PsaAs (PHOTOSYSTEM I SUBUNIT A), PsbAs (PHOTOSYSTEM II REACTION CENTER PROTEIN A), and PsbBs (PHOTOSYSTEM II REACTION CENTER PROTEIN B) were up-regulated in yellow-leaf plants (Supplementary Figure 3). PsaHs (PHOTOSYSTEM I SUBUNIT H2), PsbYs (PHOTOSYSTEM II BY), and PsbP2 (PHOTOSYSTEM II SUBUNIT P) were relatively up-regulated in green-leaf plants, but their expression levels were higher in yellow-leaf plants after transferred to shade condition (Supplementary Figure 3). Additionally, we characterized a few candidate genes, such as PTAC3 (PLASTID TRANSCRIPTIONALLY ACTIVE 3) and POLGAMMA2, that putatively regulate chloroplast development. PTAC3 is an essential component of PEP complex (plastid encoded RNA polymerase) that regulate the photosynthetic gene expression, chloroplast development and functioning (Kindgren and Strand, 2015). The expression of PTAC3 was high in yellow-leaf plants under natural light, but it significantly decreased in shading condition (Supplementary Figure 3). POLGAMMA2 encodes a nuclear-encoded organelle DNA polymerase targeting to mitochondria and plastids (Baruch-Torres and Brieba, 2017). The expression of POLGAMMA2 was relatively low in yellow-leaf Forsythia lines under both natural light and shading conditions, showing relative expression pattern consistent with leaf color change among samples. Therefore, we also tested the function of POLGAMMA2 with the following functional assays.



Virus-induced silencing of ChlH and POLGAMMA2 in Forsythia

To further elucidate the function of ChlH and POLGAMMA2, we performed VIGS assays in green-leaf Forsythia plants (Figure 3). We observed normal green colored leaves and shoots regenerated from the Forsythia injected with empty-loaded TRV2 (vector control). However, leaves of plants expressing TRV:FsChlH and TRV:FsPOLGAMMA2 showed bright yellow-leaf phenotype (Figure 3A). The younger leaves displayed bright yellow-color in the silenced plants, while the mature leaves showed variegated leaves (Figure 3A). We measured the relative expression of ChlH and POLGAMMA2 in the newly generated shoots from FsChlH-silenced and FsPOLGAMMA2-silenced plants at 15 days post the inoculation. qRT-PCR analysis showed that ChlH and POLGAMMA2 were significantly down-regulated in the FsChlH- and FsPOLGAMMA2-silenced plants, respectively (Figure 3B). We also observed significantly reduced chlorophyll and carotenoid content in the silenced plants (Figure 3C and Supplementary Table 8). The total chlorophyll decreased about 66.2 and 83.1% in FsChlH-silenced and FsPOLGAMMA2-silenced Forsythias, respectively (Supplementary Table 8). Moreover, we observed slightly increased number of chloroplasts with fewer grana stacks in FsChlH-silenced Forsythia plants (Figure 3D and Supplementary Table 9). In FsPOLGAMMA2-silenced plants, the thylakoid membrane system was defective with improperly organized granum structures (Figure 3D and Supplementary Table 9). The number of starch grains showed no difference between FsChlH-silenced and the control, but was significantly dropped in FsPOLGAMMA2-silenced plants (Supplementary Table 9).
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FIGURE 3
The leaf color and anatomy change in green-leaf Forsythia plants with candidate genes transiently silenced. (A) The leaf color of CK (vector control), FsChlH-silenced, and FsPOLGAMMA2-silenced plants; (B) the relative gene expression of POLGAMMA2 and ChlH in FsPOLGAMMA2-silenced and FsChlH-silenced plants, respectively; (C) the content of Chl a, Chl b, total Chl, and carotenoid in CK, FsChlH-silenced, and FsPOLGAMMA2-silenced Forsythia plants; (D) the chloroplast ultrastructure of CK, FsChlH-silenced, and FsPOLGAMMA2-silenced plants.




Virus-induced silencing of ChlH and POLGAMMA2 in tobacco and tomato

To test if the functional role of ChlH and POLGAMMA2 are conserved in other plant species, we used VIGS technique to reduce the transcription level of ChlH and POLGAMMA2 gene in tobacco (Nicotiana benthamiana) and tomato (Solanum lycopersicum). We observed similar leaf color change in ChlH- and POLGAMMA2-silenced plants (Figure 4A). The newly sprouted leaves from ChlH-silenced tobacco (N-ChlH) and tomato (S-ChlH) showed yellow-color at 20 days after inoculation. The leaf color of POLGAMMA2-silenced tobacco (N-POLGAMMA2) and tomato (S-POLGAMMA2) were faded into white color (Figure 4A). The expression of ChlH and POLGAMMA2 was barely detected in tomato and tobacco leaves expressing TRV:ChlH and TRV:POLGAMMA2, respectively (Figure 4B). Additionally, both chlorophyll and carotenoid content were significantly reduced with the down-regulation of ChlH and POLGAMMA2 in tomato and tobacco leaves (Figure 4C and Supplementary Tables 10, 11). The total chlorophyll decreased by 53 and 54% in ChlH-silenced tobacco and tomato, and by 76 and 86% in POLGAMMA2-silenced tobacco and tomato, respectively (Supplementary Tables 10, 11). In ChlH-silenced tomato and tobacco plants, the width of chloroplasts was reduced by approximately 30% and the number of chloroplasts was reduced by 20% (Supplementary Tables 12, 13). We observed loosely packed grana with fewer layers of thylakoids in ChlH-silenced tomato and tobacco plants (Supplementary Figure 4). In FsPOLGAMMA2-silenced plants, the thylakoid membrane system was severely disrupted with no obvious granum structures observed (Supplementary Figure 4 and Supplementary Tables 12, 13).
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FIGURE 4
The leaf color change in tobacco and tomato plants after transiently silencing candidate genes. (A) The leaf color of ChlH-silenced (S/N-ChlH), POLGAMMA2-silenced (S/N-POLGAMMA2), TRV2 (vector control; S/N-TRV2), and non-infected (S/N-CK) tomato (S-) and tobacco (N-) plants. (B) The relative gene expression of ChlH and POLGAMMA2 in ChlH-silenced and POLGAMMA2-silenced tomato (S-) and tobacco (N-) plants, respectively. (C) The content of Chl a, Chl b, total Chl, and carotenoid in CK, TRV2, ChlH-silenced, and POLGAMMA2-silenced tomato (S-) and tobacco (N-) plants.




Transient expression of ChlH and POLGAMMA2 genes in Forsythia

To further examine if the expression of ChlH and POLGAMMA2 can rescue the leaf-color, we performed transient over-expression of these two genes in yellow-leaf Forsythia plants. With qRT-PCR assays, we found that the expression of ChlH and POLGAMMA2 in the over-expression plants were twice as high as that of the control (Figure 5C). However, no obvious leaf color change was observed after the transient over-expression of FsChlH and FsPOLGAMMA2 at 20 days post inoculation (Figure 5A). We also detected significantly increased content of Chl a and Chl b in plants with ChlH and POLGAMMA2 transiently over-expressed (Figure 5B and Supplementary Table 14). The total chlorophyll content of yellow-leaf plants increased about two-fold after transient over-expressing ChlH and POLGAMMA2, while carotenoids remained unchanged in ChlH and POLGAMMA2 over-expressed leaves (Figure 5B and Supplementary Table 14). Though the grana structures remained defected in plants over-expressing ChlH or POLGAMMA2, we observed some lamellae structures of thylakoids in plants over-expressing POLGAMMA2 (Figure 5D and Supplementary Table 15).
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FIGURE 5
The leaf color and anatomy change in yellow-leaf Forsythia plants with candidate genes transiently over-expressed. (A) The leaf color of ChlH-OE, POLGAMMA2-OE, and the non-infected (CK) leaves of Forsythia. (B) The content of Chl a, Chl b, total Chl, and carotenoid in ChlH-OE, POLGAMMA2-OE, vector control, and the non-infected plants. (C) The relative gene expression of ChlH and POLGAMMA2 in ChlH-OE and POLGAMMA2-OE plants, respectively. (D) The chloroplast structure of CK, VC (vector control), ChlH-OE, and POLGAMMA2-OE plants.




Identification of genes responsive to the silencing of ChlH and POLGAMMA2

To understand the mechanism of yellow-leaf phenotype in FsChlH- and FsPOLGAMMA2-silenced plants, we performed transcriptome sequencing on leaves collected from the agroinfiltrated plants with TRV:ChlH (CY), TRV:POLGAMMA2 (PY), and the vector control plants (CG and PG). In total, we identified 2040 DEGs between CY and CG, and 77 DEGs between PY and PG. The DEGs that are responsive to the decreasing level of ChlH are enriched in biological processes including photosynthesis (GO:0015979), chloroplast organization (GO: 0009658), response to light stimulus (GO:0009416), chlorophyll biosynthetic process (GO:0015995), and carotenoid biosynthetic process (GO:0016117) (Supplementary Table 16). In the ChlH-silenced plants, we observed decreased level of ChlI and ChlD, which encode two subunits of magnesium chelatase that catalyzing the insertion of Mg2+ into protoporphyrin IX in the first step of chlorophyll biosynthesis (Figure 6A). The transcription level of other chlorophyll biosynthesis genes (HEMC, HEMAs, DVR, and PORAs) were also reduced significantly with the decreasing level of ChlH (Figure 6A). Additionally, a few chloroplast development related genes were found significantly repressed in ChlH-silenced plants, including PTACs (plastid encoded RNA polymerases), CPN60A (CHAPERONIN-60ALPHA) that involved in Rubisco folding, CRB (CHLOROPLAST RNA BINDING), CLPP4 (CLP PROTEASE P4), and CLPP6 (CLP PROTEASE P6) that involved in chloroplast organization, TIC110 (TRANSLOCON AT THE INNER ENVELOPE MEMBRANE OF CHLOROPLASTS 110) that regulate chloroplast biogenesis (Chen and Li, 2017), and ALB3 (ALBINO 3) that regulate thylakoid membrane organization (Figure 6B). Moreover, we observed reduced transcription of carotenoid biosynthesis genes, such as PSY2, LYC (LYCOPENE CYCLASE), and ZDS, and a few carotenoid degradation genes including CYP97A3 (CYTOCHROME P450-TYPE MONOOXYGENASE 97A3) and BETA-OHASE 1 (BETA-HYDROXYLASE 1) in the ChlH-silenced plants (Supplementary Figure 5A). The expression of genes that involved in the photosynthesis were also found decreased, including the PHOTOSYSTEM I (PsaAs, PsaBs, PsaG, PsaL, PsaO) and PHOTOSYSTEM II subunits (PsbB2, PsbP2, PsbE, PsbCs, PsbRs), LHCA1s (PHOTOSYSTEM I LIGHT HARVESTING COMPLEX GENE 1), and LHB1B1s (LIGHT-HARVESTING CHLOROPHYLL-PROTEIN COMPLEX II SUBUNIT B1) (Supplementary Figure 5B).
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FIGURE 6
The expression pattern of key genes related to chlorophyll biosynthesis and chloroplast development in the transiently silenced Forsythia plants. (A) DEGs related to chlorophyll biosynthesis in the comparison of CG vs. CY; (B) DEGs related to chloroplast development in the comparison of CG vs. CY; (C) DEGs related to chlorophyll biosynthesis in the comparison of PG vs. PY; (D) DEGs related to chloroplast development in the comparison of PG vs. PY.


Genes with drastic expression change after silencing of FsPOLGAMMA2 are mostly involved in biological processes including phenylpropanoid metabolic process (GO:0009698), response to oxidative stress (GO: 0006979), and cellular lipid metabolic process (GO: 0044255) (Supplementary Table 17). The silencing of POLGAMMA2 led to reduced transcript levels of chlorophyll synthetic genes, such as ChlI, ChlH, PORA1, PORA3, HEME3, CRD1, and carotenoid biosynthetic gene such as PSY2, CCS2 (plastid encoded RNA polymerase), and ZEP (Figure 6C and Supplementary Figure 5C). Additionally, the genes related to chlorophyll binding and photosynthesis, including PsaG, PsaH, PsaL, PsbO2, PsbP2, PsbR1, PsbYs, LHB1B1, and LHCAs, were also significantly reduced (Supplementary Figure 5D). Moreover, we observed strong suppression of thylakoid development genes, including the CHL (CHLOROPLASTIC LIPOCALIN) that protects thylakoidal membrane lipids (Levesque-Tremblay et al., 2009), THF1 (THYLAKOID FORMATION1) that involved in the vesicle-mediated formation of thylakoid membrane (Ma et al., 2015), and CURT1A (CURVATURE THYLAKOID 1A) that is essential for thylakoid granum assembly (Armbruster et al., 2013; Figure 6D). The reduced transcription of genes related to pigment biosynthesis and chloroplast development may lead to the yellow-leaf phenotype in plants with FsChlH and FsPOLGAMMA2 gene silenced.




Discussion


Physiological and cytological basis of yellow-leaf coloration in Forsythia

Leaf coloration is an important attribute for ornamental plants. The diversity of leaf color can enhance the ornamental effect of landscape and extend the duration (Dong et al., 2020). Chlorophyll, carotenoid, and flavanols are three major types of pigments that determines the foliage color in plants (Zhao et al., 2020). So far, leaf color mutants have been characterized in many plant species, such as Arabidopsis (Jarvis et al., 1998), rice (Khan et al., 2021), wheat (Zhang et al., 2020), poplar (Ramamoorthy et al., 2019), and tomato (Mo-zhen et al., 2020). Yellow-leaf phenotype is often the direct consequence of changed contents in chlorophyll and carotenoids (Dong et al., 2020). For example, previous study reported reduced chlorophyll and increased lutein in golden-leaf gingko mutant (Li et al., 2018). Another study in Populus deltoids Marsh revealed that the disruption in chlorophyll synthesis or catabolism lead to lower level of chlorophyll and carotenoids in the yellow-leaf mutants (Ramamoorthy et al., 2019). In addition to pigment abundance, defective chloroplast development and ultrastructure can also impact leaf color (Dong et al., 2020). A spontaneous yellow-green leaf color mutant in Triticum aestivum L. exhibited reduced chlorophyll content and abnormal chloroplast development (Wu et al., 2018). In the leaf-color mutants of Anthurium andraeanum “Sonate,” the number of chloroplasts was significant reduced with ruptured chloroplasts in leaf mesophyll cells (Yang et al., 2015).

In our study, we have examined the physiological and anatomic characteristics of yellow-leaf Forsythia lines. We found that the yellow-leaf is determined by the combined effects of chlorophyll deficiency and disrupted chloroplast structure. Previous studies have demonstrated that different light intensities can affect the synthesis/degradation of photosynthetic pigments, the chloroplast development, and organelle structure (Kong et al., 2016). Upon light exposure, chlorophylls are synthesized, photo-oxidized and degraded rapidly (Zhu et al., 2017). Excessive light usually leads to plants with decreased chlorophyll content due to inhibited chloroplast formation and reduced thylakoid membrane appression (Fu et al., 2012). On the contrary, plants grown in shady environment acclimate and develop larger, thinner foliage with increased chlorophyll production and more appressed thylakoids to optimize the energy usage and conservation (Middleton, 2001; Anderson et al., 2008). Long-term deficient light can lead to degradation of chlorophyll, resulting in yellow leaves (Lee et al., 2014). Thus, we also evaluated the leaf anatomy and chloroplast ultrastructure of progeny lines grown in low light-intensity conditions. Both yellow-leaf and green-leaf lines displayed thinner leaves and palisade tissues after shade treatment, a phenomenon commonly observed in other plant species (Kong et al., 2016). Despite severely distorted grana, a few thylakoid structures were observed in the yellow-leaf plants grown under shady environment with chlorophyll content significantly increased, suggesting the thylakoid membrane appression and chlorophyll synthesis may be slightly enhanced when exposed to low irradiance condition. However, the low light intensity is not sufficient to restore the defected thylakoid membrane system and recover leaf-greening in the yellow-leaf Forsythia plants. Additionally, the photosynthetic capacity of the hybrid population was assessed previously by Wang et al. (2017). The photosynthetic performance of yellow-leafed plants is generally weaker than that of green-leafed plants. The reduced photochemical efficiency may be due to incomplete photosynthetic system on the underdeveloped chloroplast thylakoid development in yellow-leaf Forsythia plants (Wang et al., 2017). These results suggested that the deficiency in chlorophyll content and distorted chloroplast structure are likely two major causes of yellow-leaf coloration in Forsythia independent of light intensity.



Molecular mechanism underlying yellow-leaf coloration in Forsythia

The formation of yellow-leaf is controlled by complex genetic network and environmental factors. Any mutations in genes related to pigment synthesis and metabolism, chloroplast transcription, and plastid-nuclear signal transduction can directly or indirectly disrupt pigment biosynthesis and stability, resulting in leaf discoloration (Zhao et al., 2020). In previous studies, RNA-seq approach has been widely applied to investigate candidate genes related to yellow-leaf coloration in plants (Zhao et al., 2020). For instance, the transcriptome study on golden leaf ginkgo mutants revealed that the down-regulated chlorophyll biosynthetic gene as well as up-regulated genes related to chlorophyll degradation and carotenoid biosynthesis likely caused lower chlorophyll and higher carotenoid detected in yellow-leaf mutants (Li et al., 2018). Similar findings were reported in yellow-leaf Shumard oak (Dong et al., 2020). A comprehensive study of yellow-leaf mutant of Lagerstroemia indica identified eleven candidates involved in chlorophyll metabolism, photosynthesis, and chloroplast development that may be responsible for altered chlorophyll content level and hindered chloroplast development in the mutants (Li et al., 2015).

In order to understand the molecular basis of yellow-leaf phenotype, we performed transcriptome sequencing on leaves of yellow-leaf and green-leaf Forsythia hybrids grown under different light-intensity conditions. Based on the comparative transcriptome analysis, we identified a large number of DEGs that were annotated to different biological processes including carbohydrate metabolic process, oxidation-reduction process, pigment biosynthesis, and lipid metabolism. These DEGs from various genetic pathways suggested a complex regulatory network mediating the yellow-leaf phenotype in Forsythia. Since reduced chlorophyll content and abnormal chloroplast structure is observed in yellow-leaf plants, we mainly focused on the DEGs that associated with chlorophyll biosynthesis and chloroplast development. Meanwhile, the physiological experiments showed that the leaf color as well as chlorophyll content were consistently lower in yellow-leaf plants comparing to green-leaf lines given different light conditions. Therefore, we further searched for candidate gene displaying consistent expression patterns between yellow-leaf and green-leaf plants under different light intensities to narrow down the candidate gene set.

Among the chlorophyll biosynthetic genes, we observed significant down-regulation of ChlH in the chlorophyll-deficient yellow-leaf lines in both natural and shade conditions and considered ChlH for functional validation. On the other hand, we screened out POLGAMMA2 as another candidate gene as result of its consistently down-regulation in yellow-leaf Forsythia lines matching the chlorophyll content and leaf color change among different groups. POLGAMMA2 encodes a nuclear-encoded organelle DNA polymerase responsible for the replication of mitochondria and plastid genome (Parent et al., 2011). POLGAMMA2, also known as POLYMERASE I A (Pol1A), is one of the two Plant Organellar DNA polymerases (POPs) in flowering plants (García-Medel et al., 2019; Ji and Day, 2020). POLGAMMA2 is mainly involved in DNA replication, while its paralog POLGAMMA1 serves an additional role in DNA repair (Parent et al., 2011; Morley et al., 2019). In Arabidopsis, plants with mutation in either POLGAMMA2 or POLGAMMA1 can survive with no visible growth defects despite an 30% decrease in organelle DNA copy number, while deletions of both genes are lethal (Parent et al., 2011; Morley and Nielsen, 2016; Morley et al., 2019). Whether POLGAMMA2 affect chloroplast development is worthy testing in Forsythia species.



Functional role of CHLH and POLGAMMA2 in modulating yellow-leaf coloration

To investigate the functions of these two candidate genes, we transiently silenced ChlH and POLGAMMA2 in green-leaf Forsythia plants and observed yellow-leaf phenotype with significant reduction of chlorophyll and carotenoid content in both ChlH-silenced and POLGAMMA2-silenced plants. We observed severely disintegrated thylakoid membranes in FsPOLGAMMA2-silenced plants, similar as the chloroplast structure observed in yellow-leaf Forsythia. While the defects of granum structures in FsChlH-silenced plants were less severe than that of yellow leaf Forsythia lines. In pea, the virus-induced gene silencing of ChlH also led to lower chlorophyll accumulation, undeveloped thylakoid membranes, and reduced photosynthesis in yellow-leaf mutants (Luo et al., 2013). The less disrupted chloroplasts in FsChlH-silenced Forsythia is likely dependent on the degree of ChlH gene down-regulation. We also validated the function of ChlH and POLGAMMA2 in model plant species. The FsChlH-silenced tomato and tobacco plants both exhibited yellow leaves with altered chloroplast ultrastructure, which is consistent with tobacco plants with endogenous ChlH gene silenced (Hiriart et al., 2002). On the other hand, paled colored leaves with disassembled thylakoid layers were observed in POLGAMMA2-silenced plants. Previous works showed that POLYMERASE I A (Pol1A) and POLYMERASE I B (Pol1B), designated as POLGAMMA2 and POLGAMMA1, respectively, were organellar DNA polymerases known as Plant Organellar DNA Polymerases (POPs). Most flowering plants harbor two POP genes, while the dicot Solanaceae species, such as Solanum lycopersicum and Nicotiana tomentosiformis, contain only one POP gene (Ji and Day, 2020). It likely that the virus-induced silencing of FsPOLGAMMA2 severely disrupted the DNA replication within chloroplasts, leading to severely disrupted chloroplast development in tobacco and tomato.

Furthermore, we detected increased chlorophyll content in the yellow-leaf plants with ChlH or POLGAMMA2 transiently over-expressed. The expression of ChlH failed to restore the chloroplast structure, while the expression of POLGAMMA2 partially restored the thylakoid membranes, suggesting that POLGAMMA2 may have an additional role in chloroplast development though regulating chloroplast DNA replication. Though the transient over-expression of ChlH and POLGAMMA2 caused the increment of chlorophyll content, however, the induced expression of these two genes are not sufficient for complete restoration of thylakoid membranes in yellow-leaf plants. It is likely due to the limited efficacy of transient assays that may remain active within only a few days (Wroblewski et al., 2005). Another putative explanation is that there are other casual genes participating in the formation of yellow-leaf Forsythia. In addition to genes directly involved in pigment synthesis and chloroplast structure, there are other genetic factors influencing the leaf color through mediating processes such as chloroplast gene transcription and translation, plastid-nuclear signaling, and ROS scavenging system (Pogson and Albrecht, 2011; Cheng et al., 2022). With comparative transcriptome sequencing approach, we are only able to detect functional candidate genes with significant fold-change between yellow-leaf and green-leaf lines. The underlying genetic mechanism of yellow-leaf coloration may still remain incomplete. In the future studies, genetic mapping approaches can be applied to further narrow down the candidate gene list and elucidate the casual mechanism of yellow-leaf coloration in Forsythia.

To further understand the functional mechanism of ChlH and POLGAMMA2, we performed RNA-seq on the green-leaf Forsythia plants with ChlH and POLGAMMA2 silenced, respectively. The silencing of ChlH gene leads to decreased abundance of a large number of genes that involved in chlorophyll and carotenoid biosynthesis, photosynthesis, and chloroplast development. ChlH is a multifunctional protein coordinating the chlorophyll biosynthesis and plastid-to-nucleus retrograde signaling (Ibata et al., 2016). In Arabidopsis, the ChlH mutant displayed repressed plastid signaling with decreased level of photosynthesis-associated nuclear genes, such as LHCB1 (Schlicke et al., 2014). Since chlorophyll biosynthesis is tightly coupled with thylakoid membrane development, the chlorophyll deficiency triggered by ChlH silencing may indirectly impair the transcription of genes regulating chloroplast biogenesis and thylakoid membranes assembly, therefore leading to undeveloped chloroplast structure in Forsythia (Hiriart et al., 2002).

POLGAMMA2 is an organelle localized DNA polymerase associated with DNA replication in chloroplast (Morley and Nielsen, 2016). The modified transcription level of POLGAMMA2 can directly affect the chloroplast DNA copy number and influence chloroplast development related genes indirectly. When POLGAMMA2 is transiently silenced in Forsythia, we observed strong reduction of chlorophyll and carotenoid synthetic genes, which correlates with the deficiency in chlorophyll and carotenoid. We also observed similar yellow-leaf phenotype in tomato and tobacco with POLGAMMA2 transiently silenced, indicating the functional conservation of POLGAMMA2. Moreover, a few genes that possibly regulating thylakoidal membrane formation and architecture were also found repressed after the silencing of POLGAMMA2. CURT1 is an essential gene localized to grana margin and is required for thylakoid membrane bending and the granum stacking (Armbruster et al., 2013). In Arabidopsis, the thylakoids are disorganized with unstacked membranes in the CURT1 mutants (Armbruster et al., 2013). THF1 encodes an imported chloroplast protein that regulate the thylakoid membrane biogenesis and organization during early stage of chloroplast development (Wang et al., 2004). The loss function in THF1 lead to reduced chlorophyll level, less efficient photosynthesis, and defected thylakoid stacking, resulting in variegated leaves in Arabidopsis (Wang et al., 2004). In Forsythia, the silencing of POLGAMMA2 may somehow disrupt the photosynthetic pigment accumulation and thylakoid membrane organization through repressing the transcription of chlorophyll synthesis genes, such as ChlH and PORA, and chloroplast development related genes, such as THF1 and CURT1. Taken together, the inhibition of ChlH and POLGAMMA2 is likely required for the yellow-leaf Forsythia through influencing the transcription of genes related to chlorophyll biosynthesis and chloroplast structure intactness. In the current study, we only characterized the functional role of candidate DEGs with consistent expression pattern regardless of light-intensity change. Future research can focus on the candidate genes responsive to light-intensity change and test their functional roles in regulating pigment synthesis and thylakoid structure in Forsythia.




Conclusion

To conclude, our study characterized the yellow-leaf Forsythia with reduced chlorophyll and carotenoid content, as well as defected chloroplast structure. The transcriptome sequencing and expression pattern analysis screened out two candidate genes, ChlH and POLGAMMA2, with expression profiles strongly correlated with chlorophyll content and leaf color variation among different leaf-colored Forsythia lines. The transient silencing of ChlH and POLGAMMA2 lead to reduced chlorophyll level and disrupted chloroplast structure, while the transient over-expression of these two genes promoted the restoration of thylakoid architecture in yellow-leaf Forsythia. By examining genes with transcriptional change responsive to the silencing of these two genes, we conclude that ChlH and POLGAMMA2 may be related to the yellow-leaf phenotype in Forsythia through directly or indirectly mediating genes involved in chlorophyll biosynthesis and chloroplast development. In general, our study provides a deep understanding in the physiological as well as molecular mechanism underlying the yellow-leaf coloration in Forsythia.
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Opisthopappus longilobus, which is a unique wild plant resource in China, produces leaves and flowers with distinct aromas. However, there have been relatively few molecular studies on its floral aroma, which has hindered the research on this plant species at the molecular level and the breeding of novel varieties. In this study, transcriptome and metabolome analyses were performed using O. longilobus leaves, buds, and inflorescences at the exposure, initial opening, and blooming stages. Using high-quality reads and assembly software, a total of 45,674 unigenes were annotated according to the Nr, Swiss-Prot, KOG, and KEGG databases. Additionally, a GC-MS system and a self-built database were used to detect 1,371 metabolites in the leaves, buds, and inflorescences. Terpene metabolites were the most common compounds (308 in total). We analyzed the gene network regulating terpenoid accumulation in O. longilobus and identified 56 candidate genes related to terpenoid synthesis. The expression of OlPMK2, OlMVK1, OlTPS1, and OlTPS3 may lead to the accumulation of 11 different terpenoids specifically in the inflorescences at the exposure, initial opening, and blooming stages. The generated data may be useful for future research on O. longilobus genetic resources and the molecular mechanism regulating aroma formation in this plant species. The findings of this study may be used to accelerate the breeding of new O. longilobus varieties with enhanced aromatic traits.
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Introduction

Opisthopappus longilobus Shih is a perennial herb belonging to the genus Opisthopappus (family Compositae), which is endemic to China and includes two species, namely Opisthopappus taihangensis and O. longilobus (Wang and Yan, 2013; Wang and Yan, 2014; Chai et al., 2018). The whole O. longilobus plant is fragrant because of the substantial abundance of aromatic oil. Moreover, from June to September (i.e., the flowering period), it produces white flowers (Guo et al., 2013; Wang, 2013; Jia and Wang, 2015; Ye et al., 2021). Many recent studies on O. taihangensis and O. longilobus focused on genetic diversity and genetic structure, tissue culture, community characteristics, and antioxidant and antibacterial compounds (Guo et al., 2013; Chai et al., 2018; Zhang et al., 2018; Ye et al., 2021). The leaves and inflorescences of O. longilobus have special aromas that are distinct from the aromas of most chrysanthemum species (Guo et al., 2020). Additionally, its essential oil has antibacterial, anti-inflammatory, antioxidant, and other medicinal effects (Zhang et al., 2018; Guimaraes et al., 2019). Previous research confirmed that O. longilobus is a rich source of aromatic oils and inulin as well as sesquiterpene lactones with beneficial effects on the heart and anti-cancer, anti-insect, and analgesic effects (Zeng et al., 2010). Because O. longilobus flowers that are steamed and then dried in darkness can be used to improve liver health and vision, while also decreasing fevers and eliminating thirst, people living in the Taihang Mountain region often collect O. longilobus flowers and use them to produce beverages with health benefits (Ye et al., 2021). Accordingly, the mechanisms underlying the synthesis of aromatic substances in O. longilobus should be thoroughly investigated.

Aromatic substances in plants can be categorized as terpenes, aromatic compounds (e.g., phenylpropane), and fatty acid derivatives according to their biosynthetic pathways, which involve reactions catalyzed by various enzymes (Nagegowda, 2010). Terpenes, which are the most diverse class of organic compounds in nature, are important for the formation of floral aromas (Wong et al., 2017; Zhang et al., 2021). They can be divided into semi-terpenes, monoterpenes, sesquiterpenes, diterpenes, triterpenes, tetraterpenes, polyterpenes, and irregular terpenes (He et al., 2020). Terpenes consist of several isoprene (C5) units, and they are synthesized by a complex network regulated by multiple genes and enzymes (Zhong et al., 2022).

Terpenes share common precursor substances, including isopentenyl pyrophosphate and dimethylallyl pyrophosphate (Nagegowda, 2010). There are two different metabolic pathways for their biosynthesis. One is the mevalonate (MVA) pathway in the cytoplasm and mitochondria, wherein it is involved in the biosynthesis of secondary metabolites, including sterols, sesquiterpenes, and triterpenes. Another is the plastid-based 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway, which is mainly involved in the biosynthesis of monoterpenes, diterpenes, and carotenoids (Nagegowda, 2010; Zhong et al., 2022). There has been considerable progress in the research on the biochemical pathways and molecular mechanisms regulating floral volatiles (Wong et al., 2017; Fan et al., 2018; Ramya et al., 2018), but because of the lack of relevant data, the metabolism of aromatic substances in O. longilobus leaves and inflorescences remains a mystery. The strong aromas of its flowers and leaves make O. longilobus a very valuable aromatic plant resource in various industries (e.g., agriculture, medicine, perfume, and cosmetics) (Zhang et al., 2018). Therefore, the metabolic mechanism regulating the aromatic substances in O. longilobus must be elucidated.

There are currently relatively few molecular studies related to O. longilobus aromas. More specifically, the lack of transcriptome and metabolome information is a major obstacle for molecular research on this plant species as well as the breeding of novel varieties with enhanced traits (Chai et al., 2018; Ye et al., 2021). Thus, we used bioinformatics-based methods to perform transcriptome and metabolome analyses of O. longilobus leaves, buds, and inflorescences at the exposure, initial opening, and blooming stages. We thoroughly investigated the compositions of aromatic substances in the leaves and inflorescences and the genes in the associated regulatory pathways, while also analyzing the diversity in the compositions and contents of terpenoids and other metabolites in the leaves and inflorescences at different developmental stages. Additionally, we explored the gene regulatory network controlling terpenoid contents and extracted the essential oil from leaves for a subsequent analysis of its compositions and contents. The results of this study provide researchers with the theoretical basis for clarifying the molecular mechanism regulating aroma formation in O. longilobus. The information provided herein may also be relevant for breeding O. longilobus as well as for conserving and developing O. longilobus resources.



Materials and methods


Plant materials and RNA extraction

The O. longilobus plants used in this study were obtained and propagated from cuttings and then cultivated in a greenhouse at the Shunyi Base of the Beijing Liu Wenchao Institute of Summer Chrysanthemum Breeding Science and Technology (116.3°E, 40.0°N). The plants started to flower approximately 90–120 days after they were transplanted. About 10–20 buds and inflorescences at the exposure, initial opening, and blooming stages as well as leaves were collected from O. longilobus plants from 7 am to 10 am, with three biological replicates per sample (Figure 1). The collected O. longilobus materials were immediately frozen in liquid nitrogen and then stored at −80°C. After grinding the frozen materials to a powder, total RNA was extracted using the RNeasy Plant Mini Kit (Qiagen, Shanghai, China). The quality of the extracted RNA was assessed using the NanoDrop ND2000 Spectrophotometer (Thermo Scientific, Waltham, MA, USA). The O. longilobus plant samples were used for the transcriptome and metabolome analyses.




Figure 1 | Opisthopappus longilobus samples used for the transcriptome and metabolome analyses. (A–E) Bud, inflorescences at the exposure, initial opening, and blooming stages, and a leaf, respectively.





Sample preparation and GC-MS analysis

Frozen samples were ground to a powder, centrifuged, and mixed evenly by shaking. For each sample, approximately 0.5 g ground material was added to 1 mL sterile water, after which the solution was added to a headspace flask. A saturated NaCl solution and 10 μL (50 μg/mL) internal standard solution were then added to the flask. Finally, the samples were used for the headspace solid phase microextraction (HS-SPME) and gas chromatography-mass spectrometry (GC-MS) analysis. The HS-SPME was performed at 60°C, with a 5-min oscillation. The 120 µm DVB/CWR/PDMS extractor head was inserted into the headspace flask for 15 min. The samples were resolved at 250°C for 5 min and then separated and identified by GC-MS. The extractor heads were aged in a Fiber Conditioning Station at 250°C for 5 min before sampling. The GC analysis was completed using the DB-5MS capillary column (30 m × 0.25 mm × 0.25 µm; Agilent J&W Scientific, Folsom, CA, USA) and highly pure helium (purity not less than 99.999%) as the carrier gas. The constant flow rate was 1.2 mL/min. The inlet temperature was 250°C, and a split-less injection was performed, with a solvent delay of 3.5 min. The temperature was kept at 40°C for 3.5 min, then increased to 100°C at 10°C/min, then increased to 180°C at 7°C/min, and finally increased to 280°C at 25°C/min for 5 min. The MS conditions were as follows: electron bombardment ion source; ion source temperature, 230°C; four-stage rod temperature, 150°C; mass spectrum interface temperature, 280°C; electron energy, 70 eV; scanning mode, selected ion detection mode; and qualitative and quantitative ion accurate scanning (GB 23200.8-2016).



Screening for differentially accumulated metabolites

An orthogonal partial least squares discriminant analysis (OPLS-DA) was performed using the OPLSR.Anal function of the MetaboAnalystR package in the R software. On the basis of the OPLS-DA results, the Variable Importance in Projection (VIP) value of the OPLS-DA model obtained via the multivariate analysis was used to preliminarily identify the DAMs between species or tissues. The P-value and the fold-change for the univariate analysis were combined to screen for DAMs. The screening criteria were as follows: VIP ≥ 1 and fold-change ≥ 2 or ≤ 0.5.



Illumina sequencing and data processing

The mRNA in the total RNA was enriched using oligo-(dT) beads and then fragmented in fragmentation buffer before being reverse transcribed into single-stranded cDNA using random primers. After synthesizing the second strand, the cDNA was purified using the QiaQuick PCR Purification Kit. A poly-A tail and an Illumina sequencing adapter were added to the purified cDNA. The cDNA fragments were separated by agarose gel electrophoresis and then appropriate fragments were selected for a PCR amplification. The subsequent transcriptome sequencing (RNA-seq) analysis was performed using the Illumina HiSeq™ 4000 system at Gene Denovo Biotechnology Co. (Guangzhou, China). The raw sequencing data were strictly filtered to obtain high-quality clean reads. The de novo transcriptome assembly was performed using Trinity software to link overlapping reads to form longer fragments, of which the N-free fragments were assembled into unigenes.



Gene expression analysis by quantitative real-time polymerase chain reaction (qRT-PCR)

To verify the RNA-seq data, a qRT-PCR analysis was performed to calculate the relative transcription levels of 18 genes. Total RNA was extracted from O. longilobus leaves at the flowering stage and from inflorescences at different developmental stages. The extracted RNA was treated with DNase (Promega, Wisconsin, USA) and then cDNA was synthesized using the HiScript III All-in-one RT SuperMix Perfect for qPCR (Vazyme, Nanjing, China). The qRT-PCR analysis was completed using the PikoReal Real-Time PCR system (Thermo Fisher Scientific, Germany). For each 20-μL reaction volume, 2 μL cDNA was added as the template. The PCR conditions were as follows: 95°C for 5 s; 39 cycles of 54°C for 30 s and 72°C for 30 s. Relative gene expression levels were determined using gene-specific primers (Supplementary File 1). Three biological replicates were analyzed for all samples. The chrysanthemum protein phosphatase 2A gene was used as the reference gene (Liu et al., 2021b). Relative gene expression levels were calculated according to the 2−ΔΔCt method (Livak and Schmittgen, 2001).



Extraction of essential oil

Opisthopappus longilobus leaves were harvested during the vegetative growth period and then added to Desktop Essential Oil Pure Water Distillers (Luosha Biological Company, Jiangsu, China). Distilled water was added for a solid:liquid ratio of 1:2 for the extraction of essential oil. After the distillation, the essential oil was collected and examined in terms of the color and quality. Additionally, the essential oil extraction rate was calculated. The samples were kept at 4°C before analyzing their compositions or they were maintained at −80°C for long-term storage.



Integrated analysis of the transcriptome and metabolome data

To evaluate the potential correlation between gene expression levels and metabolite contents, a Pearson correlation test was performed to analyze gene expression and metabolite contents. Significant correlations were determined using the following criteria: a Pearson correlation coefficient (PCC) > 0.8 and P < 0.05 (Li et al., 2021a; Wang et al., 2021a; Zhan et al., 2022). They were then visualized using the Cytoscape software (version 3.7.2) (Cytoscape Consortium, San Diego, CA). Additionally, the differentially expressed genes (DEGs) and DAMs in the terpenoid biosynthesis pathway were mapped to Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways.



Statistical analysis

Three biological replicates were used for the GC-MS, RNA-seq, and qRT-PCR analyses. Significant differences in gene expression were determined on the basis of the following thresholds: FDR < 0.05 and |log2(fold-change)| > 1. Only DEGs with at least a 2-fold change in expression were used for the DEG analysis. The direction of gene sequences and protein functions were determined using the blastx algorithm (http://www.ncbi.nlm.nih.gov/BLAST/), with an E-value threshold of 1e-5. The unigene sequences were aligned to the sequences in the NCBI non-redundant protein (Nr) database (http://www.ncbi.nlm.nih.gov), the Swiss-Prot protein database (http://www.expasy.ch/sprot), the KEGG database (http://www.genome.jp/KEGG), and the eukaryotic homologous groups (KOG) database (http://www.ncbi.nlm.nih.gov/KOG). The top 20 unigenes with at least 33 high-scoring pairs were selected for the Gene Ontology (GO) functional annotation using the Blast2GO software. Individual genes were functionally classified using the WEGO software.




Results


Total metabolite analysis

Using the GC-MS platform and a self-built database, we detected 1,371 metabolites in the O. longilobus leaves and inflorescences. More specifically, 1,243, 1,338, 1,296, and 1,337 metabolites were detected in the leaves and inflorescences at the exposure, initial opening, and blooming stages, respectively. There was considerable diversity in the types of metabolites that were identified (Supplementary File 2). The classification of these metabolites revealed that the most common metabolites were terpenoids (308), followed by esters (235), heterocyclic compounds (204), ketones (116), alcohols (111), hydrocarbons (104), aromatic hydrocarbons (74), aldehydes (70), acids (40), phenols (38), amines (32), unidentified compounds (11), nitrogenous compounds (10), sulfur compounds (8), ethers (6), and halogenated hydrocarbons (4) (Figure 2A).




Figure 2 | Metabolites detected in O. longilobus. (A) Classes and proportions of the metabolites detected in O. longilobus. (B) Results of the principal component analysis of the O. longilobus metabolome. (C) Heat map of the metabolites in different O. longilobus sample groups. Sample names are provided on the horizontal axis, whereas the metabolite information is provided on the vertical axis. The different colors for the Z-score represent relative contents (i.e., red and green reflect high and low contents, respectively).



We performed a principal component analysis of the O. longilobus metabolome to detect the metabolic differences between the samples in each group and the changes within the group as a whole. The first and second principal components (PC1 and PC2) accounted for 42.43% and 28.03% of the total variance, respectively (Figure 2B). The accumulation of aromatic substances in the O. longilobus inflorescences varied among the examined developmental stages. The leaves were clearly separated from the inflorescences at different developmental stages, indicative of the considerable metabolic differences among the samples. The cluster heat map of the metabolites among different O. longilobus sample groups (Figure 2C) indicated there were clear differences in the accumulation of metabolites between the inflorescences at different developmental stages as well as between the leaves and inflorescences at different developmental stages. Hence, clarifying the changes in metabolite contents is important for elucidating the mechanism underlying the aroma formation in O. longilobus leaves and inflorescences.

We analyzed the terpenoids in O. longilobus leaves and inflorescences at different developmental stages. A total of 293, 302, 293, and 301 terpenoids were detected in the leaves and the inflorescences at the exposure, initial opening, and blooming stages, respectively (Supplementary File 3). A comparison with the O. longilobus leaves indicated 11 terpenoids were specific to the inflorescences (e.g., 2-cyclohexen-1-one, 2-hydroxy-3-methyl-6-(1-methylethyl)-; squamulosone; and 6,7-dimethyl-1,2,3,5,8,8a-hexahydronaphthalene). In contrast, six terpenoids were specific to the leaves (e.g., hibaene;

1,1,7,7a-tetramethyl-1a,2,6,7,7a,7b-hexahydro-1H-cyclopropa[a]naphthalene; and aromandendrene). The following four terpenoids were specific to the inflorescences at the exposure and blooming stages: bicyclo[7.2.0]undec-4-ene, 4,11,11-trimethyl-8-methylene-, [1R-(1R*,4Z,9S*)]-; cyclohexanol, 1-methyl-4-(1-methylethyl)-, cis-; cyclopropanecarboxylic acid, 2,2-dimethyl-3-(2-methyl-1-propenyl)-, (1R-trans)-; and bornyl acetate. There were no terpenoids that were exclusive to the inflorescences at the initial opening stage. These findings suggested that the types of terpenoids in the O. longilobus inflorescences did not change substantially between the exposure stage and the blooming stage, and inflorescences can be harvested from the exposure stage to the blooming stage. Furthermore, some aroma-related terpenoids were produced only in specific parts of O. longilobus plants and at specific inflorescence developmental stages.

The results indicated that the relative terpenoid content was higher than that of the other metabolites in O. longilobus leaves and inflorescences (Supplementary File 4).Specifically, the terpenoid relative contents in the leaves and inflorescences at the exposure, initial opening, and blooming stages were 48.57%, 42.27%, 41.41%, and 46.75%, respectively. The compounds with relatively high contents in the leaves were identified as linalyl acetate; epizonarene; bicyclo[2.2.1]heptane-2,5-dione; 1,7,7-trimethyl-,7-oxabicyclo[4.1.0]heptan-2-one, 3-methyl-6-(1-methylethyl)-; and 2,6-octadien-1-ol, 3,7-dimethyl-. The compounds with relatively high contents in the inflorescences at the exposure stage were linalyl acetate; thujone; endo-borneol; fenchol; and eucalyptol. The compounds with relatively high contents in the inflorescences at the initial opening stage were endo-borneol;.beta.-phellandrene; eucalyptol; alpha-curcumene; and (+)-alpha-pinene. The compounds with relatively high contents in the inflorescences at the blooming stage were linalyl acetate; bicyclo[3.1.0]hexan-3-one, 4-methyl-1-(1-methylethyl)-; alpha-curcumene; thujone; and Sabenene. The relative contents of linalyl acetate, thujone, endo-borneol, eucalyptol, and alpha-curcumene were higher than those of other terpenoids in O. longilobus leaves and inflorescences. Linalyl acetate peaked in leaves and inflorescences at the exposure and blooming stages. Thujone peaked in the inflorescences at the exposure and blooming stages. Endo-borneol and eucalyptol peaked in the inflorescences at the exposure and initial opening stages. Alpha-curcumene peaked in the inflorescences at the initial opening and blooming stages. These terpenoids may be important sources of the floral scent in O. longilobus leaves and inflorescences.



Analysis of DAMs

The comparison between the leaves and the inflorescences at the initial opening stage resulted in the most DAMs (i.e., 1,078), of which 739 were up-regulated and 339 were down-regulated (Table 1; CTLeaf-vs-CTFlower). The comparison between the inflorescences at the exposure stage and those at the initial opening stage resulted in the fewest DAMs (i.e., 342), of which 30 were up-regulated and 312 were down-regulated (Table 1; CTcolour-vs-CTFlower). The results for the other comparisons are provided in Table 1. These DAMs were mainly related to terpenoids, esters, and heterocyclic compounds, reflecting the substantial differences in the terpenoids between inflorescences and between the leaves and inflorescences at different developmental stages.


Table 1 | Comparison of the DAMs among Opisthopappus longilobus leaves and flowers.





Analysis of differentially accumulated terpenoids

Of the DAMs in the O. longilobus leaves and inflorescences, the most diverse were terpenoids, esters, and heterocyclic compounds. Among these compounds, the terpenoids accounted for the largest proportion of DAMs in O. longilobus. Thus, we analyzed their contents more precisely. A total of 72, 176, and 125 differentially accumulated terpenoids were detected by comparing inflorescences at the exposure and initial opening stages, inflorescences at the initial opening and blooming stages, and inflorescences at the exposure and blooming stages, respectively. The contents of the differentially accumulated terpenoids initially increased and then decreased during the inflorescence development stages (i.e., exposure stage to the initial opening stage and then to the blooming stage). The contents of some of the terpenoids then gradually increased or decreased. The six compounds with increasing contents were petasitene; bicyclo[5.2.0]nonane, 2-methylene-4,8,8-trimethyl-4-vinyl-; [1aR-(1a.alpha.,4.alpha.,4a.beta.,7b.alpha.)]-1a,2,3,4,4a,5,6,7b-octahydro-1,1,4,7-tetramethyl-1H-cycloprop[e]azulene; 2-cyclohexen-1-one, 2-hydroxy-3-methyl-6-(1-methylethyl)-; neric acid; and cyclohexanol, 3-ethenyl-3-methyl-2-(1-methylethenyl)-6-(1-methylethyl)-, [1R-(1.alpha.,2.alpha.,3.beta.,6.alpha.)]-. The compound with decreasing contents was identified as 7-octen-2-ol, 2,6-dimethyl-. We detected 252, 215, and 195 terpenoids differentially accumulated in leaves and inflorescences at initial opening, in leaves and inflorescences at the exposure stage, and in leaves and inflorescences at the blooming stage, respectively. As the flowers bloomed, the number of differentially accumulated terpenoids between the leaves and the inflorescences gradually decreased.



Illumina sequencing and assembly results

To explore the genes involved in regulating the synthesis of terpenoids in O. longilobus, we sequenced the transcriptomes of the leaves, buds, and inflorescences at the exposure, initial opening, and blooming stages using Illumina sequencing technology. The three replicates of leaves at the flowering stage produced 22,918,336, 22,998,276, and 23,317,148 high-quality clean reads. The three replicates of buds produced 38,453,876, 22,519,010, and 21,108,076 high-quality clean reads. The three replicates of inflorescences at the exposure stage produced 26,119,773, 25,972,917, and 22,125,584 high-quality clean reads. The three replicates of inflorescences at the initial opening stage produced 22,396,054, 27,633,846, and 23,343,734 high-quality clean reads. The three replicates of inflorescences at the blooming stage produced 23,498,228, 26,952,801, and 26,823,554 high-quality clean reads. These high-quality reads were subsequently assembled to generate 95,114 unigene sequences, with a total size of 76,120,922 bp and an N50 of 1,280 bp. The maximum and minimum lengths were 14,400 and 201 bp, respectively. The average length was 800 bp. The overall assembly quality was good (Table 2).


Table 2 | De novo assembly results.





Functional annotation and classification of genes

The 95,114 unigenes were functionally annotated on the basis of four major databases. A total of 45,674 unigenes were annotated. Specifically, 44,212 unigenes were annotated according to the Nr database, 28,607 unigenes were annotated using the Swiss-Prot database, 23,661 unigenes were annotated on the basis of the KOG database, and 18,185 unigenes were annotated according to the KEGG database (Figure 3A). However, 49,440 unigenes were not functionally annotated.




Figure 3 | Opisthopappus longilobus transcriptome analysis results (A) Venn diagram of unigenes functionally annotated according to four major databases. (B) Histograms of the GO classifications. The unigenes were divided into the three main GO categories (biological process, cellular component, and molecular function). The x-axis lists the GO terms in the three categories, whereas the y-axis presents the number of unigenes. (C) KOG classification map. A total of 35,012 sequences with KOG classifications in 25 categories are presented. (D) Results of the principal component analysis of the O. longilobus transcriptome.



On the basis of the Nr-based functional annotation, we assigned GO terms to the unigenes. A total of 63,706 unigenes were divided into 49 functional categories, including 31,706 unigenes annotated with 22 GO terms from the biological process category, 18,568 unigenes annotated with 16 GO terms from the cellular component category, and 13,432 unigenes annotated with 11 GO terms from the molecular function category (Figure 3B). The common GO terms in the biological process category were ‘metabolic process,’ ‘cellular process,’ and ‘single-organism process,’ which were assigned to 7,402, 6,658, and 5,180 unigenes, respectively. In the cellular component category, the most enriched GO terms were ‘cell,’ ‘cell part,’ and ‘organelle,’ which were assigned to 4,260, 4,260, and 3,004 unigenes, respectively. In the molecular function category, the most common GO terms were ‘catalytic activity’ and ‘binding,’ which were assigned to 7,208 and 5,055 unigenes, respectively. Additionally, of the assigned GO terms in the three main GO categories, ‘locomotion,’ ‘extracellular region part,’ and ‘nucleoid’ were the least common (i.e., only two unigenes each).

The unigenes were also functionally annotated according to the KOG classifications (Figure 3C). Among the 25 functional categories in the KOG database, ‘General function prediction only’ (6,147, 17.6%), ‘Signal transduction mechanisms’ (4,478, 12.8%), and ‘Posttranslational modification, protein turnover, chaperones’ (3,958, 11.3%) had the most unigenes. In contrast, ‘Nuclear structure’ (115, 0.3%), ‘Extracellular structures’ (111, 0.3%), and ‘Cell motility’ (19, 0.05%) had the fewest unigenes.

The functional characterization on the basis of the enriched KEGG pathways among the unigenes was useful for clarifying the metabolic pathways associated with the complex biological activities in O. longilobus. A total of 9,346 unigenes were assigned to a KEGG pathway (Table 3). The most enriched KEGG pathways were ‘Metabolic pathways’ and ‘Biosynthesis of secondary metabolites,’ which were assigned to 3,695 (39.54%) and 1,986 (21.25%) unigenes, respectively, indicating that a substantial abundance of secondary metabolites was synthesized during the O. longilobus leaf, bud, and inflorescence developmental stages because the related genes were highly expressed.


Table 3 | Enriched KEGG pathways among the Opisthopappus longilobus unigenes.





Principal component analysis of the transcriptome

We performed a principal component analysis of the O. longilobus transcriptome to elucidate the differences between the samples in each group and the degree of variation between samples within the group as a whole. For the O. longilobus leaf, bud, and inflorescence data, PC1 and PC2 accounted for 83.6% and 7.8% of the total variance, respectively (Figure 3D). There was a large overall metabolic difference between the samples, but a relatively small variation within the group. Moreover, there was a greater separation between the leaves and inflorescences than between the inflorescences at different developmental stages.



Analysis of the DEGs in the leaves, buds, and inflorescences of Opisthopappus longilobus

The analysis of all O. longilobus samples detected 94,400 DEGs, accounting for 99.25% of the total number of reference genes. Additionally, the gene expression levels were very high. The DEGs between the buds and inflorescences at two consecutive stages were identified using the following thresholds: FDR < 0.05 and |log2(fold-change)| > 1. Accordingly, 11,209 DEGs were identified between the buds and the inflorescences at the exposure stage. Compared with the buds, 5,913 and 5,296 DEGs had significantly up-regulated and down-regulated expression levels in the inflorescences at the exposure stage, respectively (Figure 4A; Supplementary File 5). A total of 19,388 DEGs were identified between the inflorescences at the exposure and initial opening stages. Compared with the inflorescences at the exposure stage, 9,828 and 9,560 DEGs were expressed at significantly higher and lower levels in the inflorescences at the initial opening stage, respectively (Figure 4B; Supplementary File 6). In contrast, 5,545 DEGs were identified between the inflorescences at the initial opening and blooming stages. Compared with the inflorescences at the initial opening stage, 4,260 and 1,285 DEGs had significantly up-regulated and down-regulated expression levels in the inflorescences at the blooming stage, respectively (Figure 4C; Supplementary File 7). Therefore, the clear difference in the number of DEGs detected in these two comparisons may reflect the changes in the contents of aromatic substances in developing buds and inflorescences.




Figure 4 | Differentially expressed genes in the leaves, buds, and inflorescences of O. longilobus. (A) Scatter plot of the up-regulated and down-regulated genes detected by the comparison between the buds and inflorescences at the exposure stage. (B) Scatter plot of the up-regulated and down-regulated genes detected by the comparison between the inflorescences at the exposure and initial opening stages. (C) Scatter plot of the up-regulated and down-regulated genes detected by the comparison between the inflorescences at the initial opening and blooming stages. (D) Changes in the expression of the DEGs between the leaves and the buds as well as the inflorescences at the exposure, initial opening, and blooming stages. (E) Scatter plot of the up-regulated and down-regulated genes detected by the comparison between the leaves and the inflorescences at the initial opening stage.



We also screened the DEGs between the O. longilobus leaves and the buds as well as the inflorescences at the exposure, initial opening, and blooming stages. More DEGs were detected in the comparison between the leaves and the inflorescences at the initial opening stage than in the other comparisons (Figure 4D). A total of 41,641 DEGs were identified between the leaves and the inflorescences at the initial opening stage. Compared with the leaves, 28,431 and 13,210 DEGs were expressed at significantly higher and lower levels in the inflorescences at the initial opening stage, respectively (Figure 4E; Supplementary File 8). Therefore, we detected considerable differences in gene expression between the leaves and the buds as well as the inflorescences, especially the inflorescences at the initial opening stage. Next, we analyzed the expression of genes related to terpene synthesis in O. longilobus leaves, buds, and inflorescences.



Analysis of the expression of genes related to terpene biosynthesis

To explore the differences in the contents of aromatic substances between O. longilobus leaves and buds as well as inflorescences, we determined the differences in the expression of O. longilobus terpene biosynthesis pathway genes important for floral aroma formation (Figure 5A). The active expression of these genes resulted in the synthesis and accumulation of 308 diverse terpenoids in the O. longilobus leaves, buds, and inflorescences at the exposure, initial opening, and blooming stages. According to the terpene metabolic pathway (Feng et al., 2014), 56 genes related to terpene synthesis were identified (Figure 5B; Supplementary File 9). These genes, which may be important for molecular biology research and the breeding of O. longilobus, encoded the following proteins: acetoacetyl-CoA thiolase (AACT), 3-hydroxy-3-methylglutaryl-CoA synthase (HMGS), 3-hydroxy-3-methylglutaryl CoA reductase (HMGR), mevalonate kinase (MVK), phosphomevalonate kinase (PMK), mevalonate diphosphate decarboxylase (MVD), 1-deoxy-D-xylulose 5-phosphate synthase (DXS), 1-deoxy-D-xylulose 5-phosphate reductoisomerase (DXR), 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase (MCT), 4-(cytidine 5′-diphospho)-2-C-methyl-D-erythritol kinase (CMK), 2-C-methyl-D-erythritol-2,4-cyclodiphosphate synthase (MDS), (E)-4-hydroxy-3-methylbut-2-enyl diphosphate synthase (HDS), (E)-4-hydroxy-3-methylbut-2-enyl diphosphate reductase (HDR), isopentenyl diphosphate isomerase (IDI), farnesyl diphosphate synthase (FDS), geranyl diphosphate synthase (GDS), geranyl diphosphate synthase (GGDS), terpene synthase (TPS), and isoprene synthase (ISPS).




Figure 5 | Important factors mediating the terpene biosynthesis pathway in O. longilobus and the expression patterns of 18 selected genes determined by the qRT-PCR analysis. (A) Important factors in the O. longilobus terpene biosynthesis pathway. GA-3P, glyceraldehyde-3-phosphate; DOXP, 1-deoxy-D-xylulose 5-phosphate; DXS, DOXP synthase; DXR, DOXP reductoisomerase; MEP, 2-C-methyl-D-erythritol 4-phosphate; MCT, 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase; CDP-ME, 4-(cytidine 5′-diphospho)-2-C-methyl-D-erythritol; OlK, CDP-ME kinase; CDP-ME2P, 4-(cytidine 5′-diphospho)-2-C-methyl-D-erythritol phosphate; MDS, 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase; MEP-cPP, 2-C-methyl-D-erythritol 2,4-cyclodiphosphate; HDS, (E)-4-hydroxy-3-methylbut-2-enyl diphosphate synthase; HMBPP, (E)-4-hydroxy-3-methylbut-2-enyl diphosphate; HDR, (E)-4-hydroxy-3-methylbut-2-enyl diphosphate reductase; DMAPP, dimethylallyl pyrophosphate; ISPS, isoprene synthase; IDI, isopentenyl diphosphate isomerase; IPP, isopentenyl pyrophosphate; GDS, geranyl diphosphate synthase; GPP, geranyl diphosphate; TPS, terpene synthase; FDS, farnesyl diphosphate synthase; FPP, farnesyl diphosphate; GGDS, geranyl geranyl diphosphate synthase; GGPP, geranyl geranyl diphosphate; AACT, acetoacetyl-CoA thiolase; AcAc-CoA, acetoacetyl-CoA; HMG-CoA, 3-hydroxy-3-methylglutaryl-CoA; HMGS, HMG-CoA synthase; HMGR, HMG-CoA reductase; MVA, mevalonate; MVK, mevalonate kinase; MVA-5-phosphate, mevalonate-5-phosphate; PMK, phosphomevalonate kinase; MVA-5-diphosphate, mevalonate-5-diphosphate; MVD, mevalonate diphosphate decarboxylase. The names of enzymes are in boxes. (B) Heat map of the gene expression associated with terpene synthesis in O. longilobus leaves, buds, and inflorescences. The columns and rows in the heat map represent the samples and genes, respectively. The color scale indicates the fold-change in gene expression, with red and blue reflecting high and low expression levels, respectively. (C) Expression levels of 18 genes presented in terms of the reads per kilobase per million reads (RPKM) value. Error bars represent the standard deviation from three replicates. (D) Relative expression levels of 18 genes determined by the qRT-PCR analysis. Error bars represent the standard deviation from three replicates.



We identified 31 terpene synthesis-related DEGs between the O. longilobus leaves and inflorescences at the exposure stage. Compared with the leaves, the expression levels of 20 and 11 genes were up-regulated (e.g., OlDXS1, OlDXS5, and OlFDS2) and down-regulated (e.g., OlDXR1, OlDXS4, and OlHDR1) in the inflorescences at the exposure stage, respectively. We identified 34 terpene synthesis-related DEGs between the leaves and inflorescences at the initial opening stage. Compared with the leaves, the expression levels of 18 and 16 genes were up-regulated (e.g., OlDXS5, OlHMGR1, and OlHMGR2) and down-regulated (e.g., OlCMK1, ODXR1, and OlDXR3) in the inflorescences at the initial opening stage, respectively. We identified 24 terpene synthesis-related DEGs between the leaves and inflorescences at the blooming stage. Compared with the leaves, the expression levels of 13 and 11 genes were up-regulated (e.g., OlPMK2, OlTPS1, and OlTPS3) and down-regulated (e.g., OlISPS, OlMCT4, and OlMDS) in the inflorescences at the blooming stage. The significant differences in gene expression between the O. longilobus leaves and inflorescences are likely the molecular basis of the differences in the terpenoid production and accumulation between these tissues. Compared with the O. longilobus leaves, the expression levels of OlDXS5, OlHMGR1, OlHMGR3, OlHMGS1, OlHMGS2, OlIDI1, OlIDI3, OlMVD, OlMVK1, and OlTPS3 were up-regulated in the inflorescences at different developmental stages, whereas the expression levels of OlMVK3, OlPMK2, OlMDS, OlDXR1, OlDXS4, OlHDR1, OlHDS1, OlHMGR4, OlHMGR5, OlISPS, OlMCT4, OlTPS1, and OlTPS6 were down-regulated. In a previous study, genes with an expression value less than 0.3 were designated as unexpressed genes (Kumar et al., 2016). On the basis of this threshold, OlMVK1, OlPMK2, OlTPS1, and OlTPS3 were expressed in the inflorescences, but not in the leaves. This may have resulted in the accumulation of 11 terpenoids only in the inflorescences (e.g., 2-cyclohexen-1-one, 2-hydroxy-3-methyl-6-(1-methylethyl)-; bicyclo[3.1.1]heptan-3-ol, 6,6-dimethyl-2-methylene-; and squamulosone).

We identified 12 terpenoid synthesis-related DEGs between the inflorescences at the exposure and initial opening stages. Compared with the inflorescences at the exposure stage, the expression levels of five genes (OlHMGR5, OlTPS1, OlTPS3, OlTPS5, and OlTPS6) and seven genes (OlCMK1, OlDXR3, OlGGDS2, OlHDS2, OlISPS, OlTPS4, and OlTPS8) were up-regulated and down-regulated, respectively, in the inflorescences at the initial opening stage. We identified six terpenoid synthesis-related DEGs between the inflorescences at the initial opening and blooming stages. Compared with the inflorescences at the initial opening stage, the expression levels of five genes (OlCMK1, OlDXR3, OlHDS2, OlISPS, and OlTPS4) and one gene (OlTPS5) were up-regulated and down-regulated, respectively, in the inflorescences at the blooming stage. We identified two terpenoid synthesis-related DEGs between the inflorescences at the exposure and blooming stages. Compared with the inflorescences at the exposure stage, the expression levels of two genes (OlHMGR4 and OlGGDS2) were down-regulated in the inflorescences at the blooming stage. The number of DEGs related to terpenoid synthesis gradually decreased as O. longilobus flowers developed (i.e., from the exposure to initial opening stages and then to the blooming stage). Some genes were up-regulated, whereas others were down-regulated. The genes related to terpenoid synthesis were most actively expressed in the inflorescences at the initial opening stage, which may be associated with the gradual increase in the contents of certain terpene metabolites (e.g., petasitene; bicyclo[5.2.0]nonane, 2-methylene-4,8,8-trimethyl-4-vinyl-; and [1aR-(1a.alpha.,4.alpha.,4a.beta.,7b.alpha.)]-1a,2,3,4,4a,5,6,7b-octahydro-1,1,4,7-tetramethyl-1H-cycloprop[e]azulene). In contrast, the contents of other terpene metabolites gradually decreased (e.g., 7-octen-2-ol, 2,6-dimethyl-).



Gene expression analysis by qRT-PCR

To verify the RNA-seq data for the expression of specific genes in O. longilobus leaves and inflorescences, we random selected 18 genes for a qRT-PCR analysis. These genes are important for terpene biosynthesis in O. longilobus. The generated qRT-PCR data for all 18 genes were in accordance with the RNA-seq data (Figures 5C, D). These results indicated the transcriptome sequencing data were highly reliable and useful for further research on the O. longilobus genes involved in terpene biosynthesis.



Integrated analysis of the transcriptome and metabolome data

To more thoroughly characterize the association between terpenoid production and the expression of the related genes in O. longilobus, we performed a correlation analysis using the transcriptome and metabolome data. A correlation network comprising 24 terpene synthesis-related genes and the top 14 terpene metabolites in terms of the relative contents in the leaves and inflorescences at different developmental stages was plotted (Figure 6A). A total of 97 pairs (i.e., correlations) were identified. There were many DEGs involved in the terpene synthesis pathway. Furthermore, there were many positive correlations between the DEGs and differentially accumulated terpene metabolites. More specifically, there were 51 and 46 positive and negative correlations, respectively. The correlation analysis indicated that the terpene metabolites with the most positive correlations with the DEGs were.beta.-phellandrene (KMW0247) (11 pairs), (+)-alpha-pinene (WMW0023) (11 pairs), and eucalyptol (KMW0218) (10 pairs). The terpene metabolites with the most negative correlations with the DEGs were bicyclo[2.2.1]heptane-2,5-dione, 1,7,7-trimethyl- (NMW0108) (eight pairs), 2,6-octadien-1-ol, 3,7-dimethyl- (NMW0104) (eight pairs), epizonarene (XMW0151) (five pairs), and 7-oxabicyclo[4.1.0]heptan-2-one, 3-methyl-6-(1-methylethyl)- (XMW0733) (five pairs).




Figure 6 | Combined analysis of the transcriptome and metabolome and weighted gene co-expression network analysis. (A) Correlation network according to gene expression and metabolite abundance. In the network, genes and metabolites are represented by red circles and green rectangles, respectively. Positive and negative correlations are indicated by solid and dashed lines, respectively. (B) Module-level clustering diagram. Dynamic Tree Cut divides the module according to the clustering result. Merged Dynamic divides the module according to the similarity in expression patterns. The subsequent analysis was performed using the merged module. In the tree graph, the longitudinal distance represents the distance between two nodes (i.e., genes), whereas the transverse distance is meaningless. (C) Heat map of the sample expression patterns. The x-axis presents the samples, whereas the y-axis presents the modules. The module eigenvalue was used to draw the graph. Red and green represent high and low expression levels, respectively. The figure reflects the expression pattern of each module in each sample.





Weighted gene co-expression network analysis

A weighted gene co-expression network analysis is useful for examining the expression patterns of genes in multiple samples. It can elucidate the association between modules and specific traits or phenotypes by clustering genes with similar expression patterns (Zhang and Horvath, 2005), making it relevant for analyzing the expression patterns of genes related to terpene synthesis in O. longilobus leaves and inflorescences. A total of 23,465 genes were divided into 20 modules (Figure 6B). The turquoise module had the most genes (6,887 unigenes), followed by the blue (3,644 unigenes) and brown (2,399 unigenes) modules. The dark orange module had the fewest genes (66 unigenes). Furthermore, 33 of the 56 genes related to terpene synthesis were divided into eight modules, of which the turquoise module included 15 genes, whereas the yellow and cyan modules had four genes each. The red and blue modules included three genes each, the black module had one gene, as did the light cyan and brown modules.

The module eigenvalue reflects the comprehensive expression of all genes in the module in each sample. Thus, it was used to draw the heat map for the sample expression patterns. The genes in the turquoise module were highly expressed in the O. longilobus leaves but were expressed at relatively low levels in the inflorescences at different developmental stages (Figure 6C). The turquoise module had the most terpenoid synthesis-related genes. These results may help to explain why the highest relative content for all terpenoid metabolites was detected in the leaves (48.57%). The genes in the yellow, blue, and light cyan modules were highly expressed in the buds but were expressed at low levels in the leaves and the inflorescences at the exposure, initial opening, and blooming stages. The genes in the red module were highly expressed in the inflorescences at the exposure, initial opening, and blooming stages, but they were expressed at low levels in the leaves and buds. The genes in the cyan module were highly expressed in the inflorescences at the exposure and blooming stages, which was in contrast to their low expression levels in the leaves, buds, and inflorescences at the initial opening stage. The genes in the black module were highly expressed in the buds and inflorescences at the exposure and initial opening stages, whereas they were expressed at low levels in the leaves and inflorescences at the blooming stage. The genes in the brown module were highly expressed in the buds and inflorescences at the initial opening stage, whereas their expression levels were low in the leaves and inflorescences at the exposure and blooming stages.

Because of the significant changes in gene expression patterns and the identification of genes related to terpenoid synthesis, the turquoise, red, blue, light cyan, and cyan modules were selected for a KEGG analysis (Figures 7A–E). The most enriched KEGG pathways among the genes in the turquoise and red modules were ‘Metabolic pathways’ (690 and 123 genes in the turquoise and red modules, respectively) and ‘Biosynthesis of secondary metabolites’ (394 and 72 in the turquoise and red modules, respectively). ‘Biosynthesis of secondary metabolites’ was the most enriched KEGG pathway in the blue (86 genes), cyan (30 genes), and light cyan (six genes) modules. These findings indicated that the genes related to secondary metabolic pathways (e.g., terpenoid synthesis) were actively and differentially expressed in each group of O. longilobus samples. These results were consistent with the results of the DEG analysis, indicating that the leaves and inflorescences at different developmental stages accumulated various aromatic metabolites.




Figure 7 | KEGG analysis of different modules. (A–E) Twenty most enriched KEGG pathways in the turquoise, red, blue, light cyan, and cyan modules, respectively. The y-axis presents the KEGG pathways, whereas the x-axis presents the proportion of the genes assigned to a particular pathway. Increases in the color intensity reflect decreases in the P/Q value. The values next to each bar represent the gene number and the P/Q value.





Analysis of the composition of the essential oil extracted from the leaves

Essential oil was extracted from O. longilobus leaves via steam distillation (extraction rate of 2.07‰). The essential oil was black, and the subsequent analysis of its composition detected 380 metabolites (Supplementary File 10). We classified and analyzed the relative contents of these metabolites. Terpenoids were the most common metabolites (87), followed by esters (76), heterocyclic compounds (58), alcohols (24), ketones (24), aromatics (23), hydrocarbons (17), amines (17), aldehydes (16), halogenated hydrocarbons (13), and nitrogen compounds (10). The less common metabolites were phenols (6), acids (5), sulfur compounds (3), and compounds from other classes (1). The compounds with the three highest relative contents were terpenoids, including [1S-(1.alpha.,4.beta.,5.alpha.)]-4-methyl-1-(1-methylethyl)-bicyclo[3.1.0]hexan-3-one (23.69%), (+)-2-bornanone (11.11%), and cyclohexene, 4-ethenyl-4-methyl-3-(1-methylethenyl)-1-(1-methylethyl)-, (3R-trans)- (5.98%). The most abundant aromatic substances were terpenoids, accounting for up to 73.79% of the aromatic substances, which was consistent with the above-mentioned results of the analyses of the leaves and inflorescences, indicating that these abundant terpenoids contribute to the special O. longilobus aroma. Therefore, O. longilobus leaves may be a good source of essential oil, which can be collected in three seasons (i.e., spring, summer, and autumn), possibly leading to relatively high yields. These results lay the foundation for future attempts to further develop O. longilobus resources and increase the economic value of this plant species.




Discussion


Many significant differentially expressed genes encoding enzymes may be useful candidate genes mediating terpenoid synthesis in Opisthopappus longilobus

The regulation of terpenoid synthesis by various pathways in flowers has been relatively well characterized. Although there have been considerable advances in the research on the biochemical pathways and molecular regulatory mechanisms associated with floral volatiles, molecular studies on O. longilobus floral volatiles are limited and there is relatively little available transcriptome and metabolome information. Therefore, we thoroughly explored the components and gene regulatory pathways of aromatic substances in O. longilobus leaves and inflorescences on the basis of earlier studies on other crops.

In a recent study, He et al. analyzed the differences in the expression of genes related to aroma synthesis in Chinese narcissus; they identified 46 significant DEGs encoding enzymes related to the biosynthesis of floral volatiles (He et al., 2020). These findings are important for further clarifying the mechanism underlying volatile biosynthesis in daffodils. The MVA and MEP pathways are two different metabolic pathways for terpene biosynthesis (Nagegowda, 2010; Zhong et al., 2022). Both pathways are active in O. longilobus leaves, buds, and inflorescences at different developmental stages. By examining the expression of genes involved in these two pathways influencing terpenoid accumulation, we detected 56 significant DEGs encoding enzymes related to terpenoid synthesis in O. longilobus (e.g., OlHMGR1, OlDXS5, OlPMK2, OlMVK1, and OlTPS1). These may be useful candidate genes for future molecular biological research and the breeding of O. longilobus. The active expression of these genes may have increased the diversity of the terpenoids (308) in the leaves, buds, and inflorescences at the exposure, initial opening, and blooming stages.

In a recent study, HS-SPME was combined with GC-MS to identify volatile compounds in the leaves of O. longilobus and four other chrysanthemum species, which revealed that most of the detected compounds were terpenes. Moreover, many compounds were released only by the O. longilobus flowers (Guo et al., 2020). For example, 1,8-cineole was detected at relatively high levels in O. longilobus, whereas it was undetectable or detected at low levels in the other species, suggesting it may be responsible for the formation of the distinct O. longilobus aroma (Guo et al., 2020). Through a correlation analysis, Guo et al. determined that the volatilization of terpenoids was highly correlated with the density of capitate trichomes; these structures had the highest terpenoid content and density in O. longilobus (Guo et al., 2020). Zhang et al. studied terpenoid diversity and biosynthesis in the flowers of 44 chrysanthemum species/varieties; their principal component analysis indicated that six monoterpenoids and five sesquiterpenoids were the main terpenoids that accumulated internally before being released (Zhang et al., 2021). In our study, as the O. longilobus flowers opened, the number of DEGs related to the differential terpene synthesis between the leaves and inflorescences first increased and then decreased, with more up-regulated genes than down-regulated genes (e.g., OlHMGR1, OlDXS5, OlTPS4, and OlTPS6). In contrast, the number of differentially accumulated terpene metabolites decreased gradually. This may be related to the accumulation of various terpenoids in the leaves (Guo et al., 2020). Moreover, OlPMK2, OlMVK1, OlTPS1, and OlTPS3 expression was detected in the inflorescences at the exposure, initial opening, and blooming stages, but not in the leaves. The exclusive expression of these genes in the inflorescences may lead to the accumulation of 11 different terpenoids specifically in the inflorescences (e.g., squamulosone; p-mentha-1,5,8-triene; and 6,7-dimethyl-1,2,3,5,8,8a-hexahydronaphthalene).

We determined that O. longilobus leaves and inflorescences differ significantly regarding gene expression, which may be the molecular basis for the differences in the types of terpenoids in these plant parts. There were more DEGs revealed in the comparison between inflorescences at the exposure and initial opening stages than in the other comparisons of inflorescence stages. The differences in gene expression in O. longilobus were generally consistent with the differences in metabolites. There were many DEGs and DAMs between the leaves and the buds as well as the inflorescences at the exposure, initial opening, and blooming stages. The comparison between the leaves and inflorescences at the initial opening stage had the most DEGs and up-regulated DAMs, indicative of the considerable difference between metabolite synthesis and the expression of the related genes in the leaves and inflorescences. This may be related to the diversity in the types and contents of aromatic substances in these plant tissues. In the developing inflorescences, there were fewer DEGs and DAMs between the inflorescences at the initial opening and blooming stages than between the inflorescences at the exposure and initial opening stages. Hence, during the development of O. longilobus leaves, buds, and inflorescences, secondary metabolites, including aromatic substances, are actively being synthesized, thereby promoting aroma formation.

In an earlier study on the expression patterns of genes related to terpene biosynthesis in Cinnamomum species, three monoterpene synthase genes (TPS14-like1, TPS14-like2, and TPS14-like3) were more highly expressed in the cinnamomum-type plants than in the linalool-type plants; this finding was confirmed by a real-time PCR analysis (Chen et al., 2018). After studying six additional full-length candidate TPS genes in Cinnamomum species, Ma et al. showed that CbTPS1, CbTPS2, and CbTPS3 encode enzymes that catalyze monoterpene formation, whereas the enzymes encoded by CbTPS4, CbTPS5, and CbTPS6 catalyze monoterpene and sesquiterpene production. However, CbTPS7 encodes a linalool/nerolol synthase (Ma et al., 2022). These CbTPS genes are responsible for the synthesis of 10 monoterpenes and 14 sesquiterpenes in Cinnamomum species, including monoterpenes and sesquiterpenes produced in leaves (Ma et al., 2022). This previous study provided researchers with important reference material for the synthesis of terpenoids in the Cinnamomum leaf essential oil. Another recent study identified the Aquilaria TPS gene family using bioinformatics methods and demonstrated that AsTPS gene expression might be regulated by stress and jasmonic acid. The transient expression of AsERF1 in Nicotiana benthamiana significantly enhances the activation of the AsTPS1 promoter (Li et al., 2021b). These results suggest that AsERF1 may influence sesquiterpene biosynthesis by regulating AsTPS1 expression. By examining tissue-specific expression, Wang et al. revealed that Cymbidium faberi TPS expression levels are highest in the flowers, followed by the leaves and pseudobulbs. Additionally, CfTPS12, CfTPS18, CfTPS23, and CfTPS28 are mainly expressed during the full flowering stage (Wang et al., 2021b). These findings are relevant for future investigations on the TPS genes in orchids.

The number of DEGs related to differential terpene synthesis decreased gradually as the O. longilobus inflorescences developed (from the exposure to the initial opening stages and then to the blooming stage). The expression levels of some genes were up-regulated, whereas the expression levels of other genes were down-regulated (e.g., OlCMK1, OlTPS1, and OlTPS3). This may help to explain the gradual increase in the contents of some terpenoids (e.g., petasitene) as well as the gradual decrease in the contents of other terpenoids (e.g., 7-octen-2-ol, 2,6-dimethyl-). There were no terpenoid-related genes specifically expressed in the inflorescences at the initial opening stage, which was consistent with the absence of specific terpenoids in the inflorescences at the initial opening stage. The expression levels of OlHDS2, OlTPS8, OlCMK1, and OlMVK3, which were specifically expressed in the inflorescences at the exposure and blooming stages, initially decreased and then increased. Both OlPMK1 and OlAACT2 were specifically expressed in the inflorescences at the blooming stage. The expression of OlHDS2, OlTPS8, OlCMK1, OlMVK3, OlPMK1, and OlAACT2 may specifically induce the accumulation of four terpenoids in the inflorescences at the exposure and blooming stages, namely bicyclo[7.2.0]undec-4-ene, 4,11,11-trimethyl-8-methylene-, [1R-(1R*,4Z,9S*)]-; cyclohexanol, 1-methyl-4-(1-methylethyl)-, cis-; cyclopropanecarboxylic acid, 2,2-dimethyl-3-(2-methyl-1-propenyl)-, (1R-trans)-; and bornyl acetate.

Liu et al. analyzed the volatile organic compounds in Albizia julibrissin and determined that AjTPS2, AjTPS5, AjTPS7, AjTPS9, and AjTPS10 are among 11 terpenoid synthetase genes involved in the synthesis of volatile oil terpenoids (Liu et al., 2021a). Terpenoid synthetase catalyzes the conversion of the corresponding precursor compounds into various terpenoids. Isoprene, which is the basic component of terpenoids, is an important raw material for the synthesis of rubber, pesticides, medicines, spices, and adhesives (Zhong et al., 2022). In the current study, we analyzed the gene regulatory network of terpenoids in O. longilobus. We also examined the candidate genes related to terpenoid synthesis. The data presented herein may provide the theoretical basis for future gene cloning and molecular biology-related research on terpenoid synthesis.



Leaves and inflorescences at different developmental stages are important sources of essential oils

We analyzed the metabolome of O. longilobus leaves and inflorescences at the exposure, initial opening, and blooming stages. A total of 1,371 highly diverse metabolites were identified. As the inflorescences opened, the amounts and types of metabolites gradually changed. The subsequent classification revealed that terpenoids were the most common metabolites (308 in total), followed by esters, heterocyclic compounds, and other compounds. Among the detected metabolites, terpenoids were the most abundant aromatic substances; these compounds are important for the formation of floral aromas. We speculated that these abundant terpenoids are responsible for the overall strong fragrance of O. longilobus plants, which is consistent with the findings of a previous study (Guo et al., 2020).

We detected 293, 302, 293, and 301 terpenoids in the O. longilobus leaves and the inflorescences at the exposure, initial opening, and blooming stages, respectively. The comparison of the leaves and inflorescences indicated 11 terpenoids were exclusive to the inflorescences, whereas six terpenoids were specific to the leaves. Thus, although O. longilobus leaves contain various terpenoids, the relative abundance of terpenoids appears to be greater in inflorescences. There were four kinds of terpenoids that were specific to the inflorescences at the exposure and blooming stages. However, there were no terpenoids detected only in the inflorescences at the initial opening stage. Accordingly, there were no major changes to the types of terpenoids in the O. longilobus inflorescences from the exposure stage to the blooming stage. Certain terpenoids associated with flowers are produced only in specific parts of O. longilobus plants and during specific inflorescence developmental stages. Notably, inflorescences can be harvested from the exposure stage to the blooming stage.

On the basis of the relative metabolite contents, terpenoids were more abundant than the other compounds in the leaves and inflorescences of O. longilobus. More specifically, the relative contents of the terpenoids in the leaves and the inflorescences at the exposure, initial opening, and blooming stages were 48.57%, 42.27%, 41.41%, and 46.75%, respectively (i.e., higher in the leaves than in the inflorescences).

Compositional analysis of the essential oil extracted from O. longilobus leaves (2.07‰ extraction rate for the steam distillation method) identified the three most abundant compounds as terpenoids. According to our previous study, the extraction rate of essential oil from O. longilobus inflorescences was 0.43‰ (Liu et al., 2022), which was lower than that from leaves. These results indicate that leaves are important plant tissues for extracting essential oils. Therefore, when developing new varieties, we should consider varieties with fragrant flowers and also choose varieties with fragrant leaves; the essential oil content of leaves was much higher than that of flowers, and leaf essential oil can be extracted over three seasons each year (i.e., spring, summer, and autumn), thus improving the economic value of O. longilobus.

Furthermore, we found that the relative content of linalyl acetate peaked in the leaves and inflorescences at the exposure and blooming stages. Earlier research demonstrated that linalyl acetate has a variety of biological effects (e.g., antibacterial and anti-inflammatory effects) (Peana et al., 2002; Kumar et al., 2021). In a previous study, a comparison of the anti-inflammatory properties of linalool and linalyl acetate indicated that at equimolar doses, the effect of linalyl acetate on local edema was less than that of linalool, which significantly decreased the edema in experimental rats at 1 h after the systemic administration (Peana et al., 2002). These results suggest essential oils containing linalool and linalyl acetate may have substantial anti-inflammatory activities. Kumar et al. revealed the significant antifungal and anti-aflatoxin effects of sage essential oil, which may be combined with linalyl acetate (1:1) from herbs to produce a new grass-based anti-inflammatory agent with antifungal, anti-aflatoxin, and antioxidant properties (Kumar et al., 2021). The Hanyuan zanthoxylum essential oil, which contains linalyl acetate (14.71%), reportedly has clear inhibitory effects on specific bacteria, especially Staphylococcus aureus; however, its effects on Escherichia coli are relatively weak (Zhu et al., 2011). Additionally, Guimaraes et al. evaluated the antibacterial activities of 33 terpenoids commonly found in essential oils. Eugenol and carvacrol have good antibacterial effects on S. aureus, which is commonly found in food, whereas carveol, citronellol, and geraniol have rapid bactericidal effects on E. coli, making them useful for ensuring food safety (Guimaraes et al., 2019). Accordingly, terpenoids have strong inhibitory effects on both bacteria and plant pathogenic fungi. The essential oils extracted from O. longilobus leaves and inflorescences may be used as a natural food preservative.

Conclusion

In this study, we analyzed the transcriptomes and metabolomes of the O. longilobus leaves, buds, and inflorescences at the exposure, initial opening, and blooming stages. Using a GC-MS platform and a self-built database, a total of 308 terpene metabolites were detected in O. longilobus leaves, buds, and inflorescences. The analysis of the terpene metabolic pathway of O. longilobus identified 56 candidate genes related to terpene synthesis. The expression of OlPMK2, OlMVK1, OlTPS1, and OlTPS3 may lead to the accumulation of 11 different terpenoids specifically in the inflorescences at the exposure, initial opening, and blooming stages. The changes in the terpenoid aromatic substances in O. longilobus were revealed. We demonstrated that inflorescences can be harvested at the exposure, initial opening, and blooming stages. Moreover, O. longilobus leaves could be used as a source of essential oil, thereby increasing the economic value of this plant species. To the best of our knowledge, this study is the first to explore the gene regulatory network related to terpenoids in O. longilobus and to identify candidate genes with key regulatory roles. Nevertheless, the data presented herein may be useful for the breeding of new O. longilobus varieties and the continued development of the available O. longilobus resources, which may ultimately lead to economic benefits.
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Rhododendron × pulchrum, an important horticultural species, is widely distributed in Europe, Asia, and North America. To analyze the phylogenetic and organelle genome information of R. × pulchrum and its related species, the organelle genome of R. × pulchrum was sequenced and assembled. The complete mitochondrial genome showed lineage DNA molecules, which were 816,410 bp long and contained 64 genes, namely 24 transfer RNA (tRNA) genes, 3 ribosomal RNA (rRNA) genes, and 37 protein-coding genes. The chloroplast genome of R. × pulchrum was reassembled and re-annotated; the results were different from those of previous studies. There were 42 and 46 simple sequence repeats (SSR) identified from the mitochondrial and chloroplast genomes of R. × pulchrum, respectively. Five genes (nad1, nad2, nad4, nad7, and rps3) were potentially useful molecular markers. The R. × pulchrum mitochondrial genome collinear alignment among five species of the Ericaceae showed that the mitochondrial genomes of these related species have a high degree of homology with R. × pulchrum in this gene region, and the most conservative genes were trnC-GCA, trnD-GUC, trnM-CAU, trnN-GUU, trnY-GUA, atp4, nad4, nad2, nad5, ccmC, and rrn26. The phylogenetic trees of mitochondrial genome showed that R. simsii was a sister to R. × pulchrum. The results verified that there was gene rearrangement between R. × pulchrum and R. simsii mitochondrial genomes. The codon usage bias of 10 Ericaceae mitochondrial genes and 7 Rhododendron chloroplast genes were influenced by mutation, while other genes codon usages had undergone selection. The study identified 13 homologous fragments containing gene sequences between the chloroplast and mitochondrial genomes of R. × pulchrum. Overall, our results illustrate the organelle genome information could explain the phylogenetics of plants and could be used to develop molecular markers and genetic evolution. Our study will facilitate the study of population genetics and evolution in Rhododendron and other genera in Ericaceae.

KEYWORDS
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Introduction

Plants contain two organelles: the plastid and mitochondrion. These organelles retain their own genomes, which originated independently from nuclear genomes (Gray, 2012). The plastid genomes of higher plants are conserved in size, gene content, gene structure, and gene order (Sugiura, 1995; Wicke et al., 2011). Most plastomes are a circular molecule of double-stranded DNA containing four typical regions, ranging from 72 to 217 kb in size and containing ∼130 genes (Jansen et al., 2011). Plastid genomes with conserved structures and high substitution rates are used to study phylogeny, biology, and photosynthetic gene degradation in plants (Wu and Ge, 2012; Thomas et al., 2017; Shen et al., 2020).

Compared with plastid genomes, plant mitochondrial genomes have a broad distribution in size, from 66 to 11,000 kb, multipartite genome variations, arrangements among species, gene sequence transfer or loss, and other unique features (Knoop, 2004; Parkinson et al., 2005; Sloan et al., 2012; Wu et al., 2022). The mitochondrial genome size, chromosome number, and copy number variations have been explored in plants (Alverson et al., 2011). For example, the Arabidopsis thaliana mitochondrial genome has a typical circular structure (Sloan et al., 2018), while in Silene conica and Chenopodium album, the mitochondrial genomes possess linear or multichromosomal architectures (Backert and Borner, 2000; Sloan et al., 2012; Sanchez-Puerta et al., 2017). The mitochondrial genome could be used to develop molecular markers and analyze mitochondrial genome expansion mechanisms (Zubaer et al., 2018). Comparing mitochondrial genomes with related species could provide a new way to explain evolutionary mechanisms and mitochondrial genome rearrangements and to identify species taxa (Li et al., 2018; Zubaer et al., 2018).

The whole organelle genomes of plants have been sequenced on an Illumina Hiseq Platform (Shen et al., 2020; Xu et al., 2021). However, Illumina read lengths often do not span longer repeats; these regions are incompletely assembled and thus influence the accuracy of the length and content of the genome. With the development of this technique, third-generation sequencing (TGS) methods, such as Oxford Nanopore and PacBio sequencing with long-read length, could improve the coverage and assembly accuracy of previously unassembled genomic regions and is a useful tool to understand plant organelle genome information (Shearman et al., 2016). Thousands of plant plastid genomes and hundreds of complete land plant mitochondrial genomes are currently available, with most of these coming from crop species (Wu et al., 2022). Ericales comprises about 25 families (Anderberg et al., 2002), and only 10 plant species from 5 families have mitochondrial genome data published in the NCBI GenBank database. Few mitochondrial genomes of Rhododendron have been published, only report simple gene annotation information (Xu et al., 2021). Genes from mitochondrial genomes could provide a new explanation for the phylogenetic relationships among species in Ericales. Phylogenetic interrelationships in Ericales need to be further investigated using molecular data accumulated from multiple genes (Anderberg et al., 2002). The complete plastome sequences of 11 species of the genus Rhododendron belonging to Ericaceae are currently available in the NCBI GenBank database; these include five species (Rhododendron delavayi var. Delavayi, R. griersonianum, R. henanense subsp. lingbaoense, R. platypodum, and R. delavayi.) belonging to the Subgen. Hymenanthes, one species (R. molle) belonging to Subgen. Pentanthera, and five species (R. kawakamii, R. datiandingense, R. micranthum, R. concinnum, and R. simsii) belonging to Subgen. Tsutsusi. Most of these Rhododendron chloroplast genomes were assembled by second-generation sequencing, analyzing the genome structural and phylogeny (Thomas et al., 2017; Li et al., 2018; Zubaer et al., 2018). The results of these studies were quite different. Such as whether exit IRs region, and the results are surprisingly differences among Rhodordendron species. Compared with plastome sequences, Rhodordendron species mitochondrial genome-related studies on genome variations, arrangements, chloroplast-to-mitochondrial gene transfer have been poorly understood, depending on limited genomic data. With the development of new techniques, increasing organelle genome data have been published and analyzed, and chloroplast-to-mitochondrial gene transfer has been considered a characteristic feature of long-term evolution (Gui et al., 2016; Nguyen et al., 2020). Previous studies mainly focused on the gene transfer of nuclear DNA from the organelle in angiosperms (Smith, 2011; Park et al., 2014). Thus, the mitochondrial and plastid genome information of Rhodordendron species need to be further studies.

Rhododendron × pulchrum Sweet (Hirado azalea, R. × pulchrum), an important horticultural species, is widely distributed in the temperate regions of Europe, Asia, and North America (Galle, 1985). R. × pulchrum is considered as horticultural cultivar of “Omurasaki” and Hirado azalea cultivars. Recent study revealed the genetic relationship of R. × pulchrum and its related cultivars with putative ancestral species (including R. ripense Makino, R. macrosepalum, R. scabrum, R. × pulchrum “Ômurasaki,” and R. × mucronatum “Shiro-ryûkyû) using F3”5’H gene sequences and AFLP technique (Scariot et al., 2007; Meanchaipiboon et al., 2021). In addition, the chloroplast (cpDNA) origin of “Omurasaki” and Hirado azalea cultivar groups were reported in Kobayashi et al. (2021). “Omurasaki” and the most of Hirado azalea cultivar owned cpDNA of R. ripense, Japanese wild azalea (Shirasawa et al., 2021). So far, there has been no report on the mitochondrial genome of R. × pulchrum. Further studies on the mitochondrial and plastid genome information of Rhodordendron species are needed, which will facilitate the study of population genetics and evolution in Rhododendron and help to understand the evolutionary mechanisms and identifying species taxa in Ericaceae. The previously published plastid genome of R. × pulchrum was sequenced with the Illumina Hiseq Platform (Shen et al., 2019, 2020). Herein, we used TGS methods combined with second-generation sequencing technology to detect the complete mitochondrial and plastid genomes of R. × pulchrum. We assembled and annotated the complete mitochondrial and plastid genomes of R. × pulchrum and analyzed the genome content, organization, and phylogenetic analysis. We performed a comparative mitogenomic analysis of the Rhododendron species to identify regions of variation, conservation, and rearrangement across the genomes. We also analyzed gene transfer between the mitochondrial and plastid genomes of R. × pulchrum. The mitochondrial and plastid genome information could explain the phylogenetic and evolutionary relationships of plants and could be used to develop molecular markers and genetic engineering.



Materials and methods


DNA extraction and sequencing

The young green leaves of cutting clones of Rhododendron × pulchrum Sweet cultivars with purple large flowered type (Supplementary Figure 1) were collected from the nursery of Zhejiang A&F University (stored in the Institute of Botany, Chinese Academy of Sciences Mem, and the specimen accession number is PE00820836) and stored immediately at −80°C. Total genomic DNA was extracted from the young leaves using the modified Cetyltrimethylammonium Bromide (CTAB) method (Doyle, 1987). High-quality DNA was used for subsequent library preparation and sequencing using PromethION and BGISEQ-500 platforms (Bio & Data Biotechnologies Co., Ltd., Guangzhou, China). To obtain long non-fragmented sequence reads, ∼15 μg of genomic DNA was sheared and size-selected (30–80 kb) with a BluePippin (Sage Science, Beverly, MA, USA). The selected fragments were processed using the Ligation Sequencing 1D Kit (Oxford Nanopore, Oxford, UK) according to the manufacturer’s instructions and sequenced using the PromethION DNA sequencer (Oxford Nanopore, Oxford, UK) for 48 – 72 h.

Following DNA extraction, we fragmented 1 μg of purified DNA and used it to set up 300 bp short-insert libraries. These qualified libraries were sequenced with PE150 bp on a BGISEQ-500 sequencer according to the manufacturer’s instructions. Sequencing was performed using SPAdes v-3.13.0 software (Bankevich et al., 2012), and TGS data were assembled individually using Canu v-1.5 software (Koren et al., 2017). The assembled contigs were aligned with all the manufacturer’s instructions detailed in the literature (Huang et al., 2017).



Preprocessing of sequenced reads

For the long reads, adapter trimming was performed using Porechop v0.2.41 and removing reads with quality score < 7 was performed using Guppy. For the short reads, raw reads were preprocessed by Fastp v.0.20.1 with default parameters (Chen et al., 2018) in order to trim adaptors and remove the low-quality reads (Phred quality scores < 20).



Assembly of the mitochondrial genome

Mixed de novo assembly for third- and second-generation sequencing was performed using SPAdes v-3.13.0 software (parameters −k 21,33,55,77,89 –careful, orther default) (Bankevich et al., 2012), and third-generation (long) sequencing data were assembled individually using Canu v-1.5 software with settings of (1) genome size of 0.8 Mb and (2) corrected Error Rate = 0.03 (Koren et al., 2017). The assembled contigs were aligned with all mitochondrial sequences of the Ericales species from the NCBI, and candidate mitochondrial contigs were extracted. The candidate mitochondrial contigs were then polished using Pilon software (Walker et al., 2014), and the second-generation (short) sequencing read extensions were performed on the contigs using Geneious prime software (Kearse et al., 2012). The repeats at the ends of the selected mitochondrial contigs were identified using Geneious Prime software. Contigs were linked based on the terminal repeats, and the assembled long contigs were subjected to short read comparison and end extension until no reads could be further extended (Kearse et al., 2012). The assembly was identified by comparing the mitochondrial genome of 4 species from Ericales, namely R. simsii (NC053763), Vaccinium macrocarpon (NC023338), Monotropa hypopitys (MK990822), and Arctostaphylos glauca (MZ779111), as a reference.



Assembly of the chloroplast genome

The TGS reads were aligned to all chloroplast genome data of the Ericales species from NCBI using Minimap2 software (Li, 2018), and reads with alignment lengths greater than 5,000 bp were extracted for subsequent assembly. The second-generation sequencing reads were download from Genbank and aligned with the company’s (Bio and Data Biotechnology Co., Ltd., Guangzhou, China) self-built chloroplast genome database using Bowtie2 software (Langmead and Salzberg, 2012), and the aligned reads were used for subsequent assembly. The chloroplast candidate third- and second-generation reads extracted above were used for chloroplast genome assembly using Unicycler version: v0.4.8 software with default parameters (Wick et al., 2017). The chloroplast genome of R. × pulchrum was reassembled and re-annotated in our study; all new reads were deposited to the NCBI Sequence Read Archive (SRA) under accession number MN182619.2.

Complete chloroplast genome collinear alignment compared between MN182619.1 and MN182619.2 of Rhododendron × pulchrum had been compared using LASTZ software (version 1.02.00) (Harris, 2007; Kearse et al., 2012). The breakage and inversion sites were randomly selected to design primers for Polymerase Chain Reaction (PCR) experiments to verified the accuracy of the chloroplast genome.



Annotation of the mitochondrial and chloroplast genomes

Mitochondrial and chloroplast genome annotation was performed using GeSeq software (Tillich et al., 2017), and annotation results were manually corrected using Geneious prime (Kearse et al., 2012). The genome map was drawn using the Organellar Genome DRAW tool (OGDRAW) v.1.3.1 for further comparison of gene order and content (Greiner et al., 2019). The relative synonymous codon usage (RSCU) was calculated following Sharp and Li (1986).



Identification of repeats

Simple sequence repeats (SSR) using MISA (MIcroSAtellite identification tool) software for SSR analysis (Thiel et al., 2003), and parameters were set as follows (unit_size, min_repeats): 1–10 2–6 3–5 4–5 5–5 6–5, interruptions (max_difference_between_2_SSRs): 100. Using a tandem repeat finder to analyze tandem repeat sequences, the parameters were set as 2, 7, 7, 80, 10, 50, 500, −f, −d, and −m (Benson, 1999).



Phylogenetic analysis

Phylogenies were constructed by maximum likelihood (ML) using Fasttree software (Price et al., 2010). The sequences were initially aligned using MAFFTv7.313 (Katoh and Standley, 2013), and the ML tree was constructed using Fasttree 2 software under the GTR + Gamma model (Price et al., 2010).

The mitochondrial phylogenetic tree selected 8 coding gene fragments (atp1, atp4, atp9, ccmC, matR, nad3, nad6, and rps12) shared by the mitochondrial genomes of 13 related species: R. × pulchrum (OM283814), R. simsii (NC053763), Vaccinium macrocarpon (NC023338), Arctostaphylos glauca (MZ779111), Monotropa hypopitys (MK990822), Aegiceras corniculatum (NC056358), Argania spinosa (MZ151883), Camellia sinensis var. Assamica (MK574877), Camellia sinensis (NC043914), Actinidia eriantha (MZ959063), A. chinensis (MZ959061), and A. arguta (MH559343). Vitis vinifera (NC012119) was used as an outgroup sample for sequence alignment. The mitochondrial evolutionary tree of Ericales was constructed in this study. The length of the homologous part for the 8 genes in 13 related species had been shown in Supplementary Table 1.

The chloroplast evolutionary tree selected 57 coding gene fragments (atpA, atpB, atpE, atpH, atpI, cemA, matK, ndhA, ndhB, ndhC, ndhD, ndhE, ndhF, ndhH, ndhI, ndhJ, petA, petB, petD, petG, petL, petN, psaA, psaB, psaC, psaI, psbA, psbB, psbC, psbD, psbE, psbF, psbJ, psbK, psbL, psbM, rbcL, rpl2, rpl14, rpl22, rpl23, rpl32, rpl33, rpl36, rpoA, rpoC1, rpoC2, rps2, rps3, rps4, rps7, rps8, rps11, rps12, rps14, rps15, and rps18) shared by the genomes of closely related species for sequence alignment, and the involved 15 species, namely Rhododendron delavayi var. delavayi (NC047438), R. griersonianum (NC050162), R. henanense subsp. lingbaoense (MT239363), R. platypodum (MT985162), R. delavayi (MN711645), R. molle (MZ073672), R. kawakamii (NC058233), R. datiandingense (NC057644), R. micranthum (MT239365), R. concinnum (MT239366), R. ripense (DRR298903-DRR298907), R. ovatum (SRR12917131-SRR12917132), R. latoucheae (SRR13425299), R. × pulchrum (MN182619.2) and R. simsii (MT239364). Actinidia deliciosa (NC026691), and A. chinensis (NC026690) were used as outgroup samples for sequence alignment. The Rhododendron genus has extensive chloroplast data; thus, only the Rhododendron chloroplast evolutionary tree was constructed in our study. The length of the homologous part for the 57 genes 15 related species had been shown in Supplementary Table 2.



Codon usage bias patterns analysis

Codon usage bias parameters RSCU and Effective number of codons (ENC) were calculated using CondonW 1.4.4 software (Peden and John, 2000). ENC is used to analyze the effect of gene base composition on codon usage bias (Wright, 1990). These two parameters were used to describe the patterns of codon usage bias. Five mitochondrial genomes from Ericaceae were selected to calculated parameters of codon usage bias, including Monotropa hypopitys (MK990822), Arctostaphylos glauca (MZ779111), Vaccinium macrocarpon (NC023338), Rhododendron simsii (NC053763), and R. × pulchrum (OM283814). The 15 chloroplast genomes of Rhododendron were selected to calculated parameters of codon usage bias, including Rhododendron delavayi var. delavayi (NC047438), R. griersonianum (NC050162), R. henanense subsp. lingbaoense (MT239363), R. platypodum (MT985162), R. delavayi (MN711645), R. molle (MZ073672), R. kawakamii (NC058233), R. datiandingense (NC057644), R. micranthum (MT239365), R. concinnum (MT239366), R. ripense (DRR298903-DRR298907), R. ovatum (SRR12917131-SRR12917132), R. latoucheae (SRR13425299), and R. simsii (MT239364), and R. × pulchrum (MN182619.2).



Genomic comparison of related species and horizontal gene transfer between chloroplast and mitochondrial genomes

The mitochondrial genome of R. × pulchrum was used as a reference, and it was compared with R. simsii (NC_053763) to determine the mitochondrial rearrangement. Mauve software was used to analyze mitochondrial rearrangement and draw structural variation (Darling et al., 2004).

The mitochondrial genomes of R. × pulchrum (OM283814) and R. simsii (NC_053763) were analyzed for collinearity using Dottup software (Rice et al., 2000). LASTZ version 1.02.00 was used to perform a whole-gene collinear alignment to detect the collinear segment (Harris, 2007; Kearse et al., 2012). The parameters were set as follows: step = 20 and seed pattern = 12 of 19. The results were displayed using the R. × pulchrum mitochondrial genome as a reference and compared with four other genomes belonging to the Ericaceae family (R. simsii, V. macrocarpon, A. glauca, and M. hypopitys). Horizontal gene transfer (HGT) between the chloroplast and mitochondrial genomes was determined using LASTZ version 1.02.00 (Harris, 2007).




Results


Mitochondrial genome organization and features

The mitochondrial genome assembly had an average read coverage higher than 325 × in this study. The genebank accession number of the R. × pulchrum mitochondrial genome is OM283814. Whole mitochondrial genome (mitogenome) sequencing produced 36,533,204 clean reads (SRA accession number SRR17758703) from the second-generation sequencing platform and 5,364,975 pass reads (SRA accession number SRR17758704) from the TGS platform. The sequencing and assembly statistics are summarized in Supplementary Table 3.

The mitochondrial genome was composed of lineage DNA molecules and assembled at 816,410 bp, with GC contents of 45.7% for R. × pulchrum (Figure 1 and Supplementary Figure 4). The complete mitochondrial genome of R. × pulchrum contained 64 annotated genes, namely, 24 transfer RNA (tRNA) genes, 3 ribosomal RNA (rRNA) genes, and 37 protein-coding genes (mRNA) (Table 1). These gene positions and arrangements are depicted in Figure 1.
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FIGURE 1
Gene map of the Rhododendron × pulchrum mitochondrial genome.



TABLE 1    Annotated genes in the Rhododendron × pulchrum mitochondrial genome.
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In total, 9 intron-containing genes (rps14, Cox2, ccmFC, rps3, nad1, nad 2, nad4, nad5, and nad7) were annotated (Table 1), among which nad4 had protein-coding genes with two introns, nad1, nad 2, nad5, and nad7 protein-coding genes had four introns, and the others had one intron.

We then estimated the codon usage frequency based on the protein-coding and tRNA genes. As shown in Supplementary Table 5 and Supplementary Figure 2, UUC, AUU, and UUU were the most frequent codons, contributing to the high AU content of the R. × pulchrum mitochondrial genome (54.3%). The mitochondrial genome was composed of 11,196 codons (65 different types) encoding 20 amino acids, among which leucine (Leu) was the most frequently used amino acid (11.59%, 1,298), and cysteine (Cys) was the least abundant (1.46%, 163) (Supplementary Table 5). The results suggest that the R. × pulchrum mitochondrial genome prefers synonymous codons ending with A or T with a RSCU > 1, excepting UUG ending with G.

Forty-two SSRs were identified from the R. × pulchrum mitochondrial genome, with 36 mononucleotides (63.35%), 4 dinucleotides (2.71%), and 2 trinucleotides (26.24%) (Supplementary Table 6). Two SSRs contained guanine (G) or cytosine (C), whereas the remaining 34 SSRs had either polyadenine (poly A) or polythymine (poly T). Six SSR markers were located in gene coding regions, including AG (6) and CT (6) located in the nad4 gene, two A (10) located in the nad1 and nad2 genes, and two A (12) located in the nad7 and rps3 genes. A total of 28 tandem repeats (TR) were identified in the R. × pulchrum mitochondrial genome (Supplementary Table 7). Among these, only one TR (742,682–742,724 bp) was located in the rrn26 gene; the others were all located in intergenic spaces.



Mitochondrial genome comparison

The mitochondrial phylogenetic tree from Ericales showed that the 8 species were clustered into four groups, which is consistent with their taxonomic information. Five species in the Ericaceae family were clustered into one clade: R. simsii, V. macrocarpon, A. glauca, M. hypopitys, and R. × pulchrum. Furthermore, R. simsii was found to be a sister to R. × pulchrum (Figure 2).
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FIGURE 2
Phylogenetic tree of Ericales species based on mitochondrial genomes. Vitis vinifera (NC012119) was used as the outgroup.


The R. × pulchrum mitochondrial genome was used as a reference, and a whole-genome collinear alignment was compared among five species from the Ericaceae family, as shown in Figure 3. The mitochondrial genome of these related species had a high degree of homology with R. × pulchrum in the gene region, in which the most conservative genes were atp4, ccmC, nad4, trnC-GCA, trnN-GUU, trnY-GUA, nad2, nad5, trnM-CAU, trnD-GUC, and rrn26. R. × pulchrum and R. simsii mitochondrial genomes had more homologous coverage than the other three species of Ericaceae. Furthermore, the mitochondrial genome organization between R. × pulchrum and R. simsii mitochondrial genomes showed that there was still complex variation (Supplementary Figure 3).
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FIGURE 3
Complete mitochondrial genome collinear alignment compared between five species from the Ericaceae family. (Rhododendron × pulchrum as the reference; blue bars represent homologous high-scoring segment pairs in a codirectional orientation, whereas red bars represent reversed pairs. Yellow arrows represent coding sequences, red arrows represent ribosomal RNA genes, purple arrows represent transfer RNA genes, green arrows represent protein-coding genes, and gray arrows represent exonic regions. Black squares represent homology; the larger the number, the larger the area of the black squares, and the more closely related species have homologous fragments. Red wireframes are the most conservative regions. These regions, marked from left to right in the figure, are distributed from left to right and contain the following genes: atp4 and ccmC; nad4; trnC-GCA, trnN-GUU, trnY-GUA, and nad2; nad4; nad5; trnM-CAU and trnD-GUC; nad2; rrn26, and trnM-CAU).


The mitochondrial genome of R. × pulchrum was used as a reference, and it was compared with R. simsii (NC_053763) to analyze mitochondrial genome rearrangement and collinearity using the Mauve and Lastz programs. The mitochondrial genomes of R. × pulchrum and R. simsii were divided into 63 locally collinear blocks (LCB). These LCBs differed substantially in the size and relative position of the two Rhododendron species studied (Figure 4). Moreover, most LCBs contained gene sequences, with 42 genes involved in total (Supplementary Table 8). The rearrangement analysis indicated that many genes had rearrangements between R. × pulchrum and R. simsii mitochondrial genomes (Supplementary Table 8).
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FIGURE 4
Mauve visualization of mitochondrial genome-wide comparison between Rhododendron × pulchrum and R. simsii. [The progressive mauve alignment (in the Mauve program) shows the homologous blocks shared among the mitochondrial genomes, and it also connected these blocks with lines, indicating the corresponding position among the homologous blocks to visualize the gene arrangement].




Chloroplast genome organization and features

The results showed that the complete R. × pulchrum chloroplast genome was 146,941 bp in length (Figure 5) and did not take the form of a typical quadripartite structure, due to the lack of inverted repeats (IR). The GC content of the chloroplast genome of R. × pulchrum was 35.8%. The complete chloroplast genome of R. × pulchrum contained 119 genes that were annotated, namely 34 tRNA genes, 4 rRNA genes, and 81 protein-coding genes (mRNA) (Table 2 and Figure 5). In total, 7 protein-coding genes (ndhB3, petB, petD, atpF, rpl16, rps12, and rps16) and 6 tRNA (trnA-UGC, trnK-UUU, trnI-GAU, trnG-UCC, trnL-UAA, and trnV-UAC), which were intron-containing genes, were annotated (Table 1). Among these, only pafI4 protein-coding genes contained two introns, and the others had one intron.
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FIGURE 5
Gene map of the Rhododendron × pulchrum chloroplast genome. (Genes residing in the inside and outside of the outer circle are in the forward and reverse directions, respectively. The dark and light gray bars in the inner circle denote the G + C and A + T contents, respectively).



TABLE 2    Annotated genes of the Rhododendron × pulchrum chloroplast genome.
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The codon usage frequency based on the protein-coding and tRNA genes is shown in Supplementary Table 9 and Supplementary Figure 4. The chloroplast genome was composed of 19,278 codons (65 different types) encoding 20 amino acids, among which leucine (Leu) was the most frequently used amino acid (10.68%, 2,058) and cysteine (Cys) was the least abundant (1.12%, 215) (Supplementary Table 8). The results suggest that the R. × pulchrum chloroplast genome prefers synonymous codons ending with A or U with a RSCU > 1 (Supplementary Table 9 and Supplementary Figure 4).

Forty-six SSRs were identified from the R. × pulchrum chloroplast genome, including 41 mononucleotides and 5 dinucleotides (Supplementary Table 10). All SSRs contained only polyadenine (poly A) or polythymine (poly T), without guanine (G) or cytosine (C).



Chloroplast genome comparison

The chloroplast genome phylogenetic tree of 15 species from Rhododendron showed that these species were clustered into three groups, which is consistent with their taxonomic information. Five species in Subgen. Hymenanthes were clustered into one clade: R. delavayi var. Delavayi, R. griersonianum, R. henanense subsp. lingbaoense, R. platypodum, and R. delavayi. R. molle belonging to Subgen. Pentanthera was clustered into one clade. The other 6 species belonging to Subgen. Tsutsusi were clustered into one clade. Among these 6 species, R. kawakamii and R. datiandingense belonged to Sect. Vireya, R. micranthum and R. concinnum belonged to Sect. Rhododendron, and R. × pulchrum and R. simsii belonged to Sect. Tsutsusi. Furthermore, R. ripense was found to be a sister to R. × pulchrum (Figure 6).
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FIGURE 6
Phylogenetic tree of Rhododendron species based on chloroplast genomes. Actinidia deliciosa and Actinidia chinensis were used as the outgroups.




Codon usage bias patterns and evolution

Codon usage frequency of five mitochondrial genomes from Ericaceae had been shown in Supplementary Table 11, there have 30∼32 codons with a RSCU > 1 among these five species, these codons ending with A or T, excepting UUG (Leu) ending with G. Codons GCU (Ala), CAU (His), and UAA (Ter) were the most frequent codons (RSCU > 1.5), CAS (His) was the low frequent codons (RSCU < 0.5) among these five species. Codon usage frequency of 15 chloroplast genomes of Rhododendron had been shown in Supplementary Table 12, there have 30∼31 codons with a RSCU > 1 among these 15 species, these codons ending with A or T, excepting UUG (Leu) ending with G. Further, 14∼19 codons were the most frequent codons (RSCU > 1.5), 16∼20 codons were the low frequent codons (RSCU < 0.5) among these 15 species.

The number of genes of ENC value below 35 in M. hypopitys, V. macrocarpon, A. glauca, R. × pulchrum, and R. simsii mitochondrial genomes are 0, 0, 1 (ccmC), 1 (atp9), and 1 (atp9) (Supplementary Table 13). NEC plot analysis had shown that there have 10 genes on or above standard curve line in 5 Ericaceae species mitochondrial genomes, including atp4, atp6, ccmFc, nad1, nad9, rpl10, rps3, rps10, rps12, rps19, the other genes below standard curve line (Figure 7 and Table 3). Twenty of these genes in the five species are all below standard curve line (Figure 7 and Table 3). There had found three genes with ENC value below 35 in 15 Rhododendron species chloroplast genomes, including petN (found in 15 species), psbI (found in 14 species, except MT239363), rpl36 (found in 11 species, except MT239365, MT239366, NC_057644, and NC_058233) (Supplementary Table 15). Genes atpH, ndhH, petL, psaC, psbM, rpl23, and rps11 were found all on or above NEC standard curve in 15 Rhododendron species chloroplast genomes (Figure 8 and Supplementary Table 14).


[image: image]

FIGURE 7
ENC Plot analysis of genes in 5 Ericales species mitochondrial genomes. (Y-axis: Effective number of codons value of gene; X-axis: GC3 content of gene; Standard curve line is calculated as follows: ENC = 2 + GC3 + 29/(GC32 + (1-GC3)2).



TABLE 3    Plot of ENC of genes in 5 Ericaceae species mitochondrial genomes.
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FIGURE 8
ENC Plot analysis of genes in 12 Rhododendron species chloroplast genomes. (Y-axis: Effective number of codons value of gene; X-axis: GC3 content of gene; Standard curve line is calculated as follows: ENC = 2 + GC3 + 29/(GC32 + (1-GC3)2).




Gene transfer among mitochondrial and chloroplast genomes

The length of the mitochondrial genome sequence (816,410 bp) was found to be approximately 5.6 times longer than the chloroplast genome (146,941 bp) of R. × pulchrum. Thirteen homologous fragments containing gene sequences were identified between the chloroplast and mitochondrial genomes of R. × pulchrum (Table 4). The fragments ranged from 68 to 1,799 bp and retained > 70% of their sequence identity with their original chloroplast counterparts. These fragments had a total length of 4,447 bp, accounting for 0.54 and 3.03% of the mitochondrial and chloroplast genomes, respectively. Three mitochondrial genes were identified: trnM-CAU, trnD-GUC, and ycf68. A total of 13 chloroplast genes were identified, including trnA-UGC, trnD-GUC, trnI-GAU, trnM-CAU, trnT-UGU, psbF, psbL, psbD, ndhA, ndhF, rrn16, rrn23, and ycf68.


TABLE 4    Gene transfer among mitochondrial and chloroplast genomes of Rhododendron × pulchrum.
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Discussion


Mitochondrial genome structure and size variations

Plant mitochondrial genomes usually have a typical circular structure (Sloan et al., 2018), while in some species, the mitochondrial genomes showed linear or multichromosomal architecture, such as Silene conica and Chenopodium album (Backert and Borner, 2000; Sloan et al., 2012; Sanchez-Puerta et al., 2017). Plant mitochondrial genomes have a broad distribution in size, usually ranging from 66 to 11,000 kb (Wu et al., 2022). The mitochondrial genome of R. × pulchrum was identified as a lineage DNA molecule with 816,410 bp. The mitochondrial genome of R. simsii showed a lineage DNA molecule with 802,707 bp (Xu et al., 2021), while V. macrocarpon showed a single circular scaffold with 468,115 bp (Luis et al., 2019). In plant taxonomy, R. simsii and R. × pulchrum belong to the Rhododendron genus of Ericaceae, and V. macrocarpon belongs to the Vaccinioideae of Ericaceae. The size of the assembly mitochondrial genomes for the 11 species of Ericales ranged from 425,282 to 816,410 nucleotides; in the 5 species of Ericaceae, they ranged from 459,678 to 816,410 nucleotides. Previous studies have shown that plant mitochondrial genomes can exhibit wide variations among species (Wu et al., 2022). These results showed that the changes in the structure and size of the mitochondrial genomes of the Ericales species varied widely, which may be related to species evolution and phylogenetic affinities. The structure and size of mitochondrial genomes among the closely related species are closer, such as between R. simsii and R. × pulchrum (Xu et al., 2021) and between C. sinensis and C. sinensis var. Assamice (Zhang et al., 2019), indicating that the mitochondrial genome may be a potential strategy for studying the evolution of plants and identifying species taxa (Li et al., 2018; Zubaer et al., 2018).

The mitochondrial genome of R. × pulchrum is the longest genome reported thus far for species of the Ericales, containing 36 protein coding genes, 3 rRNA genes, and 24 tRNA genes, similar to R. simsii (Xu et al., 2021) and C. sinensis var. Assamice (Zhang et al., 2019). However, multiple copies of genes are completely different in the mitochondrial genomes of the three different species from Ericales: R. × pulchrum, R. simsii, and C. sinensis var. Assamice. Moreover, there were more annotated genes in the C. sinensis var. Assamice mitochondrial genome than in R. × pulchrum, with related genes including rrn16, rpl2, rpl16, rps7, rps13, rps19, and trnfM. Multichromosomal genomes in plants have been found in variable copy numbers (Alverson et al., 2011; Wu et al., 2015), while mitochondrial gene copy numbers have no more detailed data, which may be due to the limited data of plant mitochondria until now. The mitochondrial genes atp1 and matR are conserved and have been used to study phylogenetic interrelationships in Ericales (Anderberg et al., 2002). These results were consistent with our study. Thus, plant mitochondrial genomes are needed for further research and will provide novel insights into genome evolution and molecular markers of these diversely structured genomes.



Chloroplast genome structure and size variations

Previous studies have confirmed that whole chloroplast genome sequencing data using second-generation sequencing technology (Illumina Hiseq Platform) are reliable (Zhang et al., 2019; Xu et al., 2021). Using second-generation sequencing technology, the complete chloroplast genome of R. × pulchrum was found to be 136,249 bp in length, without a typical quadripartite structure due to missing inverted repeats, and the GC content was 35.98%. In total, 73 functional genes were identified, including 2 rRNA genes, 29 tRNA genes, and 42 protein-coding genes (Shen et al., 2020). In this study, second- and TGS technologies were used to reassemble and reannotate the complete chloroplast genome of R. × pulchrum. Our new results showed that the complete R. × pulchrum chloroplast genome was 146,941 bp in length (Figure 5); it lacked a typical quadripartite structure, and the GC content showed no significant change compared with the results of previous research. However, the complete chloroplast genome of R. × pulchrum contained 119 annotated genes; 46 more genes were annotated than in previous studies, including 5 tRNA genes, 2 rRNA genes, and 39 protein-coding genes (mRNA) (Table 1). The previously published plastid genome of R. × pulchrum was sequenced with the Illumina Hiseq Platform (Shen et al., 2019, 2020). In this study, we used TGS methods combined with second-generation sequencing technology to detect the complete plastid genomes of R. × pulchrum. The sequencing results of the two methods were compared using Lastz software for investing the accuracy of the results. Complete chloroplast genome collinear alignment compared between MN182619.1 and MN182619.2 of Rhododendron × pulchrum had been shown in Figure 9A. The comparison results found there have multiple breakage and inversion sites, 6 of this breakage sites with long segment (10,000–30,000 bp) were selected to design primers for PCR experiments (Supplementary Table 16). The PCR results meet the expected size (Figure 9B) and the sequencing results were consistent with MN182619.2 (Figure 9C). Our study illustrated that TGS technology (Oxford Nanopore Platform) could improve the accuracy of coverage and assembly of previously unassembled genomic regions, and guarantee the accuracy of the length and content of the genomes. Third-generation sequencing technology may be a useful tool to explain plant organelle genome information (Shearman et al., 2016) for TGS methods with a long-read length.
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FIGURE 9
The identified of the results between MN182619.1 and MN182619.2. (A) Complete chloroplast genome collinear alignment compared between MN182619.1 and MN182619.2 of Rhododendron × pulchrum. MN182619.1 as the reference; blue bars represent homologous high-scoring segment pairs in a codirectional orientation, whereas red bars represent reversed pairs. Yellow arrows represent coding sequences, red arrows represent ribosomal RNA genes, purple arrows represent transfer RNA genes, green arrows represent protein-coding genes, and gray arrows represent exonic regions. Black squares represent homology; the larger the number, the larger the area of the black squares, and the more closely related species have homologous fragments. Red wireframes are the most conservative regions. The P1∼P6 sites located in 21,232, 56,637, 63,979, 115,230, 125,853, and 145,493 bp position of MN182619.2. (B) PCR products detection. (The P1∼P6 sites located in 21,232, 56,637, 63,979, 115,230, 125,853, and 145,493 bp position of MN182619.2; the expected size of the P1∼P6 are 355, 444, 300, 581, 201, and 348 bp, respectively). (C) Results of PCR compared with plastid genomes fasta (MN182619.2) that assembled with third-generation combined with second-generation sequencing methods. [A∼E (P1∼P6): Six broken sites were randomly selected from the result of collinearly aligned (LASTZ) of MN182619.1 and MN182619.2, as shown in Figure 5. The upper numbers indicate PCR results, the lower numbers indicate the point of plastid genomes fasta that assembled with third-generation combined with second-generation sequencing methods].


According to the published data, the plastid genomes of most plants are display the typical quadripartite structure by showing the LSC, LSC, and two IRs (Wicke et al., 2011; Shen et al., 2020). Our results indicate that the R. × pulchrum cp genome lacks the IRs, this is inconsistent with Rhododendron delavayi (Li et al., 2020). The plastid genomes of Rhodordendron species are display different structure. These illustrating that the plastid genome may be a potential strategy for studying the evolution and identifying species taxa of Rhodordendron species (Li et al., 2018; Zubaer et al., 2018).



Phylogenetic and mitochondrial genome comparison

The mitochondrial and chloroplast phylogenetic trees of 8 species from Ericales and 15 species from Rhododendron showed results consistent with their taxonomic information. These results illustrate that organelle genome sequence data are suitable for studying phylogeny in plants (Wu and Ge, 2012; Thomas et al., 2017; Shen et al., 2020). The phylogenetic trees in this study showed that R. ripense was a sister to R. × pulchrum (Figures 2, 6). Previous studies indicated R. × pulchrum cultivar owned cpDNA of R. ripense (Shirasawa et al., 2021), and R. ripense is considered as one of the putative ancestral species of R. × pulchrum (Scariot et al., 2007; Meanchaipiboon et al., 2021), These findings are consistent with our study. The R. × pulchrum mitochondrial genome was used as a reference; a whole-genome collinear alignment compared among five species from the Ericaceae family found a high degree of homology with R. × pulchrum in the gene regions compared with interval regions. This illustrates that gene regions are more conserved than interval regions in the mitochondrial genomes of the Ericaceae species. The 11 conservative genes (atp4, ccmC, nad4, trnC-GCA, trnN-GUU, trnY-GUA, nad2, nad5, trnM-CAU, trnD-GUC, and rrn26) identified in this study will be useful for understanding the evolutionary mechanisms and identifying species taxa in Ericaceae (Li et al., 2018; Zubaer et al., 2018).

The mitochondrial genomes of R. × pulchrum and R. simsii were identified as 63 LCBs; these LCBs differed substantially in size and relative position (Figure 4). Moreover, most LCBs contain gene sequences. Our results indicate that gene sizes are not significantly different (Xu et al., 2021). Although many genes have rearrangements between R. × pulchrum and R. simsii mitochondrial genomes, there are very complex variations in their mitochondrial genomes, which may be resulting in hybridization and genome doubling events. These results are consistent with a previous study that showed high variation and recombination in plant mitochondrial genomes (Galtier, 2011). Moreover, gene order in plant mitochondrial genomes is highly variable (Fischer et al., 2006; Schoch et al., 2015; Li et al., 2017). The arrangement of genes in mitochondria may be used to assess phylogenetic relationships among different species (Li et al., 2017).



Codon usage bias patterns and evolution

Codon usage bias are usually used in animals and insects to analysis phylogenetic and evolution of different species, however, there are few reports on plants (Sun et al., 2009; Huang and Ma, 2018). The gene codon usage bias of mitochondrial chloroplast genes with low ENC values (ENC < 35; Supplementary Tables 13, 14) maybe caused by mutation, while the codon usage bias of the other genes are caused by choice or other factors (Wright, 1990). Thus, we can infer the gene codon usages bias of only 10 Ericaceae mitochondrial genes (atp4, atp6, ccmFc, nad1, nad9, rpl10, rps3, rps10, rps12, and rps19) and 7 Rhododendron chloroplast genes (atpH, ndhH, petL, psaC, psbM, rpl23, and rps11) were influenced by mutation, while other genes codon usage bias had undergone natural or artificial selection. NEC plot analysis of mitochondrial genes showed the codon usages of the genes between R. × pulchrum and R. simsii are consistent, the gene codon usages in Rhododendron species from the same subgenus or subsection species in chloroplasts genomes are also consistent. These results showed NEC plot analysis of mitochondrial and chloroplast genomes maybe suitable for evolutionary analysis of Ericaceae plants.



Gene transfer between mitochondrial and chloroplast genomes

Previous research has detected intracellular gene transfer between different genomes, which has been disclosed through sequencing analysis of nuclear, mitochondrial, and chloroplast genomes (Timmis et al., 2004; Nguyen et al., 2020). Most of these studies focused on the gene transfer of nuclear DNA from the organelle in angiosperms (Smith, 2011; Park et al., 2014). With the development of new techniques, increasing organelle genome data have been published and analyzed, and chloroplast-to-mitochondrial gene transfer has been considered a characteristic feature of long-term evolution (Gui et al., 2016; Nguyen et al., 2020). In this study, 13 homologous fragments containing gene sequences were identified between the chloroplast and mitochondrial genomes of R. × pulchrum (Table 4), which may be the result of horizontal gene transfer between organelle genomes. In mitochondrial genomes of R. × pulchrum, 10 chloroplast genes have not been annotated, including 3 tRNA (trnA-UGC, trnI-GAU, and trnT-UGU), 2 ribosomal genes (rrn16 and rrn23), 3 photosynthetic genes (psbF, psbL, and psbD), and 2 NADH dehydrogenase genes (ndhA and ndhF), but contain their homologous fragments (Table 4). Ribosomal genes participate in the synthesis of the ribosomal complex, which participates in the proteins required for normal cell function (Depamphilis and Palmer, 1990; Wang et al., 2019). The photosynthetic genes and NADH dehydrogenase genes participate in the synthesis of photosynthetic system II and chloroplast NADH dehydrogenase complex, which are involved in photosynthesis (Sazanov et al., 1998; Cai et al., 2021). It is speculated that these genes related to photosynthesis, such as psbF, psbL, psbD, ndhA, and ndhF, may be the result of chloroplast genes transferred to mitochondria in R. × pulchrum. Further research on plant mitochondrial and chloroplast genomes is needed and will provide novel insight into genome evolution, phylogenetic relationships, and molecular markers of these diversely structured genomes.




Conclusion

This study detected the complete mitochondrial genome and reassembled the chloroplast genome of R. × pulchrum. Genome organization features, genome comparison with related species, and gene transfer among mitochondrial and chloroplast genomes were researched. Phylogenetic relationships, codon usage bias patterns and evolution were compared with related species. Our results R. × pulchrum revealed that the organelles genome variation of Ericaceae species is very complex. Our results will be useful for understanding the evolutionary mechanisms and identifying species taxa in Ericaceae.
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Rosa rugosa is a famous Chinese traditional flower with high ornamental value and well environmental adapt ability. The cultivation of new colorful germplasms to improve monotonous flower color could promote its landscape application. However, the mechanism of flower color formation in R. rugosa remains unclear. In this study, combined analyses of the chemical and transcriptome were performed in the R. rugosa germplasms with representative flower colors. Among the identified anthocyanins, cyanidin 3,5-O-diglucoside (Cy3G5G) and peonidin 3,5-O-diglucoside (Pn3G5G) were the two dominant anthocyanins in the petals of R. rugosa. The sum content of Cy3G5G and Pn3G5G was responsible for the petal color intensity, such as pink or purple, light- or dark- red. The ratio of Cy3G5G to Pn3G5G was contributed to the petal color hue, that is, red or pink/purple. Maintaining both high relative and high absolute content of Cy3G5G may be the precondition for forming red-colored petals in R. rugosa. Cyanidin biosynthesis shunt was the dominant pathway for anthocyanin accumulation in R. rugosa, which may be the key reason for the presence of monotonous petal color in R. rugosa, mainly pink/purple. In the upstream pathway of cyanidin biosynthesis, 35 differentially expressed structural genes encoding 12 enzymes co-expressed to regulate the sum contents of Cy3G5G and Pn3G5G, and then determined the color intensity of petals. RrAOMT, involved in the downstream pathway of cyanidin biosynthesis, regulated the ratio of Cy3G5G to Pn3G5G via methylation and then determined the color hue of petals. It was worth mentioning that significantly higher delphinidin-3,5-O-diglucoside content and RrF3’5’H expression were detected from deep purple-red-flowered 8-16 germplasm with somewhat unique and visible blue hue. Three candidate key transcription factors identified by correlation analysis, RrMYB108, RrC1, and RrMYB114, might play critical roles in the control of petal color by regulating the expression of both RrAOMT and other multiple structural genes. These results provided novel insights into anthocyanin accumulation and flower coloration mechanism in R. rugosa, and the candidate key genes involved in anthocyanin biosynthesis could be valuable resources for the breeding of ornamental plants in future.
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Introduction

Flower color is one of the main quality traits of ornamental plants, which is determined by the content and type of anthocyanins. Anthocyanins, a class of secondary metabolites with the different substituents on the B ring of flavonoid basic skeleton, are important water-soluble pigments accumulated in vascular plants widely (Tanaka et al., 2008; Landi et al., 2015). So far, more than 700 kinds of anthocyanidins have been found in plants, which mainly derive from six anthocyanidin aglycones, i.e., pelargonidin, cyanidin, peonidin, delphinidin, petunidin, and malvidin (Jaakola, 2013). Generally, pelargonidin and cyanidin provide red pigment to flowers and fruits, peonidin makes great contributions to purple-red color of plant tissues, while delphinidin, petunidin and malvidin are responsible for blue and bluish violet color (Khoo et al., 2017). However, the relationship between anthocyanin accumulation and petal coloration varies among different species. The anthocyanin coloration can be consistent among different plant species. For example, cyanidins are the main anthocyanins responsible for the pink and red petals of Camellia japonica and Prunus persica (Cheng et al., 2014; Fu et al., 2021). In addition, the anthocyanin coloration can also show species specificity. For instance, delphinidins are the dominant anthocyanins in most plants with pure blue petals, whereas the petals of transgenic R. hybrida with a high percentage of delphinidins (up to 95%) are not as pure blue as any other plants (Katsumoto et al., 2007).

Anthocyanins biosynthesis process is relatively conserved and have been studied in many seed plants (Shoeva et al., 2017; Nabavi et al., 2020). The biosynthetic pathways, using phenylalanine as substrate, requires a series of catalytic enzymes. Firstly, phenylalanine is catalyzed to form cinnamic acid under the action of phenylalanine ammonia-lyase (PAL, EC:4.3.1.24). Secondly, dihydroflavonols were generated by a series of enzymes, such as cinnamate-4-hydroxylase (C4H, EC:1.14.14.91), 4-coumarate-CoA ligase (4CL, EC:6.2.1.12), chalcone synthase (CHS, EC:2.3.1.74), chalcone isomerase (CHI, EC:5.5.1.6), flavanone 3-hydroxylase (F3H, EC:1.14.11.9), flavonoid-3’-hydroxylase (F3’H, EC:1.14.13.21) and flavonoid-3’5’-hydroxylase (F3’5’H, EC:1.14.14.81), which is a key step in the metabolism of flavonoids. The performance of F3’H and F3’5’H leads to form dihydroquercetin and dihydromyricetin with different hydroxylation pattern of dihydrokaempferol and then promote the biosynthesis of cyanidin and delphinidin (Zhuang et al., 2019). Subsequently, colored anthocyanins are formed by dihydroflavonol 4-reductase (DFR, EC:1.1.1.219), anthocyanin synthase (ANS, EC:1.14.20.4), and modified by glycosylation, methylation, and acetyltransferase under the actions of glycosyl transferases (GT, EC:2.4.1.-), methyl transferase (MT, EC:2.1.1.-), and acyl transferase (AT, EC:2.3.1.-), respectively (Koes et al., 2005; Jaakola, 2013; Iaria et al., 2016).

By binding to the promoter regions of structural genes, some transcription factors (TFs) are studied the effect on the synthesis of anthocyanins, such as MYB, bHLH, WD, bZIP, and MADS-box (An et al., 2017; Lu et al., 2018; Jian et al., 2019; Khan et al., 2022). Among them, the regulatory function of MYB, bHLH, and WD40 families are well stablished, which can play regulatory roles alone or by consisting the MBW (MYB-bHLH-WD) protein complex (Ramsay and Glover, 2005; Feng et al., 2020). MYB TFs are generally considered to be the most critical TFs for the synthesis of plant anthocyanins, with a large number of R2R3-MYB TFs being isolated. Most of these TFs play positive regulatory roles in anthocyanin biosynthesis, but few of them play negative regulatory roles (Espley et al., 2009; Butelli et al., 2012; Ni et al., 2020).

Rosa rugosa is a famous Chinese traditional flower with aromatic, cold resistance, drought resistance, pest resistance, salt and alkali resistance (Chen et al., 2021). But so far, R. rugosa has not been widely used as an ornamental plant because of its monotonous color. Except four white-flowered R. rugosa cultivars, more than 40 other cultivars and all wild germplasms are pink- and purple-flowered, and there is a lack of excellent cultivars with novel flower colors such as red, orange, and blue. Therefore, it is important to elucidate the mechanism of flower color formation in R. rugosa and breed new cultivars with novel flower colors on this basis. At present, there are few reports on the mechanism of flower color formation in R. rugosa, only involving three cultivars with pink and white flowers. Zhang et al. (2015) studied that peonidins were the main composition that determined the petal color of R. rugosa ‘Zi zhi’ (deep pink-flowered cultivar). Sheng et al. (2018) found that there was almost no anthocyanin in the petals of R. rugosa ‘Bai Zizhi’ (white-flowered cultivar), and there were large amount of peonidins in the petals of R. rugosa ‘Fen Zizhi’ (light pink-flowered cultivar) and ‘Zi zhi’. Moreover, 172 R. rugosa germplasms were clustered into seven categories by the petal chroma values and the anthocyanin composition analysis of 21 germplasms from different groups showed that the anthocyanin types were similar but the contents were different (in process). Overall, it’s hard to explore the mechanism of flower color formation in R. rugosa comprehensively by the previous studies, especially for the new colored germplasms.

In this study, we explored changes in anthocyanin type, anthocyanin content and related gene expression in the petals of different R. rugosa germplasms with representative flower colors. The aims of the study were to: (1) confirm the type and content of anthocyanin in the petals of R. rugosa; (2) identify functional structural genes and TFs involved in anthocyanin biosynthesis; (3) explore the metabolic pathways and the mechanism of color formation in R. rugosa petals. This study can lay an important foundation for further comprehensive and in-depth interpretation of the flower coloration mechanism in R. rugosa.



Materials and methods


Plant materials

The plants of R. rugosa and R. hybrida used in this study were planted in Rose Germplasm Nursery, Forestry Experimental Station of Shandong Agricultural University, Tai’an, China (36°10′15″ N, 117°09′25″ E), where they grew under nature conditions. In 2021, three R. rugosa germplasms with representative flower colors (red: 7-23; pink: 8-37; purple-red: 8-16) were selected for ultra-performance liquid chromatography tandem mass spectrometry system (UPLC-MS/MS) and transcriptome analysis. At 7:00 a.m. to 7:30 a.m. on May 2nd, the petals at half-opening stage from three individual plants of each germplasm were sampled and pooled, immediately frozen in liquid nitrogen and then stored at –80°C. Three replicates were set for each germplasm. In 2022, six R. rugosa germplasms (red: 7-23, 9-12; pink: 8-37,6-30; purple-red: 8-16, 4-50) and six R. hybrida cultivars (red: ‘smile’, ‘La Sevillana Plus’, ‘Alcantara’; pink: ‘Carefree Wonder’, ‘Rhapsody in Blue’, ‘Pretty Sunrise’) with representative flower colors were selected for high performance liquid chromatography (HPLC) and gene expression patterns analysis. At 7:00 a.m. to 7:30 a.m. on May 4th, the petals were sampled, pooled, frozen and stored by the same way as in 2021.



UPLC-MS/MS analysis

The anthocyanin types and contents in the petals of three R. rugosa germplasms were performed via an UPLC-MS/MS by Metware Biotechnology Co., Ltd. (Wuhan, China). A total of 50 mg grounded petal samples were extracted with 0.5 mL methanol/water/hydrochloric acid (500:500:1, v/v/v). The extract was vortexed for 5 min and ultrasound for 5 min, and then centrifuged for 3 min (12,000 g, 4°C). The residue was re-extracted under the same conditions. The supernatants were filtrated through a membrane filter (0.2 μm) and then stored injection bottles. Anthocyanins contents were detected by MetWare (http://www.metware.cn/) based on the AB Sciex QTRAP 6500 LC-MS/MS platform. The LC separation was performed using a Waters ACQUITY BEH C18 (1.7 µm, 2.1 mm* 100 mm) at a flow rate of 0.35 mL min-1 and a column temperature of 45°C with 2 μL injection volume. During LC process, mobile phase A was water with 0.1% formic acid (v/v) and mobile phase B was methanol with 0.1% formic acid (v/v). The separation was performed using the following gradient program: going from 5% to 50% B in 6 min, from 50% to 95% in 12 min, at 95% for 2 min, then declining from 95% to 5% in 0.5 min and at 5% for 2 min.

The MS data were acquired on a triple quadrupole-linear ion trap mass spectrometer (QTRAP) equipped with an electrospray ionization (ESI) Turbo Ion-Spray interface, operating in positive ion mode and controlled by Analyst 1.6.3 software (Sciex). The ESI source operation parameters were as follows: ion source, ESI+; source temperature, 550°C; ion spray voltage, 5500 V; curtain gas, 35 psi. Anthocyanins were analyzed using scheduled multiple reaction monitoring (MRM). MultiQuant 3.0.3 software (Sciex) was used to quantitatively analyze the pigment contents according to the retention time (RT) and peak pattern of standard substances (Supplementary Table 1). Mass spectrometer parameters including the delustering potentials (DP) and collision energies (CE) for individual MRM transitions were done with further DP and CE optimization. A specific set of MRM transitions were monitored for each period according to the metabolites eluted within this period.



HPLC analysis

The contents of Cy3G5G and Pn3G5G in the petals of six R. rugosa germplasms and six R. hybrida cultivars were measured by HPLC on a Shimadzu SPD-10A platform. A total of 200 mg grounded petal samples were extracted with 6 mL ethyl alcohol/water/hydrochloric acid (500:300:1, v/v/v) under dark conditions for 24 h. The filtered extract was stored for further analysis. Refer to previous study (Sheng et al., 2018), the analysis of anthocyanin combined with visible ultraviolet absorption features at 520 nm were conducted for anthocyanins with Cy3G5G and Pn3G5G as standard substances (Solarbio, China).



Transcriptome analysis

The petal samples of the same three R. rugosa germplasms were used for transcriptome analysis according to previous study (Wu et al., 2020). Total RNA was extracted using Total RNA isolation Kit (Vazyme Biotech, Inc, Nanjing, China) according to the manufacturer’s instructions. The quantity and quality of total RNA were assessed using 1% agarose gels and a Nanodrop ND 2000 Spectrophotometer. The integrity and concentration of total RNA were assessed using a Bioanalyzer 2100 RNA 6000 Nano Kit (Agilent Technologies, Santa Clara, CA, USA).

The poly(A) mRNA was isolated from total RNA through an Oligotex mRNA Mini Kit (Qiagen, Inc., Valencia, CA, USA). After construction and normalization, nine cDNA libraries were sequenced on the Illumina Hiseq 6000 Sequencing platform (Illumina, Inc., San Diego, CA, USA) and 150 bp paired-end reads were generated. The raw data were processed by removing the low-quality sequences (reads with more than 50% Q < 19 bases), the adaptor-pollute sequences, and sequences with ambiguous base reads accounting for more than 5%.

To understand their functions, the obtained clean reads were aligned to the R. rugosa genome database (Chen et al., 2021) by HISAT2 v2.0.5. New transcript prediction was performed via StringTie 1.1.3b (Pertea et al., 2015). The expression levels of genes were calculated as Fragments Per Kilobase of exon model per Million mapped fragments (FPKM), which eliminates the effect of sequencing depth and gene length on gene expression levels and permits direct data comparisons by the DESeq method. The differentially expressed genes (DEGs) between different germplasms were identified if their log2|Fold Change| was over 2 with a p-value < 0.05. And then the GO and KEGG enrichment according to the identified DEGs were analyzed. The key differentially expressed structural genes and TFs involved in anthocyanin biosynthesis were identified and their expression patterns were analyzed. The correlation analysis between different factors was performed via the online platform Metware Cloud (https://cloud.metware.cn). Person correlation coefficient was used to screen the correlation between anthocyanins and genes, and between structural genes and TFs, with correlation coefficients > 0.8 and p-value< 0.05 as the selection criteria.



qRT-PCR analysis

Quantitative real-time PCR (qRT-PCR) were carried out for verifying the transcriptome data and analyzing the expression patterns of key structural genes and TFs related to anthocyanin biosynthesis in the petals of six R. rugosa germplasms. All actions were done on a CFX96 Real-time System using SYBR Green Dye according to previous study (Wu et al., 2020). The expression patterns were analyzed through the 2-ΔΔCt method with RrGADPH as an internal control (Sui et al., 2019). All primers used in this study are listed (Supplementary Table 2). There were three biological replicates for each sample.




Results


Anthocyanin type and content analyses

A total of 37 anthocyanins and 11 other flavonoids in 108 anthocyanin databases were identified from the petals of three R. rugosa germplasms. All the 37 anthocyanins were present in 7-23, of which 33 and 32 types were detected in 8-37 and 8-16, respectively. The anthocyanin concentrations ranged from 0 to 5863.44 ug g-1, and there were 17 trace anthocyanins with the content lower than 1ug g-1 in all the three germplasms (Supplementary Table 1). The 20 main anthocyanins with the content higher than 1ug g-1 were clustered into five classes, such as cyanidins (9), peonidins (5), pelargonidins (4), delphinidins (1) and petunidins (1). This showed that there were three shunts responsible for anthocyanin synthesis in each R. rugosa germplasm, namely cyanidin, pelargonidin, and delphinidin biosynthesis pathway. However, the accumulation patterns of anthocyanins in the three R. rugosa germplasms were significantly different (Figure 1A).




Figure 1 | Anthocyanin type and content analyses in three R. rugosa germplasms. (A) Change trends of 20 main anthocyanins in 7-23, 8-37, and 8-16. (B) Anthocyanin distribution in petals of 7-23. (C) Anthocyanin distribution in petals of 8-37. (D) Anthocyanin distribution in petals of 8-16.



In the three germplasms, the sum of cyanidins and peonidins accounted for 98.45% (7-23), 99.41% (8-37), and 99.04% (8-16) of the total detected anthocyanin, respectively (Figures 1B–D), indicating that cyanidins and peonidins were the major anthocyanin types in the petals of tested germplasms, and cyanidin biosynthesis shunt may be the key pathway for flower color formation in R. rugosa. Moreover, the Cy3G5G accounted for 89.04% (7-23), 98.21% (8-37), and 97.94% (8-16) of the total cyanidin content, while the Pn3G5G accounting for 98.61% (7-23), 98.53% (8-37), and 98.07% (8-16) of the total peonidins content, respectively. The ratio of Cy3G5G to Pn3G5G in 7-23 (3.41) was significantly higher than these in 8-37 (0.93) and 8-16 (1.19), which suggested that the ratio of Cy3G5G to Pn3G5G may play an important role in the color formation of R. rugosa petals.

It should be noted that four kinds of delphinidins, such as delphinidin-3-O-(6-O-acetyl)-glucoside, delphinidin-3-O-(6-O-p-coumaroyl)-glucoside, delphinidin-3-O-rutinoside-5-O-glucoside, and delphinidin-3,5-O-diglucoside (Dp3G5G), were identified from the petals of three R. rugosa germplasms (Supplementary Table 1). Among them, the contents of Dp3G5G were highest, i.e., 5.92 ug g-1 in 7-23, 8.85 ug g-1 in 8-37, and 24.14 ug g-1 in 8-16 (Figure 1A). Obviously, the content of Dp3G5G in purple-red-flowered germplasm with somewhat unique and visible blue hue (8-16) was most abundant, which was 4.08- and 2.73-fold of red-flowered (7-23) and pink-flowered (8-37) germplasms, respectively.



Quantitative analysis of Cy3G5Gand Pn3G5G

To confirm our hypothesis, the contents of Cy3G5G and Pn3G5G were quantitatively analyzed in the petals of six R. rugosa germplasms with representative color by HPLC. There were two dominant chromatographic peaks, Cy3G5G and Pn3G5G, were found in the anthocyanin HPLC chromatographic profiles of six R. rugosa petals (Figure 2A). The petals of different germplasms gradually darkened in color (from pink to purple/red) with the increase of the sum content of Cy3G5G and Pn3G5G (Table 1). What’s more, the ratio of Cy3G5G to Pn3G5G (0.76~1.92) in the petals of red-flowered R. rugosa germplasm (9-12 and 7-23) was much higher than that in other flowered germplasms (0.03~0.13). It was verified that Cy3G5G and Pn3G5G were the key anthocyanins for the color formation in R. rugosa petals, of which sum content were related to the intensity of petal color, such as pink or purple, light- or dark-red. And then, the ratio of the two anthocyanins played important roles in the petal color modification in R. rugosa, especially high relative content of Cy3G5G may be a key factor for the red color formation. However, the relationship between absolute content of Cy3G5G and red petal presence needed further study.




Figure 2 | Anthocyanin HPLC chromatographic profiles of different germplasms. (A) The chromatogram maps of six R. rugosa germplasms. (B) The chromatogram maps of six R. hybrida cultivars.




Table 1 | Contents of Cy3G5G and Pn3G5G in six R. rugosa germplasms based on HPLC analysis.



And then, six R. hybrida cultivars including R. hybrida ‘Smile’, the male parent and contributors to the red-petal characteristics of 7-23 and 9-12, were used to measure the Cy3G5G content in the petals. In the petals of all six R. hybrida cultivars, Cy3G5G was the major anthocyanin with high quantitative concentration (Figure 2B). The contents of Cy3G5G in red-flowered R. hybrida cultivars (2513.24 ug g-1~3714.13 ug g-1) were much higher than that in the pink- or purple-flowered R. hybrida cultivars (119.18 ug g-1~626.16 ug g-1). Therefore, the ratio of Cy3G5G to Pn3G5G can affect the petal color hue of R. rugosa, that is, red or pink/purple. Meanwhile, it might be necessary to maintain both high relative and high absolute content of Cy3G5G for forming red-colored petals in R. rugosa and R. hybrida.



Global analysis of RNA-seq data

To further explore the key genes associated with petal color formation, nine cDNA libraries were constructed and the raw data was deposited at the NCBI Sequence Read Archive (SRA) under accession numbers SRR20883375~SRR20883383. An average 49869442 (97.29%) of clean reads was obtained after removing the adaptor and low-quality reads (Supplementary Table 3), and the percentages of Q20, Q30 base rates were more than 96.78% and 91.35%, respectively. The average GC content was 45.90% and the rate of total mapping ranged from 74.78% to 85.22%.



GO and KEGG analyses of DEGs

To investigate the dynamic expression patterns of the specific genes associated with anthocyanin accumulation, the transcriptome profiles of different germplasms were compared. The DEGs between different germplasms were identified with log2|Fold Change| ≥2 and p-value < 0.05. A total of 12956 DEGs had different expression patterns between 8-16 and 7-23 with 5693 up-regulated genes and 7263 down-regulated genes (Figure 3A). Taking 7-23 as control, a total of 13263 DEGs were expressed differentially in 8-37, with more down-regulated genes (7946) than up-regulated genes (5317). There were 3225 DEGs which had different expression patterns between 8-16 and 8-37, including 1758 up-regulated genes and 1467 down-regulated genes. 16253 genes were found in three compare combinations, of which 822 DEGs were present in all combinations (Figure 3B).




Figure 3 | Distribution and annotation analyses of DEGs among three R. rugosa germplasms. (A) The number of up-regulated and down-regulated genes. (B) Venn diagram depicting the shared and specific DEGs among three compare combinations. (C) GO classifications of DEGs. (D) KEGG functional analysis of DEGs.



For the GO annotation, the identified DEGs were assigned into three main GO functional categories (Figure 3C), including biological process (BP), cellular component (CC), and molecular function (MF). For the BP category, the three most abundant sub-categories were “cellular amide metabolic process” (261 DEGs), “amide biosynthetic process” (256 DEGs), and “small molecule metabolic process” (248 DEGs). The majority of DEGs of CC category were assigned into “non-membrane-bounded organelle” (224 DEGs), “intracellular non-membrane-bounded organelle” (224 DEGs), and “ribonucleoprotein complex” (172 DEGs). The three most abundant sub-categories which the MF category was divided were “transferase activity, transferring glycosyl groups” (264 DEGs), “transferase activity, transferring hexosyl groups” (219 DEGs), and “hydrolase activity, acting on acid anhydrides” (199 DEGs). In addition, 12 DGEs in MF category were involved in “O-methyltransferase activity”.

A total of 1706 DEGs were assigned into 112 KEGG pathways (Figure 3D) with three most abundant pathways as “Ribosome” (134 DEGs), “Carbon metabolism” (116 DEGs), and “Biosynthesis of cofactors” (107 DEGs). In addition, some DEGs were mapped to the pathways related to anthocyanin biosynthesis, such as “Phenylpropanoid biosynthesis” (ath00940, 51 DEGs), “Phenylalanine metabolism” (ath00360, 8 DEGs), “Flavonoid biosynthesis” (ath00941, 9 DEGs).



Identification of DEGs related to anthocyanin biosynthesis

All structural genes from DEGs involved in anthocyanin biosynthesis were identified (Supplementary Table 4). There were 32 DEGs encoding 10 enzymes, such as PAL, CHS, F3H, F3’H, ANS, leucoanthocyanidin reductase (LAR), anthocyanidin 3-O-glucosyltransferase (BZ1), anthocyanidin 3-O-glucoside 5-O-glucosyltransferase (UGT75C1), GT1, and anthocyanin O-methyltransferase (AOMT), found from the compare combination of 8-37 vs 7-23. A total of 33 DEGs were identified to encode 13 enzymes including PAL, 4CL, CHS, F3H, FLS, F3’H, F3’5’H, ANS, LAR, BZ1, UGT75C1, GT1, and AOMT in the compare combination of 8-16 vs 7-23. In the compare combination of 8-16 vs 8-37, 10 DEGs encoding 5 enzymes (CHS, FLS, BZ1, UGT75C1, and GT1) were identified. As a total, 36 structural genes from DEGs encoding 13 enzymes were analyzed in three R. rugosa germplasms.

MYB, WD40, and bHLH were the major TFs associated with the regulation of anthocyanin biosynthesis. A total of 55 MYBs, 25 WD40s, and 64 bHLHs were identified as the DEGs in the compare combination of 8-37 vs 7-23 (Supplementary Table 5). There were 56 MYBs, 24 WD40s, and 62 bHLHs found as the DEGs in the compare combination of 8-16 vs 7-23. For the compare combination of 8-16 vs 8-37, 14 MYBs, 4 WD40s, and 5 bHLHs were identified. Overall, there were 173 differentially expressed TFs found among three R. rugosa germplasms, including 70 MYBs, 29 WD40s, and 74 bHLHs, respectively.



The analysis of qRT-PCR verification

To verify the reliability of the RNA-seq data, 16 DEGs were subjected to qRT-PCR. The expression patterns of 14 DEGs were significantly correlated with the results of RNA-seq (R > 0.80). The result showed that the gene expression profiles were well consistent with the RNA-seq data, which demonstrated the credibility of the data generated in our study (Supplementary Figure 1).



The analysis of key structural genes related to color formation

Focusing on key enzymes involved in anthocyanin biosynthesis associated with petal color formation, a summary overview of anthocyanin accumulation processes in R. rugosa petals was constructed (Figure 4). Compared to 8-16 and 8-37, 7-23 presented 35 DEGs in the upstream pathway of cyanidin biosynthesis with 11 down-regulated genes encoding F3’5’H (1), BZ1(6), and UGT75C1(4), and 24 up-regulated genes encoding PAL (1), 4CL (1), CHS (3), F3H (1), FLS (1), F3’H (1), ANS (1), LAR (1), BZ1(5), UGT75C1(4), and GT1(5). Among the 24 DEGs, the genes with log2|Fold Change|≥4 accounted for more than 66%. In the previous result, we found that the sum content of Cy3G5G and Pn3G5G in 7-23 was approximately consistent with those of the other two germplasms with the ratios of 1.20 (8-37) and 0.81 (8-16), respectively. Meanwhile, the content of procyanidin in 7-23 was much higher than these in the other two germplasms with the ratios of 11.78 (8-37) and 27.03 (8-16) (Table 2). Between 8-37 and 8-16, there were ten DEGs in the upstream pathway of cyanidin biosynthesis with seven up-regulated genes encoding CHS (1), BZ1(2), UGT75C1(3), and GT1(1), and three down-regulated genes encoding FLS (1) and BZ1 (2). The coordinate expression of ten DEGs identified between 8-37 and 8-16 promoted the biosynthesis of Cy3G5G and Pn3G5G and increased the sum content in purple-red-colored petals (8-16). Therefore, in the upstream pathway of cyanidin biosynthesis, the key genes encoding 12 enzymes co-expressed to regulate the amount of Cy3G5G and Pn3G5G in R. rugosa petals and then determined the color intensity of petals, namely pinkish or purplish. It is worth mentioning that the expression level of RrF3’5’H (evm.TU.Chr7.4112) in purple-red-flowered 8-16 with somewhat unique and visible blue hue was 4.20- and 3.04-fold of red-flowered 7-23 and pink-flowered 8-37, which showed the similar trend as the content of Dp3G5G.




Figure 4 | Overview of the pathway of anthocyanin biosynthesis and temporal expressional patterns of related DEGs. 4CL, 4-coumaroyl-CoA synthase; ANS, anthocyanidin reductase; AOMT, anthocyanin O-methyltransferase; BZ1, anthocyanidin 3-O-glucosyltransferase; C4H, Cinnamic acid 4-hydroxylase; CHI, Chalcone isomerase; CHS, Chalcone synthase; DFR, Dihydroflavonol 4-reductase; F3H, Flavanone-3-hydroxylase; F3’5’H, Flavonoid-3’5’-hydroxylase; F3’H, Flavonoid 3’-hydroxylase; FLS, Flavonol synthase; GT1, anthocyanidin 5,3-O-glucosyltransferase; LAR, leucoanthocyanidin reductase; PAL, Phenylalanine ammonia-lyase; UGT75C1, anthocyanidin 3-O-glucoside 5-O-glucosyltransferase.




Table 2 | FPKM values (F) of three DEGs and contents (C) of related metabolite.



In the downstream pathway of cyanidin biosynthesis, only one structural gene, RrAOMT (evm.TU.Chr1.3153), expressed and catalyzed Cy3G5G to form Pn3G5G. The expression level of RrAOMT in 7-23 accounted for 3.07% and 1.56% of these in 8-37 and 8-16, respectively. The high expression level of RrAOMT in 8-37 and 8-16 promoted 51.80% and 45.71% Cy3G5G to transform Pn3G5G, making the petals pinkish or purplish. Conversely, the low expression of RrAOMT in 7-23 with red-flowered petals promoted only 22.66% Cy3G5G to form Pn3G5G (Table 2). Overall, the RrAOMT presented in the downstream pathway of cyanidin biosynthesis was an extremely important key gene to regulate the petal color during flowering. By regulating the ratio of Cy3G5G to Pn3G5G in the petals, RrAOMT determined the color hue of petals in R. rugosa, namely red and pink/purple.

In general, there were three anthocyanin transportation models, including GST (Glutathione S-Transferase), MRP/ABCC (Multidrug resistance-associated protein), and MATE (Multidrug and toxic compound extrusion). A total of eight, three, and three DEGs were identified to be involved in GST, MRP/ABCC, and MATE, respectively (Supplementary Table 6). Five and six GSTs showed up-regulated in 7-23 germplasm with red petals compared to 8-16 and 8-37, respectively. All the DEGs of MRP/ABCC showed peak expressions in 8-16, while the expressions of one and two MATEs peaked in 7-23 and 8-37, respectively.



The analysis of key TFs related to color formation

Through the correlation analysis between differentially expressed TFs and the content of Cy3G5G and Pn3G5G, it was found that 13 TFs (seven for MYBs, four for WD40s, and two for bHLHs) were significantly correlated with both Cy3G5G and Pn3G5G contents, respectively, with opposite correlation (Figures 5A–C). It indicated that these 13 TFs may play important roles in regulating Cy3G5G and Pn3G5G contents. We got the similar results by analyzing the correlation between the TFs and the contents of cyanidins and peonidins. The correlation analysis showed significant correlation between all the 13 TFs and RrAOMT (Figure 5D), indicating that these 13 TFs (TFs group A) determined the R. rugosa petal color formation by controlling the expression of RrAOMT and then regulating the ratio of Cy3G5G to Pn3G5G.




Figure 5 | Correlation analysis between differentially expressed genes and metabolites. (A) Correlation analysis of between MYBs and two metabolites. (B) Correlation analysis of between WD40s and two metabolites. (C) Correlation analysis of between bHLHs and two metabolites. (D) Correlation analysis of between TFs and AOMT. Circles colored in “yellow” mean metabolites. Circles colored in “pink”, “blue”, and “purple” mean structural genes or TFs. Lines colored in “pink” and “blue” represent positive and negative correlations, respectively.



According to the transcriptome annotation and blast results, 22 TFs related to anthocyanin biosynthesis were selected to analyze the correlation with 35 structural genes form the upstream pathway of cyanidin biosynthesis (Supplementary Table 7). It indicated that 21 TFs had significant correlation with multiple structural genes, of which 12 TFs were correlated with more than 19 genes (Figure 6). The 12 TFs (TFs group B) may play important roles in regulating the total anthocyanin content in the upstream pathway of cyanidin biosynthesis.




Figure 6 | Correlation analysis of between differentially expressed TFs and structural genes. Circles colored in “pink” and triangles colored in “blue” mean structural genes and TFs respectively. Lines colored in “red” and “blue” represent positive and negative correlations, respectively.



Moreover, three TFs, RrMYB108 (evm.TU.Chr1.2774), RrC1 (evm.TU.Chr6.939), and RrMYB114 (evm.TU.Chr4.128) were identified from both TFs group A and B. Sequence alignment analysis showed that protein sequence similarity between three TFs and the homologous sequences involved in anthocyanin biosynthesis from other species ranged from 31.56% to 66.20% (Supplementary Figure 2). The three TFs may be the key factors determining R. rugosa petal color with multiple functions, not only promoting the total anthocyanin biosynthesis by regulating structural genes in the upstream pathway, but also adjusting the ratio of Cy3G5G to Pn3G5G via controlling the RrAOMT expression in the downstream pathway of anthocyanin biosynthesis. Further analysis revealed that the three TFs were significantly associated with the same genes. RrMYB114 was positively correlated with 13 of 19 structural genes from the upstream pathway of cyanidin biosynthesis and negatively correlated with RrAOMT, the structural genes from the downstream pathway. It indicated that RrMYB114 may play a key role in the positive regulation of the total anthocyanin content and the ratio of Cy3G5G to Pn3G5G. The correlation of RrMYB108 and RrC1 was opposite with each structural gene involved in anthocyanin biosynthesis (Supplementary Table 8).



The expression patterns of four key genes in six R. rugosa germplasms with different petal color

In order to further verify the relationship between the four genes and R. rugosa petal color formation, the expression trends of RrAOMT (evm.TU.Chr1.3153), RrMYB108 (evm.TU.Chr1.2774), MYB114 (evm.TU.Chr4.128),and RrC1 (evm.TU.Chr6.939) in six R. rugosa germplasms were measured (7-23 as control). The expression trends of four key genes in six R. rugosa germplasms were different with the change of flower color. The expression levels of RrAOMT in red-flowered germplasms were extremely low, but that in pink- and purple-flowered germplasms were high and increased gradually with the flower color deepening (Figure 7A). The expression levels of RrMYB114 in red-flowered germplasms were extremely high, but that in pink- and purple-flowered germplasms were low and increased gradually with the flower color deepening. That is to say, the expression levels of RrMYB114 and RrAOMT shared a similar trend in pink- and purple-flowered germplasms, but a contrary trend in red-flowered germplasms (Figure 7C). The expression levels of RrMYB108 and RrC1 in red-flowered germplasms were extremely low, but that in pink- and purple-flowered germplasms were high and reduced gradually with the flower color deepening. In other words, the expression trend of RrMYB108 and RrC1 in pink- and purple-flowered germplasms were contrary to RrAOMT and RrMYB114, but in red-flowered germplasms were consistent with RrAOMT and contrary to RrMYB114 (Figures 7B, D).




Figure 7 | Expression patterns of four key genes in six R. rugosa germplasms. (A) RrAOMT. (B) RrMYB108. (C) RrMYB114. (D) RrC1. The different small letters indicate significant difference between germplasms at α=0.05.






Discussion


Anthocyanin identification and coloration regular of R. rugosa flowers

The monotonous flower color is an important limiting factor for the landscape application of R. rugosa. Anthocyanin is the main coloration compound in the petals of R. rugosa. Previous investigates showed that there was almost no anthocyanin in the petals of R. rugosa ‘Bai Zizhi’, and peonidins were the main pigment compositions in the petals of R. rugosa ‘Zi zhi’ and R. rugosa ‘Fen Zizhi’ (Zhang et al., 2015; Sheng et al., 2018). In this study, we found that the sum of cyanidins and peonidins accounted for more than 98% of the total detected anthocyanin content, which indicated cyanidin biosynthesis shunt was the dominant pathway for anthocyanin accumulation in R. rugosa, and peonidins showed obvious content advantage compared with cyanidins in most R. rugosa germplasms. These were the key reasons why the petal color of R. rugosa was monotonous and mainly pink/purple. Furthermore, we found that Cy3G5G and Pn3G5G were the primary anthocyanins, and the sum content of Cy3G5G and Pn3G5G was responsible for the flower color intensity of R. rugosa (Figures 1, 2 and Table 1). These results were consistent with the conclusions derived from Zhang et al. (2015) and Sheng et al. (2018), and provided further supplement and deepening of R. rugosa flower color formation mechanism.

Red has always been loved by the Chinese people because of its strong visual attraction and celebratory meaning, which brings high market value to red-flowered cultivars. Unfortunately, there were many pink and purple-red cultivars without red cultivars in R. rugosa (Sui et al., 2018). We obtained two red-flowered R. rugosa germplasm, namely 7-23 (bright red) and 9-12 (dark red with somewhat purple) derived from interspecific hybridization between R. rugosa and R. hybrida, which could be two important materials for further study on the mechanism of flower color formation in R. rugosa. For plants with anthocyanin as the essential coloration compound of petals, pelargonidins and cyanidins were confirmed as the main contributors to the red petal phenotype (Du et al., 2015; Du et al., 2017; Zhang et al., 2018; Meanchainiboon et al., 2020). However, the petals of many plants with pelargonidins or cyanidins as dominant anthocyanins showed pink color (Jiao et al., 2020; Fu et al., 2021), which may be related to the low absolute content of pelargonidins or cyanidins. After maize Lc was transferred into tobacco (Nicotiana tobacum), the cyanidin content of tobacco petals increased by 38-fold, and the petal color changed from light pink to dark red (Huang et al., 2016), which might be main evidence of the above inference. In this study, quantitative analysis of Cy3G5G and Pn3G5G in petals of six R. rugosa germplasms and six R. hybrida cultivars showed that high relative content and absolute content of Cy3G5G were two essential conditions for red petals of R. rugosa and R. hybrida (Table 1, Figure 2). The result not only further revealed the coloration regular of R. rugosa petals but also provided new evidence for the coloration mechanism of plant red petals.

A large amount of delphinidin-based anthocyanins accumulation was the primary condition to form blue petals (Yoshida et al., 2009; Noda et al., 2017). R. hybrida lacks blue flower cultivars due to the absence of delphinidin-based anthocyanins (Katsumoto et al., 2007). Moreover, delphinidins were not detected in other Rosa species (Mikanagi et al., 2000). However, delphinidins were identified from the petals of R. rugosa ‘Zizhi’, and this is the first time for delphinidins found in Rosa species (Zhang et al., 2015). In this study, Dp3G5G was detected again in the petals of three other R. rugosa germplasms (7-23, 8-37, and 8-16) (Figure 1), meanwhile F3’5’H (evm.TU.Chr7.4112), encoding a key enzyme related to delphinidin biosynthesis, was also identified (Figure 4). Furthermore, the petals of 8-16 germplasm were deep purple-red color with somewhat unique and visible blue hue, and the content of Dp3G5G and the expression level of RrF3’5’H in which were significantly higher than the other two red- and pink-flowered germplasms. These results indicated that R. rugosa possessed a delphinidins metabolic pathway, which could provide a new gene resource for flower color improvement in the genus Rosa.



Key candidate structural genes responsible for anthocyanin synthesis in R. rugosa flowers

Anthocyanin synthesis pathway was divided into three branches, which synthesized cyanidins (methylated to form paeonidins), pelargonidins and delphinidins (methylated to form petunidins and malvidins), respectively (Jaakola, 2013). The biosynthesis of these anthocyanins is co-regulated by a series of structural genes, such as CHS, CHI, F3H, F3’H, F3’5’H, DFR, ANS, and GT (Koes et al., 2005; Jaakola, 2013; Iaria et al., 2016; Goswami et al., 2018). In R. rugosa, the information of structural genes involved in anthocyanin biosynthesis was extreme sparse. Up to now, only two genes, RrGT1 and RrGT2, had been identified and confirmed to participate in anthocyanin biosynthesis of R. rugosa (Sui et al., 2018; Sui et al., 2019). In this study, we found that the cyanidins synthesis pathway was the most dominant branch in three anthocyanin biosynthesis pathways of R. rugosa flowers. The expression of three transcripts annotated as F3’H was higher than that of F3’5’H from delphinidin branch, consistent with the metabolite profile analysis that the sum contents of cyanidin and peonidin was much greater than the sum content of delphinidin and petunidin in 7-23, 8-37, and 8-16, respectively. Otherwise, the inhibition of pelargonidins and delphinidins branches may be related to the substrate specificity of DFR, a structural gene involved in the upstream pathway of anthocyanin biosynthesis (Davies et al., 2003).

In this study, we found that 35 DEGs encoding 12 key enzymes in the upstream pathway of cyanidin biosynthesis co-expressed to regulate the sum content of Cy3G5G and Pn3G5G in R. rugosa petals and determine the intensity of petals color, namely pink or purple (Figure 4). Interestingly, 24 DEGs in 7-23 were significantly up-regulated compared with 8-37 and 8-16, but the sum content of Cy3G5G and Pn3G5G in 7-23 was only 1.20- and 0.81-fold that in 8-37 and 8-16, meanwhile the content of procyanidins was 11.78- and 27.03-fold that in 8-37 and 8-16 (Table 2). Accordingly, we speculated that the high expression level of RrLAR (evm.TU.Chr1.3606) in 7-23, which was 22.36- and 42.42-fold of 8-37 and 8-16 expression levels, reduced the production of Cy3G5G and Pn3G5G by catalyzing a large amount of leucocyanidins to form procyanidins. Otherwise, the transportation model of GST showed signific expression in the red flowered germplasm (7-23), which indicated that the GST may be the main anthocyanin transportation during the red flower color formation.

It was worth noting that there was only one DEG (evm.TU.Chr1.3153) encoding AOMT, a key enzyme from the downstream pathway of cyanidin synthesis. As we all know, AOMT play an important role in anthocyanin methylation. It can increase diversity and improve the stability of anthocyanin (Roldan et al., 2014; Du et al., 2015). Few AOMTs were identified and characterized such as CkmOMT2 in cyclamen, VvAOMT in grape, AnthOMT in tomato, PsAOMT in purple-flowered tree peony, and PtAOMT in red-flowered herbaceous peony, respectively (Kondo et al., 2009; Hugueney et al., 2009; Akita et al., 2011; Roldan et al., 2014; Du et al., 2015). These AOMTs diversified the colors of flowers and fruits by regulating the methylation of cyanidins and delphinidins. Among them, only PsAOMT and PtAOMT were responsible for the methylation of cyanidins and varied the color of cyanidin-based anthocyanins from red to purple (Du et al., 2015). In the present study, a large amount of cyanidins were methylated to form peonidins under high-expression of RrAOMT in the petals of pink-flowered (8-37) and purple-flowered (8-16) germplasms, and only a small amount of cyanidins were methylated to form peonidins under low-expression of RrAOMT in the petals of red-flowered (7-23) germplasm (Table 2). Furthermore, we measured the expression levels of RrAOMT in six R. rugosa germplasm with different petals color. The result showed that the expression levels of RrAOMT in red-flowered germplasms were extremely low, but that in pink- and purple-flowered germplasms were high and increased gradually with the flower color deepening (Figure 7A). These indicated that RrAOMT was a critical structural gene, which was responsible for the content ratio of Cy3G5G to Pn3G5G by regulating the methylation of Cy3G5G and determined the color hue of R. rugosa petals, namely red or pink/purple. The conclusion was consistent with that of Du et al. (2015). Meanwhile, we also found that high absolute content of Cy3G5G was the other essential condition for red flowers formation of R. rugosa besides high relative content (Table 1 and Figure 2). From that, it was presumed that deep purple-red-flowered R. rugosa germplasms with high anthocyanin content should be selected as transgenic materials to create new red-flowered R. rugosa germplasms by inhibiting RrAOMT expression, because light pink-flowered germplasms with low anthocyanin content cannot produce sufficient Cy3G5G by inhibiting RrAOMT expression. Taken together, R. rugosa can provide a good model system for the investigation of methylation mechanisms of cyanidin-based anthocyanins and their influence on flower coloration.



Key candidate TFs involved in anthocyanin synthesis in R. rugosa flowers

Except to structural genes, MYB, bHLH, and WD40 TFs also play important roles in plant coloration. MYB TFs are generally considered to be the most critical TFs for the synthesis of plant anthocyanins and a large amount of MYB TFs have been characterized (Zhang et al., 2019; Sakai et al., 2019; Wang et al., 2019a; Karppinen et al., 2021; Jiang et al., 2018). Most MYB TFs regulating anthocyanin synthesis in Rosaceae plants were identified from apple, pear, strawberry, and other fruits, such as MdMYB2 in apple, PyMYB114 in pear, and FaMYB10 in strawberry (Yao et al., 2017; Wang et al., 2019b; Jiang et al., 2022). Few MYB TFs regulating anthocyanin synthesis were identified from Rosaceae ornamental plants, such as RcMYB114 in Rosa sp. and PpMYB108 in peach flower (Li et al., 2022; Khan et al., 2022).

In this study, we identified three R2R3-MYB TFs having conserved domain of R2 and R3, namely RrMYB108 (evm.TU.Chr1.2774), RrC1 (evm.TU.Chr6.939), and RrMYB114 (evm.TU.Chr4.128), by transcriptome annotation, blast, and correlation analysis. The similarity of the three TFs with associated homologous sequences was between 31.56% and 66.20%, indicating that the identified R2R3-MYBs may regulate anthocyanin biosynthesis related to flower color formation in R. rugosa. And the expression levels of RrMYB114 in transcriptome was negatively correlated with the content of Pn3G5G and the expression level of RrAOMT, and positively correlated with the content of Cy3G5G and the expression levels of other 13 structural genes, which was just contrary to RrC1 and RrMYB108 (Figures 5, 6). Subsequently, we further measured the expression trends of the three TFs in six R. rugosa germplasms. The results showed that the expression levels of RrMYB114 and RrAOMT shared a similar trend in four pink- and purple-flowered germplasms, but a contrary trend in two red-flowered germplasms. The expression trend of RrMYB108 and RrC1 in four pink- and purple-flowered germplasms were contrary to RrAOMT and RrMYB114, but in two red-flowered germplasms were consistent with RrAOMT and contrary to RrMYB114 (Figure 7). Accordingly, we speculated that these three candidate TFs might play critical roles in the control of petal color in R. rugosa by regulating the expression of both RrAOMT and other multiple structural genes.

So far, there are a few reports about MYB108, C1, and MYB114 involved in the anthocyanin biosynthesis, and they are generally believed to positively regulate anthocyanin synthesis. PyMYB114 (isolated from Chinese pear) and PpMYB114 (isolated from ‘Red Zaosu’ pear) were found to interact with other transcription factors to co-regulate fruit anthocyanin biosynthesis in pear (Yao et al., 2017; Ni et al., 2019). Overexpression of PpMYB108 (isolated from peach flower) was confirmed to significantly increased anthocyanin biosynthesis in tobacco flowers by a positive interaction with PpDFR promoter (Khan et al., 2022). OsC1 (isolated from rice leaves) was verified to activate all anthocyanin biosynthetic genes including OsCHS, OsCHI, OsF3’H, OsF3H, OsDFR and OsANS in rice leaves by forming MYB-bHLH-WD40 complex with OsRb and OsPAC1 (Zheng et al., 2019). In our study, what is inconsistent with the above research results was that the expression levels of RrMYB108 and RrC1 were both contrary to the total anthocyanin content in R. rugosa petals, which might be induced by functional differentiation of the two TFs in different species. However, the specific functions of RrMYB108, RrC1, and RrMYB114 need to be verified by experiments.




Conclusions

In this study, transcriptome and chemical analyses were used to clarify the flower coloration mechanism in R. rugosa. Cy3G5G and Pn3G5G accounted for an extremely high proportion of anthocyanins in petals, while Dp3G5G was present in low amounts but varied in different germplasms. The sum and ratio of Cy3G5G and Pn3G5G contents were responsible for the petal color intensity and hue, respectively. Thirty-five key structural genes involved in the upstream pathway of cyanidin biosynthesis co-expressed to regulate the sum content of Cy3G5G and Pn3G5G, and RrAOMT from the downstream pathway regulated the ratio of Cy3G5G to Pn3G5G by methylation. Three candidate TFs, such as RrMYB108, RrC1, and RrMYB114, might regulate the expression of both RrAOMT and other multiple structural genes to control the petal colors in R. rugosa. This study was the first comprehensive analysis of the flower coloration mechanism in R. rugosa, especially in the red-flowered germplasm, and provided a series of candidate genes with applications in the breeding of ornamental plants.
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Transcription factors encoded by the three-amino-acid-loop-extension (TALE) gene family play a key role in regulating plant growth and development, and are involved in plant hormone regulatory pathways and responses to various environmental stresses. Researchers are currently studying TALE genes in different species, but Prunus mumeTALE genes have not yet been studied. Therefore, based on the P. mume genome, we found a total of 23 TALE gene family members, which were distributed on eight chromosomes. TALE genes contained the characteristic domains of this family, and could be divided into KNOTTED-like homeobox (KNOX) subfamily and BEL1-like homeobox (BELL) subfamily. They can form heterodimers with each other. Fragment duplication and tandem duplication events were the main reasons for the expansion of P. mumeTALE gene family members and the TALE genes were selected by different degrees of purification. The inter-species collinearity analysis showed that the relationship between P. mume and other four Prunus species was consistent with the distance of origin. Eleven members of P. mumeTALE genes were specifically highly expressed in stem, mainly at the early stage of stem development. The cis-element analysis showed that the promoter of P. mumeTALE genes contained a variety of hormone and abiotic stress response elements, and four TALE genes responded to two kinds of abiotic stresses and four kinds of hormones at the early stage of stem development. In conclusion, this study lays a foundation to explore the role of TALE gene family in P. mume growth and development.
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 Prunus mume, TALE transcription factors, stem development, abiotic stress, hormone response


Introduction

Transcription factors (TFs) encoded by homeobox genes contain many members and play a key role in regulating plant growth and development (Chan et al., 1998). Vollbrecht et al. (1991) discovered a homeobox gene, maize Knotted-1 (KN1), for the first time in the plant kingdom. The kn1 mutations caused by insertion or tandem duplication of transposable elements significantly affected leaf development (Vollbrecht et al., 1991). The homeobox domain present in homeobox genes consists of 60 amino acids, forming three helical structures. The first helix and the second helix form a ring, while the second helix and the third helix form helix-turn-helix (Billeter et al., 1993). The predecessors classified Homeobox genes according to the sequence features of the homeobox domain. Originally, Homeobox genes were divided into seven categories, including Arabidopsis thaliana homeobox 8 (ATHB8), BEL1-like homeobox (BELL/BLH), GL2, homeobox from A. thaliana 1 (HAT1), homeobox from A. thaliana 2 (HAT2), KNOTTED-like homeobox (KNOX/KNAT), and Zea mays homeobox (ZM-HOX; Bharathan et al., 1997). Later, Mukherjee et al. classified them into 14 categories, including BELL/BLH, DDT, homeodomain-leucine zipper I to IV (HD-ZIP I to IV), KNOX/KNAT, luminidependens (LD), nodulin homeobox genes (NDX), plant homeodomain (PHD), PINTOX, plant zinc finger (PLINC), SAWADEE, and wuschel homeobox (WOX; Mukherjee et al., 2009). In 2017, Jin et al. reduced the homeobox genes into five categories in plant TF database PlantTFDB 4.0, including HD-ZIP, TALE, WOX, HB-PHD, and HB-others (Jin et al., 2017). Among them, TALE includes the two types of gene subfamilies BELL and KNOX, mentioned above, because the homeobox domain of these two types of genes contains three additional amino acids, which can form an additional loop connection to construct three-amino-acid-loop-extension (TALE) homeobox domain (Hamant and Pautot, 2010).

KNOTTED-like homeobox-like genes play key regulatory roles in plant meristem and leaf development. Such gene-encoded proteins typically contain four domains, including homeobox, KNOX1, KNOX2, and ELK. At first, KNOX genes were divided into two categories according to their expression and function, namely class I and II. Compared with class I, the gene expression range of class II is wider (Hake et al., 2004; Gao et al., 2015). Interestingly, later studies found that KNOX A. thaliana MEINOX protein (KNATM) only contained the KNOX domain, which was classified as a new group (class III) by phylogenetic analysis. KNATM is only found in eudicots, and some species have multiple paralogs (Magnani and Hake, 2008). Arabidopsis thaliana KNOX class I consists of four members: shoot meristemless (STM), KNAT1/BP, KNAT2, and KNAT6, which are mainly expressed in meristem and stem, and their ectopic expression in leaves can significantly affect leaf phenotype. STM is a meristem marker gene and also the first KNOX gene expressed during embryonic development (Scofield and Murray, 2006; Shani et al., 2009; Hay and Tsiantis, 2010). It affects the development and maintenance of SAM, and the formation of AM during postembryonic development (Shi et al., 2016). KNAT1/BP and KNAT6 have redundant functions with STM in maintaining SAM activity and organ separation. There is partial duplication of chromosome segments between KNAT2 and KNAT6, and single gene mutation does not significantly affect shoot development (Bharathan et al., 2002; Belles-Boix et al., 2006). KNAT1/BP can restrict the expression of KNAT6 and KNAT2 during the reproductive stage, allowing normal inflorescence development (Ragni et al., 2008). Arabidopsis thaliana KNOX class II contains four members: KNAT3, KNAT4, KNAT5, and KNAT7. Studies have shown that KNAT7 and its homologous genes affect the formation of lignin, thereby regulating the development of secondary cell wall (SCW). KNAT3 can form heterodimers with KNAT7, thus jointly promoting the formation of SCW (Li et al., 2012; Ma et al., 2019; Wang et al., 2019b). In addition, KNAT3, KNAT4, and KNAT5 play regulatory roles in A. thaliana root development with functional redundancy (Truernit and Haseloff, 2007). Medicago truncatula KNAT3/4/5-like genes regulate the development of symbiotic nodules (Di Giacomo et al., 2017). KNATM is expressed in the proximal domain of organ primordia and at the border of mature organs. Although it does not have a homeobox domain, it can still function as a transcriptional regulator. In addition, KNATM can interact with KNAT1/BP through the acidic coiled-coil domain (Magnani and Hake, 2008).

BEL1-like homeobox-like genes encoded proteins contain two conserved domains, namely homeobox and POX. Arabidopsis thaliana BELL genes has 12 members, including BEL1, A. thaliana homeobox 1 (ATH1), BLH1-10, and there is no clear classification system. In addition, BELL proteins frequently interact with KNOX proteins to perform their functions (Byrne et al., 2003). For example, KNAT1/BP can form heterodimers with PENNYWISE (PNY)/BLH9 to regulate early developmental events in inflorescence meristem (Smith and Hake, 2003). ATH1 can interact with STM to activate the expression of STM, so that STM forms a self-activating loop, thereby maintaining the activity of SAM (Cao et al., 2020). SAWTOOTH1 (BLH2/SAW1) and SAWTOOTH2 (BLH4/SAW2) can interact with KNAT1/BP, KNAT2, KNAT5, and STM, and regulate leaf edge development to a certain extent by inhibiting the expression of one or more KNOX genes (Kumar et al., 2007). BLH6 can interact with KNAT7, and this interaction enhances the inhibition ability of BLH6 and KNAT7. In addition, BLH6 and KNAT7 can directly inhibit the expression of REVOLUTA (REV) to regulate the formation of SCW (Liu et al., 2014). Recently, researchers have studied the interaction between TALE proteins in tomato and identified 75 pairs of KNOX-BLH interactions. It was found that the interaction between KNOX class I member SlKN5 and BELL proteins (SlBLH5 and SlBLH7) played an important regulatory role in the process of fruit differentiation (Ezura et al., 2022).

Previous studies have found that the TALE gene family is involved in plant hormone regulatory pathways (Tsuda and Hake, 2015; Niu and Fu, 2022). The exogenous hormone application showed that the expression of KNOX gene family members of Caucasian clover could respond to the changes of 6-BA, IAA, and KT signals (Zhang et al., 2022b). Ectopic expression of the maize KNOX-like gene KN1 in leaves enhances auxin signaling (Bolduc et al., 2012), and KN1 also can activate ga2ox1 expression by binding to its intron, which in turn negatively regulates gibberellin (GA) accumulation, thereby maintaining meristematic cell identity (Bolduc and Hake, 2009). Overexpression of tomato KNOX-like gene Tkn4 increases seedling sensitivity to GA and auxin, and increases the expression of genes related to GA and auxin synthesis (Yan et al., 2019). Ectopic expression of auxin synthesis gene in A. thaliana leaf axils can downregulate the expression of STM (Wang et al., 2015) and A. thaliana KNOX gene can rapidly activate CK biosynthetic gene expression, which is important for maintaining normal SAM development (Jasinski et al., 2005; Yanai et al., 2005). Infection of A. thaliana leaves by Rhodococcus fascians can cause local CK responses and reduce GA signaling, which may provide a suitable environment for the expression of KNOX-like genes, resulting in the formation of leaf edge serrations (Depuydt et al., 2008). Arabidopsis thaliana BLH1 can form a heterodimer with KNAT3 to activate the expression of abscisic acid (ABA) response gene ABSCISIC ACID-INSENSITIVE 3 (ABI3), which promotes plant response to ABA during seed germination and seedling stages (Kim et al., 2013). MdKNOX19, a member of the apple KNOX subfamily, is an ABA-responsive gene. Overexpression of MdKNOX19 increases the ABA sensitivity of apple callus, and can directly activate the expression of MdABI5, a key gene in the ABA signaling pathway (Jia et al., 2021). The rice KNOX-like gene homeobox1 (OSH1) can activate brassinosteroid (BR) degradation-related genes to inhibit the BR pathway, and the loss of OSH1 function leads to the increase of BR level (Tsuda et al., 2014). Litchi LcKNAT1 can inhibit the expression of ethylene biosynthesis genes by directly binding to their promoters, thereby inhibiting fruit abscission (Zhao et al., 2020).

Furthermore, TALE gene family members are not only involved in hormonal regulatory pathways but also in response to a variety of abiotic stresses (Hao et al., 2021). The promoters of TALE gene family members in soybean contained cis-elements that responded to various stresses, and the expression level of GmTALE genes could change in response to salt stress and drought stress (Wang et al., 2021). Overexpression of the KNOX-like gene TaKNOX11-A of Triticum aestivum in A. thaliana can increase the content of proline and reduce the content of malondialdehyde, thereby enhancing the salt tolerance and drought resistance of the plant (Han et al., 2022). Cotton BELL-like gene GhBLH5-A05 plays an important role in combating drought stress. Silencing GhBLH5-A05 by virus induced gene silencing (VIGS) technology reduced the drought resistance of cotton, and overexpression of GhBLH5-A05 could increase the expression level of drought-responsive genes, thereby increasing the drought resistance of cotton (Zhang, 2021). In addition, GhBLH5-A05 can enhance its own function through protein interaction with KNOX-like gene GhKNAT6-A03 (Zhang et al., 2021b). Glycine max H1 Sbh1 (GmSBH1), a member of the soybean KNOX subfamily, has a key regulatory role in response to high temperature and humidity (HTH) stress. At the same time, GmSBH1 protein can form a heterodimer with GmBLH4 to participate in the response to HTH stress during seed development (Shu et al., 2015; Tao et al., 2018). Populus alba × P. glandulosa KNOX subfamily member PagKNAT2/6b can be significantly induced by drought treatment, and can mediate drought response by down-regulating PagGA20ox1 gene of GA pathway (Song et al., 2021). Members of the pear KNOX subfamily can respond to drought stress treatment, specifically, the expression of PbKNOX7/13 is increased under drought stress, while the expression of PbKNOX5/16 is inhibited under drought stress (Liu et al., 2022).

Prunus mume belongs to genus Prunus of Rosaceae and its TALE gene family has not yet been studied, but the research on the KNOX genes of other Prunus plants has been reported. Misexpression of peach KNOPE1 (belonging to KNOX class I) may be involved in leaf hyperplasia caused by leaf curl disease (Testone et al., 2008). In addition, KNOPE1 is expressed in cortex and procambium at the primary growth stage of stems and prevents the lignification of primary stems by inhibiting lignin-related genes (Testone et al., 2012). Subsequent studies found that KNOPE1 could inhibit the expression of PpGA3ox1 to affect gibberellin(GA) homeostasis, thereby regulating peel differentiation (Testone et al., 2015). Peach KNOPE3 (belonging to KNOX class II) may be involved in the regulation of sugar transport processes (Testone et al., 2009). The members of the KNOX subfamily of pear have an important regulatory effect on the growth and development of pear. Specifically, they are highly expressed in robust hybrid progeny and weakly expressed in dwarf hybrid progeny (Liu et al., 2022). In addition, PbKNOX in pear can inhibit the level of lignin, thereby regulating the formation of stone cells in fruit (Cheng et al., 2019). The transformation of maize KNOX1 into plum can significantly improve the regeneration efficiency of plum explants (Srinivasan et al., 2011).

In this study, we used P. mume as experimental material to identify members of the TALE gene family based on genome-wide data, and performed gene and protein structure analysis, phylogenetic analysis, chromosome location analysis, collinearity analysis, promoter element prediction, and protein interaction prediction. At the same time, the response of TALE genes to hormones and abiotic stresses was explored during the early development of stem, thus laying a foundation for the functional study of the P. mume TALE gene family.



Materials and methods


Identification and gene structure analysis of TALE gene family members in Prunus mume

We obtained the genome information of P. mume (Zhang et al., 2012) on NCBI,1 and used Pfam (http://pfam.xfam.org; Mistry et al., 2021) to download the seed sequences of POX, KNOX1, KNOX2, and ELK domains. The genes containing at least one of the above domains (required E-value>10–5) were obtained from the P. mume genome with the help of hmmer 3.0 (Johnson et al., 2010) and defined as members of the P. mume TALE gene family. We used the GSDS website (http://gsds.gao-lab.org/index.php; Hu et al., 2015) to draw the intron-exon structure map of the TALE gene family members.



Basic information of TALE protein sequences in Prunus mume

The isoelectric point (pI), molecular weight (MW), overall average hydropathic coefficient (GRAVY), and instability coefficient of the TALE gene family members were analyzed using the EXPASY website (https://web.expasy.org/protparam; Wilkins et al., 1999). Transmembrane domain analysis was performed using the TMHMM website.2 Subcellular localization prediction was performed using the WoLF PSORT website (https://wolfpsort.hgc.jp; Horton et al., 2007). Protein secondary structure prediction was performed using the SOPMA website (https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_sopma.html; Geourjon and Deleage, 1995). Protein phosphorylation sites were predicted using the NetPhos website (https://services.healthtech.dtu.dk/service.php?NetPhos-3.1; Blom et al., 2004).



Phylogenetic analysis and conserved motif analysis of TALE protein sequences in Prunus mume

In order to elucidate the phylogenetic relationship of TALE genes in P. mume, the TALE gene family in the genome of two other Prunus species (P. armeniaca, P. persista) and the model plant A. thaliana was analyzed together. The sequences of the A. thaliana TALE gene family were derived from UniProt (https://www.uniprot.org/blast; Bateman et al., 2021). The genomes of P. armeniaca and P. persista were downloaded from NCBI (see footnote 1). MEGA7.0 [neighbor-joining method (NJ), 1,000 Bootstrap repeats] were used to construct the TALE gene family evolution tree of P. mume, P. armeniaca, P. persista, and A. thaliana, so as to predict the homologous genes of the A. thaliana TALE gene family in three kinds of Prunus species.

Motif prediction was performed on the amino acid sequences of the TALE gene family of P. mume using the MEME website (https://meme-suite.org/meme/tools/meme; Bailey et al., 2015), using the default parameters, except that the number of motifs was set as 6, and the motif structure map was mapped using TBtools (Chen et al., 2020). Pfam’s batch sequence search tool (http://pfam.xfam.org/search#tabview=tab1; Mistry et al., 2021) was used to align the amino acid sequences of the TALE gene family of P. mume with known domains, and TBtools were used to map and beautify the analysis results (Chen et al., 2020), followed by analysis of the corresponding relationship between the motif prediction results and the structural domain alignment results.



Chromosomal location and collinearity analysis of TALE gene family members in Prunus mume

The MG2C website3 was used to analyze the chromosomal location of the P. mume TALE gene family. The intra-species collinearity analysis of the P. mume TALE gene family was performed using MCScanX (Wang et al., 2012, 2013), and the non-synonymous substitution (Ka) and synonymous substitution (Ks) values of the collinear pair were calculated with the help of the PAL2NAL website (http://www.bork.embl.de/pal2nal; Suyama et al., 2006). The evolution time of collinear pairs was predicted using the formula T = Ks/2λ × 106 Mya (λ = 1.5 × 10−8 for dicots; Wang et al., 2019a). We selected four other Prunus species, including P. armeniaca, P. persica, P. avium, and P. dulcis, and used MCScanX (Wang et al., 2012, 2013) to analyze the inter-species collinearity between P. mume and the above four species. The genomes of the other four plants (Ezhova, 2003; Alioto et al., 2020; Pinosio et al., 2020; Zhang et al., 2021a) were downloaded from NCBI (see footnote 1) and the Ensembl Plants website.4



Promoter analysis and protein interaction prediction of TALE gene family members in Prunus mume

The 2000 bp promoter sequence upstream of ATG of the TALE gene family of P. mume was extracted by TBtools (Chen et al., 2020), and the cis-acting elements on the promoter sequence were analyzed by the PlantCARE website (http://bioinformatics.psb.ugent.be/webtools/plantcare/html; Rombauts et al., 1999). The STRING website (https://cn.string-db.org; Szklarczyk et al., 2021) was used to predict the protein interactions between members of the TALE gene family, and Cytoscape was used to map protein interaction networks (Shannon et al., 2003).



Analysis of expression patterns of the TALE gene family members in Prunus mume

Tissue-specific expression analysis of TALE gene family members in P. mume: The expression profiles of TALE genes in five different tissues (root, stem, leaf, flower bud, and fruit) were mapped using previous transcriptome data (GEO No. GSE40162), and P. mume wild species in Tongmai town, Tibet, China (accession No. BJFU1210120008) was used in this previous study (Zhang et al., 2012). TBtools was used to draw the heatmap with parameters set to row scale and scale size by area (Chen et al., 2020).

Expression profile analysis of P. mume TALE genes at different stem developmental stages: The plant material P. mume cv. “Jiangmei” used in this study was planted on the campus of Beijing Forestry University. To explore the effect of the TALE gene family on stem development, annual stems (that is, 1-year-old branches) with the same growth length (about 20 cm) were obtained from the same tree in May. The three developmental stages of the stem were divided as follows: the first developmental stage included the apical bud and the first to third stem nodes counting down from the apical bud of each annual stem (leaves removed), the second developmental stage included the fourth to sixth stem nodes of each annual stem (leaves removed), and the third developmental stage included the seventh to ninth stem nodes of each annual stem (leaves removed). Samples for each developmental stage were obtained in three replicates. All samples were snap-frozen in liquid nitrogen and stored in a −80°C freezer.

Expression profile analysis of P. mume TALE genes under hormone or abiotic stress treatments: In order to explore the response of the TALE gene family to exogenous hormones and abiotic stresses in early stem development, annual stems with the same growth length (20 cm) were obtained from the same tree in May, and the annual stems were treated with four hormones and two stresses, then the first developmental stage samples of the treated annual stems were used for the fluorescence quantitative assay. Various treatments were carried out by inserting annual stems into MS liquid medium containing different hormones or stress treatment-related substances. Each liter of MS liquid medium contains 4.43 g MS powder, 25 g sucrose and 7 g agar. Hormone treatments included 1 mmol/L 6-BA, 1 mmol/L NAA, 1 mmol/L GA3, and 1 mmol/L ABA. Abiotic stress included 300 mmol/L NaCl and 300 mmol/L mannitol. The treatment time included 1, 3, 6, and 12 h, and the untreated (that is, 0 h) first developmental stage samples of the annual stems were the blank control. The test was carried out in an incubator, and the setting conditions were 16 h (25°C) during the day, 8 h (18°C) at night, and 80% humidity. Each treatment experiment was repeated three times. All samples were snap-frozen in liquid nitrogen and stored in a −80°C freezer.



RNA extraction and qRT-PCR

RNA was extracted from samples by RNA Extraction Kit (Takara, Dalian, China), the residual DNA in each sample was removed by DNase I, and the first strand of cDNA was synthesized by PrimeScript RT reagent kit (Takara, Dalian, China). Primer design was completed by NCBI primer tool and the primers were synthesized by Beijing Qingke Biotechnology Co., Ltd. (Supplementary Table S1). qRT-PCR was performed with SYBR premix ex Taq II Kit (Takara, Dalian, China). The total reaction system was 20 μl: SYBR Mix 10 μl, 10-fold diluted cDNA template 1 μl, 0.4 μl of forward and reverse primers (10 μmol/L) respectively, and H2O 8.2 μl. The reaction procedure is as follows: pre denaturation at 95°C for 3 min; denaturation at 95°C for 10 s, renaturation at 60°C for 1 min, 40 cycles; fluorescence collection at 60°C. Actin was used as the internal reference gene in the experiment (Xu et al., 2015). Three technical repeats were set up and the gene expression level was calculated by 2–ΔΔCt (Schmittgen and Livak, 2008). Microsoft Office Excel was used for data analysis and histogram plotting.




Results


Identification and gene structure analysis of TALE gene family members in Prunus mume

In order to obtain members of the TALE gene family in P. mume, we used the seed sequences of POX, KNOX1, KNOX2, and ELK domains downloaded from Pfam to align and analyze the P. mume genome, and the genes containing at least one of the above domains were defined as members of the TALE gene family. Finally, 23 P. mume TALE genes were obtained, and according to the order number of the genes in the genome, they were named PmTALE1–PmTALE23 in order from small to large.

Analysis of the basic information of the P. mume TALE gene family showed that a total of 12 members of the family were located on the sense strand, and the other 11 members were located on the antisense strand. The gene length of PmTALE19 (837 bp) and the length of its coding region (327 bp) were the shortest. The length of PmTALE15 (6,905 bp) and the coding region of PmTALE1 (2,445 bp) were the longest. All members of the P. mume TALE gene family except PmTALE15 and PmTALE21 genes contain 4–5 exons and 3–4 introns, while PmTALE15 contains 10 exons and nine introns and PmTALE21 contains only two exons and one intron (Table 1). Gene structure analysis showed that compared with other members, PmTALE1, PmTALE11, PmTALE13, and PmTALE23 all contained a longer intron with lengths of 2,766, 3,869, 2,995, and 4,094 bp respectively, while PmTALE18 contained the shortest exon with a length of only 24 bp (Figure 1).



TABLE 1 Basic information of Prunus mume TALE gene family members.
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FIGURE 1
 Schematic diagram of the exon-intron structure of the three-amino-acid-loop-extension (TALE) gene family members in Prunus mume.




Basic information analysis of TALE protein sequences in Prunus mume

Analysis of the basic information of the P. mume TALE gene family proteins showed that the number of amino acids ranged from 108 to 814. Among them, PmTALE19 protein sequence has the shortest length and the smallest molecular weight, which is 12042.49 Da. PmTALE1 protein sequence has the longest length and the largest molecular weight, which is 89285.16 Da. The isoelectric points of PmTALE1 and PmTALE2 proteins are 7.17 and 7.21 respectively, showing near neutral. The isoelectric point of PmTALE15 protein is 9.52, showing its alkaline nature. The protein isoelectric points of other 20 gene family members are all less than 7, showing their acidic nature. The GRAVY of all gene family proteins was negative, and the instability coefficients were all greater than 40, indicating that all proteins were soluble and the protein structures were unstable. The prediction results of the transmembrane domain showed that there was no transmembrane helical region in all protein amino acid sequences, so they were all distributed outside the membrane. Subcellular localization prediction results showed that all proteins were localized in the nucleus, suggesting their function as transcription factors (Supplementary Table S2). The secondary structures of all proteins were similar, with a high proportion of α-helix and random coil, a small proportion of β-sheet and extended linkage (Figure 2A). In addition, the prediction results of protein phosphorylation sites show that there are various phosphorylation sites on the amino acid sequence of all members, among which serine residues (S) account for the highest proportion, while threonine residues (T) and lysine residues (Y) account for a small proportion, indicating that the biological function of P. mume TALE gene family members may be regulated by kinases (Figure 2B).
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FIGURE 2
 Analysis of protein secondary structure and phosphorylation site of Prunus mume TALE gene family members, (A) reflects the proportion of the four types of secondary structures of the TALE proteins; (B) reflects the proportion of the three types of phosphorylation sites of the TALE proteins. S, serine residues; T, threonine residues; and Y, lysine residues.




Phylogenetic analysis and conserved motif analysis of TALE protein sequence in Prunus mume

In order to predict the phylogenetic relationship of TALE gene family members in P. mume, the phylogenetic tree was constructed from the protein sequences of TALE gene family members in P. mume, two other Prunus species (P. armeniaca and P. persica) and A. thaliana. The results showed that the TALE gene families of these four species can all be divided into two subfamilies (Figure 3A), and the number of members of the two subfamilies is not much different (Figure 3B), indicating that the overall evolutionary relationships within the TALE gene families of these three Prunus species are all similar to A. thaliana. According to the clustering results of P. mume and A. thaliana, PmTALE1-3, PmTALE7, PmTALE9-10, PmTALE15-16, PmTALE18, and PmTALE20-21, a total of 11 members clustered with the A. thaliana BELL subfamily, and the remaining 12 members clustered with the A. thaliana KNOX subfamily, therefore, the 11 TALE gene family members clustered with the A. thaliana BELL subfamily were named as the P. mume BELL subfamily, and the remaining 12 TALE gene family members were named as the P.mume KNOX subfamily (Figure 3).
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FIGURE 3
 Phylogenetic analysis of TALE gene family protein sequences in Prunus mume and other plant species, (A) shows phylogenetic tree of TALE gene family protein sequences in P. mume, Prunus armeniaca, Prunus persica, and Arabidopsis thaliana. PmTALE represents the P. mume TALE protein, PaTALE represents the P. armeniaca TALE protein, PpTALE represents the P. persica TALE protein, and the rest represent the A. thaliana TALE proteins. On the periphery of the figure, the blue semi-circle represents the KNOTTED-like homeobox (KNOX) subfamily, and the red semi-circle represents the BEL1-like homeobox (BELL) subfamily; (B) shows the gene numbers of subfamily in P. mume, P. armeniaca, P. persica, and A. thaliana.


We used MEME website to predict amino acid sequences of P. mume TALE gene family members and a total of six kinds of motifs were found (Figure 4A). Analysis of the motif contained in all the members of the TALE gene family found that 19 TALE gene family members except PmTALE8, PmTALE18, PmTALE19, and PmTALE21 contained motif1, and 21 TALE gene family members except PmTALE8 and PmTALE19 contained motif3. Analysis of the motif contained in the BELL subfamily found that all the members contained motif2 and motif6. Analysis of the motif contained in the KNOX subfamily found that, except for PmTALE12 and PmTALE19, the rest of the members contained motif4 and motif5, while PmTALE19 only contained motif5, and PmTALE12 contained neither motif4 nor motif5 (Figure 4B).
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FIGURE 4
 Motif analysis of the protein sequence of the Prunus mume TALE gene family, (A) shows the sequences of the six kinds of motifs; (B) reflects the distribution of the six kinds of motifs on the P. mume TALE protein sequences.


We used Pfam to align the amino acid sequences of P. mume TALE gene family members with known domains, and it was found that the family contained seven domains. Analysis of the domains contained in all members of TALE gene family showed that 19 TALE gene family members except PmTALE8, PmTALE18, PmTALE19, and PmTALE21 contained Homeodomain or Homeobox_KN domain. Analysis of the domains contained in the BELL subfamily found that all members of this subfamily contained POX domains. Analysis of the domains contained in the KNOX subfamily found that, except for PmTALE8, PmTALE12, and PmTALE19, the rest of the members contained KNOX1 and KNOX2 domains, while PmTALE8 and PmTALE19 only contained KNOX2 domains, and PmTALE12 contained neither KNOX1 nor KNOX2 domain. Furthermore, with the exception of PmTALE8, PmTALE17 and PmTALE19, the remaining members of this subfamily contained ELK domain (Figure 5).
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FIGURE 5
 Analysis of the protein sequence domain of the Prunus mume TALE gene family.


Finally, we compared the motif prediction results and the structural domain alignment results, and found that the two results had a corresponding relationship. Motif1 and motif3 roughly correspond to Homeodomain and Homeobox_KN domains, motif2 and motif6 roughly correspond to POX domains, motif4 roughly corresponds to KNOX1, and motif5 roughly corresponds to KNOX2. It is worth mentioning that PmTALE8 and PmTALE19 clustered with the A. thaliana KNATM in the phylogenetic tree (Figure 3). The protein length of the A. thaliana KNATM is very short, and does not contain the Homeodomain domain of the Homeobox gene family, and only contains the KNOX1 and KNOX2 domains, but it can still play biological functions in the process of plant growth and development (Magnani and Hake, 2008). The domain characteristics of PmTALE8 and PmTALE19 were similar to KNATM, indicating that the predicted protein structure was consistent with the phylogenetic tree clustering results.



Chromosome location and collinearity analysis of Prunus mume TALE gene family

Chromosome location results showed that except for PmTALE23 gene, 22 members of the TALE gene family in P. mume were all located on chromosomes and were distributed on eight chromosomes. Specifically, chromosome 2 contained eight TALE genes. Chromosome 1 contains four TALE genes, chromosomes 7 and 8 contain three TALE genes, and chromosomes 3–6 contain only one TALE gene (Figure 6).
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FIGURE 6
 Chromosomal location of the Prunus mume TALE gene family.


Intra-species collinearity analysis was performed on 22 members of the TALE gene family located on chromosomes and the results showed that a total of 13 members participated in the formation of seven collinear pairs, as follows: PmTALE2 and PmTALE20, PmTALE3 and PmTALE15, PmTALE5 and PmTALE22, PmTALE9 and PmTALE16, PmTALE13 and PmTALE14, PmTALE9 and PmTALE10, and PmTALE11 and PmTALE12. Among them, the first five pairs were genome-wide replication (WGD) or fragment replication, and the last two pairs were tandem replication. It indicated that fragment duplication and tandem duplication events were the main reasons for the expansion of members of the TALE gene family in P. mume (Figure 7).
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FIGURE 7
 Intra species collinearity analysis of Prunus mume TALE gene family. Red lines indicate gene pairs that form genome-wide replication (WGD) or segmental duplications, blue lines indicate gene pairs that form tandem duplications, and grey lines represent other collinear gene pairs of non-TALE gene family members within the genome.


The Ka to Ks ratio was calculated for collinear pairs with WGD or fragment duplication and tandem duplication to predict the adaptive evolution of gene CDS regions. The results showed that the ratios of Ka to Ks for all collinear pairs ranged from 0.02 to 0.67, which were all less than 1, indicating that these genes were selected by different degrees of purification. In addition, the evolutionary time of the five collinear pairs with WGD or fragment duplication was relatively close, which was estimated to be 89.2–95.7 MY. However, the evolutionary time of the two collinear pairs with tandem duplication was far apart, specifically, PmTALE9 and PmTALE10 evolved as early as about 1485.3 MY, while PmTALE11 and PmTALE12 evolved at about 5.5 MY (Table 2).



TABLE 2 Ka/Ks value calculation and evolution time prediction of collinear pairs within the Prunus mume TALE gene family.
[image: Table2]

In order to preliminarily explore the evolutionary relationship of TALE gene family between P. mume and other Prunus species, we performed the inter-species collinearity analysis of the 22 members of this family located on chromosomes. The other four Prunus species selected for comparative analysis were P. armeniaca, P. persica, P. avium, and P. dulcis. China is the main origin of P. armeniaca, while P. persica has been cultivated in China as early as 2,000 BC. Different from the first two kinds of plants, the latter two kinds of plants are mainly distributed in foreign countries. Among them, P. avium is a cherry native to Europe, western Turkey, northwestern Africa, and western Asia. P. dulcis is native to Israel, west Jordan, Lebanon, south Turkey, Turkmenistan, and Uzbekistan.

The results of inter-species collinearity analysis showed that genes with collinear relationship with members of the P. mume TALE gene family could be found in other four Prunus species. Specifically, a total of 24 genes on the P. armeniaca chromosome formed 32 collinear gene pairs with P. mume TALE genes. These 24 genes were distributed on eight chromosomes of P. armeniaca. Among them, chromosome 1 contained the largest number of genes, a total of 7, while chromosomes 3, 4, and 8 contained only one gene. A total of 22 genes on the P. persica chromosome formed 31 collinear gene pairs with the P. mume TALE genes. These 22 genes were distributed on eight chromosomes of P. persica. Among them, chromosome 1 contained the largest number of genes, a total of 6, while chromosomes 3, 4, and 8 contained only one gene. Overall, the results of the collinearity analysis of TALE gene family between P. mume with P. armeniaca are similar to that between P. mume with P. persica. On the chromosome of P. dulcis, only five genes formed five collinear gene pairs with members of the P. mume TALE gene family, and these five genes were distributed on chromosomes 4, 5, and 7. On the P. avium chromosome, there were only two genes that formed three collinear gene pairs with the P. mume TALE genes, and these two genes were distributed on chromosomes 1 and 4. Overall, compared with P. armeniaca and P. persica, the number of collinear gene pairs of TALE genes formed between the P. mume with P. dulcis or P. avium was very small. To some extent, this indicates that P. mume is closely related to P. armeniaca and P. persisca, but far away from P. dulcis and P. avium. The origins of P. mume, P. armeniaca and P. persica are mainly distributed in China, while the origins of P. dulcis and P. avium are mainly distributed in foreign countries, indicating that the distance of origin of these five Prunus species is consistent with the distance of collinear relationship (Figure 8).
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FIGURE 8
 Collinear analysis of TALE gene family between Prunus mume and four kinds of Prunus species. The red lines represent gene pairs with a collinear relationship, grey lines represent other collinear gene pairs of non-TALE gene family members across genomes; Green represents P. mume chromosomes, black represents P. armeniaca chromosomes, orange represents P. persica chromosomes, red represents P. avium chromosomes, and blue represents P. dulcis chromosomes.




Prediction of protein interactions and promoter elements of Prunus mume TALE gene family members

We used STRING website to predict the protein interactions among members of P. mume TALE gene family, and the results showed that there were many interactions among members of this family. First, there are four types of protein interactions within the KNOX subfamily, specifically, STM (PmTALE13, PmTALE14) and KNAT1 (PmTALE6), STM (PmTALE13, PmTALE14) and KNAT7 (PmTALE17), KNAT6 (PmTALE4, PmTALE11, PmTALE12, and PmTALE23) and KNAT7 (PmTALE17), KNAT7 (PmTALE17) and KNAT1 (PmTALE6). In addition, there are also eight kinds of protein interactions within the BELL subfamily, including ATH1 (PmTALE7) and BLH1 (PmTALE2, PmTALE20), BLH1 (PmTALE2, PmTALE20) and BEL1 (PmTALE18), BLH1 (PmTALE2, PmTALE20) and BLH2 (PmTALE21), BLH1 (PmTALE2, PmTALE20) and BLH3 (PmTALE9), BLH2 (PmTALE21) and BEL1 (PmTALE18), BLH3 (PmTALE9) and BLH7 (PmTALE16), BLH3 (PmTALE9) and RPL (PmTALE3, PmTALE15), and BEL1 (PmTALE18) and BLH3 (PmTALE9). Moreover, there are also interactions between the KNOX subfamily and the BELL subfamily, and the number is large, with a total of 29 types. For example, STM (PmTALE13, PmTALE14) and ATH1 (PmTALE7), KNAT3 (PmTALE5, PmTALE22) and RPL (PmTALE3, PmTALE15), and so on. In summary, the members of the P. mume TALE gene family may form dimers or multimers through protein interactions to perform transcriptional regulatory functions (Figure 9).
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FIGURE 9
 Prediction of protein interactions within Prunus mume TALE gene family. STM: PmTALE13, PmTALE14; KNAT1: PmTALE6; KNAT3: PmTALE5, PmTALE22; KNAT6: PmTALE4, PmTALE11, PmTALE12, PmTALE23; KNAT7: PmTALE17; RPL: PmTALE3, PmTALE15; ATH1: PmTALE7; BEL1: PmTALE18; BLH1: PmTALE2, PmTALE20; BLH2: PmTALE21; BLH3: PmTALE9; BLH7: PmTALE16; BLH8: PmTALE1.


Promoter analysis results showed that there were 22 light-responsive elements in the promoters of the P. mume TALE gene family members. Among them, the PmTALE12 promoter contained the most types of light-responsive elements, with a total of 11 types, while the PmTALE11 and PmTALE18 promoters contained the least types of light-responsive elements, three types. The PmTALE23 promoter contained the largest number of light-responsive elements, with a total of 18, and the PmTALE18 promoter contained the least number of light-responsive elements, only 6 (Figure 10A). In addition, there were 10 types of hormone response elements in the promoters of the P. mume TALE gene family members, including three kinds of auxin response elements, three kinds of gibberellin response elements, two kinds of methyl jasmonate response elements, one kind of abscisic acid response element, and one kind of salicylic acid response element. Among them, the PmTALE22 promoter contained the largest number of hormone response elements, with a total of 20, and the PmTALE19 promoter contained the least number of hormone response elements, only one (Figure 10B). Moreover, the promoters of the P. mume TALE gene family members also contained regulatory elements that respond to abiotic stress and plant development. Specifically, abiotic stress includes low temperature, drought, hypoxia induction, trauma response, etc., and plant development includes palisade mesophyll cell differentiation, meristem development, endosperm development, cell cycle, circadian rhythm, etc. (Figure 10C). In conclusion, the P. mume TALE gene family may be regulated by light signals and various hormonal signals, participate in the development of P. mume and respond to various abiotic stresses.
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FIGURE 10
 Cis element analysis of promoter of Prunus mume TALE gene family members. (A) shows the types and numbers of light-responsive elements contained in the TALE gene promoter; (B) shows the types and numbers of hormone response elements contained in the TALE gene promoter; and (C) shows the types and numbers of other elements contained in the TALE gene promoter. The ordinate represents the number of elements.




Expression profile of Prunus mume TALE gene family members in different tissues and different stem developmental stages

The expression profiles of P. mume TALE gene family members in five different tissues showed significant differences in the expression distribution of members. The first 11 members were highly expressed in the stem (Figure 11A). Among these 11 members, PmTALE6 has the highest expression, while PmTALE19 has the lowest expression in stem (Figure 11B). In addition, PmTALE4, PmTALE15, and PmTALE23 were highly expressed in flower buds, PmTALE21 and PmTALE8 were highly expressed in leaves, PmTALE16 and PmTALE17 were significantly expressed in roots, and PmTALE2, PmTALE20, and PmTALE22 showed high expression in fruits (Figure 11A).
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FIGURE 11
 Expression profiling of the Prunus mume TALE gene family based on RNA sequencing results. (A) The heatmap parameters are set to: row scale and scale size by area; (B) Relative expression levels of some TALE genes in stem. The abscissa represents the 11 TALE genes that are specifically highly expressed in the stem, and the ordinate represents the relative expression of genes in the stem.


Previous reports have shown that TALE genes are involved in stem development of plants (Testone et al., 2012; Zhao et al., 2019; Que et al., 2022). In this study, in order to preliminarily explore the effect of TALE genes on P. mume stem development, we selected 11 members highly expressed in the P. mume stem to perform further expression pattern analysis in three different developmental stages of stem. According to the level of expression and the significance of the difference, the expression patterns can be divided into four types (Figure 12). The first type included PmTALE7 and PmTALE19, and there was no significant difference in the expression levels among the three developmental stages. The second type only included PmTALE6, and the expression level in the third stage was significantly lower than that in the first and second stages, but there was no significant difference between the first and second stages. The third type included PmTALE1, PmTALE3, and PmTALE13, and the expression levels in the first stage were significantly higher than that in the second and third stages, but there was no significant difference in the expression levels between the second and third stages. The fourth type included PmTALE9, PmTALE10, PmTALE11, PmTALE14, and PmTALE18, and the expression levels decreased gradually from the first stage to the third stage, and there were significant differences between each stage. Overall, all nine members except PmTALE7 and PmTALE19 were highly expressed in the first stage of stem development. Therefore, it is speculated that the highly expressed TALE genes in stem may be involved in regulating the early development of P. mume stem.
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FIGURE 12
 The expression profile of Prunus mume TALE gene family at different developmental stages of the stem. The abscissa represents the three stages of Prunus mume stem development, and the ordinate represents the relative expression level.




Expression profile of Prunus mume TALE gene family members under different hormone treatments and different abiotic stress conditions

Based on the above studies, nine of the 11 highly expressed TALE genes in P. mume stem showed high expression in the early stage of stem development. Among these nine genes, PmTALE1, PmTALE3, PmTALE6, and PmTALE13 had the highest expression levels (Figure 11B). Therefore, we selected these genes for further study to explore their responses against four kinds of hormone treatments and two kinds of abiotic stress treatments during the early development of P. mume stem. 6-BA treatment upregulated the expression of these four TALE genes, PmTALE3 was significantly upregulated at 1 h, PmTALE1 and PmTALE13 were significantly upregulated at 3 h, and PmTALE6 was significantly upregulated at 6 h. NAA treatment downregulated the expression of these four TALE genes, PmTALE1 and PmTALE6 were significantly down-regulated at 1 h, PmTALE3 was significantly downregulated at 3 h, and PmTALE13 was significantly downregulated at 6 h. GA3 treatment also downregulated the expression of these four TALE genes, and all of them were significantly downregulated at 1 h. The expression of PmTALE1, PmTALE3, and PmTALE6 were all upregulated under ABA treatment, while the expression of PmTALE13 was downregulated, and their expression levels at 1 h were significantly different from those at 0 h. NaCl treatment downregulated the expression of these four genes, PmTALE1, PmTALE6, and PmTALE13 were significantly downregulated at 1 h, and PmTALE3 was significantly downregulated at 3 h. After mannitol treatment, the expression of four genes was significantly down-regulated at 1 h. In conclusion, in the early stage of P. mume stem development, four TALE genes responded to all hormone treatments, specifically, 6-BA promoted the expression, NAA and GA3 inhibited the expression, while the effects of ABA on TALE genes were not consistent. In addition, the four TALE genes were all downregulated under salt stress and drought stress, which may be due to the poor resistance of the P. mume young stem to external stress in the early developmental stage or the downregulated expression of these genes may help to improve the resistance of P. mume (Figure 13).
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FIGURE 13
 Expression profiling of Prunus mume TALE genes under different hormone treatments and different abiotic stress conditions. The abscissa represents the treatment time of hormone or abiotic stress, and the ordinate represents the relative expression level.





Discussion

As early as 3,000 years ago, P. mume has been domesticated as an ornamental plant in China, and the fruit is edible. In addition, P. mume is also one of the earliest Prunus plants to have their genome sequenced (Zhang et al., 2012). In this study, a total of 23 TALE genes are identified based on the P. mume genome, which is close to the number of TALE genes (22) in A. thaliana and P. armeniaca. However, the number of TALE genes (36) in P. persica, which is also a Prunus plant, is relatively large. There are also differences in the number of TALE genes found by researchers in other species. For example, Punica granatum contains only 17 members (Wang et al., 2020), radish, walnut, and poplar contain 33, 30, and 35 members, respectively (Zhao et al., 2019, 2022; Guo et al., 2022), and G. hirsutum contains as many as 89 members (Razzaq et al., 2020). The phylogenetic tree results showed that, similar to A. thaliana, the TALE proteins of P. mume and two other Prunus species (P. armeniaca and P. persica) could all be divided into two subfamilies, KNOX and TELL subfamilies, respectively, and the number of members of the two subfamilies is not much different. In addition, the KNOX subfamilies of the above three Prunus species all had KNATM branch. It is worth mentioning that this branch is only present in eudicots, for example, Theobroma cacao, Populus trichocarpa, and Gossypium hirsutum all contain KNATM like proteins (Zhang et al., 2021b), while no member of KNATM like proteins has been identified in the KNOX proteins of orchids (Zhang et al., 2022a). The domain analysis of P. mume TALE proteins showed that almost all members contained Homebox_KN domain, all members of BELL subfamily contained POX domain, and most members of KNOX subfamily contained KNOX1, KNOX2 and ELK domain. Previous studies have shown that the Homebox_KN domain is located at the C-terminal of the protein and is related to the function of DNA binding, while ELK domain can be used as a nuclear localization signal and is related to transcriptional inhibition (Kerstetter et al., 1994; Scofield and Murray, 2006).

In order to further analyze the evolutionary relationship within the TALE gene family of P. mume, we conducted an intra-species collinearity analysis and found a total of seven pairs of collinearity, of which four pairs existed in the BELL subfamily, and the other three pairs existed in the KNOX subfamily. The seven collinear pairs included four fragment duplications and two tandem duplication events, leading to the expansion of the TALE gene family in P. mume. In addition, the Ka/Ks values of the collinear pairs were all less than 1, indicating that these gene pairs were all selected by different degrees of purification. Studies have shown that evolution caused by gene duplication events is prevalent in angiosperms. For example, there is obvious expansion phenomenon in woody bamboo TALE gene family, which is caused by many duplication events (Que et al., 2022). Whole-genome duplication events occurred in G. raimondii and G. arboretum (Huang et al., 2020), and there were 34 gene pairs with fragment duplication in the TALE genes of G. hirsutum obtained by crossing the above two species, and also selected by purification (Zhang et al., 2021b). In addition, interspecies collinearity analysis can be used to study the evolution of gene families among species. For example, Que. et al. found that the TALE genes of Moso Bamboo and the TALE genes of rice have a high collinearity relationship (Que et al., 2022). In this study, we used the inter-species collinearity analysis to study the collinearity of TALE genes between P. mume and four other Prunus species. The origin of P. mume, P. armeniaca, and P. persica are mainly distributed in China, and the results show that their collinearity is also closer. At the same time, the phylogenetic tree analysis mentioned above also showed that the overall evolutionary pattern of TALE gene family of P. armeniaca and P. persica is similar to P. mume. While the origin of P. dulcis and P. avium are mainly distributed abroad, and the analysis results show that the collinear relationship between P. mume and these two species of Prunus is relatively far. Therefore, it can be seen that the distance of the collinearity is consistent with the distance of the origin.

The Homebox_KN domain and ELK domain of the TALE gene family are both related to transcriptional regulation, and as a transcription factor, this family plays an important role in regulating plant growth and development. In recent years, there have been many reports on the function of the TALE genes. For example, Wang et al. predicted that the TALE genes of pomegranate may have regulatory effects on SAM, flower, and ovule development (Wang et al., 2020). The expression levels of TALE genes in walnut were different at different stages of flower bud development (Guo et al., 2022). Downregulated expression of cotton TALE gene family member GhSTM3 affects flowering time (Zhang et al., 2021b). During the rapid growth period of Phyllostachys edulis, members of the TALE gene family may affect the formation of secondary cell walls in internodes by regulating the synthesis of xylan (Que et al., 2022). Nearly half of (17) TALE genes in poplar are highly expressed in stem, which may play a key regulatory role in wood formation (Zhao et al., 2019). Similar to the results of poplar, in this study, we also found nearly half of (11) TALE genes that were specifically highly expressed in P. mume stem based on the expression profiles of different tissues, indicating that P. mume TALE genes may have an important regulatory role in stem development. In addition, although the expression levels of these genes were different in different developmental stages of stem, they were mainly highly expressed in the early developmental stage of stem, further indicating that TALE genes may mainly play a role in the early developmental process of stem. Similarly, it has been previously reported that KNOPE1, a member of the peach TALE gene family, is also involved in early stem development and is expressed in cortex and procambium, preventing lignification of primary stem by inhibiting lignin-related genes (Testone et al., 2012). However, considering that some TALE genes of P. mume are not specifically highly expressed in stem, but their expression levels are not low in stem, they may also have important functions in stem development and are worthy of further research in the future. In addition, TALE proteins often form dimers to function, for example, yeast two-hybrid experiments found that different poplar TALE proteins can form heterodimers (Zhao et al., 2019). Similarly, this study also predicted that heterodimers may be formed within the P. mume KNOX and BELL subfamilies and between the two subfamilies. Therefore, the TALE proteins of P. mume may affect the early development of stem through the formation of heterodimers.

The effects of transcription factors on growth and development are usually closely related to hormonal pathways, and previous studies have found that the function of the TALE genes is related to the hormone pathway of plants. For example, the promoter region of the orchid KNOX genes was enriched with MeJA and ABA-responsive cis-elements (Zhang et al., 2022a), the promoter sequence of pomegranate TALE genes contained auxin and gibberellin-responsive cis-elements (Wang et al., 2020), and the expression of the KNOX genes of Caucasian clover could respond to changes in 6-BA, IAA, and KT signals from external application (Zhang et al., 2022b). Infection of A. thaliana leaves by R. fascians can cause local CK responses and reduce GA signaling, which may provide a suitable environment for the expression of KNOX genes, resulting in the formation of leaf edge serration (Depuydt et al., 2008). MdKNOX19, a member of the apple KNOX subfamily, is an ABA-responsive gene and overexpression of MdKNOX19 increases the ABA sensitivity of apple callus (Jia et al., 2021). In this study, the 2000 bp promoter of the P. mume TALE genes was analyzed, and a variety of hormone response elements were also found, including auxin, gibberellin, methyl jasmonate, abscisic acid and salicylic acid. At the same time, the exogenous hormone application experiment was used to explore the response of the top four TALE genes in P. mume stem expression (PmTALE1, PmTALE3, PmTALE6, and PmTALE13) to four kinds of hormones during the early stage of stem development, and it was found that the expression of these four genes could all respond to the changes of external hormones. The 6-BA upregulated their expression, NAA and GA3 downregulated their expression, and ABA had inconsistent effects on them, showing the complexity of hormone action, and further indicating that hormones may affect early development of P. mume stem by regulating the expression of TALE genes.

There is a correlation between hormone response and plant resistance to abiotic stress. For example, ethylene-related gene expression models suggest that ethylene may indirectly participate in the induction of dormancy, thereby enhancing cold/freezing tolerance of P. mume (Li et al., 2021). Populus alba × P. glandulosa KNOX subfamily member PagKNAT2/6b can mediate drought response by down-regulating PagGA20ox1 gene of GA pathway (Song et al., 2021). Similarly, the expression of TALE genes is not only regulated by hormones, but also affected by abiotic stress (Tsuda and Hake, 2015; Niu and Fu, 2022). The promoters of TALE gene family members in soybean contained cis-elements that responded to various stresses, and the expression level of GmTALE gene could change in response to salt stress and drought stress (Wang et al., 2021). Eleven members of poplar TALE genes respond to salt stress (Zhao et al., 2019). A variety of TALE genes in cotton are upregulated under various abiotic stresses, and may play a role in coping with stressful environments (Razzaq et al., 2020). A later study found that the silencing of GhKNOX10 and GhKNOX14 in cotton reduced the tolerance of seedlings to salt stress, while the silencing of GhKNOX2 enhanced the salt tolerance of cotton seedlings (Zhang et al., 2021b). Members of the pear KNOX subfamily can respond to drought stress treatment, specifically, the expression of PbKNOX7/13 is increased under drought stress, while the expression of PbKNOX5/16 is inhibited under drought stress (Liu et al., 2022). In this study, the promoter analysis of TALE genes of P. mume revealed a variety of abiotic stress elements, including low temperature, drought, hypoxia induction, and trauma response. Then, the responses of the top four TALE genes in P. mume stem expression (PmTALE1, PmTALE3, PmTALE6, and PmTALE13) to drought stress and salt stress during the early stage of stem development were investigated. The results showed that these four genes were all downregulated under stress conditions, which may be due to the poor resistance of the P. mume young stem to external stress in the early developmental stage. Alternatively, the downregulated expression of these genes may help to improve the resistance of P. mume, which requires further research in the future.



Conclusion

We identified a total of 23 TALE genes in P. mume. Phylogenetic tree showed that TALE proteins were divided into KONX subfamily and BELL subfamily. The results of protein interaction prediction showed that a variety of heterodimers could be formed between TALE proteins. Intra species collinearity analysis showed that fragment replication and tandem replication events were the main reasons for the expansion of the TALE gene family members and the collinearity analysis between species showed that the collinearity of TALE genes between P. mume and the other four prunus species was consistent with the distance of origin. Eleven members of the P. mume TALE genes were specifically highly expressed in the stem, mainly in the early stage of stem development. Cis element analysis showed that the promoter of P. mume TALE genes contained a variety of hormones and abiotic stress response elements, and TALE genes could respond to hormone or abiotic stress treatments during the early stage of stem development.
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The flowers of tea plants (Camellia sinensis), as well as tea leaves, contain abundant secondary metabolites and are big potential resources for the extraction of bioactive compounds or preparation of functional foods. However, little is known about the biosynthesis and transcriptional regulation mechanisms of those metabolites in tea flowers, such as terpenoid, flavonol, catechins, caffeine, and theanine. This study finely integrated target and nontarget metabolism analyses to explore the metabolic feature of developing tea flowers. Tea flowers accumulated more abundant terpenoid compounds than young leaves. The transcriptome data of developing flowers and leaves showed that a higher expression level of later genes of terpenoid biosynthesis pathway, such as Terpene synthases gene family, in tea flowers was the candidate reason of the more abundant terpenoid compounds than in tea leaves. Differently, even though flavonol and catechin profiling between tea flowers and leaves was similar, the gene family members of flavonoid biosynthesis were selectively expressed by tea flowers and tea leaves. Transcriptome and phylogenetic analyses indicated that the regulatory mechanism of flavonol biosynthesis was perhaps different between tea flowers and leaves. However, the regulatory mechanism of catechin biosynthesis was perhaps similar between tea flowers and leaves. This study not only provides a global vision of metabolism and transcriptome in tea flowers but also uncovered the different mechanisms of biosynthesis and transcriptional regulation of those important compounds.




Keywords: tea flowers, transcriptome, metabolism, transcription factor, regulation mechanism, regulation mechanism



Introduction

Tea products, one of the most consumed nonalcoholic beverages, have been popular all over the world due to its pleasant flavors and numerous health benefits (Gilbert, 2019; Zhao et al., 2020). Mostly, the tender shoot tips, including apical buds and young leaves, are used for making various teas, in which many bioactive metabolites are synthesized and accumulated, including catechins, flavonols, caffeine, theanine, and terpenoid volatiles and saponins (Zhao et al., 2020). Tea processing is strictly seasonal—for example, the high-quality green tea was made only in 1 to 2 months of 1 year. Thus, how to comprehensively use the whole tea plant is a key way to improve the income of tea farmers.

For the self-incompatibility of tea plants, the fruit-setting rate is low under natural conditions, but the flowering rate of tea plants is extremely high. In China, over 4.0 billion kilograms of fresh tea flowers were available annually (Chen et al., 2018). More recent evidence have suggested that tea flowers also contained abundant metabolites with high economic and healthy value, and the tea flower was a big potential resource for the extraction of bioactive compounds or preparation of functional foods. However, for a long time, the tea flowers were considered as a “waste” and removed to avoid competing with the tea leaves for nutrients (Chen et al., 2020a). Some chemicals, such as ethephon and α-naphthalene acetic acid, were used to suppress tea plant blossoming to improve the tea yield of tea leaves in the next year (Lin et al., 2003).

The tea flowering time is approximately during August to October in China, and the tea flowers are usually white. Interestingly, pigmented flowers with purple or pink color were found in some mutation cultivars (Zhou, C. et al., 2020; Mei et al., 2021). Purple or pink tea flowers contained abundant anthocyanins compared with white tea flowers. In the pigmented flowers, anthocyanin substances, including delphinidin-3-O-glucoside, cyanidin O-syringic acid, petunidin 3-O-glucoside, and pelargonidin 3-O-β-d-glucoside, have been identified (Zhou, C. et al., 2020; Mei et al., 2021). In purple tea flowers, the contents of many volatiles, including benzyl aldehyde, benzyl alcohol, acetophenone, 1-phenylethanol, and 2-phenylethanol, were also higher than those in white tea flowers (Mei et al., 2021). Saponins, which belong to triterpene or steroid glycosides, play crucial roles in terms of health benefits, inducing autophagy and apoptosis in ovarian cancer cells, and inhibiting cancer cell proliferation (Ghosh et al., 2006; Zhao et al., 2015; Fan et al., 2019; Wang et al., 2020). The oleanane-type triterpene saponins were the major type of saponins in tea leaves, seeds, and flowers (Cheok et al., 2014; Cui et al., 2018; Guo et al., 2018). The contents of total saponins were higher in tea flowers than those in young leaves (Chen et al., 2022). At least 24 different saponins were identified in tea flowers, and the key biosynthetic genes and related transcription factors were also predicted based on genome information and RNA-seq data (Fan et al., 2019; Chen et al., 2022). It has been reported that polysaccharide is one of the major bioactive components in tea (Chen et al., 2019). Tea flowers were widely recognized as the main sources of tea polysaccharides, and the content of total saccharides in tea flowers was much higher than that in leaves (Xiao & Jiang, 2015). The polysaccharide from tea flowers has attracted increasing attention among researchers in recent years due to their multiple bioactivities and health benefits, such as anti-oxidant, anti-inflammatory, anti-diabetic, anti-cancer, anti-radiation, anti-obesity, and immunostimulating activities (Chen et al., 2016; Chen et al., 2020b). To date, various polysaccharides have been isolated from tea flowers, the structural properties of which basically consisted of rhamnose, arabinose, xylose, mannose, galactose, galacturonic acid, and glucuronic acid in the monosaccharide composition (Chen et al., 2020a). Moreover, mineral and metabolic analyses also showed that tea flowers, as well as tea leaves, contained not only many mineral elements but also higher primary metabolites, such as sugars, organic acids, and amino acids compared with tea leaves (Jia et al., 2016).

Flavonoid, caffeine, and theanine are the most important characteristic compounds contributing to tea flavor and health benefits (Zhao et al., 2020). Tea flowers and young leaves shared similar types of phenolic compounds; however, tea flowers contained much more hydrolyzed tannins than tea leaves (Shi et al., 2021). In tea flowers, as well as young tea leaves (Shi et al., 2021), epigallocatechin gallate (EGCG) and epicatechin gallate (ECG) were also the major types of catechin. Abundant caffeine was also detected in tea flowers, playing critical roles in the interaction between tea flowers and bees (Huang et al., 2016; Gong et al., 2021). Caffeine has been identified as a kind of nervous system stimulant to improve the brain memory behavior of bees (Wright et al., 2013; Gong et al., 2021; Hempel de Ibarra & Rands, 2021). In tea flowers, many kinds of amino acids, particularly theanine, were also detected (Jia et al., 2016). Theanine, a non-protein amino acid, is also the most abundant amino acid in tea flowers, which is similar with tea leaves (Jia et al., 2016). However, the physiological functions of theanine in tea flowers are largely unknown. Tea flowers also contained and released abundant volatiles with a strong jasmine scent. Liu et al. compared the volatile compounds in tea flowers and leaves and found that the volatiles were mostly derived from the terpenoid biosynthesis pathway, such as monoterpenes and sesquiterpenes (Liu et al., 2017). Zhou et al. also found some tea flower-specific volatiles, such as 1-phenylethanol which was derived from L-phenylalanine (Zhou et al., 2019). Those volatiles play important roles in the interaction between tea flowers and the environment (Chen et al., 2018). Previous studies mostly focused on the volatile compound biosynthesis in tea leaves, but little is known about the mechanism of volatile biosynthesis in tea flowers. Thus, even though the chemical composition of tea flowers is similar to that of young tea leaves, little is known about the biosynthesis and transcriptional regulatory mechanisms of those bioactive compounds in tea flowers.

An integrated approach of metabolite profiling and transcriptome analysis was applied to fully understand the volatile and nonvolatile metabolism and the transcriptional regulation mechanism of those biosynthesis in tea flowers. By target and nontarget metabolic analysis, we comprehensively compared the metabolic characteristics of developing tea flowers with that of young tea leaves and found abundant flower-specific metabolites in tea flowers to highlight the potential function in food processing. Transcriptome analysis uncovered the different mechanism of terpenoid, flavonol, catechins, caffeine, and theanine biosynthesis and transcriptional regulation between tea flowers and leaves. The study provides new insights into the metabolic feature and related biosynthetic mechanism in tea flowers and provides a valuable metabolic and theoretical basis for the potential application of tea flowers in functional food processing.



Materials and methods


Plant materials and growth conditions

C. sinensis L. cv. SHUCHAZAO, grown at Anhui tea plantation (Anhui Agricultural University), was harvested at the autumn season of 2021 for transcriptome and metabolomic analyses and flower tea processing. The fresh young leaves and flowers of the SHUCHAZAO variety were isolated from the same tree and immediately put into liquid nitrogen for transcriptome and metabolomic analyses. The fresh flowers were divided into six developmental stages, including stage 1 (F1), stage 2 (F2), stage 3 (F3), stage 4 (F4), stage 5 (F5), and stage 6 (F6). The fresh flowers (stage 5) were divided into three parts, namely: receptacle, petal, and stamen. The large-leaf yellow tea samples were purchased from Daheng Yellow Tea Company. The tea-flower tea was made using opening tea flowers according to the standard manufacturing processes of white tea, including collecting the raw material, withering, and drying. The tea and flower samples were subjected to sensory evaluation by a panel of six assessors (three male and three female, 20–45 years old) according to a previous study (Shen et al., 2022).



Analysis of volatiles by headspace solid-phase microextraction GC-MS

The analysis of volatiles was performed using a previous method by Li et al. (Li et al., 2020). About 0.2 g of tea leaves or flower samples was mixed with 5 ml of boiling water in sealed headspace vials and then kept in a water bath kettle at 50°C. After being in equilibrium for 10 min, an SPME fiber was exposed to the sample headspace for 40 min. The volatile compounds were desorbed at the GC-MS injector for 5 min at 230°C. Then, the analysis process of GCMS-QP2010S was performed to detect the compounds as described by Feng et al. (2019). All reference compounds used in this study were well described by Feng et al. (2019). Ethyl caprate (0.2 μg/g, Sigma, USA) was used as the internal standard to normalize the contents of the compounds.



Targeted metabolite profiling

The contents of catechins, flavonols, and caffeine were measured by high-performance liquid chromatography (HPLC) according to a method described previously (Li et al., 2022a). Briefly, about 0.05 g of plant tissues was powdered and then mixed with 1 ml 80% methanol extraction solution. The tissues were sonicated at room temperature for 1 h and then shaken overnight at 100 rpm. Following centrifugation at 13,680 g for 10 min, the supernatants were filtrated using a Nylon membrane (0.45 μm). The catechins and caffeine were measured by HPLC at 278 nm, and the flavonols were measured by HPLC at 340 nm. Target components were identified by comparing the retention time to authentic compounds. Standard curves were calculated using HPLC and puerarin to quantify the compounds. All standard compounds were purchased from Sigma (USA) and Sangon Biotech (Shanghai, China).



Non-targeted metabolomics

The non-targeted metabolomics method was performed by Waters Acquity I-Class PLUS ultra-high performance liquid tandem Waters Xevo G2-XS QTOF high-resolution mass spectrometer with a Waters Acquity UPLC HSS T3 column (1.8 um, 2.1*100 mm). Six repetitions of each sample were carried out. The positive and negative ion modes were used with 1-μl injection volume. A binary gradient elution system was adopted, and the mobile phase consisted of 0.1% formic acid aqueous solution (A) and 0.1% formic acid acetonitrile (B). The flow rate was maintained at 0.4 ml/min. The LC-MS/MS data were collected by the acquisition software MassLynx V4.2. The low collision energy is 2 V, and the high collision energy range is 10–40 V. The scanning frequency is 0.2 s for a mass spectrum. The parameters of the ESI ion source are as follows: capillary voltage, 2,000 V (positive ion mode) or -1,500 V (negative ion mode); cone voltage, 30 V; ion source temperature, 150°C; desolvent gas temperature, 500°C; backflush gas flow rate, 50 L/h; and desolventizing gas flow rate, 800 L/h. The raw data collected using MassLynx V4.2 is processed by Progenesis QI software for peak extraction, peak alignment, and other data processing operations based on the Progenesis QI software online METLIN database and Biomark’s self-built library for identification. The metabolites were identified by searching the internal database and public databases (KNApSAcK, HMDB, MoTo DB, and METLIN). For the internal database, it was constructed based on the standard materials and purified compounds. Additionally, some public databases (MassBank, KNApSAcK, HMDB, and METLIN) also contain some information of metabolites that can be referenced directly. The metabolites were identified by comparing the accurate precursor ion (Q1) and production (Q3) values, retention time, and fragmentation pattern with the database. After normalizing the original peak area information with the total peak area, a follow-up analysis was performed. Principal component analysis and Spearman correlation analysis were used to judge the repeatability of the samples within group and the quality control samples. The identified compounds are searched for classification and pathway information in Kyoto Encyclopedia of Genes and Genomes (KEGG), HMDB, and lipidmaps databases. According to the grouping information, we calculated and compared the difference multiples. T-test was used to calculate the significant difference (P-value) of each compound. The R language package ropls was used to perform OPLS-DA modeling (Thévenot et al., 2015), and 200 times of permutation tests were performed to verify the reliability of the model. The variable importance in projection (VIP) value of the model was calculated using multiple cross-validation. The method of combining the difference multiple, the P-value, and the VIP value of the OPLS-DA model was adopted to screen the differential metabolites. The screening criteria are P-value (fold change) <0.05 and VIP >1. The significance of the different metabolites of the KEGG pathway enrichment was calculated using the hypergeometric distribution test.



RNA extension and transcriptome analysis

For the RNA-Seq analysis, total RNA was isolated from tea flowers with Trizol reagent (Invitrogen) and was purified, and its quality and concentration were evaluated by using Agilent 2100 Bioanalyzer. cDNA library construction and RNA-Seq were performed as previously described on an Illumina HiSeq2500 instrument (Li et al., 2022b). The clean data were mapped to the tea plant genome (Wei et al., 2018) by using TopHat2 software (Kim et al., 2013). Transcripts per million (TPM) were introduced to qualify the expression levels of transcripts.



Bioinformatic and statistical analysis

The pHeatmap R package (https://www.rdocumentation.org/packages/pheatmap) and Tbtools (Chen et al., 2020) were used to structure the heat map of gene expressions. A phylogenetic tree of MYB proteins was built by MEGA7.0 software using the neighbor-joining method with 1,000 bootstrap replications (Kumar et al., 2016). corrplot in the R package was used for the correlation analysis of gene expression patterns and drawing diagrams (Li et al., 2022a).



Data availability

All transcriptome raw data generated in this study have been deposited in NCBI Sequence Read Archive BioProject number PRJNA798825 (https://www.ncbi.nlm.nih.gov/sra, SRR21524583-SRR21524600), and the metabolic data are listed in Supplementary Table S1.




Results


New application of tea flowers in tea processing

It is important to research new applications of tea flowers for improving the economic value thereof. Large-leaf yellow tea (LYT) is one kind of yellow-type tea which has multiple health benefits, such as alleviating alcoholic liver disease and inhibiting adipose tissue hypertrophy (Xu et al., 2021; Wang et al., 2022; Wu et al., 2022). However, LYT is made from old tea leaves and stems, leading to poor aroma and flavor or being unpopular. In order to further explore the application of tea flowers, we used dry tea flowers (TFT) to improve the flavor quality of LYT (Figure 1A). The sensory evaluation analysis showed that the best ratio of LYT to TFT was 2.8:0.2 (#6 sample), which could significantly improve the flavor quality of LYT (Figures 1B, C). The GC-MS analysis also showed that many volatiles derived from flowers were detected in #6 sample, such as nonanal and decanal, which contributed to the tea quality (Figure 1D).




Figure 1 | Potential application of tea flowers in tea processing. (A) Appearance of tea flower tea products. TFT, tea flower tea; LYT, large-leaf yellow tea. (B) Soup color from mixed tea products with different ratios between TFT and LYT. The ratio number between TFT and LYT is listed on top of each figure. (C) Effect of TFT on taste attributes. (D) Venn diagram showing the volatile compounds of tea flowers contributing to tea aroma.





Metabolic analysis of tea flowers

We then compared the profile of volatile compounds in young leaves and opening flowers of tea plants using GC-MS. The compound profiling showed significant differences between leaves and flowers (Figure 2A). A total of 44 and 26 compounds were identified in young leaves and flowers, respectively, by comparing standards and the NST library (Figure 2B). Between them, 13 compounds, such as linalool, hexanal, and geraniol, were shared in young leaves and flowers, and 31 compounds were highly detected in flowers (Figure 2B). Then, we checked the nonvolatile compounds in tea flowers and leaves. The HPLC analysis results showed a similar pattern with low abundance in tea flowers compared with that in leaves (Figure 2C). In flowers, EGCG and ECG have the highest content of catechins, which is consistent with the leaves (Figure 2C). We also found that caffeine was the predominant purine alkaloid compound in tea flowers as well as in tea leaves (Figure 2C). The flavonol compounds were also analyzed, and similar flavonol profiling was also detected between flowers and leaves (Figure 2D).




Figure 2 | Metabolic analysis of tea flowers and leaves. (A) GC-MS total ion current of volatiles in tea flowers and leaves. (B) Venn diagram showing the variation of volatile compounds in tea flowers and leaves. (C, D) HPLC chromatographs of catechins and caffeine (C) and flavonols (D) in tea flowers and leaves. The compound names are listed on top of the peaks. EGCG, epigallocatechin gallate; ECG, epicatechin gallate; K-7-0-Glu, kaempferol-7-O-glucoside; K-3-0-Glu, kaempferol-3-O-glucoside; Q-3-0-Glu, quercetin-3-O-glucoside; M-3-0-Glu, myricetin 3-O-glucoside. (E) Phenotype of developing tea flowers. F1, flower stage 1; F2, flower stage 2; F3, flower stage 3; F4, flower stage 4; F5, flower stage 5; F6, flower stage 6. (F, G) Contents of caffeine and catechins in developing tea flowers (F) and different parts of tea flowers (G). (H, I) Contents of flavonols in developing tea flowers (H) and different parts of tea flowers (I). All data are from at least three biological replicates and are expressed as mean ± SD.



In order to further analyze the dynamic metabolism of tea flowers, the developing tea flowers (F1–F6) and petal, receptacle, and stamen were separately analyzed (Figure 2E). We found that the contents of caffeine, EGCG, and ECG showed a dramatic decline during flower development (Figure 2F). Otherwise, caffeine was mainly accumulated in the receptacle and stamen, and EGCG only mainly accumulated in the receptacle (Figure 2G). However, ECG was highly accumulated in the stamen and in the receptacle next (Figure 2G). The flavonol compounds, including quercetin-3-O-glucoside (Q-3-O-Glu) and myricetin 3-O-glucoside (M-3-O-Glu), also showed a decline during flower development; however, kaempferol-7-O-glucoside (K-7-O-Glu) and kaempferol-3-O-glucoside (K-3-O-Glu) showed a slight elevation during flower development (Figure 2H). Interestingly, those flavonol compounds were specially accumulated in petals and stamens, which was distinctly different from the distribution of caffeine or catechins (Figure 2I).



Non-target metabolomic analysis of tea leaves and flowers

Freshly opening flowers and young leaves (first leaf with bud) were harvested at the same time, and nontargeted analysis for flowers and leaves was performed on the UPLC-QTOF/MS platform in positive and negative ion modes. In total, 18,070 metabolite ion features were detected in flowers and leaves, in which 979 metabolites were structurally annotated (Supplementary Table S1). After the pretreatment of the metabolite data, an unsupervised PCA was performed to monitor the overview of the difference in the metabolite phenotypes between the tea and flower samples. The first two principal components explained 96.06% of the total variance (77.21 and 18.85%, respectively) (Figure 3A). The metabolite phenotypes of the flower samples were remarkably different from those of the leaf samples (Figure 3A). To identify differential metabolites between tea flowers and tea leaves, we selected metabolites with a fold change ≥1 (upregulated or downregulated) in flowers compared to leaves. These metabolites were screened using a VIP value (VIP ≥1) from the OPLS-DA model and P-value <0.05. In total, 812 differential metabolites were detected between flower and leaf samples. Of these, 568 metabolites were downregulated, and 244 metabolites were upregulated in flowers compared with leaves (Figure 3B). Then, the 812 metabolites were mapped to the KEGG database to look first at information about pathways. The KEGG pathway enrichment analysis showed that many metabolites participated in secondary metabolism processing, such as “flavonoid biosynthesis”, “phenylpropanoid biosynthesis”, “flavone and flavonol biosynthesis”, and amino acid metabolism processing, such as “ABC transporters”, and “phenylalanine, tyrosine, and tryptophan biosynthesis” (Figure 3C). The five most highly represented metabolites in tea flowers are shown in Figure 3D. The contents of those compounds in flowers were significantly higher than that in leaves (Figure 3D). Those metabolites were always used for essential oil and spice production and as raw materials for antibacterial drugs. The abundance of those metabolites suggested the potential application of tea flowers in comprehensive processing. Gallic acid and its derivatives play critical roles in hydrolyzable tannins, condensed tannins, and galloylated flavan-3-ols biosynthesis (Wei et al., 2018). Notably, the content of gallic acid in flowers is higher than in leaves by more than 80-fold (Figure 3E). However, the contents of galloylated catechins, such as EGCG and ECG, are significantly lower in flowers than that in leaves (Supplementary Figure S1). We also found several flavonol compounds, such as kaempferol, kaempferol 3-o-rutinoside, quercetin 3-methyl ether, and quercetin 3,7-dirhamnoside, to be highly accumulated in flowers compared with leaves (Figure 3E). Theanine, a non-protein amino acid, is another characteristic secondary metabolite in tea, which is synthesized in tea roots and then transported to leaves for storage (Wei et al., 2018). Abundant theanine was detected in flowers, with a lower concentration than that in leaves (Supplementary Figure S1 and Supplementary Table S1). We also found some amino acids, such as L-serine, L-proline, L-phenylalanine, and L-isoleucine, to be highly accumulated in flowers compared with those in leaves (Figure 3D).




Figure 3 | Nontarget metabolic analysis of tea flowers and leaves. (A) Principal component analysis of tea flower and leaf samples. PC1, the first principal component. PC2, the second principal component. For each tissue samples, six biological replicates were prepared. (B) Volcano plots of differential metabolites in tea flower and leaf samples. (C) Kyoto Encyclopedia of Genes and Genomes pathway enrichment analysis of different metabolites in tea flower and leaf samples. (D) Five most abundant metabolites in tea flowers. (E) Differences in key metabolites between tea flowers and leaves.





Tea flowers expressed terpenoid biosynthesis genes for diverse volatile production

In order to reveal the mechanism of metabolic difference between leaves and flowers, a transcriptome analysis of tea flowers was performed, including developing flowers (stage 1, F1; stage 2, F2; stage 3, F3; stage 4, F4; stage 5, F5; and stage 6, F6) and receptacle, petal, and stamen. In developing flowers, 3,089 differentially expressed genes were identified (Supplementary Table S2). The KEGG analysis showed that many differentially expressed genes participated (presented in Supplementary Figure S2), such as “pectinesterase”, “pectate lyase”, “glutathione S-transferase”, and “flavonol synthase”. We also compared the gene expression profile in the receptacle, petal, and stamen. In total, 23,260, 20,379, and 21,026 genes were expressed in the receptacle, petal, and stamen, respectively (TPM > 1) (Supplementary Figure S3). The Venn diagram showed that the transcripts of 18,468 genes (73.9%) were all detected in the receptacle, petal, and stamen (Supplementary Figure S3). In tea flowers, the abundance of volatiles, particularly the terpenoid compounds, was detected. Then, we analyzed the terpenoid biosynthesis in flowers, and the transcriptome data of developing leaves and stems was used for comparison as control, which was generated by our previous study (Zhang et al., 2022). Most early genes involved in terpenoid biosynthesis showed low expression levels in F1, then increased in F2 and F3, and then kept a high level in opening flowers (Supplementary Table S3). We also found the similar expression patterns of those early genes in developing flowers and leaves (Supplementary Table S3)—for instance, two HMG-CoA reductases (HMMG-2 and HMMG-4) are the predominant genes in both flowers and leaves (Supplementary Table S3). The similar expression patterns suggested that the methylerythritol phosphate (MEP) and mevalonate pathways were conservative in flowers and leaves. Wo also found the genes involved in triterpenoid genes, such as β-amyrin synthase and dammarenediol II synthase, to be highly expressed in the receptacle and stamen compared with the petal or highly expressed in leaves and stems compared with young shoots (Supplementary Table S3).

Thus, the divergence of later genes involved in terpenoid biosynthesis, such as terpene synthase (TPS) genes, is the reason for the significant difference of the terpenoid compound between leaves and flowers. In tea plants, 80 TPS members were identified, which were predicted or reported to be involved in monoterpene and sesquiterpene biosynthesis (Zhou, H. C. et al., 2020). The expression profile of the TPS gene family in leaves and flowers was compared (Supplementary Table S4). Most TPS genes also showed a low expression level in F1, and then the expression levels increased in opening flowers (Figure 4A). We also noted that most TPS genes were highly expressed in petals and stamens, compared with the receptacle, such as TPS01, TPS21, and TPS29. Some TPS genes included in the Di_syn clade, such as TPS69, TPS70, and TPS71, showed high expression levels during flower development and in the receptacle, petal, and stamen (Figure 4A). In tea leaves, most TPS genes included in the Sesqui_syn and Mono_syn clades, such as TPS01, TPS02, and TPS07, are highly expressed in young leaves and young stems (Figure 4A). Similar to flowers, the leaves also highly expressed many Di-syn TPS genes in all leaf and stem samples (Figure 4A). Not only the TPS genes showed different expression patterns in developing flowers and leaves but also the flowers and leaves specially expressed different TPS members, which may lead to the divergent terpenoid metabolites—for instance, TPS02, TPS11, TPS19, and TPS51 showed higher expression levels in leaves than in flowers, and on the contrary, TPS04, TPS21, TPS29, TPS30, and TPS31 showed higher expression levels in flowers than in leaves (Figure 4A).




Figure 4 | Expression analysis of TPS gene family in tea developing flowers and leaves. (A) Heat map expression analysis of TPS genes involved in the terpenoid process in tea developing flowers and leaves. F1, tea flower stage 1; F2, tea flower stage 2; F3, tea flower stage 3; F4, tea flower stage 4; F5, tea flower stage 5; F6, tea flower stage 6; ST, stamen; PE, petal; RE, receptacle; L1, first tea leaf; L2, second tea leaf; L3, third tea leaf; L4, fourth tea leaf; L5, fifth tea leaf; and L6, sixth tea leaf; S1, internode between the first leaf and second leaf; S2, internode between the second leaf and third leaf; S3, internode between the third leaf and fourth leaf; S4, internode between the fourth leaf and fifth leaf; Mono_syn, monoterpene synthase; Sesqui_syn, sesquiterpene synthase; Di_syn, diterpene synthase. The expression level [log10(FPKM)] of each gene is shown in the heat map boxes. (B) Cumulative expression analysis of the TPS family genes in tea developing flowers and leaves.



In tea plants, some TPS genes have been identified in Ses_syn biosynthesis, including the linalool-biosynthesized TPS76 and TPS77 and the nerolidol-biosynthesized TPS79 (Zhou, H. C. et al., 2020). Those genes showed conservatively high expression levels in leaves and flowers (Figure 4A), which was consistent with the high concentration of linalool in both leaves and flowers (Liu et al., 2017). The cumulative expression analysis further showed that, in F1, the TPS gene family was lowly expressed and then rapidly induced as the flower is developing (Figure 4B). In F5 stage, the highest expression levels of TPS gene family were detected (Figure 4B). Expectedly, the TPS gene family was highly expressed in petals, followed by stamens and receptacles (Figure 4B). Compared with the flowers, the TPS gene family showed a significantly lower expression level in developing leaves and stems, which was consistent with the lower abundance of total terpenoid compounds in leaves and stems (Figure 4B).



Flavonol and catechin biosynthesis in tea flowers

Flavonoid compounds, such as flavonols and catechins, play crucial roles in not only tea flavor formation but also multiple stress resistance in tea plants (Zhao et al., 2020). In Figure 2, we have analyzed the flavonoid metabolite profile in tea leaves and flowers, which suggested a similar metabolite pattern in different tissues. However, the transcriptome feature of those flavonoid biosynthetic genes in flowers and leaves is unknown. Flavonoid pathway is derived from the phenylpropanoid process. We analyzed the expression of key genes involved in the phenylpropanoid pathway, and those genes showed a different expression pattern between a developing leaf and developing flowers (Supplementary Figure S4). Chalcone synthase (CHS) is the first limited enzyme in the flavonoid biosynthesis pathway, which recognized the substrate 4-coumaroyl CoA to compete with the lignin biosynthesis pathway. In the tea genome, nine CHS copies were identified (Wei et al., 2018). In order to investigate in detail the function of each CHS gene, we compared the CHS expression pattern in leaves and flowers. In tea leaves, only four CHS members, including CHS1, CH2, CHS3, and CHS4, were expressed (Figure 5A). The expression of those genes was high in young leaves and stems and then decreased as these developed (Figure 5A). In flowers, besides CHS1, CH2, CHS3, and CHS4, which were highly expressed in leaves, CHS8 and CHS9 were also specially expressed in flowers (Figure 5B). CHS5, CHS6, and CHS7 were also not expressed in flowers (Figure 5B). In addition, CHS1 and CHS2 were only expressed in receptacles (RE), and CHS3 and CHS4 were expressed in whole flowers (Figure 5B). Notably, CHS8 and CHS9 were specially expressed in stems (ST) (Figure 5B), which suggests the important function in pollen fertility.




Figure 5 | Expression analysis of gene families involved in flavonoid biosynthesis in tea developing flowers and leaves. (A, B) Heat map expression analysis of CHS genes in tea developing flowers (A) and leaves (B). (C, D) Heat map expression analysis of FLS genes in tea developing flowers (C) and leaves (D). (E) Relative expression level of gene family members in different tissues of tea plants. F1, tea flower stage 1; F2, tea flower stage 2; F3, tea flower stage 3; F4, tea flower stage 4; F5, tea flower stage 5; F6, tea flower stage 6; ST, stamen; PE, petal; RE, receptacle; L1, first tea leaf; L2, second tea leaf; L3, third tea leaf; L4, fourth tea leaf; L5, fifth tea leaf; L6, sixth tea leaf; S1, internode between the first leaf and second leaf; S2, internode between the second leaf and third leaf; S3, internode between the third leaf and fourth leaf; S4, internode between the fourth leaf and fifth leaf; PAL, phenylalanine ammonialyase; 4CL, 4-coumarate:CoA ligase; CHS, chalcone synthase; CHI, chalcone isomerase; DFR, dihydroflavonol reductase; FLS, flavonol synthase. The expression level [log10(FPKM)] of each gene is shown in the heat map boxes.



Flavonols are a particular class of flavonoids which are highly accumulated in young leaves and stems and play major roles in the bitter taste (Zhao et al., 2021). Interestingly, in tea flowers, flavonols were specially accumulated in ST and PE and not detected in RE (Figure 2). Then, we analyzed the expression pattern of Flavonol synthase (FLS) genes in tea plants. At least five FLS gene copies were identified in the tea genome. In leaves, only three of five FLS genes, including FLS1, FLS3, and FLS4, were expressed, in which FLS1 was the major gene with highest expression level, followed by FLS3 and FLS4 (Figure 5C). In flowers, except FLS5, all four other FLS genes were expressed, in which FLS1 and FLS4 were the major genes with the highest expression levels (Figure 5D). FLS1 was highly expressed in RE, and FLS4 was highly expressed in PE (Figure 5D). We also noticed that FLS2 was specially expressed in ST, which suggests an important function in pollen fertility just like CHS8 and CHS9 (Figure 5D).

In addition, we further analyzed the expression patterns of other biosynthetic genes and also found an expression divergence of the gene family in leaves and flowers. Phenylalanine ammonialyase (PAL) is the first enzyme of the phenylpropanoid pathway. In tea leaves, PAL2, the major gene with the highest expression levels, was highly expressed in young leaves and then decreased during development (Figure 5E). On the contrary, the expression of PAL3 and PAL4 showed an elevation during development. However, in developing flowers or different parts of flowers, PAL3 is always the major gene (Figure 5E). 4-Coumarate : CoA ligase (4CL3) was highly expressed in young leaves and then decreased during leaf development. Conversely, the expression level of 4CL2 decreased during leaf development. In tea flowers, only 4CL2 is the major gene (Figure 5E). Other members of the gene family, such as CHS, chalcone isomerase, dihydroflavonol reductase, and FLS, also showed a different expression priority in leaves and flowers (Figure 5E).



Regulation mechanism of flavonols and catechin biosynthesis in tea flowers

In leaves and flowers, a similar flavonoid profile was detected; however, the expression of those biosynthetic gene families showed a dramatic difference in those tissues. Thus, we further analyzed the regulatory mechanism of flavonoid biosynthesis in leaves and flowers. In our previous study, we have comprehensively analyzed the transcription factors regulating flavonoid biosynthesis in tea plants, in which three MYB transcription factors regulate flavonol biosynthesis in leaves, including MYB8, MYB55, and MYB99 (Li et al., 2022b). In developing tea leaves and stems, the expression patterns of those MYB transcription factor genes were highly correlated with the expression of FLS family genes (Figure 6A). In developing flowers, no correlation between the expression pattern of MYB and FLS genes was detected based on the transcriptome data (Figure 6B). This suggested the different regulatory network of flavonol biosynthesis in leaves and flowers. In Arabidopsis, AtMYB21 and AtMYB24 specially regulate flavonol biosynthesis in flowers (Zhang et al., 2021). To explore the regulation mechanism of flavonol biosynthesis in tea flowers, the homologous genes of AtMYB21 and AtMYB24 in tea plants were identified. In the tea plant genome, at least four candidate MYB genes, including MYB148, MYB193, MYB68, and MYB147, were identified (Figure 6C and Supplementary Figure S5). Those candidate genes, particularly MYB148 and MYB193, were specially expressed in flowers (Figure 6D). However, MYB55, MYB8, and MYB99 were not expressed in flowers (Figure 6D). In addition, MYB148 and MYB193 showed higher expression levels in ST and PE compared with RE (Figure 6E), which is consistent with the higher content of flavonol compounds in ST and PE. Those data strongly indicated that MYB148 and MYB193 conservatively participated in flavonol biosynthesis regulation in flowers, which is different with the regulatory network in tea leaves. Then, we analyzed the catechin biosynthesis regulation in tea flowers. Our previous study has shown that, in tea plants, MYB-bHLH-WD40 (MBW) complexes play crucial roles in catechin biosynthesis (Li et al., 2022a; Li et al., 2022b). At least 10 MYB transcription factors were confirmed as the component of the MBW complex regulating catechin biosynthesis in tea plants (Li et al., 2022b). We found both in tea leaves and flowers that the expression patterns of those transcription factor genes were highly corelated with the expression of key biosynthetic genes, such as anthocyanidin reductase (ANR) and leucoanthocyanidin reductase (LAR), suggesting the conservative regulatory mechanism of catechin biosynthesis in leaves and flowers (Figures 6F,G).




Figure 6 | Transcriptional regulatory mechanism of flavonol and catechin biosynthesis in tea flowers. (A, B) Pearson correlation analysis of the expression of FLS genes and the expression of three flavonol MYB regulator genes in developing leaves (A) and developing flowers (B). The sizes of circles indicate the degree of correlation. Green indicates a positive correlation, and red indicates a negative correlation. (C) Phylogenetic tree of tea MYBs with others related to flavonol biosynthesis regulation in flowers. The numbers at the nodes indicate the bootstrap value with 1,000 replicates. The red MYB genes highlight their corresponding homolog genes in tea plants. (D) Heat map expression analysis of candidate MYB genes in different tea tissues. AB, apical bud; FL, flower; FR, fruit; YL, young leaf; ML, mature leaf; OL, old leaf, RT, root, ST, stem. The expression level [log10(FPKM)] of each gene is shown in the heat map boxes. (E) Expression level analysis of candidate MYB genes regulating flavonol biosynthesis in tea developing flowers. (F, G) Pearson correlation analysis of the expression of ANR and LAR genes and the expression of catechin regulator genes in developing leaves (F) and developing flowers (G).





Caffeine and theanine biosynthesis in tea flowers

Caffein and theanine are two other characteristic compounds in tea, and we analyzed their biosynthesis pathway in tea flowers. The gene expression analysis showed that the caffeine biosynthesis pathway is conservative in leaves and flowers. In both leaves and flowers, tea caffeine synthase1 (TCS1) and theobromine synthase (MXMT-5) are the two major methylxanthosine synthase (NMT) genes with the highest expression levels (Figure 7A). Caffeine was highly accumulated in RE and ST compared with PE in flowers. However, those NMT genes all showed high expression levels, and no expression difference of those NMT genes was detected in PE, RE, and ST (Figure 7A).




Figure 7 | Caffeine and theanine biosynthesis in tea flowers. (A, B) Main biosynthetic route toward caffeine biosynthesis and degradation (A) and theanine biosynthesis (B) in tea developing flowers and leaves. AMP, adenosine monophosphate; IMP, inosine monophosphate; XMP, xanthosine monophosphate; Anase, adenosine nucleosidase; APRT, adenine phosphoribosyltransferase; AMPD, AMP deaminase; IMPDH, IMP dehydrogenase; 5′-Nase, 5′-nucleotidase; 7-NMT, 7-methylxanthosine synthase; N-MeNase, N-methylnucleotidase; MXMT, theobromine synthase; TCS, tea caffeine synthase; XO, xanthine oxidase; XDH, xanthine dehydrogenase; ALN, allantoinase; ALLC, allantoicase; GS, glutamine synthetase; GOGAT, glutamate synthase; GDH, glutamate dehydrogenase; AlaDC, alanine decarboxylase; GGT, γ-glutamyltranspeptidase; TSI, theanine synthetase. The log 10 (expression levels, TPM) of the genes is represented by a heat map.



Tea flowers also accumulated a large amount of amino acids, such as theanine and glutamate. Usually, theanine is synthesized in tea roots. In order to uncover the origin of theanine in flowers, the theanine biosynthesis pathway in flowers was analyzed. The gene expression analysis showed that theanine synthetase (TSI) and alanine decarboxylase (AlaDC), two theanine biosynthetic genes, were highly expressed in flowers compared with leaves as well as the genes involved in GS-GOGAT cycle (Figure 7B), suggesting the ability to synthesize theanine locally in tea flowers.




Discussion

Tea flowers contain abundant metabolites, such as flavonoids, purine alkaloids, amino acids, and particularly volatiles, which were characteristic compounds of tea contributing to tea flavor formation (Zhao et al., 2020). Remarkably, tea flowers also contained much tea polysaccharide and saponin, which have been identified to contribute in improving the human immune system. Pharmacological experiments also showed that the extract of tea flowers did not show toxicity to normal cells (Li et al., 2011). Thus, tea flowers have tremendous potential for the development of new tea products such as tea flower drink and tea flower functional food.

Volatiles play critical roles in flavor formation for many drinks, such as the tea drink. The resource of tea volatiles is complex, including biosynthesis pathway in fresh leaves, such as terpenoid biosynthesis, and tea processing, such as lipid peroxidation products (Feng et al., 2019). In most plants, including tea, the flowers could synthesize, accumulate, and release abundant volatiles in native condition. Those components with unique aroma, particularly the terpenoid compounds, participated in attracting pollinators or defending the plant from diseases (Borg-Karlson et al., 2003; Parachnowitsch et al., 2012). Linalool is the predominant terpenoid volatile in tea flowers, as well as in leaves, which is catalyzed by monoterpene synthase via the conservative chloroplatinic MEP pathway (Liu et al., 2017). Our transcriptome data showed that no significant difference of expression levels of early genes involved in the MEP pathway was detected between tea leaves and flowers. This suggested that the divergent terpenoid compounds between tea leaves and flowers were determined by the divergent expression pattern of later genes, such as the TPS genes. In the tea genome, a rapid expansion of the TPS gene family was detected, leading to the high quality of tea (Xia et al., 2020). We found that only a small amount of TPS genes was selected synchronously to be expressed highly in leaves and flowers. Most TPS genes showed a significant expression difference between leaves and flowers, which also suggested that the function or expression pattern of the TPS gene family has been divergent during the tea plant evolution. The gene expression analysis also showed that, in tea flowers, the TPS genes involved in volatile terpene biosynthesis tended to be expressed in PE and ST and lowly in RE (Figure 4). However, the TPS genes involved in the biosynthesis of nonvolatile terpenes, such as saponins, were highly expressed in RE and PE and lowly in ST (Supplementary Table S3). In tea leaves, most TPS genes belonged to inducible-type genes and showed a low expression level in native condition (Xia et al., 2020). The accumulative expression of the TPS gene family further showed that the TPS gene family is highly expressed in flowers, particularly PE and ST, compared with leaves and stems, resulting in abundant volatiles in flowers.

Flavonoids, particularly flavonol and catechins, are the major characteristic compounds together contributing to the bitter flavor in tea drink (Zhao et al., 2020). The biosynthesis pathway of flavonoid in tea plants has been well characterized, which is derived from the phenylpropanoid pathway. In plants, the early genes involved in flavonoid biosynthesis are usually presented as gene families, such as PAL and CHS gene families. However, the copy number of the later genes involved in flavonoid biosynthesis was low—for example, both ANS and ANR only have two copies in the tea plant genome. The metabolic analysis showed that the leaves and flowers have a similar flavonoid profile. Interestingly, the transcriptome data revealed that different members of those in the early gene family showed a dramatic expression difference in leaves and flowers—for example, the PAL gene family has at least five copies, and PAL2 is highly expressed in young leaves and stems, consistent with the flavonoid profile (Figure 5). However, the expression of PAL1 and PAL4 increased as the leaf and stem developed, which suggests that they are specially involved in lignin biosynthesis (Figure 5). In tea flowers, PAL3 is the predominant gene, and its expression level is about 80% of the accumulative expressions of the PAL gene family (Figure 5).

CHS is the first limited enzyme in the flavonoid biosynthesis pathway. We also found that the members of the CHS gene family showed a significant expression preference in tea leaves and flowers. In tea leaves and stems, only four CHS genes were expressed; however, in tea flowers, six CHS genes were expressed, in which CHS8 and CHS9 were specially expressed in ST (Figure 5). Previous studies have shown that, in many plants, CHS proteins interacted with the upstream and downstream flavonoid biosynthetic enzyme proteins, forming super complexes (Jorgensen et al., 2005; Dastmalchi et al., 2016). Expectedly, we found some FLS genes, such as FLS2, specially expressed in ST. FLS2 could interact with CHS7 and CHS8, forming a complex to catalyze flavonol biosynthesis specially in flowers. Another evidence was that ectopically expressing the tea flower-specific FLS gene could not promote flavonol biosynthesis in tobacco leaves (Shi et al., 2021). Flavonol compounds were known as key components in plant fertility. In Arabidopsis, the absence of flavonols led to stamen defects (Zhang et al., 2021). In tea flowers, we also found that tea flavonol compounds were specially highly accumulated in PE and ST, and a set of biosynthetic genes, such as CHS and FLS, was specially highly expressed in PE and ST. It is observed that flavonol highly accumulated in stamens and play crucial roles in plant fertility. In tea leaves and flowers, a set of genes, not just one gene, in the whole pathway was synergistically selected for expression to synthesize divergent target compounds.

In tea flowers and leaves, the profile of flavonols was similar; however, the related biosynthetic genes were significantly different. The difference of those gene expressions was determined by upstream transcription factors. CsMYB55 was the major MYB transcription factor regulating flavonol biosynthesis in tea leaves (Zhao et al., 2021; Li et al., 2022b), but we did not detect the transcripts of CsMYB55 in flowers. The regulatory mechanism of flavonol biosynthesis is entirely different in leaves and flowers. In the flowers of Arabidopsis and Freesia hybrida, the flavonol biosynthesis was redundantly regulated by another R2R3-MYB subgroup transcription factors MYB21 and MYB24 (Shan et al., 2020; Zhang et al., 2021). We also found that their homologs, MYB148 and MYB193, were highly expressed in tea flowers, particularly in PE and ST, which indicates the conservative regulatory mechanism of flavonol biosynthesis in plant flowers. In Arabidopsis and Freesia hybrida, MYB21 and MYB24 could also regulate terpenoid biosynthesis in flowers (Yang et al., 2020). Tea plant flowers contained abundant terpenoid compounds, and MYB148 and MYB193 may be also involved in terpenoid biosynthesis regulation, and it is worthy to further explore it.

Catechins play important roles in tea flavor formation. Here we found in tea flowers, as well as tea leaves, that EGCG and ECG are the dominant catechins. The catechins mainly distributed in RE and ST. Catechins, particularly ECG, were perhaps advantageous to pollinators, such as bees, to improve the fertility rate (Gong et al., 2021). Catechin biosynthesis has been well studied in tea plants. The expression of many later genes involved in catechin biosynthesis showed a similar expression pattern in tea leaves and flowers. In tea plants, at least 10 MYB transcription factors regulated catechin biosynthesis together with WDR type TF TRANSPARENT TESTA GLABRA1 (TTG1) and bHLH type TF TRANSPARENT TESTA8 (TT8), in which the MYB184 has been identified as the key regulator regulating EGCG and ECG biosynthesis in tea leaves (Li et al., 2022a; Li et al., 2022c). The correlation analysis showed that the expression of MYB184 and other MYB TFs had a significant correlation with the expression of ANR and LAR, two key catechin biosynthetic genes both in developing tea leaves and developing flowers, which indicated that catechin biosynthesis regulation is conservative in different tissues.

Caffeine not only has a wide range of pharmacological effects on the human body but also plays crucial roles in allelopathy, resistance to herbivore attacks, and pathogen infections (Brunyé et al., 2010; Mohanpuria & Yadav, 2010; Wright et al., 2013; Wang et al., 2016; Bojar et al., 2018). Interestingly, in flowers of tea, coffee, and citrus plants, an abundant level of caffeine has been detected (Huang et al., 2016). Caffeine was regarded as an agonist to improve the pollinator’s brain behavior (Wright et al., 2013). As expected, we found that caffeine mainly accumulated in ST. In tea leaves and flowers, TCS1 and MXMT-5 are the two dominant NMT genes, and the caffeine biosynthesis pathway is also conservative in leaves and flowers. However, the gene expression analysis showed that the TCS1 and MXMT genes were highly expressed during flower development and in different parts, indicating that those NMT genes may be involved in other life processes.

Theanine is a nitrogen reservoir in tea roots and plays a critical role in nitrogen cycle in tea plants (Zhao et al., 2020). Theanine mainly was synthesized in tea roots and then transferred to other tissues, such as stems and leaves. Theanine contributes not only to the sweet and umami flavors of tea infusions but also to numerous health benefits on the human body. However, the physical functions of theanine on tea plants were not well uncovered. Tea flowers also contained abundant theanine and other amino acids, such as serine, proline, and isoleucine. Those amino acids may provide nutrition for flowering. A previous study also showed that theanine was synthesized in tea leaves (She et al., 2022). Here we also found that many genes involved in theanine biosynthesis, such as TSI and AlaDC, showed higher expression levels in tea flowers than in leaves. The gene expression analysis indicated that tea flowers may have the capacity of theanine biosynthesis locally, and the function of theanine in tea flowers also needs to be explored further.

Due to the few studies on the characteristics and physiological functions of metabolites in tea flowers, the comprehensive utilization of tea plant flowers is still few. Tea flowers contained abundant bioactivate compounds, such as tea polysaccharide, saponins, terpenoids, and flavonoids. Tea flowers have been an ideal natural resource of tea polysaccharide and saponins, and those compounds also showed a wonderful effect in improving the immune system. Here, based on target and non-target metabolic analyses, we also detected abundant metabolites in tea flowers, and the contents of many compounds in tea flowers are significantly higher than in tea leaves, particularly phenolic acids, such as GA. For those bioactive compounds, the tea flowers have been not only an important source of plant medicine but also has the potential to be developed into food and drink production. This study also used tea flowers as an addition to greatly improve the flavor of yellow large-leaf tea.

In conclusion, we integrated targeted and non-targeted metabolomic and transcriptomic analyses of developmental flowers and different parts of flowers to illustrate the biosynthesis and regulation mechanisms of volatile and non-volatile compounds by comparison with developing leaves and stems (Supplementary Figure S6). In addition, based on the abundant specific metabolites in tea flowers, we developed a new kind of application in tea processing. The study provides new insights into understanding the metabolism and transcriptome characteristics and nutritional value of tea flowers. It lays a foundation for future study to improve the comprehensive application of tea flowers.
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‘Taihang Mingzhu’ is the hybrid offspring of Opisthopappus taihangensis, and it has an excellent characteristic of whole-plant fragrance. At present, the genes and metabolites involved in the synthesis of its aromatic compounds are unknown because of the paucity of molecular biology studies on flowering in the Opisthopappus Shih genus. To elucidate the biosynthetic pathways of terpenoids, the main aromatic compounds in ‘Taihang Mingzhu’, we conducted transcriptome and metabolite analyses on its leaves and bud, inflorescences at the color-development, flowering, and full-bloom stages. A total of 82,685 unigenes were obtained, of which 43,901 were annotated on the basis of information at the protein databases Nr, SwissProt, KEGG, and COG/KOG (e-value<0.00001). Using gas headspace solid-phase microextraction chromatography – mass spectrometry (HS-SPME-GC/MS), 1350 metabolites were identified, the most abundant of which were terpenoids (302 metabolites). Analyses of the gene regulatory network of terpenoids in ‘Taihang Mingzhu’ identified 52 genes potentially involved in the regulation of terpenoid synthesis. The correlations between genes related to terpenoid metabolism/regulation and metabolite abundance were analyzed. We also extracted the essential oil from the leaves of ‘Taihang Mingzhu’ by hydrodistillation, and obtained 270 aromatic compounds. Again, the most abundant class was terpenoids. These results provide guidance for the extraction of essential oil from ‘Taihang Mingzhu’ leaves and flowers. In addition, our analyses provide valuable genetic resources to identify genetic targets to manipulate the aromatic profiles of this plant and other members the Opisthopappus Shih genus by molecular breeding.
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1 Introduction

Members of the Asteraceae are among the most popular flower crops because of their rich color and unique fragrance (Sun et al., 2015). The genus Opisthopappus Shih is closely related to the genus Chrysanthemum. It has excellent characteristics such as tolerance to drought, shade, cold temperatures, and low-fertility soils, and is a wild germplasm resource unique to China (Chai et al., 2018). There are two species within the genus Opisthopappus Shih: Opisthopappus taihangensis and Opisthopappus longilobus Shih. These species grow on mountain slopes at an altitude of about 1,000 meters, mainly in the Taihang Mountains of Shanxi, Hebei, and Henan (Tang et al., 2012). Because of their unique habitat, low breeding rate, and few remnant populations, these species are listed as a Grade II endangered plants (He et al., 2012). To breed new superior species and produce new germplasm, hybrid breeding is one of the most widely used approaches. O. taihangensis plants are 10–15 cm tall, with a lavender or brown stem. The flowers are initially lavender, and then become white when they have fully bloomed. The whole plant including flowers and leaves produces a unique aroma. The flowering period of O. taihangensis is from June to September. O. taihangensis has a beautiful flower and aroma, but it is difficult to cultivate and propagate. Chrysanthemum is a closely related genus to Opisthopappus Shih, and Chrysanthemum plants are easy to propagate by cutting. Natural pollination has been used to generate hybrid progeny between O. taihangensis and Chrysanthemum with improved characteristics. O. taihangensis was used as the female parent and Chrysanthemum plants including Chrysanthemum dichrum, Chrysanthemum lavandulifolium, and some small Chrysanthemum species were used as the male parent for natural hybridization. These Chrysanthemum plants are 30–50 cm tall, with green stems and yellow flowers that are produced from July to September. One of these progenies is named ‘Taihang Mingzhu’. The whole plant of ‘Taihang Mingzhu’ is rich in essential oil, aromatic, 10–15 cm high, with green stems and pinnately divided leaves that are smooth and hairless on both sides. It has white flowers and blooms from June to September. The flower color, flowering period, and fragrance of ‘Taihang Mingzhu’ are similar to those of O. taihangensis, but its stem color is similar to that of Chrysanthemum plants. The leaf shape of ‘Taihang Mingzhu’ is between that of Chrysanthemum and O. taihangensis, and its leaf indentations are deeper than those of Chrysanthemum leaves, but shallower than those of O. taihangensis leaves (Additional file 1). When it rains in summer, the chrysanthemums growing on the plains usually die, while ‘Taihang Mingzhu’ cultivated under the same conditions continues to grow normally. In addition, O. taihangensis cuttings do not readily form roots, with a rooting rate of only 20%, while the rooting rate of ‘Taihang Mingzhu’ is as high as 92%. Thus, this plant has inherited many of the good characteristics of O. taihangensis, and it is easier to propagate and cultivate. Consequently, ‘Taihang Mingzhu’ is a very important germplasm resource in the genus Opisthopappus Shih and has broad prospects for development and utilization.

In recent years, research on Opisthopappus Shih has focused on its drought tolerance mechanism, genetic diversity, and population structure (Hong et al., 2006; Gu et al., 2019; Ye et al., 2021). High-throughput sequencing technology has been used to identify candidate genes in response to drought stress (Yang et al., 2020). The genetic diversity and population structure of the genus Opisthopappus Shih were analyzed using sequence-related amplified polymorphism molecular markers. The results showed that O. taihangensis and O. longilobus have high genetic diversity, and that the genetic diversity within populations varies between the two species. Genetic differentiation, gene flow, and geographic history may be influencing the genetic differentiation of the genus (Wang and Yan, 2013).

Aromatic substances are synthesized in all plant organs, including roots, stems, leaves, seeds, and fruit (Ramya et al., 2018). Aroma is one of the key traits of many flowering crops. Aroma compounds not only attract insects for pollination, but also act as antimicrobial agents against animal or insect species that can harm the plant (Giusto et al., 2010; Ramya et al., 2020). Quantitative aroma information is important to verify the authenticity of materials, as well as being an indicator of quality in production (Pineli et al., 2011). With the continuous development of techniques to extract and detect aromatic volatile compounds, more than 2000 volatile organic compounds have been identified from 90 plant families and 991 subspecies (Dunkel et al., 2009). Solid-phase microextraction (SPME) is a pretreatment technique for the extraction of volatile compounds. It allows for the rapid extraction of small amounts of volatiles and is suitable for floral fragrance analyses (Pawliszyn, 2001). According to their origin and biosynthetic pathways, aroma compounds can be classified into three main groups: terpenes, phenylpropanoids, and fatty acid derivatives (Knudsen et al., 1993).

The biosynthetic process of floral aroma compounds is complex and involves many enzymes in different tissues. Among the floral aroma compounds, terpenoids are the dominant group of volatile components, with a total of 556 compounds identified to date (Shalev et al., 2018; Huang et al., 2021). Terpenoids are biosynthesized by two different metabolic pathways: the mevalonate (MVA) pathway that mainly functions in the cytoplasm and endoplasmic reticulum, and generates secondary metabolites such as sterols, sesquiterpenes, and triterpenes; and the 2-C-methyl-D-erythritol-4-phosphate (MEP) pathway, which generates monoterpenes and diterpenes (Zhang et al., 2021). In the cytoplasm, the precursor substances for the synthesis of sesquiterpenes, triterpenes, and their derivatives, namely isopentenyl diphosphate (IPP), is formed by the mevalonate pathway (Heuston et al., 2012; Vranová et al., 2013). In the plastid, the precursors of monoterpenes, diterpenes, tetraterpenes, and their derivatives are formed by the MEP pathway. Those precursors, i.e., pyruvate and 3-phosphoglyceraldehyde, are intermediates of glycolysis or the C4 pathway, and undergo a series of reactions to form MEP, followed by dimethylpropyl diphosphate (DMAPP). The precursors are subsequently transformed into various terpenoids by terpene synthases (Ramya et al., 2019; Liao et al., 2016).

Biosynthetic pathways are a hot research topic in the area of floral aroma formation. Given the important value of aromatic compounds in flowers, understanding their biosynthesis at the enzymatic and genetic levels contributes to a better understanding of regulation of plant aroma formation (Chen et al., 2015). Opisthopappus Shih is a very important aromatic plant, but the composition of its aroma compounds and the regulatory mechanisms that control aroma formation remain unknown. The paucity of transcriptomic and metabolomic data for Opisthopappus Shih at different periods of inflorescence development has seriously hindered research on the molecular regulation of the accumulation of aromatic substances in this plant.

In this study, we analyzed the transcriptome and metabolome of ‘Taihang Mingzhu’ at different developmental stages. A combination of headspace solid-phase microextraction (HS-SPME) and gas chromatography-mass spectrometry (GC-MS) was used to systematically study the aroma composition of the flowers at each stage. These data, combined with the transcriptomic data, revealed details of gene regulatory network and candidate terpenoid biosynthetic genes. We detected strong correlations between certain genes and metabolites related to terpenoid biosynthesis. The results of this study shed light on the biological mechanism of the floral fragrance of ‘Taihang Mingzhu’. Our findings provide valuable information for further research on fragrance formation and its molecular regulation mechanism in Opisthopappus Shih, and identify candidate genes for genetic engineering to manipulate fragrance.



2 Results


2.1 Metabolomic analysis

To better understand the similarities and differences in metabolites in ‘Taihang Mingzhu’ flowers at different stages of development, we conducted HS-SPME-GC/MS analyses to identify and quantify the metabolites in leaves and the bud stage, inflorescences at color-development stage, flowering stage, and full-bloom stage (Figure 1). A total of 1350 metabolites were detected (Figure 2A, Additional file 2), comprising 302 terpenoids (22.37%), 232 esters (17.19%), 203 heterocyclic compounds (15.04%), 116 ketones (8.59%), 109 alcohols (8.07%), 102 hydrocarbons (7.56%), 72 aromatic hydrocarbons (5.33%), 69 aldehydes (5.11%), 40 acids (2.96%), 34 phenols (2.52%), 32 amines (2.37%), 11 others (0.81%), 10 nitrogenous compounds (0.74%), 8 sulfur compounds (0.59%), 6 ethers (0.44%), and 4 halogenated hydrocarbons (0.30%). Among them, terpenes were the main metabolites, both in terms of the number of different types and abundance. Terpenoids are the dominant class of secondary metabolites in members of the Asteraceae.




Figure 1 | Plant material of ‘Taihang Mingzhu’ (A) Leaf. (B) Flower bud. (C) Inflorescence at color-development stage. (D) Inflorescence at flowering stage. (E) Inflorescence at full-bloom stage.






Figure 2 | (A) Metabolite classification. (B) Principal component analysis plot of metabolomic samples. F1TH-1: leaf; F1TH-3, inflorescence at the color-development stage; F1TH-4, inflorescence at the flowering stage; F1TH-5, inflorescence at the full-bloom stage. (C) Cluster analysis of metabolomic samples.



Principal component analysis (PCA) can reveal differences in overall metabolism among groups and the variation within groups. In the PCA plot (Figure 2B), the first principal component (PC1) explained 67.71% of the total variance and the second principal component (PC2) explained 19.2% of the total variance. The PCA analysis of the overall metabolites showed significant differences between the leaf and inflorescences of ‘Taihang Mingzhu’ at different developmental stages.

A cluster analysis (Figure 2C) revealed significant differences in volatile compounds in ‘Taihang Mingzhu’ inflorescences among all stages of development. In the inflorescences, the total metabolite content increased from the color-development stage to the flowering stage, and then decreased slightly from the flowering stage to the full-bloom stage. There were significant differences in the types of compounds between the inflorescences and the leaf. For example, the maximum number of terpenoids in the leaf was 292, but there were only four halogenated hydrocarbons. The metabolite with the highest relative content in the leaf was linalyl acetate, a terpenoid, while that in inflorescences at all periods was bicyclo[3.1.0]hexan-3-one, 4-methyl-1-(1-methylethyl)-, a different terpenoid. Information about these differences and variations in metabolites is important for elucidating the mechanisms of aroma formation during the development of ‘Taihang Mingzhu’.



2.2 Analysis of differentially accumulated metabolites

Orthogonal partial least squares discriminant analysis (OPLS-DA) was performed on all low molecular weight metabolites in the samples to screen for differential variables by removing uncorrelated differences. The values of R2X and R2Y were greater than 0.8 and that of Q2 was higher than 0.9 in all groups, indicating that the constructed model was valid and did not overfit.

Based on the OPLS-DA results, variable importance in projection (VIP) values combined with the difference multiplicity FC (fold-change) values were used to further screen for differentially accumulated metabolites. The criteria were VIP>1 and fold-change ≥ 2 or ≤ 0.5.

We detected differentially accumulated metabolites among different tissues of ‘Taihang Mingzhu’ (Table 1, Additional file 3). The comparison between the leaf (Leaf) and inflorescence at the color-development stage (Color) yielded the highest number of differentially accumulated metabolites (985), of which 660 were up-regulated and 325 were down-regulated in the inflorescence at the color-development stage compared with the leaf. The comparison between the inflorescence at the color-development stage (Color) and the inflorescence at the flowering stage (Flower) yielded the lowest number of differentially accumulated metabolites (87), of which 67 were up-regulated and 20 were down-regulated in inflorescence at the flowering stage compared with the color-development stage. The results of the pair-wise comparisons between other groups are shown in Table 1. These differentially accumulated metabolites may be important factors leading to the differences in aroma among ‘Taihang Mingzhu’ leaves and inflorescences at different developmental stages.


Table 1 | Summary of the number of differentially accumulated metabolites among samples.



The number of differentially accumulated metabolites is related to variations in the types and abundance of aromatic compounds such as terpenoids, esters, and alcohols, which ultimately form the aroma of ‘Taihang Mingzhu’. Terpenoids are synthesized by a series of enzymes through the MEP pathway or the MVA pathway.

We detected 1235, 1274, 1271, and 1274 aromatic compounds in the leaf and inflorescences of ‘Taihang Mingzhu’ at the color-development, flowering, and full-bloom stages, respectively. Among them, 292, 286, 286, and 286 were terpenes, respectively. Thus, there were more types of terpenoids in the leaf than in the inflorescences. The 16 leaf-specific terpenoids were 1,3,6-octatriene, 3,7-dimethyl-, (Z)-; beta-ocimene, 1,5-heptadien-4-ol, 3,3,6-trimethyl-; 2,4,6-octatriene, 2, 6-dimethyl-; 2-cyclohexen-1-one, 3-methyl-6-(1-methylethyl)-; (-)-carvone; (4R,4aS,6S)-4,4a-dimethyl-6-(prop-1-en-2-yl)-1,2,3,4,4a,5,6,7-octahydronaphthalene; 1,1,7,7a-tetramethyl-1a,2,6,7,7a,7b-hexahydro-1H-cyclopropa[a]naphthalene; naphthalene,1,2,4a,5,6,8a-hexahydro-4,7-dimethyl-1-(1-methylethyl)-, [1R-(1.alpha.,4a.alpha.,8a.alpha.)]-; spiro[4.5]dec-7-ene, 1,8-dimethyl-4-(1-methylethenyl)-, [1S-(1.alpha.,4.beta.,5.alpha.)]-; aromandendrene; carvenone; 2,6-octadienal, 3,7-dimethyl-, (E)-; cyclohexene, 3-(1,5-dimethyl-4-hexenyl)-6-methylene-, [S-(R*,S*)]-; isospathulenol; and hibaene. The 10 inflorescence-specific terpenoids were bicyclo[3.1.1]heptan-3-ol, 6,6-dimethyl-2-methylene-; cyclohexanol, 1-methyl-4-(1-methylethyl)-, cis-; 2H-pyran, 3,6-dihydro-4-methyl-2-(2-methyl-1-propenyl)-; p-mentha-1,5,8-triene; 2,6-dimethyl-1,3,5,7-octatetraene, E,E-; bicyclo[7.2.0]undec-4-ene, 4,11,11-trimethyl-8-methylene-,[1R-(1R*,4Z,9S*)]-; bornyl acetate; 2-cyclohexen-1-one, 2-hydroxy-3-methyl-6-(1-methylethyl)-; tricyclo[2.2.1.0(2,6)]heptane-3-methanol, 2,3-dimethyl-; and cyclopropanecarboxylic acid, 2,2-dimethyl-3-(2-methyl-1-propenyl)-, (1R-trans)-. Further analyses revealed that the types of terpenoids in the inflorescences were the same among different developmental stages, indicating that the synthesis of terpenoids in the inflorescences remained consistent from the color-development stage to the full-bloom stage.

Analyses of the relative contents of aromatic metabolites revealed that the leaf of ‘Taihang Mingzhu’ had the highest relative content of terpenoids (46.13%), followed by inflorescences at the flowering stage (38.78%), color-development stage (38.19%), and full-bloom stage (37.66%).

The substances with high relative contents in the leaf were linalyl acetate; epizonarene; bicyclo[2.2.1]heptane-2,5-dione, 1,7,7-trimethyl-; 7-oxabicyclo[4.1.0]heptane-2-one, 3-methyl- 6-(1-methylethyl)-; and 2,6-octadien-1-ol, 3,7-dimethyl-. The substances with relatively high contents in the inflorescences at the color-development stage were bicyclo[3.1.0]hexan-3-one, 4-methyl-1-(1-methylethyl)-; bicyclo[3.1.0]hexane, 4-methylene-1-(1-methylethyl)-; tricyclo[2.2.1.0(2,6)]heptane-3-methanol, 2,3-dimethyl-; benzene, 1-(1,5-dimethyl-4-hexenyl)-4-methyl-; and 2,6-dimethyl-1,3,5,7-octatetraene, E,E-. The substances with relatively high contents in inflorescences at the flowering stage were bicyclo[3.1.0]hexan-3-one, 4-methyl-1-(1-methylethyl)-; bicyclo[3.1.0]hexane, 4-methylene-1-(1-methylethyl)-; tricyclo[2.2.1.0(2,6)]heptane-3-methanol, 2,3-dimethyl-; benzene, 1-(1,5-dimethyl-4-hexenyl)-4-methyl-; and 2,6-dimethyl-1,3,5,7-octatetraene, E,E-. The substances with relatively high contents in the inflorescences at the full-bloom stage were bicyclo[3.1.0]hexan-3-one, 4-methyl-1-(1-methylethyl)-; bicyclo[3.1.0]hexane, 4-methylene-1-(1-methylethyl)-; tricyclo[2.2.1.0(2,6)]heptane-3-methanol, 2,3-dimethyl-; 2,6-dimethyl-1,3,5,7-octatetraene, E,E-; and thujone. The substances with relatively high contents in all inflorescences were bicyclo[3.1.0]hexane-3-one, 4 methyl-1-(1-methylethyl)-; thujone; and benzene, 1-(1,5-dimethyl-4-hexenyl)-4-methyl-; bicyclo[3.1.0]hexane, 4-methylene-1-(1-methylethyl)-.



2.3 Illumina sequencing and assembly

The transcriptomes of the leaf and inflorescences of ‘Taihang Mingzhu’ at the bud, color-formation, flowering, and blooming stages were sequenced using Illumina sequencing technology. The three leaf replicates yielded 31,551,295, 23,891,212, and 29,053,298 high-quality clean reads; those of buds yielded 24,002,761, 23,309,309, and 24,036,096 high-quality clean reads; those of inflorescences at the color-development stage yielded 25,860,836, 23,458,023, and 23,926,483 high-quality clean reads; those of inflorescences at the flowering stage yielded 26,747,007, 23,455,870, and 27,825,669 high-quality clean reads; and those of inflorescences at the blooming stage yielded 26,407,499, 24,961,746, and 24,734,570 high-quality clean reads.

After filtering the raw data to obtain clean data, a total of 82,685 unigene sequences were assembled using Trinity (Grabherr et al., 2011). The total size of the assembly was 67,629,859 bp, with a GC content of 39.2343% and an N50 of 1314 bp. The maximum read length was 13,054 bp, the minimum length was 201 bp, and the average length was 817 bp (Table 2). The unigene N50 length was greater than the average length, and the overall assembly quality was good.


Table 2 | De novo assembly results.





2.4 Gene annotation and functional classification

The 82,685 unigene sequences were searched against the protein databases Nr, SwissProt, KEGG, and COG/KOG (evalue<0.00001) by Blastx to obtain protein functional annotation information. Protein annotations were obtained for 43,901 unigenes. Among them, 42,217 unigenes were annotated in the Nr database, 27,905 unigenes were annotated in the Swissprot database, 22,716 unigenes were annotated in the KOG database, and 17,268 unigenes were annotated in the KEGG database, and 38,787 unigenes had no annotations (Figure 3A). The functional annotation of these genes laid the foundation for further analyses of terpenoid synthesis in ‘Taihang Mingzhu’.




Figure 3 | Gene annotation information. (A) Annotated Wayne diagram of four major databases of genes. (B) Histogram of gene ontology classifications. (C) Classification of eukaryotic homologous taxa (KOG) of Opisthopappus.



GO annotations for unigenes were obtained using Blast2GO software (Conesa et al., 2005). After obtaining the GO annotation for each unigene, we used WEGO software to classify the GO functions of all unigenes (Ye et al., 2006) (Figure 3B). A total of 10,844 unigenes were annotated to 50 functional categories, including 22 subcategories in the biological process category, 12 subcategories in the molecular function category, and 16 subcategories in the cellular component category. In the biological process category, the subcategories with the most unigenes were “metabolic process” (GO:0008152, 6233 unigenes), “cellular process” (GO:0009987, 5816 unigenes), and “single-organism process” (GO:0044699, 4493unigenes). In the cellular component category, the subcategories with the most unigenes were “cell” (GO:0005623, 3486 unigenes), “cell par” (GO:0044464, 3484 unigenes), and “organelle” (GO:0043226, 2559 unigenes). In the molecular function category, the subcategories with the most unigenes were “catalytic activity” (GO:0003824, 6254 unigenes) and “binding” (GO: 0005488, 4242 unigenes). Among these three GO categories, the subcategories with the fewest unigenes were “locomotion” (GO:0040011, 1 unigene), “ translation regulator activity” (GO: 0045182, 1 unigene) and “nucleoid” (GO:0009295, 2 unigenes) (Figure 2).

The functions of the predicted proteins encoded by the genes were further analyzed on the basis of 25 functional categories in the KOG database. As shown in Figure 3C, the categories with the most unigenes were “General function prediction only” (5656 unigenes, 16.7%), “Signal transduction mechanisms” (4770 unigenes, 14.1%), and “Posttranslational modification, protein turnover, chaperones” (3751 unigenes, 11.1%). 11.1%). The categories with the fewest unigenes were “Extracellular structures” (125 unigenes, 0.4%), “Nuclear structure” (106 0.3%), and “Cell motility” (21 unigenes, 0.1%).

Next, KEGG annotation information was obtained to shed light on the biologically complex behavior of the genes in the transcriptome of ‘Taihang Mingzhu’ (Kanehisa, 2000). The unigenes were assigned to 134 pathways in these analyses (Additional file 4). The largest numbers of unigenes were assigned to “Metabolic pathways” (ko01100, 3441 unigenes) and “Biosynthesis of secondary metabolites” (ko01110, 1896 unigenes); and the smallest number of genes were assigned to “Glycosphingolipid biosynthesis – lacto and neolacto series” (ko00601, two unigenes), “Isoflavonoid biosynthesis” (ko00943, two unigenes), and “Anthocyanin biosynthesis” (ko00942, two unigenes) (Table 3).


Table 3 | KEGG pathways enriched with ‘Taihang Mingzhu’ unigenes.





2.5 Differentially expressed genes among samples

In total, we detected 81,852 genes expressed in all samples of ‘Taihang Mingzhu’, accounting for 99.26% of the total number of genes. Pair-wise comparisons of different samples (leaf and inflorescences at four stages) were conducted to identify differentially expressed genes (DEGs). The criteria for DEGs were a false discovery rate (FDR) of <0.05 and log2 fold-change (|log2FC|) of >1.

A total of 16,503 DEGs were identified between the leaf and inflorescences at the bud stage, with 10,494 up-regulated and 6,009 down-regulated DEGs in the bud compared with the leaf. A total of 21,365 DEGs were identified between the leaf and inflorescences at the color-development stage, with 13,744 up-regulated and 7,621 down-regulated DEGs in the inflorescences compared with the leaf. A total of 20,371 DEGs were identified between the leaf and inflorescences at the flowering stage, with 7176 down-regulated DEGs in the inflorescences compared with the leaf. A total of 16,898 DEGs were identified between the leaf and the inflorescences at the full-bloom stage, with 10,674 up-regulated and 6,224 down-regulated DEGs in the inflorescences compared with the leaf.

A total of 5647 DEGs were identified between inflorescences at the bud stage and those at the color-development stage, with 3,357 up-regulated and 2,290 down-regulated DEGs in the inflorescences at the color-development stage compared with the buds. A total of 8065 DEGs were identified between inflorescences at the bud stage and those at the flowering stage, with 4334 up-regulated and 3,731 down-regulated DEGs in the inflorescences at the flowering stage compared with the buds. A total of 13,130 DEGs were identified between inflorescences at the bud stage and those at the full-bloom stage, with 6,506 up-regulated and 6,624 down-regulated DEGs in the full-boom flowers compared with the buds. A total of 1604 DEGs were identified between inflorescences at the color-development stage and those at the flowering stage, with 868 up-regulated and 736 down-regulated DEGs at the flowering stage compared with the color-development stage. A total of 10,165 DEGs were identified between inflorescences at the color-development stage and those at the full-bloom stage, with 4,633 up-regulated and 5,532 down-regulated DEGs at the full-bloom stage compared with the color-development stage. A total of 6403 DEGs were identified between inflorescences at the flowering stage and those at the full-bloom stage, with 2857 up-regulated and 3546 down-regulated at the flowering stage compared with the full-bloom stage (Figure 4).




Figure 4 | Numbers of differentially expressed genes among groups. F1TH-1, leaf; F1TH-2, bud stage; F1TH-3, inflorescence at the color-development stage; F1TH-4, inflorescence at the flowering stage; F1TH-5, inflorescence at the full-bloom stage.



These analyses showed that gene expression differed between the leaf and inflorescences. In ‘Taihang Mingzhu’, the highest number of DEGs was detected between the leaf and inflorescences at the color-development stage (13744 up-regulated, 7621 down-regulated), and the lowest number was detected between inflorescences at the color-development stage and those at the flowering stage (868 up-regulated, 736 down-regulated). The largest number of differentially accumulated metabolites was between the leaf and inflorescence at the color-development stage (985) and the smallest number was between the inflorescence at the color-development stage and the inflorescence at the flowering stage (87) (Table 1). These differences in gene expression may be related to differences in metabolite types and contents.



2.6 Differentially expressed genes related to terpenoid synthesis

Plant floral aroma substances include terpenoids, phenyl/phenylpropane, and fatty acid derivatives (Mohd-Hairul et al., 2010). In ‘Taihang Mingzhu’, terpenoids are the main class of aromatic substances in terms of types and abundance, and are probably the main contributors to its floral fragrance. We analyzed the genes related to terpenoid synthesis and their regulatory networks (Figure 5), and determined the transcript levels of important regulatory and structural genes in terpenoid biosynthesis.




Figure 5 | Important transcription factors in the terpenoid synthesis pathway of ‘Taihang Mingzhu’.



A total of 52 terpenoid synthesis-related genes were found in all samples (Additional file 5). The active expression of these genes regulated the synthesis of a rich variety of terpenoids that accumulated in the inflorescences of ‘Taihang Mingzhu’ at the color-development, flowering, and full-bloom stages, as well as in the leaf.

A pair-wise comparison between the leaf and inflorescence at the color-development stage revealed 19 differentially expressed terpenoid synthesis-related genes. Compared with the leaf, inflorescences at the color-development phase showed up-regulation of 16 genes: OspAACT2, OspCMK2, OspDXS2, OspDXS3, OspFDS1, OspFDS2, OspGDS1, OspGDS3, OspHMGR1, OspHMGR2, OspHMGS2, OspMCT2, OspMVD1, OspMVK1, OspPMK1, OspTPS2. OspMVK1, OspPMK1, and OspTPS2; and down-regulation of three genes: OspHDS4, OspTPS1, and OspTPS7.

In the comparison between the leaf and the bud stage, there were 18 differentially expressed terpenoid synthesis-related genes. Compared with the leaf, the bud showed up-regulation of 14 genes: OspAACT2, OspCMK2, OspDXS2, OspDXS3, OspFDS1, OspGDS1, OspGDS3, OspHMGR1, OspHMGR2, OspHMGS2, OspMCT2, OspMVD1, OspMVK1, and OspTPS2; and down-regulation of four genes: OspHDS4, OspMDS1, OspTPS1, and OspTPS7.

Comparing the leaf and inflorescences at the full-bloom stage, there were 19 differentially expressed terpenoid synthesis-related genes. Compared with leaf, the inflorescences at the full-bloom stage showed up-regulation of 15 genes: OspAACT2, OspCMK2, OspDXR2, OspDXS2, OspDXS3, OspDXS4, OspGDS1, OspGDS3, OspGGDS1, OspGGDS2, OspHMGR1, OspHMGR2, OspHMGR2, OspMVK1. OspHMGS2, OspMVD1, and OspMVK1; and down-regulation of four genes: OspHDS4, OspHMGR3, OspTPS1, and OspTPS7.

The DEGs associated with terpenoid content were screened from the transcriptomic data based on comparisons among different growth and developmental stages (Figure 6). The transcript levels of OspDXR1, OspTPS3, OspDXS5, OspMCT5, OspTPS1, OspMDS1, OspHDS4, and OspTPS7 were higher in the leaf than in the inflorescences. The transcript levels of OspHMGR3, OspHMGS3, OspTPS2, OspAACT3 OspHDS1, OspSPS1, and OspTPS8 were slightly higher in the inflorescences at the bud stage than in those at other stages. The transcript levels of OspTPS4, OspIDI1, and OspFDS1 were higher in inflorescences at the color-development stage than in those at other stages, while that of OspTPS5 was lower. The transcript level of OspAACT was higher in inflorescences at the flowering stage than in those at other stages. The transcript levels of OspGGDS1, OspHDR1, OspGGDS2, OspGDS1, and OspGDS3 were higher in inflorescences at the full-bloom stage than in those at other stages. These results identify important candidate genes and provide a theoretical basis for further research on terpenoid biosynthesis in flowers of ‘Taihang Mingzhu’ at different developmental stages.




Figure 6 | Heat map showing expression patterns of genes related to terpenoids in ‘Taihang Mingzhu’ leaf and inflorescences at different stages of development.





2.7 Verification of gene expression profiles

To further validate the transcript profiles of genes obtained from the Illumina sequencing analysis, 18 highly expressed and differentially paired unigenes were selected for qRT-PCR analyses. These genes encoded components of the terpenoid biosynthesis pathway. Their transcriptional patterns detected by qRT-PCR were similar to those detected from the transcriptome data (Figure 7). These results confirmed the reliability of the RNA-seq data, providing the basis for further analyses of the key genes involved in terpenoid synthesis in ‘Taihang Mingzhu’ (Additional files 6, 7).




Figure 7 | Transcript profiles of 18 selected genes in ‘Taihang Mingzhu’ as determined by qRT-PCR analysis. (A) Transcript levels of 18 genes based on reads per kb per million reads (RPKM) value. (B) Relative transcript levels of 18 genes as determined by qRT-PCR analysis. Error bars represent standard deviation from three replicates.





2.8 Weighted gene co-expression network analysis

We conducted a weighted gene co-expression network analysis (WGCNA) analysis of the transcriptome data to identify gene modules that were highly co-expressed in both periods (Zhou et al., 2022). A module tree was constructed for modules with similar expression patterns based on the similarity of module eigenvalues (Figure 8). The WGCNA divided the genes into 21 modules, with different genes in each module. The blue module contained the most genes (5552 unigenes), followed by the lightcyan module (1709 unigenes), and then the darkorange module (1619 unigenes). The mediumpurple 3 module had the fewest genes (53 unigenes) (Additional file 8). The expression patterns of module genes in each sample are presented in terms of module eigenvalues. A heat map was constructed to show the gene expression patterns in different samples. Comparing gene expression among the samples (Figure 9), the leaf had higher module eigenvalues for the blue, salmon, and darkgrey modules; the inflorescence at the bud stage had higher module eigenvalues for the pink, lightgreen, darkorange, and lightcyan modules. The inflorescence at the color-development stage had higher module eigenvalues for the black, skyblue3, and midnightblue modules. The module eigenvalues were higher for the black and lightyellow modules in the inflorescence at the flowering stage; and higher for the plum1, brown, green, and darkmagenta modules in the inflorescence at the full-bloom stage. These results highlighted a large number of candidate genes involved in the molecular regulation of flowering and aromatic substance accumulation in ‘Taihang Mingzhu’.




Figure 8 | Modular tree of genes.






Figure 9 | Gene expression patterns in different modules.





2.9 Combined analyses of transcriptome and metabolome data

To better understand the association between genes and terpenoids, we conducted correlation analyses to integrate the gene transcriptome and metabolite data. In these analyses, we selected correlations with Pearson’s correlation coefficient (PCC) > 0.8 and P < 0.05. Cytoscape 3.7.2 (Cytoscape Consortium, San Diego, CA, USA) was used to visualize and plot the correlation network of 52 terpene synthesis genes with the top 10 most abundant terpenes at each sampling time (Wang et al., 2022) (Figure 10, Additional file 9).




Figure 10 | Correlation network diagram (red circles indicate genes; green rectangles indicate metabolites; solid lines indicate positive correlations; dashed lines indicate negative correlations).



These comprehensive analyses revealed that many DEGs are involved in the terpenoid synthesis pathway. There were more positive correlations between different genes and different metabolites, with 87 groups positively correlated and 69 groups negatively correlated. Bornyl acetate (XMW0961) was positively correlated with nine DEGs and negatively correlated with one DEG; tricyclo[2.2.1.0(2,6)]heptane-3-methanol, 2,3-dimethyl- (XMW1147) was positively correlated with nine DEGs and negatively correlated with one DEG; 7-oxabicyclo[4.1.0]heptane-2-one, 3-methyl-6-(1-methylethyl)- (XMW0733) was negatively correlated with 11 DEGs and positively correlated with one DEG; epizonarene (XMW0151) was negatively correlated with six DEGs; benzene, 1-(1,5-dimethyl-4-hexenyl)-4-methyl- (KMW0620) was positively correlated with 10 DEGs and negatively correlated with one DEG; (4aR-trans)-decahydro-4a-methyl-1-methylene -7-(1-methylethylidene)-naphthalene (KMW0566) was positively correlated with eight DEGs and negatively correlated with two DEGs; 4-hexen-1-ol, 5-methyl-2-(1-methylethenyl)-, (R)- (KMW0374) was positively correlated with 12 DEGs and positively correlated with one DEGs. These results suggest that there is a complex regulatory relationship between gene expression and the accumulation of terpenoids.



2.10 Extraction and analysis of essential oil from leaves

Essential oil was extracted from the leaves by hydrodistillation. A compositional analysis of the essential oil revealed 270 metabolites (Additional file 10). A large proportion of these metabolites were terpenoids (76), followed by esters (50), heterocyclic compounds (39), aromatic hydrocarbons (19), alcohols (17), aldehydes (12), ketones (12), hydrocarbons (11), and halogenated hydrocarbons (9). Some of the less abundant metabolites were amines (8), nitrogenous compounds (6), acids (4), phenols (3), sulfur-containing compounds (3), and others (1). The most abundant aromatic substance was the terpenoid linalool, suggesting that this compound confers the special aroma of ‘Taihang Mingzhu’ leaves. These findings highlight that the leaves are a very good material for essential oil extraction, thereby improving the economic value of ‘Taihang Mingzhu’.




3 Discussion

In this study, we conducted transcriptomic and metabolomic analyses of the leaf and inflorescences of ‘Taihang Mingzhu’ at different developmental stages. Using high-quality RNA-Seq reads and assembly software, a total of 82,685 unigene sequences were assembled. The size of the assembly was 67,629,859 bp and the GC content was 39.2343%. The N50 was 1314 bp, the maximum read length was 13,054 bp, the minimum read length was 201 bp, and the average read length was 817 bp. The unigene N50 value was larger than the average read length, confirming the high quality of the assembly.

Through transcriptomic and metabolomic analyses of leaf, bud and inflorescences at different developmental stages, we identified 52 genes that are likely involved in regulating the synthesis of terpenoids that confer the aroma of ‘Taihang Mingzhu’. All terpenoids are produced from the C5 carbon precursors isopentenyl diphosphate (IPP) and dimethyl allyl diphosphate (DMAPP), and a range of terpenoids are produced in the presence of terpene synthases (TPSs) (Roeder et al., 2007). At present, most floral aroma research is focused on the genes involved in terpenoid synthesis. The plant TPSa family is a medium-sized gene family divided into seven subfamilies; TPS-a to TPS-h (Chen et al., 2011). Usually, the more terpenoids a plant releases, the more TPSs it contains (Myburg et al., 2014). TPS families have been identified in many plants whose genomes have been fully sequenced. In Albizia julibrissin, five TPSs are involved in the synthesis of volatile terpenoids. γ-terpinene and 1R-α-pinene produced by AjTPS9 are components of floral and leaf volatiles, respectively (Liu et al., 2021). Moreover, TPS genes have been identified in ornamental plants such as rose and goldenseal (Guterman et al., 2002; Nagegowda et al., 2008). A total of eight homologous TPS genes were among those identified as being related to the synthesis of terpenoid aroma compounds in ‘Taihang Mingzhu’. Among them, OspTPS1 and OspTPS7 showed higher transcript levels in the leaves than in the inflorescences; OspTPS2 and OspTPS8 showed higher transcript levels in inflorescences at the bud stage than in those at other stages; and OspTPS4 showed higher transcript levels at the color-development stage than at the other stages of inflorescence development. These genes are important candidate gene resources for molecular biology studies and molecular breeding to manipulate terpenoid aromatics in Opisthopappus Shih.

A total of 1350 aromatic metabolites were detected in the leaves and inflorescences of ‘Taihang Mingzhu’ by HS-SPME-GC/MS, among which 302 were terpenoids. Of the 16 classes of aromatic substances detected, terpenoids were the most abundant, consistent with their roles as important components of the aroma of ‘Taihang Mingzhu’.

We detected 1235, 1274, 1271, and 1267 aromatic metabolites in the leaf and inflorescences at the color-development, flowering, and full-bloom stages, respectively, of which 292, 286, 286, and 286 were terpenoids. Leaves contained more terpenoids than did inflorescences. Sixteen terpenoids were specifically synthesized in the leaf: 1,3,6-octatriene, 3,7-dimethyl-, (Z)-; beta-ocimene; 1,5-heptadien-4-ol, 3,3,6-trimethyl-; 2,4,6- octatriene, 2,6-dimethyl-; 2-cyclohexen-1-one, 3-methyl-6-(1-methylethyl)-; (-)-carvone; (4R,4aS,6S)-4,4a-dimethyl-6-(prop-1-en-2-yl)-1,2,3,4,4a,5,6,7-octahydronaphthalene; 1,1,7,7a-tetramethyl-1a,2,6,7,7a,7b-hexahydro-1H-cyclopropa[a]naphthalene; naphthalene,1,2,4a, 5,6,8a-hexahydro-4,7-dimethyl-1-(1-methylethyl)-,[1R-(1.alpha.,4a.alpha.,8a.alpha.)]-; spiro[4.5]dec-7-ene, 1,8-dimethyl-4-(1- methylethenyl)-, [1S-(1.alpha.,4.beta.,5.alpha.)]-; aromandendrene; carvenone; 2,6-octadienal, 3,7-dimethyl-, (E)-; cyclohexene, 3-(1,5-dimethyl-4-hexenyl)-6-methylene-, [S-(R*,S*)]-; isospathulenol; and hibaene. Quantitative metabolite analyses revealed that the relative content of terpenoids was highest in the leaf (46.13%), followed by inflorescences at the flowering stage (38.78%), color-development stage (38.19%), and full-bloom stage (37.66%). The most abundant terpene in the leaf was linalyl acetate, a monoterpene with a sweet fruity floral aroma that is formed mainly by acetylation of linalool. Linalyl acetate is mainly found in the essential oils of plants such as lavender (Miastkowska et al., 2021) and clary sage (Schmiderer et al., 2010). Linalyl acetate has anti-inflammatory (Peana et al., 2002) and antioxidant properties (Ziaee et al., 2015), and has a therapeutic effect against diabetes (Shin et al., 2018). It is also used in cosmetics, perfumes, shampoos, and daily products due to its unique aroma, and in small quantities in edible flavors.

The qualitative and quantitative analyses of the compounds in ‘Taihang Mingzhu’ revealed that the leaf contained the most terpenoids. Moreover, leaves can be collected in three seasons each year—spring, summer, and autumn—with large yields. Therefore, the leaves are an important resource for the extraction of essential oil. This adds value to the leaves, which in turn increases the economic value of Opisthopappus Shih.

We analyzed the aromatic substances in the inflorescences of ‘Taihang Mingzhu’ at different developmental periods. In total, we detected 286 terpene metabolites in inflorescences at the color-development, flowering, and full-bloom stages, but their contents varied among the different stages. The proportions of terpenoids out of total aromatic substances in ‘Taihang Mingzhu’ inflorescences at the color-development, flowering, and full-bloom stages were 38.19%, 38.78%, and 37.66%, respectively. Ten terpenoids were specific to the inflorescences: bicyclo[3.1.1]heptan-3-ol, 6,6-dimethyl-2-methylene-; cyclohexanol, 1-methyl-4-(1-methylethyl)-, cis-; 2H- pyran, 3,6-dihydro-4-methyl-2-(2-methyl-1-propenyl)-; p-mentha-1,5,8-triene; 2,6-dimethyl-1,3,5,7-octatetraene, E,E-; bicyclo[7.2.0] undec-4-ene, 4,11,11-trimethyl-8-methylene-,[1R-(1R*,4Z,9S*)]-; bornyl acetate; 2-cyclohexen-1-one, 2-hydroxy-3-methyl-6-(1-methylethyl)-; tricyclo[2.2.1.0(2,6)]heptane-3-methanol, 2,3-dimethyl-; and cyclopropanecarboxylic acid, 2,2-dimethyl-3-(2-methyl-1-propenyl)-, (1R- trans)-. Inflorescences at the color-development stage had highest number of aromatic compounds, indicating that this is the optimal stage for harvest.

Terpenoids are the largest class of plant secondary metabolites and are associated with a wide range of biological activities (Tholl, 2015). The strength of antimicrobial activity is related to the presence of hydroxyl groups (phenolic and alcoholic compounds). Oxyterpenes have strong antibacterial activity against all bacteria. For example, eugenol has a rapid antibacterial effect against Salmonella serovar Typhimurium, pineol has a good antibacterial effect against Staphylococcus aureus, and citronellol and geraniol have rapid antibacterial effects against Escherichia coli (Guimarães et al., 2019). All of these bacteria are microorganisms that affect food quality and safety (Walkeryorkmoore et al., 2017). The antibacterial properties of terpenoids are exploited to ensure food safety. Meroterpenoid compounds derived from β-pineolene act as potent α-glucosidase inhibitors and are being used in the development of anti-diabetic drugs (Ma et al., 2018). Treatment of wounds with α-pineolene and α-watercressene results in stress-resistant scars on the wound surface and accelerates wound contraction, suggesting that α-pinene and α-apigenin have some wound-healing activity (Salas-Oropeza et al., 2021).Terpenoids such as limonene, linalool, β-caryophyllene, and α-pinene extracted from cannabis have anti-inflammatory activity (Downer, 2021). Artemisinins (sesquiterpenoids) obtained from Artemisia annua have anti-malarial activity, and therefore have potential uses as pharmaceuticals (Chandramouli et al., 2022). Lauricene, β-staphylene, and linalool in the volatile oil of hops are commonly used as anticancer drugs (Miyashita and Sadzuka, 2013). Because terpenoids have a diverse range of biological activities, it is important to study their composition and biosynthesis. Therefore, the metabolic pathways of terpenoids and their gene regulatory networks in ‘Taihang Mingzhu’ were analyzed to reveal the correlation between particular genes and terpenoids.



4 Conclusion

We used a combination of HS-SPME-GC/MS and RNA-seq analyses to detect metabolites and genes showing differences in abundance among the leaf and flowers of ‘Taihang Mingzhu’ at different developmental stages. The results showed that the leaves of ‘Taihang Mingzhu’ are a good resource for essential oil extraction, which enhances the economic value this plant. We analyzed the metabolic pathways of terpene metabolites and gene regulatory networks during the development of ‘Taihang Mingzhu’ inflorescences. We identified 52 regulatory genes related to terpene synthesis. The active expression of these genes resulted in the synthesis and accumulation of a rich variety of terpenoids in the inflorescences at the color-development, flowering, and full-bloom stages, as well as in the leaf. This study is the first to analyze the gene regulatory network of terpene metabolites in Opisthopappus Shih. The identification of candidate genes regulating terpene metabolite synthesis provides a basis for further research on aromatic substances. These findings also lay an important theoretical foundation for further studies, and identify genetic resources for molecular biology research and breeding of endangered Opisthopappus Shih in China.



5 Materials and methods


5.1 Transcriptome approach


5.1.1 Plant materials and RNA extraction

‘Taihang Mingzhu’ is a hybrid of O. taihangensis. To obtain ‘Taihang Mingzhu’ stamens were removed from the flowers of the mother plant O. taihangensis and the flowers were left unbagged. The flowers were pollinated naturally by bees, with pollen from wild species of Chrysanthemum indicum var. aromaticum, Chrysanthemum dichrum, Chrysanthemum lavandulifolium, and some small chrysanthemum species that were cultivated in the same greenhouse. The seeds were harvested from the mother plant O. taihangensis and sown. Superior plants with high fragrance and ornamental value were selected after flowering the following year.

Cuttings of ‘Taihang Mingzhu’ were cultivated in a greenhouse at the Shunyi base of Beijing Liu Wenchao Institute of Summer Chrysanthemums Breeding Science and Technology (40°149633′N,116°619353′E). The duration from planting cuttings to flowering was about 120 days. About 10–20 buds and inflorescences at the color-formation, flowering, and full-bloom stages and leaves of ‘Taihang Mingzhu’ were collected between 7 a.m. to 10 a.m., with three biological replicates for each sample. The collected samples were immediately frozen in liquid nitrogen and stored at −80°C for RNA sequencing and metabolic profiling analyses. Total RNA was extracted from the above samples using the RNeasy Plant Mini Kit (Qiagen, Hilden, Germany). The RNA concentration was determined using a NanoDrop ND2000 spectrophotometer (Thermo Scientific, Waltham, MA, USA).



5.1.2 Data filtering and unigene assembly

The raw data were subjected to several filtering steps to ensure quality and reliability. This included removing reads containing adapters, those with N>10% (where N is an unknown base), and low-quality reads (reads with Qphred <= 20 bases accounting for more than 50% of the entire read length). All subsequent analyses were performed using high-quality clean data. The clean reads were spliced using Trinity. The longest contig sequence was used as the unigene in subsequent analyses after hierarchical clustering of contigs.



5.1.3 Library construction and sequencing

After extracting total RNA, eukaryotic mRNA was enriched with oligo(dT) beads, while prokaryotic mRNA was enriched by removing rRNA with the Ribo-Zero™ Magnetic Kit (Epicentre Biotechnologies, Madison, WI, USA). The enriched mRNA was then cut into short fragments with fragmentation buffer and reverse-transcribed into cDNA with random primers. cDNA was synthesized using DNA polymerase I, RNase H, dNTP, and buffer to synthesize second-strand cDNA. cDNA fragments were then purified with a QiaQuick PCR extraction kit, end-repaired, added to poly(A), and ligated to Illumina sequencing adapters. The size of the ligated product was selected by agarose gel electrophoresis. The products were PCR-amplified and then sequenced on the Illumina HiSeq™ 4000 platform by Gene Denovo Biotechnology Co. (Guangzhou, China).



5.1.4 Basic annotation of unigenes

The basic annotation of unigenes included protein function annotation, pathway annotation, COG/KOG functional annotation, and Gene Ontology (GO) annotation. To annotate unigenes, we use the Blastx program (http://www.ncbi.nlm.nih.gov/BLAST/) to search sequences against the NCBI non redundant protein (NR) database (http://www.ncbi.nlm.nih.gov), Swissprot protein database (http://www.expasy.ch/sprot), Kyoto Encyclopedia of Genes and Genomes (KEGG) database (http://www.genome.Jp/kegg), and the COG/KOG database (http://www.ncbi.nlm.nih.gov/COG). The annotation was assigned on the basis of the best comparison results.



5.1.5 Gene expression levels and differentially expressed genes analysis

The unigene transcript levels were normalized to RPKM (reads per kb per million reads) values. To verify the p-value threshold, the false discovery rate (FDR) was estimated in several tests and analyses (Endress, 2006). The thresholds for determining whether gene expression differences were significant were: log2(ratio) ≥ 2 in absolute value and FDR < 0.05 (Mortazavi et al., 2008). The DEGs were those showing at least a 2-fold difference in transcript levels between compared samples.



5.1.6 Determination of gene transcript levels by qRT -PCR

For qRT-PCR assays, total RNA was extracted from each tissue of ‘Taihang Mingzhu’ individually and treated with DNase (Promega, Madison, WI, USA) to eliminate residual genomic DNA. Purified RNA was used as template for cDNA synthesis using a reverse transcription kit (Tsingke, Beijing, China). cDNA was synthesized using the PikoReal system (Thermo Fisher Scientific) for qRT-PCR analyses. Each reaction was performed with 2 μL of cDNA as template in a total volume of 20 μL. The PCR program was as follows: 95°C for 5 s; 54°C for 30 s, and 72°C for 30 s for 39 cycles. Three biological replicates were analyzed for each sample. The C. morifolium protein phosphatase 2A (PP2Ac) gene was used as a reference control and the 2-ΔΔCt method was used to calculate the relative gene transcript levels (Zhou et al., 2020).




5.2 Metabolomic methods


5.2.1 Sample preparation and extraction

The samples were removed from storage at −80°C, ground in liquid nitrogen, and then the homogenate was vortexed and mixed well. For each sample, about 500 mg (1 mL liquid) was added to a headspace vial (Agilent, Palo Alto, CA, USA) containing saturated NaCl solution. Then, 10 μL (50 μg/mL) internal standard solution was added. Fully automated HS-SPME was performed to extract compounds for GC-MS analysis (Yuan et al., 2022).



5.2.2 Gas chromatography - mass spectrometry analyses

After sampling, volatile organic compounds (VOCs) in the fiber coating were desorbed at the inlet of a gas chromatograph (Model 8890; Agilent) in splitless mode for 5 min at 250°C. The VOCs were separated using a Agilent Model 8890 gas chromatograph on a 30 m × 0.25 mm × 0.25 µm DB-5MS (5% phenyl-polymethylsiloxane) capillary column. The GC was connected to a 7000D mass spectrometer (Agilent). Helium was used as carrier gas with a linear velocity of 1.2 mL/min. The injector temperature was 250°C and the detector temperature was 280°C. The oven temperature started at 40°C (3.5 min) and increased at 10°C/min to 100°C, then at 7°C/min to 180°C, and then at 25°C/min to 280°C, where it was held for 5 min. Mass spectra were recorded in the electron impact (EI) ionization mode at 70 eV. The temperatures of the quadrupole mass detector, ion source, and transmission line were set to 150°C, 230°C, and 280°C, respectively. The mass spectra collected in selected ion monitoring (SIM) mode were used for analyte identification and quantification.



5.2.3 Principal component and cluster analyses

Unsupervised principal PCA was performed using the statistics function prcomp in R (www.r-project.org) (Chen et al., 2009). The metabolite content data were subjected to unit variance scaling before unsupervised PCA. The heat map was drawn using the ComplexHeatmap package in R. The hierarchical cluster analysis (HCA) revealed the patterns of metabolite accumulation among different samples (Yu et al., 2012).



5.2.4 Combined transcriptome and metabolome analyses

We performed Pearson’s correlation analyses to detect relationships between gene transcript levels and metabolite contents. Pearson’s correlation coefficient (PCC) values of > 0.8 and P < 0.05 were selected and visualized using Cytoscape 3.7.2 (Cytoscape Consortium, San Diego, CA, USA).



5.2.5 Screening for differentially accumulated metabolites

An OPLS-DA was performed using the OPLSR.Anal function of the MetaboAnalystR package in R. Based on the OPLS-DA results, the VIP values from the multivariate OPLS-DA model were used for preliminary screening of metabolites that differed among tissues (Thévenot et al., 2015). The p-value and FC value from the univariate analysis were combined with the p-value of the univariate analysis to further screen for differentially accumulated metabolites. If the number of biological replicates is < 3, differences can be detected based on the FC value.




5.3 Extraction of essential oils from leaves

The leaves of ‘Taihang Mingzhu’ were placed in a distillation apparatus, and distilled water was added at a ratio of 1:2. The distillation process continued until no more essential oil separated from the leaves. The essential oil was collected and stored at 4°C until analysis.
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Flowering time is crucial for the survival and reproduction. Prunus genus belongs to the Rosaceae family and includes several hundred species of flowering trees and shrubs with important ornamental and economic values. However, the molecular mechanism underlying early flowering in Prunus genus is unclear. Here, we utilized the genome and transcriptome of P. mume and P. persica to explore the transcriptional regulation mechanism of early flowering. Comparative genomics found that genes accounting for 92.4% of the total P. mume genome and 91.2% of the total P. persica genome belonged to orthogroups. A total of 19,169 orthogroups were found between P. mume and P. persica, including 20,431 corresponding orthologues and 20,080 collinearity gene pairs. A total of 305 differentially expressed genes (DEGs) associated with early flowering were found, among which FT, TLI65, and NAP57 were identified as hub genes in the early flowering regulation pathway. Moreover, we identified twenty-five transcription factors (TFs) from nine protein families, including MADS-box, AP2/ERF, and MYB. Our results provide insights into the underlying molecular model of flowering time regulation in Prunus genus and highlight the utility of multi-omics in deciphering the properties of the inter-genus plants.
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Introduction

Flowering time is regarded as an environmental adaptive trait of plants, which is crucial for the survival and production of offspring (Ding et al., 2020; Gaudinier and Blackman, 2020). The flowering process of plants is influenced by a number of complex external environmental conditions (nutrient conditions, ambient temperature and photoperiod, etc.) and genetic factors (Andrés and Coupland, 2012; Freytes et al., 2021). The early flowering may result in damaged floral organs, insufficient ovule fertilization and less flower production. Late flowering may be detrimental to seed ripening and dispersal (Gaudinier and Blackman, 2020). Therefore, the flowering time directly affects the yield of cash crops and the timing of ornamental plants (Gaudinier and Blackman, 2020).

Plants have evolved complex molecular mechanisms to regulate flowering time (Gaudinier and Blackman, 2020). Autonomous, photoperiod, vernalization, and gibberellin pathways have been widely studied to be involved in flowering regulation in Arabidopsis thaliana (Johansson and Staiger, 2015; Xu and Chong, 2018; Sharma et al., 2020; Wu et al., 2020; Quiroz et al., 2021). In addition, age, trehalose 6-phosphate synthase (TPS), and thermosensory pathways have been proposed to be involved in the flowering process (Blázquez et al., 2003; Halliday et al., 2003; Balasubramanian et al., 2006; Wu and Poethig, 2006; Schwarz et al., 2008; Wahl et al., 2013). These pathways have also been studied in other plants, such as Oryza sativa, Glycine max and Medicago truncatula (Weller and Macknight, 2018; Shim and Jang, 2020; Lin et al., 2021). Among the other regulators, these pathways also share some key integrators of flowering time, such as the FLOWERING LOCUS T (FT), SUPPRESSOR OF OVER EXPRESSION OF CONSTANS (SOC1), LEAFY (LFY), and FLOWERING LOCUS C (FLC) (Simpson and Dean, 2002; Posé et al., 2012; Ó'Maoiléidigh et al., 2014; Maurya et al., 2020). The flowering process of woody plants is very different from that of herbaceous plants. Most woody plants have flower buds formed before winter but need a cold duration to flower in the temperate and cold zone (Fuente et al., 2015; Goeckeritz and Hollender, 2021). Therefore, flowering regulation in most woody plants is related to flower bud dormancy and chilling requirement (Luedeling, 2012; Yu et al., 2020). Some genes that regulate bud dormancy and flowering have been identified in woody plants, such as FT, DORMANCY ASSOCIATED MADS-box (DAM 1-6), SHORT VEGETATIVE PHASE (SVP), and APETALA1 (AP1) (Bielenberg et al., 2008; Jiménez et al., 2009; Canton et al., 2021; Li et al., 2021; Zhang et al., 2021b). However, the complete digging of the molecular mechanisms of flowering in deciduous trees still require more holistic studies.

Recently, the transcriptomic analysis to detect gene expression during flower bud dynamic changes has been widely used in woody plants (Zhang et al., 2018; Rothkegel et al., 2020; Zhang et al., 2021c). Prunus genus includes the best representative species, such as P. persica, P. mume, Prunus avium, and Prunus armeniaca (Zhang et al., 2018; Rothkegel et al., 2020; Yu et al., 2020; Canton et al., 2021; Zhang et al., 2021c; Canton et al., 2022). So far, 191 candidate genes associated with flowering time traits have been identified in P. mume using integrated phenotypic data, genome-wide association study (GWAS), differentially expressed genes (DEGs), and gene co-expression studies (Zhang et al., 2021c). DAM gene family members are significantly associated with flowering time and bud dormancy (Kai et al., 2018; Zhang et al., 2018). DAM gene family members have also been discovered during flower bud development in P. persica and P. armeniaca (Bielenberg et al., 2008; Leida et al., 2012; Yu et al., 2020). In addition to DAMs, other transcription factors and regulatory genes have been found in Prunus plants, such as SVP, AP1, AGAMOUS-LIKE 24 (AGL24), APETALA3 (AP3), SEPALLATA 1, 2, 3 (SEP1, 2, 3), and PISTILLATA (PI) (Wan et al., 2020; Yu et al., 2020; Canton et al., 2021; Zhang et al., 2021c). Integrated gene mining techniques have revealed that flowering-related genes are epigenetically regulated in Prunus plants. DNA methylation pattern variations were detected in P. avium flower buds in early winter (Rothkegel et al., 2020). The chromatin marks of H3K4me3 and H3K27me3 were found in P. persica flower buds during endodormancy and ecodormancy, and the expression of DAM1, DAM3, DAM4, and DAM5 genes were inhibited (Zhu et al., 2020; Canton et al., 2022).

Prunus genus consists of over 200 species of flowering trees and shrubs that mostly are deciduous (Kole, 2011; Jung et al., 2018). P. persica is one of a few temperate fruit crops that can be grown under diverse climatic conditions (Jung et al., 2018; Wang et al., 2021b). P. mume, an early flowering species that blooms in late winter or early spring before new leaves grow (Zhang et al., 2012). Both the species are diploid and highly genetically characterized tree species (Zhang et al., 2012; Verde et al., 2013). Although P. persica and P. mume are closely related, the flowering time of P. mume is much earlier than that of P. persica (Sánchez-Pérez et al., 2014). At the same time, there are also differences in flowering time between different varieties of Prunus plants (Shi et al., 2020; Yu et al., 2020). In this study, we focused on early flowering in Prunus plants. To understand how flowering time is regulated, we integrated comparative genome between P. persica and P. mume with transcriptional outputs to obtain a potential molecular model for regulating flowering time. We selected transcriptomic data on flowering times of the two Prunus species for mutual proof. We propose that flowering time regulation includes at least three processes: cold-adaptation, transcription, and flowering. Our findings not only deepen the understanding of the flowering time control but also extend molecular model of flowering time regulation.



Materials and methods


Plant materials

Four P. persica genotypes and one P. mume cultivar ‘Zao Lve’ were selected in this study. Four P. persica genotypes, named A340, A209, A323 and A318, were derived from F2 populations constructed by crossing two P. persica cultivars (male grandparent ‘Fla.92-2C’ and female grandparent ‘Contender’) showing differences in flowering time. Floral buds from A209 and A340 genotypes were collected at October 14th to 16th, 2015, November 23th, 2015, January 28th, 2016, and February 10th, 2016, respectively. Floral buds from A318 genotype were collected at October 14th to 16th, 2015, November 23th, 2015, January 28th, 2016, February 27th, 2016, and March 12th, 2016, respectively. Floral buds from A323 genotype were collected at October 14th to 16th, 2015, November 23th, 2015, January 28th, 2016, February 27th, 2016, and March 17th, 2016, respectively (Fan et al., 2010; Zhebentyayeva et al., 2013; Yu et al., 2020). P. mume cultivar ‘Zao Lve’ had the characteristics of freezing tolerance and early flowering time. Floral buds from ‘Zao Lve’ were collected at November 22th, 2015, December 14th, 2015, January 6th, 2016, and February 18th, 2016, respectively (Zhang et al., 2018).



Comparative genome analysis

The P. persica (v1.0), P. mume (wild mei), and A. thaliana (TAIR10) genome were obtained from the Genome Database for Rosaceae (GDR), P. mume genome project and Arabidopsis Information Resource (TAIR), respectively (Zhang et al., 2012; Berardini et al., 2015; Jung et al., 2018). The longest transcripts of the genes were extracted from the genome using Python tools (https://www.python.org/). We performed comparative genome analyses using OrthoFinder software (Emms and Kelly, 2015). The cluster granularity was performed by MCL inflation with default parameters (1.5) (Theodosiou et al., 2008). Then, the sequences were aligned using MAFFT software with FFT-NS-2 method (Katoh and Standley, 2013). Phylogenetic trees of all the orthologous groups were constructed using FastTree software (Price et al., 2009). We further constructed the phylogeny of P. persica, P. mume, and A. thaliana based on single-copy genes. The divergence times of plant species were estimated using the TimeTree website (Kumar et al., 2017). The syntenic relationships of genes in the whole genomes of P. persica and P. mume were determined based on genome sequences and annotation information. We first performed multiple sequence alignments using BLASTp software (Altschul et al., 1990), and then identified the tandem and collinearity genes using MCScanX software (Wang et al., 2012).



RNA-seq and gene expression analysis

The read count of the transcriptome was defined as the number of reads compared to the exon in high-throughput sequencing. The read count was obtained using HTseq-count software (Anders et al., 2014). First, we used the GenomicFeatures package included in the R software to convert the count into Fragments Per Kilobase Million (FPKM). The relationships between samples were evaluated using hierarchical clustering analysis (HCA) and principal component analysis (PCA). The identification of differentially expressed genes (DEGs) was carried out according to the method of Audic et al. (Audic and Claverie, 1997). The expression pattern and clustering of DEG were analyzed using the Pheatmap package included in the R software. The shared genes were analyzed and extracted using UpSet included in the EVenn tool and TBtool software, respectively (Chen et al., 2020; Chen et al., 2021). Correlation of gene expression was calculated using the ggplot2 package with the ‘lm’ method included in the R project.



Gene function annotation and enrichment analysis

We extracted the target sequences using TBtool software (Chen et al., 2020). We searched the target sequences for matching Pfam families using the HMMER website with the parameter set to E-value = 1 (Mistry et al., 2021). The relationship between homologous superfamilies and other InterPro entries was calculated by analyzing the overlap between matched sequence sets (Quevillon et al., 2005). The functional annotations and predictions for structure data of the sequences were analyzed using Protein Data Bank in Europe - Knowledge Base (PDBe-KB) (Mir et al., 2018). Gene Ontology (GO) database was used to annotate the cellular component, molecular function, and biological process of sequences (Ashburner et al., 2000). Kyoto Encyclopedia of Genes and Genomes (KEGG) database was used to enrich the pathways of the sequences (Kanehisa and Goto, 2000).



Transcription factor and gene expression analysis

Genome-wide TFs for P. persica were downloaded from the Plant Transcription Factor Database (PlantTFDB) (Jin et al., 2014). We manually retrieved the TFs from the target sequence and further confirmed TFs’ domain signatures using the Pfam database (Mistry et al., 2021). P. mume TF orthologues were retrieved based on comparative genome orthologues file. The names, functional descriptions, and GO terms of TFs were analyzed in detail using the UniProt database (The UniProt, 2021). The expression pattern of TF genes was analyzed using the boxplot package included in the R software.



Molecular model of regulating flowering time analysis

To understand the molecular model of flowering time regulation, we integrated annotation information from multiple databases and the changed into gene expression characteristics. Protein-protein interaction networks and functional enrichment analysis were analyzed according to the orthologs of A. thaliana using the STRING database (Pertea et al., 2015). Protein-protein interaction networks were visualized using Cytoscape software (Otasek et al., 2019). Here, we manually filtered KEGG and GO annotation information. The functions of the target sequences were classified based on the functional annotations of the UniProt database (The UniProt, 2021).




Results


Genomic characterization of P. mume and P. persica

To better understand the genetic background, we compared genome-wide sequences between P. mume and P. persica, and A. thaliana as the outgroup. Using OrthoFinder, 88.2% (75,090 genes) of the total sequences were assigned to 19,299 orthogroups. A total of 10,730 orthogonal groups were identified in P. mume, P. persica, and A. thaliana, of which 6,742 were composed entirely of single-copy genes (Table S1). We constructed a species tree by using 1,197 well-supported, non-terminal duplications. The estimated times of divergence for P. mume and P. persica indicated a relatively recent split (Figure 1A). 21,559 genes in A. thaliana, 29,020 genes in P. mume, and 24,511 genes in P. persica were assigned to orthologues (Figure 1B and Table S1). Moreover, the genes accounting for 92.4% of the total P. mume genome and 91.2% of the total P. persica genome belonged to orthogroups (Figure 1C and Table S1). We retrieved 1,952 species-specific orthogroups from all orthogroups, including 1,097 in A. thaliana, 569 in P. mume, and 286 in P. persica. Species-specific orthogroups included 6,120 A. thaliana genes, 3,257 P. mume genes, and 1,213 P. persica genes (Table S1). 19,173 orthogroups were found between P. mume and P. persica, including 20,435 corresponding orthologues (Table S2). At the same time, 5,902 resolved gene trees were constructed by orthogroups. 20,080 collinearity genes were identified between P. mume and P. persica (Figure 1D, Figure S1, and Table S3). 2210 and 1766 tandem duplication of gene pairs were identified in P. mume and P. persica, respectively (Tables S4). A total of 572 syntenic genomic blocks were identified between P. mume and P. persica (Figure 1E and Figure S2).




Figure 1 | Comparative genomics between P. mume and P. persica. (A) The evolutionary relationships among A thaliana, P. mume, and P. persica. The evolutionary timescale of 102.0-113.8 Mya for the divergence between A thaliana and Prunus, and 3.84-10.17 Mya for the divergence between P. mume and P. persica. (B) The total number of genes in the genome, the number of genes in orthogroups, and the number of unassigned genes. (C) Percentage of genes in orthogroups and unassigned genes. (D) Collinearity genes comparison between P. mume and P. persica. (E) Comparison of the P. persica genome with the P. mume. Syntenic P. mume blocks are painted onto P. persica chromosomes.





Transcriptome profiles analysis identified DEGs from dormancy to pre-flowering stage

We compared the gene expression levels of P. mume, and P. persica at the pre-flowering stage with those at the previous stage (dormancy stage). A340, A209, A323, and A318 were derived from F2 populations obtained by crossing two P. persica cultivars (male grandparent ‘Fla.92-2C’ and female grandparent ‘Contender’) showing differences in flowering time, including A340 and A209. Here, 7,830, 6,401, 6,893, and 9,127 DEGs were identified in the A340, A209, A323, and A318 genotypes, respectively. The number of downregulated DEGs was more than upregulated DEGs in the four P. persica genotypes (Figure 2A). 1,968 downregulated DEGs and 3,025 upregulated DEGs were identified in the P. mume cultivar ‘Zao Lve’ (Figure 2A). The upregulated DEGs represented 30.8−46.3% of the total DEGs in the four P. persica genotypes from dormancy to pre-flowering. 1,080, 1,099, 1,328, and 1,360 upregulated DEGs were found in the A340, A209, A323, and A318 genotypes, respectively. We found that genotypes with similar flowering time characteristics had more shared genes (Figure 2B). 1,047 and 1,365 shared genes were obtained between A340 and A209 and between A323 and A318, respectively. 175 upregulated DEGs were shared in the four P. persica genotypes (Figure 2B). We extracted the expression data of 175 shared genes into the RNA-seq dataset and standardized the data (Figure S3 and Table S5). The shared DEGs were divided into five clusters based on gene expression patterns (Table S6). On the whole, the expression level of 13 genes in cluster I increased gradually from the S1 to P stages. At all stages, the genes in cluster II showed high expression levels, while the genes in cluster IV showed low expression levels. Most of the genes in cluster V were specifically highly expressed in the P stage (Figure 2C). Meanwhile, we searched for orthologues of P. mume corresponding to 175 shared genes from the four P. persica genotypes based on comparative genomic datasets. A total of 185 orthologues were retrieved from P. mume, including one-to-one and one-to-many (Table S7). 66 orthologues were upregulated from dormancy to pre-flowering stage in P. mume (Figure S4). Of the 175 shared genes, 114 collinearity genes were obtained between P. mume and P. persica, and the expression levels of 44 genes were upregulated from dormancy to pre-flowering (Figure 2D). These genes had similar expression patterns and were highly expressed at the P stage (Figure 2E and Table S8). The expression of the three genes (Pm010917, Pm003671, and Pm023232) was not detected in S1 and S2 stages and it gradually increased in the following stages (Table S8). Most of the genes in cluster II and III were specifically highly expressed in the P stage. 16 genes belonging to cluster V showed low expression levels (Figure 2E and Table S9). The shared genes were annotated to a variety of biological processes such as flower development, plant hormone signal transduction and defense response (Table S10).




Figure 2 | Identification of flowering-related DEGs and gene expression patterns. (A) DEGs from dormancy to pre-flowering stage in four P. persica genotypes (A209, A340, A318, and A323) and one P. mume cultivar (‘Zao Lve’ mei). (B) Venn diagram of four P. persica genotype DEGs from dormancy to pre-flowering stage. (C) Gene expression patterns of shared DEGs in four P. persica genotypes. (D) Overlap of shared DEGs in P. persica and P. mume from dormancy to pre-flowering stage with collinearity genes between P. persica and P. mume. (D, E) the gene expression patterns of shared genes in P. mume. The letter S stands for dormancy stage and P for pre-flowering stage.





Mining of early flowering genes from genotypic plants with significant differences in flowering time

In order to explore the regulatory genes of early flowering traits, we compared the DEGs with the same chilling requirement in different P. persica genotypes, among which A340 and A209 had the flowering ability. The upregulated DEGs accounted for 20.16% and 13.05% of the total genome-wide genes in A340 and A209, respectively (Figure 3A). From S3 to S4, although A318 and A323 did not have the flowering ability, the number of upregulated DEGs was higher than that of downregulated DEGs (Figure 3A). The fold differential expression of genes showed a positive correlation between genotypes with similar flowering times (Figures 3B, C). As representative early flowering genotypes, 439 upregulated DEGs were identified in A340 and A209. Here, 18,181 and 16,519 non-upregulated DEGs were extracted from A323 and A318, respectively. We obtained 305 shared genes based on different taxonomic groups of four genotypes (Figure 3D). To understand the biological relevance of shared genes, biological pathway enrichment and annotation of these genes were ascertained using KEGG databases. The functional category of shared genes mainly included genetic information processing, environmental information processing, carbohydrate metabolism, and metabolism of terpenoids and polyketides (Figure 3E). KEGG pathway enrichment analysis revealed numerous pathways related to environmental information processing, including plant hormone signal transduction, two-component system, MAPK signaling pathway-plant, phosphatidylinositol signaling system, and neuroactive ligand-receptor interaction. We retrieved 87 KO definitions, including methionyl aminopeptidase, plant G-box-binding factor, ABA-responsive element binding factor, MADS-box transcription factor, and protein FLOWERING LOCUS T (Table S11). 196 collinearity genes and 283 orthologues of these shared genes were identified in P. mume (Figure 3F and Table S12). Based on the orthologues of these shared genes, we constructed gene expression patterns in P. mume (Figure S5). We found that these genes had different gene expression patterns, which further narrowed the scope for screening hub genes that regulate early flowering traits.




Figure 3 | Identification and functional enrichment of early flowering-related DEGs. (A) Percentage of DEGs at different stages in four P. persica genotypes (A209, A340, A318, and A323). (B) Correlation of DEGs between A318 and A323 from S3 to S4 stages. (C) Correlation of DEGs between A318 and A323 from S3 to P stages. (D) Comparison of genes between pre-flowering stage in the A209 and A340 genotypes and dormancy stage in the A318 and A323 genotypes. Up represents upregulated DEGs, and non-up represents downregulated DEGs and genes with no significant difference change. (E) KEGG enrichment analysis of shared genes from (D). (F) Collinearity genes of orthologous sequences with shared genes in P. persica and P. mume.





Protein-protein interaction networks of early flowering associated proteins

In order to explore the gene functions and interactions that potentially regulate early flowering traits, proteins encoded by these candidate genes were annotated and their interactions were predicted. Here, annotation information was obtained for 220 proteins, including transcription factors, kinases, and functional proteins (Table S13). The predicted protein-protein interaction network for early flowering traits consisted of 111 proteins, around half of which were transcription factors. In total, 324 protein-protein interactions were found (Figure 4). Low-temperature-induced 65 kDa protein (LTI65) was the most interacting protein (13), followed by 60S ribosomal protein L26-1 (RPL26A) and H/ACA ribonucleoprotein complex subunit 4 (NAP57). There were fifteen proteins in the network that interacted with at least six proteins. We found that most proteins were associated with low-temperature stress, protein synthesis, and flowering pathways. Several proteins were involved in the CBF-COR signal transduction pathway, including four members of the dehydration-responsive element-binding protein (DREB) transcription factor family. Ribosomal components represented by members of the RPL family were responsible for the protein synthesis in the cell. FT, as a member of the phosphatidylethanolamine-binding protein (PEBP) family, played a key role in the mobile flower-promoting signal. We identified ten proteins interacting with FT, including floral homeotic protein AGAMOUS (AG), and AGL24. PI, AG, and AGL are the members of the MAD-box family, suggesting that MAD-box and PEBP family members played important roles in regulating early flowering traits. Glutaredoxin-C7 (ROXY1), as a regulator of petal primordia initiation and further petal morphogenesis, forms complex with the AG and regulates flower development. In addition, members of the bZIP transcription factor family (ABF4, GBF4) were also identified in the FT interaction network.




Figure 4 | Functional enrichment analysis of early flowering-related genes and protein-protein interaction networks. Proteins are named based on the orthologous sequence of A. thaliana. The size of the circle represents the combined score of the STRING database rating. The connectedness is distinguished by different colors. The numbers on the connecting lines represent the coexpression of genes.





Transcription factor enrichment

TFs are a class of gene expression regulatory proteins, which play an important role in the regulation of plant flowering. Among the proteins associated with early flowering, TFs were inferred through the PlantTFDB and Pfam databases, respectively. Here, twenty-five TFs covering nine protein families were retrieved, and these TFs were named according to the orthologues following the rules for A. thaliana (Table 1). We identified six MADS-box family members, including AGL4, AGL24, AGL80, AG, PI, and SVP. MADS-box TFs interact with several transcriptional targets to mediate a diverse range of plant processes, including differentiation, flowering, transcription, and transcription regulation (Table 1 and Table S14). Twenty-four percent of all the identified TFs were apetala2/ethylene response factor (AP2/ERF) homologs, including ERF, RAV, and CBF/DREB subfamilies. Other TFs, including MYB, WRKY, bZIP, heat shock factor (HSF), homeobox protein (ATH), dof zinc finger protein (DOF), and auxin response factor (ARF), comprised 12%, 4%, 8%, 8%, 4%, 8%, and 4% of the total candidate TFs, respectively. These TFs regulate hormone signal transduction and synthesis pathways, including auxin, abscisic acid, ethylene, cytokinin-activated signaling pathway, and gibberellin biosynthetic process (Table 1 and Table S14). DAG1 and FAR1 were involved in response to red or far-red light. FAR1 negatively regulates leaf senescence and positively regulates circadian rhythm (Table S14). Among TFs involved in abiotic stress response, WRKY, MYB, and AP2/ERF represented a large protein family, respectively, which displayed diverse roles in various biological processes (Table S14). ATH1, as a specific activator of FLC expression, controls floral competency. ATH1 was involved in several biological processes, such as floral organ abscission, photomorphogenesis, regulation of gibberellin biosynthetic process, and vegetative to the reproductive phase transition of the meristem (Table S14).


Table 1 | Identification and functional annotation of early flowering-related TFs.



MADS-box family members are the key TFs for flowering, and AP2/ERF family members play an important role in plant response to cold stress. Here, the expression patterns of MADS-box and AP2/ERF TF coding genes were analyzed in P. persica (Figure 5). The expression level of PI and AGL4 genes showed an upward trend from S1 to P stages in the early and late flowering genotypes. SVP gene showed different expression patterns in the early and late flowering genotypes. The expression of SVP was the highest in A340 genotype at the P stage, while at S4 stage the highest expression was observed in A318 genotype. The expressions of AG gene showed a changing trend from dropping at first to rising afterwards in early flowering genotypes. However, the expression of AG gene in late flowering genotypes showed a continuous downward trend. The expression of AGL80 gene showed the opposite trend in the two genotypes of P. persica. The expression of AGL80 gene in the P stage was the highest, which was 6.9 and 2.3 times higher than the expression in S1 and S3 stages, respectively (Figures 5A, B). ERF061 gene had a high basic expression level in the early and late flowering genotypes. The expressions of ERF061, CBF4, CBF1, CRF4, and DREB1A gene showed a changing trend from dropping at first to rising afterwards in early flowering genotypes. The expression pattern of these genes in late flowering was not as regular as that in early flowering genotypes. Overall, AP2/ERF TF coding genes were upregulated from S3 to P stages in early flowering genotypes. In late flowering genotypes, the expression of these genes showed a downward or constant trend from S3 to S4 stages and continued to the P stage (Figures 5A, B).




Figure 5 | Expression patterns of transcription factor genes. (A, B) Expression levels of MAD-box TF genes in the early and late flowering genotypes, respectively. (C, D) Expression levels of AP2/ERF TF genes in the early and late flowering genotypes, respectively.





Potential molecular model of flowering time regulation

To investigate the molecular model of flowering time regulation, we selected three hub protein sets via connectivity in protein-protein interaction networks. FT belonged to the phosphatidylethanolamine-binding protein family and was involved in biological processes such as flower development, meristem determinacy, photoperiodism, flowering, and cell differentiation. FT had protein-protein interaction with ten proteins, including three MADS-box TFs (AG, AGL24, and PI) and two bZIP TFs (ABF4 and GBF3) (Figure 6A). GBF3 TF also had protein-protein interaction with LTI65 protein. Most proteins in LTI65 protein-protein interaction were closely related to abiotic stress. We identified three AP2/ERF TFs (CBF1, CBF4, and DREB1A), in addition to ninja-family protein (AFP2), 9-cis-epoxycarotenoid dioxygenase (NCED3), translocator protein homolog (TSPO) and Galactinol synthase 2 (GolS-2) proteins (Figure 6B). Nopp-140-associated protein of 57 kDa homolog (NAP57) catalyze pseudouridylation of rRNA, which plays a central role in ribosomal RNA processing. The NAP57 protein-protein interaction network shared CBF1, CBF4, and 60S ribosomal protein L26-A (RPL26A) with the FT and LTI65 protein-protein interaction networks. RPL26A, RPL27C, and RPL37C were annotated as the ribosomal proteins for molecular function and were involved in the biological process of transcription. Ribosome biogenesis proteins (NOP53 and NOP5-2) were associated with numerous RNAs including the 27S and 7S pre-rRNAs and the box H/ACA snoRNA snR37 (Figure 6C). FT, LTI65, and NAP57 protein-protein interaction networks were mainly involved in the molecular regulation of flowering, cold response and RNA transcription, respectively. Here, we constructed a potential molecular model for flowering time regulation. The molecular model of flowering time regulation included at least three processes: cold-adaptation, transcription, and flowering (Figure 6D).




Figure 6 | Potential hub regulatory protein interactions and models for early flowering traits. (A) Interaction network with FT as hub protein in early flowering associated proteins. (B) Interaction network with LTI65 as hub protein in early flowering associated proteins. (C) Interaction network with NAP57 as hub protein in early flowering associated proteins. The yellow represents shared proteins in the three interaction networks. The blue represents the unique proteins in each interaction network. (D) Potential models for regulating flowering time.






Discussion

Flowering time is regarded as an environmental adaptive trait of plants, which is crucial for the survival and reproduction (Ding et al., 2020; Gaudinier and Blackman, 2020). The flowering regulation of Prunus is closely related to the heat and chilling requirements, and bud dormancy, including endodormancy and ecodormancy (Sánchez-Pérez et al., 2012; Castède et al., 2014; Zhang et al., 2018; Calle et al., 2019; Yu et al., 2020). The dormancy release is the starting point of flowering process (Bielenberg et al., 2008; Zhang et al., 2018). The dormancy process is also accompanied by the chilling requirement in winter (Lang et al., 1987; Campoy et al., 2012). The plant can bloom under suitable environmental conditions when chilling requirements are met (Campoy et al., 2012; Castède et al., 2014). The flowering time varies by species and cultivars (Dirlewanger et al., 2012). Prunus mume, an early flowering plant, blooms in late winter or early spring before new leaves grow (Zhang et al., 2012). The P. persica genotypes are derived from F2 populations constructed by crossing two P. persica cultivars (male grandparent ‘Fla.92-2C’ and female grandparent ‘Contender’) showing differences in flowering time (Yu et al., 2020).

With all the important advances in genomic sequencing, it is extremely important to understand the biological significance of a variety of sequence and structure data in the post-genome era. So far, the genomes of seventeen Prunus species have been published according to the plaBiPD database (https://www.plabipd.de/). The P. persica and P. mume genomes have been sequenced and assembled in five and three versions, respectively (Zhang et al., 2012; Verde et al., 2013; Guan et al., 2021; Wang et al., 2021b; Zhang et al., 2021a; Zheng et al., 2021; Lian et al., 2022). 10,704 shared orthologues have been obtained across the six Rosaceae species (Malus×domestica, Rosa chinensis, Prunus yedoensis, P. persica, P. armeniaca and P. mume) (Zheng et al., 2021). Species evolution suggests that P. persica and P. mume are closely related and lacks recent whole genome duplication (WGD) events (Verde et al., 2017; Jiang et al., 2019; Zheng et al., 2021). In this study, we identified 19,173 orthogroups and 20,080 collinearity genes between P. mume and P. persica. 20,435 and 25,185 orthologues were retrieved in the P. mume and P. persica genomes, accounting for 76.04% and 80.23% of the total genome, respectively. In addition, the Pan-genome of Prunus was assembled based on the 377 accessions of Prunus germplasm in the Himalayas (Wang et al., 2021b). The molecular mechanism of endodormancy to ecodormancy transition is studied by combining P. persica and P. armeniaca (Yu et al., 2020). These results provide further evidence that P. mume and P. persica are closely related.

In the past 20 years, the research and application of transcriptome technology have gained tremendous importance in the mining of key genes and transcriptional regulation mechanism related to specific traits. The combined genomic and transcriptome strategy provides insight into the molecular mechanism underlying important plant-specific traits, such as the carotenoid metabolism of Lonicera japonica, tanshinones synthesis of Salvia miltiorrhiza, and tortuous-branch phenotype of P. mume (Pu et al., 2020; Ma et al., 2021; Zheng et al., 2021). 59 candidate genes related to flowering time and flower development were screened from the flower development processes by comparing the transcriptomes of the two Solanum lycopersicum genotypes (Wang et al., 2021a). 4,871 and 5,319 DEGs were identified during endodormancy release in P. armeniaca low and high chilling requirement genotypes, respectively (Canton et al., 2021). Meanwhile, 5,912 and 7,048 DEGs were identified during endodormancy release in P. persica low and high chilling requirement genotypes, respectively (Canton et al., 2021). We identified 7,830, 6,401, 6,893, and 9,127 DEGs in the four P. persica genotypes from dormancy to pre-flowering. 1,968 downregulated DEGs and 3,025 upregulated DEGs were identified in the P. mume cultivar ‘Zao Lve’. DEGs represented 20.6% to 33.0% of the total number of genes in the genome from dormancy to pre-flowering. A large number of genes were differentially expressed in the flowering process of Prunus plants, suggesting that the flowering is regulated by a complex mechanism regulated by multiple genes.

Flowering pathways are constantly being developed in plants. The integrators of flowering time play a crucial role in this process (Lloret et al., 2018). At present, FT, LFY, FLC, and SOC1 are thought to be important integrators of floral meristem genes, such as the CAULIFLOWER (CAL), FRUITFUL (FUL), and AP1 (Simpson and Dean, 2002; Posé et al., 2012; Khan et al., 2014; Ó'Maoiléidigh et al., 2014). In Prunus plant, MADS-box TF family members are significantly associated with flowering time and dormancy (Bielenberg et al., 2008; Kai et al., 2018; Zhang et al., 2018; Quesada-Traver et al., 2020). SVP, PI, AG, and AGL24 TFs, belonging to the MADS-box family, directly or indirectly regulate FT gene. Meanwhile, many plant hormone related genes have been identified in the flowering pathway, such as the pyrabactin resistance (PYR) and 9-cis epoxycarotenoid dioxygenase (NCED) genes of the abscisic acid pathway, GA 20-oxidase (GA20ox) and GA 3-oxidase (GA3ox) genes of the gibberellin pathway, and 3-epi-6-deoxocathasterone 23-monooxygenase (CYP) gene of brassinosteroid pathway (Canton et al., 2021; Zhang et al., 2021c). In this study, we identified six MADS-box family members, including AGL4, AGL24, AGL80, AG, PI, and SVP from dormancy to pre-flowering. MADS-box TFs interact with several transcriptional targets to mediate a diverse range of plant processes. Twenty-four percent of all the identified TFs were AP2/ERF homologs, including ERF, RAV, and CBF/DREB subfamilies. Other TFs included MYB, WRKY, bZIP, HSF, ATH, DOF, and ARF TFs. These TF genes have been shown to involve flowering regulation, especially AP2/ERF TFs (Reinoso et al., 2002; Julian et al., 2011; Goeckeritz and Hollender, 2021).

Usually, Prunus plants flower during transition from endodormancy to ecodormancy (Castède et al., 2014; Gaudinier and Blackman, 2020; Canton et al., 2022). Flower buds complete their chilling requirements during endodormancy (Fan et al., 2010; Castède et al., 2014). Although low temperature inhibited the expression of SVP and FLC genes, which were negative regulators of FT, it also inhibited other genes that promoted flowering. The ability of plants to adapt to cold environment was one of the key factors for flowering. The effect of low temperature on plant flowering plays different roles in different stages. Toward the end of winter, low temperature is the main cause of growth arrest during ecodormancy (Lang et al., 1987; Luedeling, 2012; Khan et al., 2014). Moreover, temperature affects the transcriptional ability of genes, which is essential for the morphological transformation of plant tissues during flowering. In this study, the hub proteins, including FT, LTI65 and NAP57 were enriched in CBF-COR pathway, transcription, and flowering. We, therefore, propose a molecular model that covers three aspects of flowering time regulation: cold-adaptation, transcription, and flowering. These results suggest that the regulation of flowering time in plants is influenced by both hereditary substances and environmental conditions.
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Flowering is the most studied ornamental trait in orchids where long vegetative phase may span up to three years. Cymbidium orchids produce beautiful flowers with astonishing shapes and pleasant scent. However, an unusually long vegetative phase is a major drawback to their ornamental value. We observed that under certain culture conditions, three cymbidium species (Cymbidium ensifolium, C. goeringii and C. sinense) skipped vegetative growth phase and directly flowered within six months, that could be a breakthrough for future orchids with limited vegetative growth. Hormonal and floral regulators could be the key factors arresting vegetative phase. Therefore, transcriptomic analyses were performed for leafless flowers and normal vegetative leaves to ascertain differentially expressed genes (DEGs) related to hormones (auxin, cytokinin, gibberellin, abscisic acid and ethylene), floral integrators and MADS-box genes. A significant difference of cytokinin and floral regulators was observed among three species as compared to other hormones. The MADS-box genes were significantly expressed in the leafless flowers of C. sinense as compared to other species. Among the key floral regulators, CONSTANS and AGAMOUS-like genes showed the most differential expression in the leafless flowers as compared to leaves where the expression was negligible. However, CONSTANS also showed downregulation. Auxin efflux carriers were mainly downregulated in the leafless flowers of C. ensifolium and C. sinense, while they were upregulated in C. goeringii. Moreover, gibberellin and cytokinin genes were also downregulated in C. ensifolium and C. sinense flowers, while they were upregulated in C. goeringii, suggesting that species may vary in their responses. The data mining thus, outsources the valuable information to direct future research on orchids at industrial levels.
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Introduction

Orchids provide the best aesthetic nutrition to mankind. Cymbidium is an important genus within the tribe Cymbidieae and contains about 80 species. The species are perennial herbs possessing diverse traits, such as thick and short stem with 4−6 leaves in two whorls and pseudobulbs. The raceme, emerging from the leaf axil of pseudobulblet, is bilaterally symmetrical and bears fragrant flowers (Yang et al., 2021a). Since antiquity, Cymbidiums have been grown in ancient China, later spreading to Europe during the Victorian era (Hew, 2001). Continuous diversification of perianth color and floral pattern, and a unique fragrance make them the most popular orchids (Kim et al., 2016; Ramya et al., 2019). So far, the Royal Horticultural Society has registered more than 150,000 commercial Cymbidium hybrids (Yang et al., 2021a). Therefore, Cymbidium becomes the ideal taxon to study the flower development and the morphological evolution of orchids (Motomura et al., 2010).

However, the long waited flowering after a vegetative growth of more than two years makes their value less economic (Ahmad et al., 2021a; Ahmad et al., 2022a). Thus, reducing vegetative growth is central to studies involving orchids. After seed germination, protocorm is established, the first stage of embryo development, to obtain nutrition for the developing plantlet through symbiotic relationships with fungus. The plant embryo develops into a miniature sporophyte after fertilization (Fang et al., 2016). The embryogenesis proceeds through two phases: morphogenesis and maturation (Bentsink and Koornneef, 2008; Braybrook and Harada, 2008). During morphogenesis, organization occurs for different body components, such as apical-basal polarity, functionally organized domains, cell differentiation and tissue specification (Steeves and Sussex, 1989). Genetic regulators play significant roles in the regulation of axis polarity and division plane (Jeong et al., 2012; Ueda and Laux, 2012).

Phytohormones has been considered as important regulators of orchid flowering (Goh and Yang, 1978). Auxin plays significant roles as morphogen (Bhalerao and Bennett, 2003; Benková et al., 2009; Möller and Weijers, 2009; Lau et al., 2011; Finet and Jaillais, 2012). Its concentration gradient across plant body provides cues for tissue specification (Zoulias et al., 2019). Cytokinin is plant growth activator. Synthetic cytokinin application promotes flowering in Dendrobium and Phalaenopsis orchids. Moreover, cytokinin applied in combination with gibberellin (GA) enhances flowering (Hew and Clifford, 1993). GAs are well-known regulators of important developmental processes, such as flowering time (Ding et al., 2013; Hyun et al., 2016). Abscisic acid (ABA) coordinates flowering time and bud break (Wang et al., 2013b; Shu et al., 2016). Fluctuations in ethylene levels can either promote or delay flowering in many species, such as pineapple (Trusov and Botella, 2006), roses (Meng et al., 2014), rice (Wang et al., 2013a) and Arabidopsis (Achard et al., 2007). For example, accumulation of ethylene triggers TEOSINTE BRANCHED 1/CYCLOIDEA/PCF (TCP) genes, which ultimately inhibits the progression of cell cycle (Dubois et al., 2018). Moreover, ethylene induces the expression of ERF5 and ERF6 and EFR6 induces gibberellic acid interacting enzyme GA2-OX6, leading to reduced bioactive GA levels and accumulation of DELLA proteins (Skirycz et al., 2011; Dubois et al., 2013; Meng et al., 2013). Thus, hormones could be the key to stimulate altered growth cycles leading to leafless flowering in orchids.

A number of MADS-box genes have been identified in orchids with their significant roles in flowering, and advanced models have been suggested for orchid flower development (Aceto and Gaudio, 2011; Yang et al., 2017). Studies have documented the functional characterization of a number of genes related to flowering in orchids, such as FT homologs and FD, the gene encoding FT interacting protein, in Phalaenopsis aphrodite, Oncidium Gower Ramsey, and Dendrobium nobile. Moreover, the LEAFY and CONSTANS-like genes have been identified in Phalaenopsis aphrodite; while the genes for co-regulated transcription factors such as SQUAMOSA promoter binding-like genes (SPL-like) and CINCINNATA-like (TCP-like) have also been found in orchids (Hou and Yang, 2009; Chou et al., 2013; Lin et al., 2013; Jang, 2015; Lin et al., 2016; Liu et al., 2016). The MADS-box gene AP1/AGL9 is involved in the regulation of floral transition and flower organ development (Theißen, 2001). The AP1/SQUA-like genes play key roles in meristem identity determination (Chen et al., 2007). A number of SEP (SEPALLATA)-like genes play roles in orchid floral structure formation (Salemme et al., 2013). AP1 acts as a hub between SOC1 and SVP, both determining the floral organ identity (Honma and Goto, 2001).

Surprisingly, we observed leafless flowering in three orchid species in closed environment chambers. The vegetative growth was absolutely bypassed by the developing protocorms, directly flowering without leaves. It offsets a new direction on research for rapid orchid flowering with limited vegetative growth. Transcriptome analysis was performed to compare leafless flowers and healthy leaves for C. ensifolium, C. goeringii and C. sinense. Important hormonal and flowering regulators were mined, which may serve as building blocks to plan functional studies for rapid orchids.



Materials and methods


Plant materials and growth conditions

The Cymbidium species (C. ensifolium, C. goeringii and C. sinense) were grown in the tissue culture facility of Fujian Agriculture and Forestry University. The media contained NAA (0.5 mg L-1), 6-BA (8.0 mg L-1), activated carbon (1.5 g L-1), sugar (35 g L-1) and agar (7.0 g L-1). The growth temperature was set to 26 ± 2 °C at a light intensity of 2,500-3,000 Lx and the photoperiod was 12 h/day. After about six months, the leafless flowers were produced, and the fully opened flowers were collected for RNA Sequencing. The leaf samples were obtained from normally growing species as a reference.



RNA-seq library preparation and sequencing

A total of six tissues in replicates (18 samples) were used for RNA extraction using TaKaRa RNA extraction kit. The cDNA libraries were produced using the total RNA. The mRNA was obtained using the Oligotex Midi Kit (Qiagen, Germany) and the quality and quantity of mRNA was checked on Nano-Drop spectrophotometer (Thermo Fisher Scientific, USA). Then, the cDNA libraries were prepared following the Illumina protocol and the library products were evaluated through Qubit®2.0 and Agilent 2200 TapeStation (Life Technologies, USA). The purified products were diluted to 10 pM for the generation of in situ clusters through HiSeq2500 pair-end flow cells and pair-end sequencing (2 × 100). In the end, reference-based sequencing was carried out by using the reference genome of each species. The gene expression was calculated based on FPKM (fragments per kilobase per transcript per million mapped reads).



Functional annotation

Publically available datasets were used to map the assembled genes. The mapping was done the BLASTX program (threshold E-value ≤ 10-5) for KEGG (Kyoto Encyclopedia of Genes and Genomes), GO (Gene Ontology), KO (KEGG ortholog) and NR (non-redundant) annotations. The KEGG and GO annotations results were classified into pathways and functional categories the R software for phyper function (https://en.wikipedia.org/wiki/Hypergeometric_distribution). The false discovery rate (FDR) was used to calculate corrected p values and the terms with q value ≤ 0.05 were recognized a significantly enriched.



Differentially expressed genes

The clean reads were aligned using the Bowtie2 software and their expression levels were ascertained using RSEM (v1.2.8) with default parameters. Then, the DEGs were obtained using R software for DEGseq package (v1.10.1). The significantly differential genes were filtered at a threshold p-value < 0.001 and the log2FC > 1.



Identification of hormone and flowering related DEGs

The DEGs were filtered using keywords, such as flowering, MADS, auxin, cytokinin, gibberellin, abscisic acid, and ethylene to identify genes related to flowering and hormonal regulation. Those with significant difference were selected for drawing heatmaps using TBtools.

Similarly, the DEGs were filtered with biological processes annotations related to the regulation of hormones, flower development, flowering time, biological clocks and other related pathways.



Statistical analysis

The transcriptomic data was analyzed using the Pearson correlation coefficient, log2 fold change and threshold p and q values for DEGs.




Results


Transcriptome data

For C. ensifolium, each sample produced an average of 6.37 Gb of data. The average alignment rate of the sample compared to the genome was 86.60%, and the average alignment rate of the compared gene set was 66.55%. The predicted new genes were 5,139 and the total number of expressed genes was 26,227, of which the known genes were 21,642 and 4,585 were predicted new genes (Supplementary Tables 1–3).

For C. goeringii, each sample produced an average of 6.59 Gb of data. The average alignment rate of the sample compared to the genome was 78.44%, and the average alignment rate of the compared gene set was 60.53%. The predicted new genes were 4,400 and the total number of expressed genes detected was 30,992, of which the known genes were 26,763 and 4,229 were predicted novel genes (Supplementary Tables 4–6).

In the case of C. sinense, each sample produced an average of 6.62 Gb of data. The average alignment rate of the sample compared to the genome was 82.54%, and the average alignment rate of the compared gene set was 61.90%. The predicted new genes were 3,909 and the total number of expressed genes detected was 27,282, of which the known genes were 23,457 and 3,825 were predicted new genes (Supplementary Tables 7–9).



Expression analysis and comparison among three species

The expressions of leafless flowers were compared with the leaves for three orchid species. The empirical cutoff gene values were sued with positive expressions. The distribution of FPKM values is presented as boxplots, showing the uniform median and quartile distribution of DEG expression between samples of each species (Supplementary Figure 1).

C. goeringii showed the highest number of upregulated and downregulate genes (4089) (Supplementary Figure 2), as compared to C. ensifolium (3414) and C. sinense and C. sinense (2807) (Supplementary Figure 2). C. ensifolium showed the highest number of flower specific DEGs than other two species.



Gene annotation analyses

The GO and KEGG annotations were obtained for each species. The GO biological process annotation of C. ensifolium shows that the highest number of genes were enriched in metabolic and cellular processes (Supplementary Figure 3). In cellular components, the maximum number of genes were obtained in cellular anatomical entities and intracellular components. The most enriched molecular functions were shown in catalytic activity and binding. The GO annotations of C. goeringii were similar to C. ensifolium and C. sinense. However, the number of genes were less in C. sinense as compared to other two species (Supplementary Figure 3).

For the KEGG pathway enrichment, plant hormone signal transduction pathway was the highly enriched pathway among other pathways, including phenylpropanoid biosynthesis and plant pathogen interaction pathway (Supplementary Figure 4).



Flowering and hormone related GO biological processes

We filtered the GO biological processes for flowering and hormonal regulation (Figure 1). Figure 1A shows the biological process enrichment for C. ensifolium. Flower development (GO:0009908) was enriched by the highest number of genes (44), followed by floral organ development (GO:0048437) and flora whorl development (GO:0048438). The key biological processes for meristem activity included meristem development (GO:0048507) and meristem maintenance (GO:0010073). For biological clock regulation, the highest number of genes were observed for vegetative to reproductive phase change (GO: 0010228) and circadian rhythm (GO:0007623). The highest number of genes were enriched in response to auxin (GO:0009733), auxin-activated signaling pathway (GO:0009734) and cellular response to auxin (GO:0071365). The other key hormone-related biological processes included cytokinin metabolic process (GO:0009690), gibberellin metabolic process (GO:0009685), response to ABA (GO:0009737), ABA-activated signaling pathway (GO:0009738), cellular response to ABA stimulus (GO:0071215), and response to ethylene (GO:0009723).




Figure 1 | Flowering and hormone related biological processes for C. ensifolium (A), C. goeringii (B) and C. sinense (C).



For C. goeringii, more number of genes were enriched for flowering and auxin regulation as compared to rest of the integrators (Figure 1B). The highly enriched biological processes for flowering included flower development (GO:0009908), regulation of flower development (GO:0009909), floral organ development (GO:004837) and floral whorl development (GO:0048438). Meristem development (GO:0048507) and meristem maintenance (GO:0010073) were the main biological process for meristem activity. Vegetative to reproductive phase transition (GO: 0010228) and circadian rhythm (GO:0007623) were mainly involved in biological clock regulation. Response to auxin (GO:0009733), auxin-activated signaling pathway (GO:0009734) and cellular response to auxin (GO:0071365) were the highly enriched auxin-related pathways. Among the other highly enriched biological process for hormones included response to ABA (GO:0009737) enriched by 60 genes, ABA-activated signaling pathway (GO:0009738) and cellular response to ABA stimulus (GO:0071215)

For C. sinense, the flowering related biological process enrichment was less as compared to other two species (Figure 1C). The highly enriched biological processes for flowering included flower development (GO:0009908), and floral organ development (GO:004837) and floral whorl development (GO:0048438). Meristem enrichment was also less than other two species, including mainly meristem development (GO:0048507) and meristem maintenance (GO:0010073). Vegetative to reproductive phase transition (GO: 0010228) was the key biological clock regulation. Interestingly, the auxin regulatory processes were highly enriched in C. sinense as compared to C. ensifolium and C. goeringii. Response to auxin (GO:0009733) was enriched in 149 genes, auxin-activated signaling pathway (GO:0009734) in 80 genes and cellular response to auxin (GO:0071365) was enriched in 80 genes. The other key hormone-related biological processes included cytokinin metabolic process (GO:0009690), gibberellin metabolic process (GO:0009685), response to ABA (GO:0009737) enriched by 43 genes, ABA-activated signaling pathway (GO:0009738), cellular response to ABA stimulus (GO:0071215), and response to ethylene (GO:0009723).



Auxin regulators

The auxin regulation was mainly manifested as auxin responsive proteins, auxin response factors (ARFs) and auxin transport proteins (Figure 2). More number of downregulated auxin-related genes can be seen in C. ensifolium as compare to other species (Figure 2A). Moreover, the number of auxin-related genes was high in C. ensifolium as compared to other species. The downregulated genes were mainly related to auxin responsive proteins and auxin binding proteins, while the upregulated genes were mainly related to ARFs. Four auxin efflux carrier components were found and only one of them was upregulated while other three were downregulated. The auxin response protein SAUR71-like and SAUR76-like, auxin efflux carrier component 1c and 1b, auxin response factor 16, and auxin binding protein ABP19a-like were the most downregulated genes in the leafless flowers. The most upregulated included auxin responsive protein IAA2, auxin responsive proteins SAUR32 and SARU72-like, and auxin induced protein 10A5.




Figure 2 | Auxin pathway genes for C ensifolium (A), C goeringii (B) and C sinense (C).



For C. goeringii, the auxin regulatory genes were more upregulated than downregulated genes (Figure 2B). The upregulated included a large proportion of auxin responsive proteins, while the downregulated contained mostly the ARFs. Two auxin efflux carrier components were upregulated in the leafless flowers of C. goeringii (Figure 2B). SAUR71-like was also among the most downregulated gene flowers, while the upregulated included IAA8, and auxin response factor ARF5.

More number of downregulated auxin genes were observed in C. sinense, including mainly the auxin responsive proteins and ARFs (Figure 2C). Two components of auxin efflux carriers were observed: one was upregulated and the other was downregulated in the leafless flowers. AFR13-like was the most upregulated gene, while SARU32-like, SAUR66-like and IAA10 were the most downregulated genes (Figure 2C).




Figure 3 | Cytokinin pathway genes for C. ensifolium (A), C. goeringii (B) and C. sinense (C); and gibberellin pathway genes for C. ensifolium (D), C. goeringii (E) and C. sinense (F).





Floral accelerators: cytokinins and gibberellins

Cytokinin regulatory genes were much less than other hormones (Figures 3A–C). In C. ensifolium (Figure 3A) and C. sinense (Figure 3C), the cytokinin-related genes were downregulated in the leafless flowers. Only 6 cytokinin genes were observed in C. goeringii (Figure 3B), including 3 upregulated and 3 downregulated genes. Four LOG1 genes were found in C. ensifolium; two were upregulated and two were downregulated. Three LOG genes were found in C. goeringii; two were downregulated and one was upregulated. Only one LOG gene was upregulated in C. sinense and the remaining three were downregulated.

A total of 20 gibberellin related DEGs were found in C. ensifolium (Figure 3D), including 12 upregulated and 8 downregulated. Most of these genes regulate various steps of gibberellin biosynthesis. Gibberellin regulated protein 3-like, Gibberellin regulated protein 4-like and gibberellin 3-beta-dioxygense 6 were the highly downregulated genes in the leafless flowers, while gibberellin 20 oxidase 1-4 and gibberellin 2-beta dioxygenase 8 were the highly upregulated gene. Out of 10 highly expressed gibberellin genes, 8 were upregulated and 2 were downregulated in C. goeringii (Figure 3E). Among the upregulated proteins, gibberellin regulated protein showed the highest difference in the leafless flowers as compared to leaves. In C. sinense, 12 DEGs were found related to gibberellin, including 7 downregulated and 5 upregulated DEGs (Figure 3F). Here, gibberellin 20 oxidase 1-D was the most significantly downregulated and the gibberellin 2-beta dioxygenase 3 was the most upregulated gene. Gibberellin regulation was significantly different in C. goeringii as compared to C. ensifolium and C. sinense.



Floral inhibitors: ABA and ethylene

An equal number of upregulated and downregulated ABA regulators were found in C. ensifolium (Figure 4A), with a total of 20 DEGs, higher than other two species. PYL2 was only expressed in leafless flowers, while PYL4 and CYP707A2 showed significant downregulation. Some genes appeared in multiple isoforms. C. goeringii showed 8 downregulated and 4 upregulated DEGs, which also appeared in isoforms with both upregulated and downregulated forms (Figure 4B). Here PYL4 was mainly downregulated. Out of 15 highly differential ABA genes in C. sinense, 8 were downregulated and 7 were upregulated in the leafless flowers (Figure 4C). PYL4 showed the most differential expression in healthy leaf as compared to leafless flower, while ABA-inducible protein PHV expressed at extremely high level in flowers as compared to leaf.




Figure 4 | ABA pathway genes for C. ensifolium (A), C. goeringii (B) and C. sinense (C); and ethylene pathway genes for C. ensifolium (D), C. goeringii (E) and C. sinense (F).



After auxin, the ethylene related DEGs were the most abundant among hormone regulators in three Cymbidium species (Figures 4D–F). In C. ensifolium, 40 DEGs showed differential expression between leafless flowers and leaves, with equally up- and down-regulated genes (Figure 4D). In C. goeringii, 15 DEGs were upregulated and 11 were downregulated in the ethylene pathway (Figure 4E). Most of the genes were ethylene response factors (ERFs). However, ethylene regulation in the leafless flowers of C. sinense was much different than other two species (Figure 4F). Here, 17 ethylene-related DEGs were downregulated and 8 were upregulated in the leafless flowers as compared to healthy leaves.



Flowering pathways and MADS-box genes

A significant differential expression of floral integrators was found for C. ensifolium (Figure 5A) and C. sinense (Figure 5C) as compared to C. goeringii (Figure 5B) where almost equal number of upregulated and downregulated DEGs were observed. Among the 28 flowering related DEGs in C. ensifolium, 18 showed less expression in leafless flowers and 10 showed high expression (Figure 5A). The floral integrators were mainly related to flowering time control and cell cycle activities. The most prominent expression differences were shown by CONSTANS and AGLs as compared to other floral regulators. Out of 30 DEGs in C. goeringii, 13 showed high expression and 17 showed low expression in leafless flowers (Figure 5B). 22 DEGs were expressed in C. sinense; however, contrary to other two species, here 16 genes were upregulated and only 6 were downregulated (Figure 5C).




Figure 5 | Flowering related genes for C. ensifolium (A), C. goeringii (B) and C. sinense (C).



A number of MADS-box genes were also found with contrasting expressions in three species (Figure 6). The MADS-box genes were almost equally upregulated and downregulated in C. ensifolium (Figure 6A) and C. goeringii (Figure 6B). However, the highest number of MADS-box (19) were observed in C. sinense (Figure 6C) with 4 upregulated and 15 downregulated DEGs.




Figure 6 | MADS-box genes for C. ensifolium (A), C. goeringii (B) and C. sinense (C).






Discussion

Cymbidium orchids are thought to be the most precious and beautiful flowers with enormous economic, ornamental and aesthetic values. Cymbidium sinense, C. ensifolium and C. goeringii are representative orchids with versatile and scented flowers. However, an extended vegetative phase of 2-3 years puts a major hurdle in their market success. Recently, studies have been focusing the flowering time manipulation with no practical output. There is an urgent need to devise strategies for the development of new orchid varieties with limited vegetative phase and controlled flowering time. Our study found that the above mentioned three orchids escaped vegetative phase and directly produced leafless flowers through protocorms in the controlled environment. This abnormal flowering pattern lead to transcriptome analysis in order to find differentially expressed gene sets between leafless flowers and healthy leaves. We mainly concentrated on DEGs related to hormone regulation and flower integration.

Floral organ plan foundation needs multiple harmonized spatiotemporal courses, including the perception of positional information that stipulates floral organ founder cells and floral meristem, coordinated organ outgrowth associated with the generation and maintenance of inter-whorl and inter-organ boundaries, and the meristem activity termination. Auxin assimilates the gene regulatory networks to control these processes, and play an instructive part in the tissue-specific biosynthesis and transport to fashion local maxima, perspicacity, and signaling (Cucinotta et al., 2021). ARFs (AUXIN RESPONSE FACTORs) are imperative to auxin transport between bud and stem during bud break (Hayashi, 2012). Floral bud is regulated by endogenous hormones, including promoters, such as IAA, CK, and GA3 and inhibitors, such as ABA, ethylene and JA (Beveridge et al., 2009; Müller and Leyser, 2011; Kebrom et al., 2013; Barbier et al., 2015; Wang and Wang, 2015; Yuan et al., 2015). A continuous flower orchid Arundina graminifolia transcriptome contained a large proportion of hormone-related genes, such as auxin, gibberellin, and ABA (Ahmad et al., 2021a). In Paphiopedilum callosum orchid, the GA3 application upregulates floral homeotic genes, such as AP3 and SEP in the floral buds (Yin et al., 2022), thereby promoting continuous flowering. Our data showed high gene enrichment for phytohormones. GO annotation shows that most of the genes were enriched in the auxin pathway, such as response to auxin (GO:0009733) was shown by 163 genes, and auxin-activated signaling pathway (GO:0009734), cellular response to auxin (GO:0071365) and response to abscisic acid (GO:0009737) by 72 genes, respectively (Figure 1A) in C. ensifolium. Almost similar enrichments were observed in other two species, suggesting that hormonal pathways may share significant part in abnormal flowering phenotype. Auxin pathway genes were more downregulated in C. ensifolium and C. sinense; while C. goeringii transcriptome showed more upregulated DEGs (Figure 2). In C. ensifolium, auxin response protein SAUR71-like and SAUR76-like, auxin efflux carrier component 1c and 1b, auxin response factor 16, and auxin binding protein ABP19a-like were the most downregulated genes in the leafless flowers. The most upregulated included auxin responsive protein IAA2, auxin responsive proteins SAUR32 and SARU72-like, and auxin induced protein 10A5 (Figure 2A). SAUR71-like was also among the most downregulated gene in C. goeringii flowers, while the upregulated included IAA8, and auxin response factor ARF5 (Figure 2B). C. sinense showed AFR13-like as the most upregulated gene, while SARU32-like, SAUR66-like and IAA10 were the most downregulated genes (Figure 2C). A significant cytokinin downregulation can be seen in C. ensifolium and C. sinense, suggesting that cell activities may remain limited during abnormal floral bud growth (Figure 3), which also correlated with limited gibberellin activity in both the species. ABA was mainly downregulated in all the species (Figure 4); while ethylene was more downregulated in C. sinense than other two species. Ethylene regulates DELLA proteins in the gibberellin pathway (Meng et al., 2013). It regulates flower bud development and flower formation in bulbous plants (De Munk and Duineveld, 1986). Ethylene plays a crucial role in the regulation of flower senescence (Dar et al., 2021), suggesting it an inhibitor. However, the exact role of ethylene in flower bud development needs extensive research.

SVP (SHORT VEGETATIVE PHASE), a flowering time regulator, interacts with TCP TFs during bud bread (Singh et al., 2019). The C. goeringii SVP gene interacts with CgAP1 and CgSOC1 in the regulation of flower development (Yang et al., 2019). AP1 performs a hub role between SOC1 and SVP, which are famous proteins determining floral organ identity (Honma and Goto, 2001). SVP interacts with FLC and FLM, leading to repression of FT during temperature and photoperiod pathways for flowering regulation (Fujiwara et al., 2008; Gregis et al., 2009; Tao et al., 2012). It also regulates hormones, such as GA and ABA during the bud break (Singh et al., 2018). CONSTANS (CO) are the zinc finger TFs and involve flowering time regulation (Ordoñez-Herrera et al., 2018). We found all these important floral and hormonal integrators with significant expression difference between leafless flowers and healthy leaves (Figures 5, 6). The flowering-related genes were comparatively downregulated in C. ensifolium and C. goeringii as compared to C. sinense, where most of the genes were upregulated (Figure 5), suggesting that species may differ in their responses for genetic regulators. CONSTANS were the most significantly downregulated flowering genes in three species, although they also showed upregulation, which was less differential than downregulation (Figure 5). The other significantly upregulated flowering genes included the hub genes known for multiple regulatory pathways for floral integration, such as SEP, AP1, AGL6, FT and FCA.

Our recent studies have found a number of TFs related to flowering regulation in orchids, especially the Arundina graminifolia (Ahmad et al., 2020; Ahmad et al., 2021a; Ahmad et al., 2022a). Our study also showed a number of MADS-box and zinc finger TFs with significant difference in the leafless flowers and healthy leaves of three Cymbidium species (Figures 5, 6), which are known floral regulators in orchids (Teo et al., 2019; Valoroso et al., 2019; Ahmad et al., 2021b; Chen et al., 2021; Yang et al., 2021b; Ahmad et al., 2022a; Ahmad et al., 2022b). However, more flowering related genes and TFs were upregulated in C. sinense as compared to other two species (Figure 5), suggesting that C. sinense may have different body plans than other Cymbidium orchids.

In short, the production of leafless flowers in Cymbidium orchids provides a robust source to genetically engineer new orchid varieties with limited vegetative phase. Our transcriptome data is enriched with a number of hormonal and floral regulators. CONSTANS, SPLs, AP and SEPs showed distinct expression differences between leafless flowers and healthy leaves. Among the hormones, auxin and ethylene contained the most abundant genes. The data is a raw material to devise future research for transgenic orchids.



Conclusions

The subject matter is that, a strange leafless flowering phenotype was observed in three Cymbidium species in controlled environment (Figure 7B), wherein no leaf growth was observed. The flowers appeared in six months, which is astonishing when comparing normal growth cycle of more than 2 years for most of the orchids. The transcriptome data mined a number of hormonal and floral regulatory genes, which were differentially expressed in the leafless flowers and healthy leaves of three species (Figure 7). Auxin and gibberellin related genes showed high expression in C. goeringii, while the flowering genes were highly expressed in C. sinense (Figure 7). Ethylene and ABA related genes were mainly downregulated. CONSTANS for flower regulation, auxin efflux carriers, LOGs in the cytokinin biosynthesis pathway, gibberellin 20 oxidase in the GA biosynthesis pathway, and PYLs in the ABA pathway could be the key outputs of this study. This output provides enough genetic information to build future functional ground for reduced vegetative phase alteration in precious orchid species.




Figure 7 | Overview of differential abundance of gene expression for flowering and hormonal pathway genes between leafless flowers and healthy leaves (Ce: C. ensifolium; Cg: C. goeringii; Cs: C. sinense).
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Jasmine [Jasminum sambac (L.) Aiton] is a commercially important cultivated plant species known for its fragrant flowers used in the perfume industry, medicine and cosmetics. In the present study, we obtained a draft genome for the J. sambac cultivar ‘Danbanmoli’ (JSDB, a single-petal phenotype). We showed that the final genome of J. sambac was 520.80 Mb in size (contig N50 = 145.43 kb; scaffold N50 = 145.53 kb) and comprised 35,363 genes. Our analyses revealed that the J. sambac genome has undergone only an ancient whole-genome duplication (WGD) event. We estimated that the lineage that has given rise to J. sambac diverged from the lineage leading to Osmanthus fragrans and Olea europaea approximately 31.1 million years ago (Mya). On the basis of a combination of genomic and transcriptomic analyses, we identified 92 transcription factors (TFs) and 206 genes related to heat stress response. Base on a combination of genomic, transcriptomic and metabolomic analyses, a range of aroma compounds and genes involved in the benzenoid/phenylpropanoid and terpenoid biosynthesis pathways were identified. In the newly assembled J. sambac genome, we identified a total of 122 MYB, 122 bHLH and 69 WRKY genes. Our assembled J. sambac JSDB genome provides fundamental knowledge to study the molecular mechanism of heat stress tolerance, and improve jasmine flowers and dissect its fragrance.




Keywords: genome evolution, heat stress, benzenoid/phenylpropanoid biosynthesis, terpenoid biosynthesis, terpene synthase



Introduction

Jasmine [Jasminum sambac (L.) Aiton] is a diploid (2n = 2x = 26) evergreen ornamental species belonging to the family Oleaceae. It is one of the most important commercial flower plant species in many countries, and be used extensively in bouquets, ornamental displays, tea, cosmetics and perfumery (Cai et al., 2007; Wikee et al., 2011). In China, jasmine cultivation dates back more than 2,000 years on account of its usage in traditional Chinese medicine and its high value in scenting the famous ‘jasmine tea’ (Deng et al., 2016). Jasmine plants generally exhibit single-, double-, or multi-petal phenotypes (Deng et al., 2017). Among which the J. sambac cultivar ‘Danbanmoli’ (JSDB, a single-petal phenotype) is one of the main cultivars cropped in China, for its flowers are considered to be the most fragrant (Deng et al., 2017). The perfumed flowers contain an essential oil known as the “attar of jasmine”, which is rich in low molecular weight aroma compounds, and the most prominent of which are benzenoids, phenylpropanoids and terpenoids (Bera et al., 2017).

In plants, benzenoids/phenylpropanoids are generated via the aromatic acid phenylalanine produced from phenylpyruvate and arogenate pathways, which diverge from the shikimate pathway (Maeda and Dudareva, 2012; Qian et al., 2019). Monoterpenes/diterpenes and sesquiterpenes are derived from the 2-C-methylerythritol-4-phosphate (MEP) and mevalonate (MVA) pathways, respectively (Vranová et al., 2013). Studies have identified numerous genes involved in the phenylpropanoid, MEP and MVA pathways (Achnine et al., 2004; Degenhardt et al., 2009; Olofsson et al., 2011). Furthermore, transcription factors (TFs), including MYB, bHLH and WRKY families are also involved in terpenoids synthesis (Shang et al., 2020). However, the molecular mechanism of aroma compounds biosynthesis in jasmine is still not very clear and needs further exploration.

As global warming progresses, heat stress is becoming a threat to the environment as well as plant populations (Parmesan and Yohe, 2003). Heat stress compromises plant growth by causing reactive oxygen species generation, protein denaturation and membrane destabilization (Mittler et al., 2012). Under heat stress, heat shock transcription factors (HSFs) are rapidly activated and enhance the expression of many genes that encode heat shock proteins (HSPs) (Ohama et al., 2016). HSFs are core regulators of the heat stress response. HSPs protect cellar components by preventing protein denaturation and aggregation. J. sambac is one of the evergreen species that bloom in the hot summer, during which the temperature rises above 38°C. Therefore, it is important to elucidate the molecular mechanism involved in the heat stress tolerance of jasmine, and this will be helpful to understand the plant’s adaptability to high temperature condition.

Genomic resources are essential for molecular and evolutionary studies and are becoming increasingly attainable. With the ongoing rapid developments in sequencing technology, an increasing number of genomes are being sequenced and released (Chen et al., 2018a; Chen et al., 2019). To date, several species in the Oleoideae subfamily of the Oleaceae, including Fraxinus exceisior (Sollars et al., 2017), Olea europaea (Unver et al., 2017), Osmanthus fragrans (Yang et al., 2018), and Forsythia suspensa (Li et al., 2020) have been sequenced and reported. Jasmine cultivars are characterized by differing floral phenotypes ranging from single- to multi-petal flowers. These differences not only have a notable influence on floral morphology, but also influence floral fragrance, because petals contribute to producing aroma components. Although a genome of J. sambac cultivar ‘Trifoliatum’ was reported recently (Xu et al., 2021), there is currently a lack of genomic resource for single-petal jasmine, which is essential for linking an understanding of flower fragrance biosynthetic genes with aroma scent emission during flowering.

In this study, we obtained a draft genome of J. sambac single-petal cultivar JSDB based on PacBio and Illumina sequencing. On the basis of a combination of genomic and transcriptomic analyses, we identified TFs and genes related to its heat stress response. Base on a combination of genomic, transcriptomic, and metabolomic analyses, we identified a range of aroma compounds and genes involved in the benzenoid/phenylpropanoid and terpenoid biosynthesis pathways. Our data provide new insights into the molecular mechanisms underlying heat stress tolerance and aroma scent emission of J. sambac.



Materials and methods


Plant materials, library construction and sequencing

The J. sambac JSDB was maintained in the Preservation Centre of the Jasmine Germplasm Resources, Jiangsu Academy of Agricultural Sciences, Nanjing, China (latitude: 32°05′N, longitude: 118°08′E; 68 m above sea level) (Figure S1). Tender young leaves of individual plant were collected from J. sambac. The genomic DNA was extracted using the cetyltrimethylammonium bromide (CTAB) method (Li et al., 2013). A total of four PacBio 20-kb libraries were generated using an SMRTbell Template Prep Kit (PacBio) and were sequenced on the PacBio Sequel platform (Table S1). For Illumina library construction, the genomic DNA was fragmented and size-fractionated, then subjected to library construction and sequenced on the Illumina HiSeq 2000 system with paired-end 150-bp reads (Table S1). All the above sequencing was performed by Shanghai Personal Biotechnology Company Limited (Shanghai, China).



Estimation of J. sambac genome size

Fresh leaves were collected from the same J. sambac plant used for sequencing. The genome size was determined based on flow cytometry (Doležel et al., 2007), with three parallel experiments being carried out for each sample. The Solanum lycopersicum L. ‘Stupicke polni tyckove rane’ was used as an internal standard. The sequencing data were analyzed through FACSTM 1.0.0.650 software, and the statistical analysis was conducted using SPSS 17.0.

The J. sambac genome size was also estimated by using a k-mer (k = 17) analysis-based approach with quality-filtered Illumina paired-end short reads. Jellyfish software (version 2.1.4) was applied for counting k-mers in the DNA samples (Marcais and Kingsford, 2011). GCE software (version 1.0) was used for estimating genome size (Liu et al., 2013). Finally, the heterozygosity of JSDB was determined (Kajitani et al., 2014).



Genome assembly and quality assessment

Raw Illumina reads were processed to collapse duplicated read pairs into unique read pairs. Duplicated read pairs were defined as those having identical bases at positions 14 to 90 in both left and right reads. Then, the resulting reads were processed to remove adaptor and low-quality sequences using AdapterRemoval (version 2.1.7) (Schubert et al., 2016). Reads shorter than 50 bp at either end was further discarded. Finally, sequencing errors in paired-end reads were corrected using SOAPec (parameter ‘-kmer-len 17’) (Luo et al., 2012).

For J. sambac genome assembly, we used DBG2OLC (Ye et al., 2016). The high-quality cleaned paired-end reads were initially assembled into contigs using Platanus (version 1.8.8 parameters ‘-k 32 -s 10 -c 2 -a 10.0 -u 0.1 -d 0.5’), and thereafter connected to scaffolds with DBG2LOC using all paired-end reads. Following assembly, the third-generation sequencing raw data were used to correct the scaffolds using Arrow (version 2.2.2) in two rounds, and the high-quality next-generation sequencing data were then used to correct scaffolds in a further two rounds using Pilon (version 1.22) with paired-end reads. To evaluate the accuracy and completeness of the genome assemblies, BUSCO (version 3.0.2) was performed using the embryophyta_odb10 plant database (Simão et al., 2015).



Repetitive elements and non-coding RNA annotation

In order to search for transposable elements in the assembled J. sambac genome, an integrated strategy based on de novo prediction and a homology-based method was adopted. For de novo prediction, we identified repetitive elements using RepeatModeler (version 1.0.4; http://www.repeatmasker.org/RepeatModeler/), RECON (version 1.0.8; http://selab.janelia.org/recon.html) and RepeatScout (version1.0.5; http://repeatscout.bioprojects.org/), with default parameters. Homology-based repetitive elements were identified by comparison with consensus sequences in the Repbase library (version 20150807) using RepeatMasker (version 4.0.5; http://www.repeatmasker.Org/) (Kapitonov and Jurka, 2008).

We searched for LTR-RTs in the genome using LTR_finder with parameters ‘-D 5000 -d 100 -L 20000 -l 1000 -p 20 -M 0.3’ (Xu and Wang, 2007) and LTRharvest with parameters ‘-v -mintsd 4 -maxtsd 6’ (Ellinghaus et al., 2008). Then, the identified LTR-RT candidates were filtered using LTRdigest (Steinbiss et al., 2009) with default parameters ‘-trnas -hmms’. The insert time (T) of intact LTRs was estimated using the formula T = K/2r, where K is the number of nucleotide substitutions per site between each pair of LTRs and r refers to the general nucleotide substitution rate, which was set to 1.3 × 10-8 per site per year (Ma et al., 2020).

We predicted tRNAs using tRNAscan-SE (version 1.3.1) (Lowe and Eddy, 1997). rRNAs were predicted using RNAmmer (version 1.2) (Lagesen et al., 2007), and other ncRNAs were predicted using the Perl program Rfam-scan.pl (version 1.0.4) by inner calling using Infernal (version 1.1.1) (Nawrocki and Eddy, 2013).



Gene prediction and annotation

Based on the repeat-masked genome, we combined evidence obtained from three source (ab initio gene prediction, homolog searching and UniGene-based prediction) to predict non-redundant protein-encoding gene models. For ab initio gene prediction, Augustus (version 3.0.3) (Stanke and Morgenstern, 2005), SNAP (version 2006-07-28) (Korf, 2004), and GlimmHMM (version 3.0.4) (Majoros et al., 2004) were used to annotate genes, whereas, for the homolog-based prediction, we mapped the J. sambac genome against the published protein sequences of A. thaliana, Erythranthe guttata, O. europaea, Sesamum indicum and Vitis vinifera using Exonerate (version2.2.0, http://www.animalgenome.org/bioinfo/resources/manuals/exonerate/exonerate.man.html). To accurately identify alignments, we used GeneWise (version 2.4.1) to filter the initially aligned coding sequences (Birney et al., 2004), and for the UniGene-based prediction, Trinity (version r20140717) was used to assemble the RNA-seq data (Haas et al., 2013). Thereafter, we applied PASA software (version r20140417) to improve the gene structure (Haas et al., 2008). All three prediction methods were then integrated by EvidenceModeler (version r2012-06-25) (Haas et al., 2008). Finally, we used PASA software (Haas et al., 2008) to obtain annotation information for the 5′ and 3′ UTRs of genes, as well as variations in alternative splicing.

We performed functional annotation of the genes based on BLASTP (E-value< e-6) searches against the NCBI NR, SwissProt and eggNOG (version 4) databases (Shang et al., 2020). We determined the motifs and domains of genes using InterProScan (version 5.28) (Jones et al., 2014), whereas we determined the Gene Ontology (GO) classification of genes using InterPro or Pfam entry, and obtained KO and Pathway annotations of protein-coding genes using KAAS (Moriya et al., 2007) and the KEGG database.



Genome comparison and phylogenomic analysis

To identify orthologous genes among 15 plant genomes, the complete genome sequences of 14 other plants (A. thaliana, Begonia fuchsioides, Beta vulgaris, Betula pendula, Cercis canadensis, Durio zibethinus, Helianthus annuus, Nelumbo nucifera, Oryza sativa, Prunus mume, Solanum pennellii, V. vinifera, O. europaea and O. fragrans) from the appropriate websites were retrieved (Table S2). We used OrthoFinder (version 2.2.6) pipeline to identify gene families (Emms and Kelly, 2019), and then single-copy orthologs genes were used for MUSCLE alignment. We constructed phylogenomic tree using RAxML (version 8.2.12) (Stamatakis, 2014). We estimated divergence times among the 15 examined plant species using the program Mcmctree (version 4.0) in the PAML package (version 4.8) (Yang, 2007), with three corrected divergence times point [A. thaliana-O. sativa (148–173 Mya), A. thaliana-V. vinifera (105–115 Mya) and A. thaliana-D. zibethinus (81–94 Mya) obtained from the TimeTree website (http://www.timetree.org/)] being used to adjust the divergence times. Expansion and contraction events in gene families were computationally identified using cafe` (version 3.0) software (De Bie et al., 2006).



Whole-genome duplication analysis

We used four-fold synonymous third-codon transversion (4DTv) to estimate whole-genome duplication (WGD) events. Initially, the respective paralogs of J. sambac, V. vinifera, O. europaea and A. thaliana, and the respective orthologs of J. sambac and V. vinifera, J. sambac and O. europaea and J. sambac and A. thaliana were identified. Then, we identified the conserved paralogs and orthologs based on BLASTP (E-value< e-5) searches, and calculated WGD events based on their 4DTv values.



Aroma compounds analysis

Fresh flowers at three different stages of development (S1, young floral bud stage; S2, mature floral bud stage; S3, initial opening flower stage), defined by flower size, were picked from the same plants at the time of samples collection for transcriptome study (Figure S2). To identify aroma compounds and determine the quantity of floral scent, headspace solid-phase microextraction (HS-SPME) combined with gas chromatography-mass spectrometry (GC-MS) was used (Yang et al., 2018). The spectra obtained for volatile compounds were auto-matched based on comparisons with those in the NIST08 mass spectral library and those reported in specialized literature. The quantities of the volatile compounds were based on the normalization of peak areas.



Transcriptome libraries preparation and sequencing

To obtain information that can be used to assist gene annotation, we collected mixed tissues (leaves, stems, roots, buds and flowers at the aforementioned three developmental stages) from the J. sambac plant used for genome sequencing. We also collected flowers at the three stages from three plants at the time of sample collection for identifying aroma compounds (each with three biological replicates) (Figure S2). We isolated total RNA using Trizol Reagent (Invitrogen Life Technologies, USA). The concentration, quality and integrity of which were determined using a NanoDrop spectrophotometer (Thermo Fisher Scientific, USA). We generated sequencing libraries using a TruSeq RNA Sample Preparation Kit (Illumina, San Diego, CA, USA), and these were subsequently sequenced with the HiSeq 2000 platform using paired-end sequencing with 150-bp reads (Table S1). We mapped the RNA-seq reads of each sample to the reference genome of J. sambac.



Identification and analysis of heat stress response and aroma compound biosynthesis genes

Using heat stress response related genes from A. thaliana (Ohama et al., 2017), terpene biosynthesis genes from A. thaliana (Vranová et al., 2013) and phenylpropanoid biosynthesis genes from Petunia hybrida (Maeda and Dudareva, 2012) as baits, the corresponding genes in J. sambac were identified based on genome annotation and local blast searches against J. sambac genome using a filtered parameter (E-value < 10−6, identity ≥ 40% and coverage ≥ 30%). TPS genes in the J. sambac genome were identified as previously reported (Song et al., 2018). Multiple sequence alignment of the amino acid sequences of TPS genes, Hsfs, MYB TFs, bHLH TFs, and WRKY TFs were performed using the default parameters of MUSCLE followed by maximum likelihood phylogenetic analyses performed using RAxML (version 8.2.12) (Stamatakis, 2014). The 3000-bp upstream region of TPS genes was defined as the promoter fragment, and the cis-acting regulatory elements within these promoter sequences were identified using PlantCARE (Lescot et al., 2002) and PLACE (Higo et al., 1999). Based on the expression levels of genes at the three different floral developmental stages, a heat map was illustrated using TBtools (Chen et al., 2018b).




Results


Determination of genome size and heterozygosity

Given genome size varies between species and cultivars, using flow cytometry, we sought to determine the J. sambac genome size using fresh leaves from the same individual used for genome sequencing (Figures S3A), and accordingly established that the size of the single-petal J. sambac genome was 583 Mb (Table S3).

The J. sambac genome size and the rate of heterozygosity were also estimated from raw short-reads sequenced using the k-mer based method. A total of 54.67 Gb short paired-end reads (2 × 150 bp) was obtained by Illumina sequencing, of which 52.36 Gb remained after filtering out low-quality reads (Tables S1, S4). The 17-mer frequency of short reads with the main peak appeared at a depth of 84 (Figure S3B). On the basis of these data, the genome size was estimated to be 555.45 Mb, and the rate heterozygosity was 0.84% (Table S5).



Sequencing and assembly of the J. sambac genome

For the J. sambac genome, we generated 54.7 Gb (~98×) Illumina and 15.9 Gb (~28×) PacBio reads (Tables S4, S6). The integrated work-flow of the genome assembly was shown in Figure S4. The assembly yielded a draft genome of 521 Mb, representing ~94% (521 Mb/555 Mb) of the estimated genome size, with contig N50 and scaffold N50 length values of 145.43 and 145.53 kb, respectively (Table 1) and 95.0% BUSCO completion (Table S7).


Table 1 | Statistics of J. sambac cultivar JSDB genome assembly.





Annotation of the genome

On the basis of a combination of de novo annotation and homolog-based approaches, 49.01% of the J. sambac assembled genome was identified as being repetitive sequences (Table 2). It was found that most of these replicated sequences were transposable elements (TEs) (comprising 48.64% of the genome) (Table 2). Among the major types of TEs identified, long terminal repeat retrotransposons (LTR-RTs) comprised the largest proportion (accounting for 20.56% of the genome). In the genome, 11.23% of LTRs were Gypsy elements and 9.20% were Copia elements (Table 2). Unclassified repeats ranked the second most abundant, accounting for 20.24% of the genome (Table 2). In addition to the LTRs and unclassified repeats, 6.14% of the genome were annotated as DNA transposons, and 1.70% as long interspersed nuclear elements (LINEs), with the remaining repeats being assigned to other elements (Table 2). Moreover, 3,394 complete LTR-RTs were identified in the genome, and the estimated time of LTR-RT burst was approximately 0.2 million years ago (Mya) (Figure S5). Non-coding RNA (ncRNA) genes were also annotated, and accordingly we identified 261 miRNAs, 630 tRNAs, 122 rRNAs and 781 snRNAs, respectively (Table S8).


Table 2 | Statistics of repetitive element contents in the J. sambac cultivar JSDB genome.



For the purposes of identifying protein-coding genes, a combination of homolog-based prediction, ab initio prediction and transcriptome-assisted prediction were used, which enabled us to predict final set of 35,363 protein-coding genes, with an average transcript length of 3,323.1 bp, an average coding sequence length of 1,025.3 bp, and an average of 4.8 exons per gene (Table S9). Among the annotated genes, 29,921 (84.6%) of the genes were functionally classified based on reference to five databases (Table S10).



Genome evolution

To investigate the evolutionary position and distinct traits of single-petal jasmine, a comparative analysis of the genome of J. sambac and 14 other plant species was performed (Table S2). On the basis of the proteomic databases, we identified 61 gene families unique to J. sambac, comprising 519 genes (Figure S6, Table S11).

To evaluate the phylogenetic relationships between J. sambac and other plant species, a phylogenomic tree based on 352 single-copy genes was constructed, and thereby we estimated the divergence times. It revealed that J. sambac was closely related to the fragrant tree (O. fragrans) and the European olive (O. europaea) (Figure 1C). The lineage giving rise to J. sambac was found to diverge from that leading to O. fragrans and O. europaea at ~31.1 Mya, and the lineage that gave rise to the Oleaceae species diverged from the lineage giving rise to S. pennellii at ~65.8 Mya (Figure 1C). Moreover, 1,541 gene families were found to have undergone an expansion, whereas 5,124 gene families have undergone contractions (Figure 1C).




Figure 1 | Evolution and comparative analysis of the J. sambac cultivar JSDB genome. (A) Venn diagram of J. sambac, O. europaea and O. fragrans. Each number in the diagram was the gene family number within a group. (B) Fourfold degenerate distributions for J. sambac, O. europaea, A. thaliana, and V. vinifera. (C) Phylogenomics relationships, divergence times and gene family expansion and contraction of 15 plant species. The blue numbers on the nodes were divergence time to present (in Mya). The green and red numbers above or under each branch denoted the expanded and contracted gene families after the diversification from the most recent common ancestor (MRCA), respectively.



A comparison of the genomes of J. sambac, O. europaea and O. fragrans revealed that 12,001 gene families were common to these Oleaceae species, whereas 540 gene families were identified as being unique to J. sambac genome (Figure 1A). We further applied 4DTv analysis to investigate J. sambac WGD events, and the analysis indicated that J. sambac has undergone only an ancient WGD event (Figure 1B).



Genes involved in heat stress

In order to reveal the heat stress tolerance mechanism of J. sambac, we identified genes related to heat stress response, and accordingly 92 transcription factors (TFs) and 206 genes were identified (Tables S12–S14). We found a set of genes had expanded in both J. sambac and H. annuus compared with A. thaliana, including dehydration-responsive element-binding protein 2 (DREB2), NAC (NAM, ATAF and CUC), squamosa-promoter binding-like (SPLs), heat shock proteins (HSP), nuclear factor Y subunit A2 (NF-YA2), nuclear factor Y subunit B3 (NF-YB3), cyclin-dependent kinase A1 (CDKA1), calmodulin-binding protein kinase 3 (CBK3), heat-intolerant 4 (HIT4), decrease in DNA methylation 1 (DDM1) and cyclic nucleotide-gated channel (CNGCs) (Tables S12, S13). Furthermore, three HsfA1s that act as the master regulators in the heat response were identified in the 17 Hsf genes (Figure 2A; Table S14). HsfA1s and DREB2A displayed the same expression pattern, and both of them had high expression levels at the S1 stage. Meanwhile, the abundance of their transcript decreased with the flower development (Figures 2B; Figure S7).




Figure 2 | Phylogenetic analysis of Hsf transcriptional factors identified in the J. sambac cultivar JSDB and A. thaliana genomes (A) and the expression of Hsfs in the three floral developmental stages of J. sambac cultivar JSDB (B). S1, young floral bud stage; S2, mature floral bud stage; S3, initial opening flower stage.





Genes involved in benzenoid/phenylpropanoid biosynthesis

To establish a direct linkage between biosynthetic genes and flower fragrance development, a metabolomic approach was used to determine the aroma compounds synthesized at three flower developmental stages (Figure S2). On the basis of HS-SPME/GC-MS combined analysis, we accordingly identified over 50 aroma compounds (Figure S8; Table S15).

The results indicated that benzenoids/phenylpropanoids were the predominant components of floral volatile organic compounds (VOCs) (Table S15). We identified 16 genes involved in the shikimate pathway, and 13 genes in phenylpyruvate and arogenate pathways (Figure 3A; Table S16). Our findings indicate that WGD and tandem duplication events played prominent roles in the genes involved in the shikimate pathway, phenylpyruvate and arogenate pathways and benzenoid/phenylpropanoid pathway, which resulted in the high rate of paralog formation. To investigate the biological processes associated with these aroma compounds, we generated RNA-seq data from flowers at the aforementioned developmental stages (Table S17) and focused on those genes involved in benzenoid/phenylpropanoid synthesis pathway (Figure 3B).




Figure 3 | The biosynthesis pathways of benzenoid/phenylpropanoid (A) and expression of key genes involved in benzenoid/phenylpropanoid biosynthesis in J. sambac cultivar JSDB (B). Abbreviations for enzymes in each catalytic step were shown in red letters. The black numbers in parentheses represent the gene number in J. sambac genome. The gradient color for each gene represented the gene expression levels at three floral developmental stages (S1, young floral bud stage; S2, mature floral bud stage; S3, initial opening flower stage). These genes were expressed in at least one of the three developmental stages. DAHPS, 3-deoxy-D-arabino-heptulosonate-7-phosphate synthase; DHQS, 3-dehydroquinate synthase; DHD/SDH, dehydroquinate dehydratase/shikimate dehydrogenase; SK, shikimate kinase; EPSPS, 3-phosphoshikimate 1-carboxyvinyltransferase; CS, chorismate synthase; CM, chorismate mutase; PPA-AT, prephenate aminotransferases; ADT/PDT, arogenate dehydratase/prephenate dehydratase; PAL, phenylalanine ammonialyase; BEAT, acetyl-CoA: benzylalcohol acetyltransferase; AAO4, arabidopsis aldehyde oxidase; BAMT, benzoic acid carboxyl methyltransferase; SAMT, salicylic acid methyltransferases.



Our analyses revealed benzyl acetate to be one the most prominent compounds among the floral VOCs in single-petal phenotype of J. sambac, the emission of which was detected at all three assessed developmental stages (Figure S8, Table S15). Benzyl acetate is synthesized from benzyl alcohol catalyzed by benzyl alcohol acetyltransferase (BEAT) via an acetyl-CoA-dependent reaction. A total of 19 BEAT genes were detected in the present J. sambac genome (Figure 3A), two genes have been generated as a consequence of a WGD event, and 10 are derived from tandem duplication (Table S16). Transcriptome analysis revealed that contig913.g1 showed a high expression level at the S1 developmental stage, but contig898.g5 were highly expressed at the S2 stage (Figure 3B). Methyl salicylate was also identified as a major component of the floral VOCs in J. sambac, and it was found to be present at both S2 and S3 stages (Figure S8, Table S15). Furthermore, we identified three salicylic acid methyltransferases (SAMTs) (Figure 3A), with contig995.g4 and contig1566.g7 being highly expressed at the S2 and S3 stages, respectively (Figure 3B). Methyl benzoate was similarly identified as a major component of jasmine floral VOCs, which was found to accumulate at stage S3 (Figure S8, Table S15). In addition, we identified two benzoic acid methyltransferases (BAMTs) (Figure 3A), and each of them were highly expressed at the S1 stage (Figure 3B).



Genes involved in terpenoid biosynthesis

We found terpenoids as the second major class of compounds among the VOCs produced by J. sambac JSDB (Table S15), so genes involved in MEP and MVA pathways were identified (Figure 4). The results showed that genes involved in both pathways, including HDR and HMGR, were generated by a WGD event (Table S18). Transcriptome analysis revealed that DXS (contig1719.g3), DXR, MCT, CMK, MCS, HDS, GGPPS (contig461.g8, contig69.g4 and contig3659.g1) and HMGR (contig549.g16, contig624.g16 and contig1594.g1) were highly expressed at the S1 stage (Figure 4), whereas HDR, GGPPS (contig3396.g1 and contig4356.g2), ACAT, MVK, PMK and IDI showed high expression at the S2 stage (Figure 4). At the same time, DXS (contig189.g8 and contig254.g35), HMGS, HMGR (contig2431.g2 and contig137.g29), MDC and FPPS tended to be more prominently expressed during the S3 stage (Figure 4).




Figure 4 | Expression profiles of genes encoding enzymes involved in terpene biosynthesis in J. sambac cultivar JSDB. Abbreviations for enzymes in each catalytic step were shown in red letters. The black numbers in parentheses represent the gene number in J. sambac genome. The gradient color for each gene represented the gene expression levels at three floral developmental stages (S1, young floral bud stage; S2, mature floral bud stage; S3, initial opening flower stage). DXS, 1-deoxy-D-xylulose 5-phosphate synthase; DXR, 1-deoxy-D-xylulose 5-phosphate reductoisomerase; MCT, 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase; CMK, 4-(cytidine 5′-diphospho)-2-C-methyl-D-erythritol kinase; MCS, 2-C-methyl-D-erythritol-2,4-cyclodiphosphate synthase; HDS, 4-hydroxy-3-methylbut-2-en-1-yl diphosphate synthase; HDR, 4-hydroxy-3-methylbut-2-en-1-yl diphosphate reductase; GPPS, geranyl diphosphate synthase; GGPPS, geranylgeranyl diphosphate synthase; ACAT, acetyl-CoA acetyltransferase; HMGS, hydroxymethylglutaryl-CoA synthase; HMGR, hydroxymethylglutaryl-CoA reductase; MVK, mevalonate kinase; PMK, phosphomevalonate kinase; MDC, diphospho-MVA decarboxylase; IDI, isopentenyl diphosphate isomerase; FPPS, farnesyl diphosphate synthase.



In the MVA and MEP pathways, terpene synthases (TPSs) are responsible for the final catalytic reaction in the generation of terpenoid compounds. On the basis of the assembled genomes of J. sambac JSDB, we identified 31 TPSs. Phylogenetic analysis revealed that these TPS genes were clustered into five discrete groups, namely TPS-a (6), TPS-b (12), TPS-c (6), TPS-e/f (4) and TPS-g (3) (Figure 5A). Linalool was identified as the major component of monoterpenes in the aroma compounds of J. sambac JSDB, and was found to be accumulated at the S3 stage (Figure S8 and Table S15). We identified two linalool synthase genes in the present genome, and each of them was highly expressed at the S1 stage (Figure 5B). β-Ocimene was another major monoterpene in J. sambac JSDB and presented in the S3 stage, and it was synthesized by contig203.g8 (Figure 5B and Table S15). The contig203.g8 showed a high expression level at the S3 stage, and its expression pattern was consistent with β-Ocimene emission (Figure 5B; Table S15). Caryophyllene was found to be the major sesquiterpene in J. sambac JSDB, and the emission of which was detected at stages S2 and S3 (Figure S8 and Table S15). Furthermore, we identified three caryophyllene synthase genes, among which, contig2155.g2 and contig1096.g3 were characterized by high expression levels at the S2 stage, while contig445.g1 was highly expressed at the S3 stage (Figure 5B).




Figure 5 | The phylogenetic tree and expression of TPS genes in J. sambac cultivar JSDB. (A) The maximum likelihood phylogenetic tree of TPS protein identified in J. sambac. J. sambac (red circle) and A. thaliana (green triangle) were shown in the tree with corresponding gene ID, respectively. (B) The expression of TPSs at three different floral developmental stages (S1, young floral bud stage; S2, mature floral bud stage; S3, initial opening flower stage). Note the genes were expressed in at least one stage.



In addition to TPS genes, we identified a group TFs involved in the biosynthesis of terpenes (Shang et al., 2020). Screening of the 3000-bp regions upstream of all TPS genes in J. sambac revealed that defense and stress responsive elements, including MYB-, bHLH-, and WRKY-binding elements, were significantly enriched (Table S19). In the newly assembled J. sambac genome, we identified a total of 122 MYB, 122 bHLH, and 69 WRKY genes (Figures S9A, S10, S12A). R2R3-MYB subgroup 4, 6, and 7 genes have been shown to regulate phenylpropanoid metabolism in different species (Dubos et al., 2010). In the present J. sambac genome, we identified eight genes from the subgroups 4, 6, and 7 (Figure S9A), and transcriptional analysis revealed that among these genes, the subgroup 4 genes were highly expressed at the S3 stage, whereas the expression of subgroup 6 and 7 genes was more pronounced at stage S1 (Figure S9B). Similarly, most of the bHLH and WRKY TFs were highly expressed at the S1 stage (Figures S11, S12B).




Discussion

J. sambac is one of the most popularly cultivated ornamental plant species in many countries. It has been cultivated for over 2,000 years in China because of its attractive flower scent, its usage in traditional Chinese medicine, and high value in the famous ‘jasmine tea’. In the study on J. sambac cultivar ‘Trifoliatum’ genome assembly, a set of Nanopore long reads (49.00 Gb, ~96×), Illumina paired-end short reads (55.97 Gb, ~110×) and Hi-C data (46.5 Gb, ~91×) were generated (Xu et al., 2021). In another study, they generated 15.35 Gb of HiFi PacBio (single-petal jasmine) and 12.11 Gb of PacBio Sequel (double-petal jasmine) with an estimated coverage depth of over 30-folds for both genomes (Wang et al., 2022). Here, a draft genome of J. sambac cultivar JSDB comprising 520.80 Mb was assembled based on Pacbio and Illumination sequencing technologies. Furthermore, combining genomic and transcriptomic analyses, we gained deep insight into heat stress tolerance and aroma compound biosynthesis in the single-petal flowers of J. sambac.

TEs play a significant role in genome expansion and evolution, which could lead to an increase in genome size (Bennetzen and Wang, 2014). Based on transposition mechanism, TEs can be broadly divided into two major classes, namely, class I (retrotransposons) and class II (DNA transposons) (Levin and Moran, 2011). Of these, retrotransposons, especially the LTR-RT class, are the most abundant in plant genomes (Wicker et al., 2007). In this study, numerous repetitive elements in the genome (49.01%) were detected, among which, LTR retrotransposons (accounting for 20.56% of the repetitive elements) were the most abundant (Table 2). High content of repetitive elements is a common characteristic among the genomes of plant species. For example, in the Lonicera japonica genome, transposable elements occupy 58.2% of the genome, of which 45.6% being LTRs (Pu et al., 2020). Similarly, 53.27% of the Isatis indigotica genome is repetitive sequences, with LTRs constituting 30.09% (Kang et al., 2020). However, the repetitive elements in the genome of J. sambac cultivar JSDB was higher than that of the J. sambac cultivar ‘Trifoliatum’ (Xu et al., 2021). In this study, we detected a recent burst of LTR-RTs in the genome (Figure S5), a phenomenon that has also been identified in the genomes of Lonicera japonica, Chrysanthemum nankingense and Chimonanthus praecox (Song et al., 2018; Pu et al., 2020; Shang et al., 2020). Consequently, these findings indicate that LTR-RTs may make an important contribution to an increase in the genome size of J. sambac.

Previous chloroplast genome and genome analyses have placed J. sambac in the Oleaceae family (Qi et al., 2020; Xu et al., 2021). Here, a phylogenomic tree based on a comparison of the J. sambac genome with that of 14 other plant species was constructed (Figure 1C). We accordingly established that J. sambac is closely related to O. fragrans and O. europaea, belonging to the Oleaceae family (Unver et al., 2017; Yang et al., 2018). WGD plays a central role in plant genome evolution, as it generally leads to a sudden increase in genome size (Panchy et al., 2016; Wendel et al., 2016). Previous research showed that there are two WGDs in O. europaea (Unver et al., 2017). In this study, we revealed that the J. sambac JSDB genome has only undergone an ancient WGD event, and there was a recent WGD event in the O. europaea genome that distinguishes O. europaea from J. sambac (Figure 1B). Therefore, this is a plausible explanation for the size of O. europaea genome is larger than J. sambac genome (1.48 Gb vs 520.8 Mb). Thus, the present sequencing of the JSDB genome provides significant insights for further genomic studies on J. sambac, including phenotypic diversity and evolution.

Heat stress generally damages photosynthetic activity and reduces cell division and compromises plant growth (Hasanuzzaman et al., 2013). So it is important to elucidate the molecular mechanism involved in the heat stress response. Here, we identified 92 TFs and 206 genes related to heat stress tolerance in J. sambac JSDB, and we also found that some gene families expanded in J. sambac (Tables S12, S13). These will provide useful information for studying the complex transcriptional regulatory networks involved in heat stress response in J. sambac. As well known, heat shock transcription factors (Hsf) played a critical role in heat stress response, and HsfA1s served as ‘master regulators’ during the process (Ohama et al., 2017). In Arabidipsis and tomato, the mutation of HsfA1s genes resulted in the reduced induction of heat stress responsive genes and heat stress sensitive phenotypes (Mishra et al., 2002; Yoshida et al., 2011; Fragkostefanakis et al., 2016). DREB2A is a plant-specific TF involved in heat stress response, which is directly regulated by HsfA1s genes (Ohama et al., 2016). In the present study, both HsfA1s and DREB2A had highly expressed levels in the S1 stage, and both of them displayed a similar expression profile (Figures 2, S7). These indicated that HsfA1s and DREB2A perhaps play a vital role in jasmine’s heat stress response.

Basing on the assembled genome, and using the terpenoid biosynthesis genes in A. thaliana and phenylpropanoid biosynthesis genes in Petunia hybrida as baits, the homologs genes in J. sambac were identified, which revealed a notable duplication of particular genes in J. sambac, particularly PAL, BEAT and TPS genes (Tables S16, S19). In the Chimonanthus praecox genome, it has been established that the expansion of BEAT and TPS genes were attributed to tandem duplication (Shang et al., 2020). Therefore, it can be reasonably speculated that a tandem duplication event has influenced the evolution of PAL, BEAT and TPS genes in J. sambac JSDB.

To analyze the genes that contribute to aroma compound biosynthesis in J. sambac, we performed comparative transcriptome analysis in combination with metabolome studies. PAL enzymes play a vital role in the initial step of the phenylpropanoid pathway by deaminating l-Phe to yield trans-cinnamic acid (Achnine et al., 2004). In this study, there were four PAL genes highly expressed at the S3 stage (Figure 3B), a pattern of expression that is similar to a former report (Bera et al., 2017). We detected that methyl benzoate accumulated at the S3 stage, whereas the two identified BAMT genes were highly expressed at the S1 stage (Figure 3B, Table S15), indicating that these genes may be actively expressed at the S1 stage in preparation for the following release of methyl benzoate during the S3 stage. The production and diversification of terpenes is mainly determined by the TPS family genes and their transcription levels (Chen et al., 2011; Vranová et al., 2013). In this study, we revealed a dynamic expression of TPSs (Figure 5C), which may account for the observed diversification of the terpene profiles. Within the TPS gene family, the members of the TPS-b subfamily are involved in the synthesis of monoterpenes (Tholl, 2006; Chen et al., 2011). In the present study, we also established that two linalool synthase genes were highly expressed at the stage S1, whereas linalool was observed to be accumulated at stage S3 (Figures 5, S8, Table S15). This is consistent with the findings of previous studies that have revealed a marked increase in linalool levels coinciding with the initial opening of jasmine flowers (Yu et al., 2017), thereby indicating that these genes are highly expressed at the S1 stage preparing for the release of linalool during stage S3. However, the monoterpene β-Ocimene was only detected in the S3 stage. This is consistent with the expression pattern of the gene (TPS-b subfamily) being responsible for β-Ocimene biosynthesis (Figure 5B, Table S15).

TFs, including those in the MYB (Reddy et al., 2017), bHLH (Hong et al., 2012) and WRKY (Spyropoulou et al., 2014) families, are involved in the regulation of terpenoid biosynthesis (Shang et al., 2020). In the present study, we detected multiple MYB-, bHLH- and WRKY-binding elements in the promoter sequences of JsTPS genes (Table S19). Our results indicate that these TFs may play a key role in regulating the expression of TPS genes and will provide valuable information for further studies, in which intend to examine the co-expression patterns of TFs and aroma compound pathway genes.



Conclusion

In summary, in the present study, we generated a draft genome of a single-petal phenotype of J. sambac, a culturally and commercially important plant in the Oleaceae family. The newly assembled genome will provide a solid foundation for further research of resistance to abiotic stresses, aroma compound biosynthesis and genomic evolution. Moreover, the genome will contribute to gain a more comprehensive understanding of the molecular mechanisms underlying heat stress tolerance, flower development and its scent formation.
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Paeonia ostii, a widely cultivated tree peony species in China, is a resourceful plant with medicinal, ornamental and oil value. However, fleshy roots lead to a low tolerance to waterlogging in P. ostii. In this study, P. ostii roots were sequenced using a hybrid approach combining single-molecule real-time and next-generation sequencing platforms to understand the molecular mechanism underlying the response to this sequentially waterlogging stress, the normal growth, waterlogging treatment (WT), and waterlogging recovery treatment (WRT). Our results indicated that the strategy of P. ostii, in response to WT, was a hypoxic resting syndrome, wherein the glycolysis and fermentation processes were accelerated to maintain energy levels and the tricarboxylic acid cycle was inhibited. P. ostii enhanced waterlogging tolerance by reducing the uptake of nitrate and water from the soil. Moreover, transcription factors, such as AP2/EREBP, WRKY, MYB, and NAC, played essential roles in response to WT and WRT. They were all induced in response to the WT condition, while the decreasing expression levels were observed under the WRT condition. Our results contribute to understanding the defense mechanisms against waterlogging stress in P. ostii.
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Introduction

Paeonia ostii, belonging to section Moutan DC. of the genus Paeonia L. (Paeoniaceae), is a perennial woody shrub native to China (Zhang et al., 2017a). Paeonia ostii has been cultivated as ornamental and medicinal in China for more than 1500 years (Li et al., 2011; Hu and Han, 2018). In recent years, P. ostii was planted extensively to harvest the roots for the traditional Chinese medicine “Mudanpi” with functions of clearing heat and cooling blood, while recently, farmers have also started collecting the seeds for oil production (Hu and Han, 2018). It has been found that the seeds of P. ostii are rich in unsaturated fatty acids, especially α-linolenic acid (Li et al., 2015; Yu et al., 2016), which are beneficial for human health (Lefevre et al., 2004; Shahidi and Miraliakbari, 2005). Seed oil has been authenticated as a new resource of functional food since 2011 (Zhang et al., 2017b). Moreover, the area under cultivation of P. ostii is the largest among all the ten tree peony species and nearly 1500 cultivars in China (Zhang et al., 2018a), with the flower being white and monopetalous. In the middle and lower reaches of the Yangtze River, an irregular spatial and temporal distribution of precipitation frequently occurs, which results in water levels that exceed the requirement for P. ostii, causing waterlogging in the field (Ding et al., 2020). Therefore, P. ostii often fails to grow well in this region, and the main reasons for this phenomenon are waterlogging and high temperature (Wu et al., 2009; Hu et al., 2017).

Waterlogging can be defined as the saturation of soils with water, and it often occurs during the rainy season. Waterlogging is an adverse abiotic stress that limits the oxygen diffusion into the soil and creates a low oxygen (hypoxia) environment around the plant roots (Juntawong et al., 2014). Hypoxia can accelerate the anaerobic respiration, reduce the root activity, and result in energy shortage. Plants can temporarily maintain energy production to some extent during hypoxia caused by waterlogging, via glycolysis and ethanol fermentation (Pan et al., 2021). The genes encoding enzymes involved in these pathways such as pyruvate decarboxylase (PDC), alcohol dehydrogenase (ADH), and lactate dehydrogenase (LDH) were consistently upregulated under waterlogging stress (Yin et al., 2019). Besides, a key feature for the acclimation to hypoxia is to activate genes encoding enzymes involved in transcription regulation and signaling pathways in order to allow biological and physiological adjustments to the hypoxia conditions (Bailey-Serres et al., 2012). The ethylene response factor represented the highest number of significantly expressed TFs under hypoxic conditions followed by bHLH, MYB, NAC, and WRKY in soybean (Chen et al., 2016). As waterlogging recedes, these plant roots, which had adjusted to the reduced light and oxygen in murky water, are suddenly re-exposed to aerial conditions. The shift to an intensely reoxygenated environment poses an additional stress for the plant, namely oxidative stress. Therefore, waterlogging acts as sequential stress manipulating plant growth (Yeung et al., 2018). Our previous study showed that the physiological response to waterlogging of P. ostii was rapid and sensitive. Despite its failure to tolerate long-term waterlogging, P. ostii possesses a strong recovery ability in the critical frame (within 72 h after waterlogging) (Hu et al., 2017). However, the molecular mechanisms underlying the responses to waterlogging and waterlogging recovery in P. ostii remain largely unexplored.

As a next-generation sequencing (NGS) technique, RNA-sequencing has become an indispensable tool for transcriptome-wide analysis of differential gene expression and gene regulatory networks (Hu et al., 2020). RNA-seq provides a precise and comprehensive analysis of RNA transcripts that affect gene expression (Chang et al., 2019). It has recently been widely used for researching P. ostii gene expression in response to various stresses, including chill-induced stress (Gai et al., 2013), copper stress (Wang et al., 2016), and drought-induced stress (Zhao et al., 2019). However, for the species without reference genomes, NGS was insufficient to analyze their gene expression because of inaccurate reconstruction and lack of reliable expression estimation of transcript variants due to the short, sequenced reads (Steijger et al., 2013). Single-molecule real-time (SMRT) sequencing, a third-generation technique developed by Pacific Biosciences (PacBio) to sequence cDNA, can produce longer reads than NGS and avoids further assembly (Sharon et al., 2013). The combination of SMRT and NGS provided researchers with an efficient and effective way to determine gene expression patterns, thereby exploring unanswered biological questions, particularly for species lacking genome-related information (Minoche et al., 2015; Deng et al., 2018; Jia et al., 2018).

Plant roots are the tissues in direct contact with water under waterlogging stress. Thus, we hypothesized that identifying the genes upregulated and downregulated under hypoxia in P. ostii roots can deepen our understanding of the molecular regulatory pathways in response to waterlogging and waterlogging recovery. In the present study, the seedings with 3 d of waterlogging treatment and followed by a 7-d recovery treatment, were selected as subjects, according to our previous results (Hu et al., 2017). We constructed a de novo full-length transcriptomic database for seedlings roots under all conditions using the SMRT sequencing. Furthermore, RNA-seq was adopted to identify the differentially expressed genes (DEGs) and analyze the specific pathways involved in waterlogging and waterlogging recovery treatment. Thus, the results of this study will deepen our understanding of the defense mechanisms against waterlogging stress in P. ostii and provide theoretical support for the molecular breeding of P. ostii to withstand waterlogging stress.



Materials and methods


Plant materials

In the present study, 3-year-old potted P. ostii were used as study materials. On March 1, the well-grown plants cultivated in the field were transplanted into the pots, and then the plants were transported to the phytotron. The day and night temperatures were set to (22 ± 1)°C and (16 ± 1)°C, respectively, with a photoperiod of 16 h light/8 h dark, 60% relative humidity, 40% soil water content, and light intensity of 600 μmol m-2 s-1. On May 1, uniform plants were selected and randomly divided into three groups. In the control (CK) group for waterlogging treatment (WT), the sampling time was 0 h post-waterlogging. The WT water level was set at 2 cm above the soil, and the sampling time was 3 d after waterlogging. For the waterlogging recovery treatment (WRT), the soil surface water was removed after 3 d of waterlogging, and the sampling time was 7 d after recovery. Then, the same plants from the WT group were also used as the control for the WRT group. For RNA-seq, two biological replicates were performed, and each biological sample consisted of the roots of three uniform plants. The mixed samples from these three sampling points were collected for full-length sequencing. All these samples were immediately frozen in liquid nitrogen and stored at -80°C until RNA extraction. Total RNA was extracted from the roots using TIANGEN RNA Prep Pure Plant Plus kit (Tiangen Biotech Co. Ltd., Beijing, China), and the quality and quantity of RNA were assessed using an Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA).



Measurement of morphological and physiological indices

The roots of plants from three treatments were washed with deionized water, and root morphology was photographed by Epson Perfection V700 Photo (Epson (China) Co., Ltd., China). Root tips were cut by a knife blade, fixed in FAA, and then conducted by using a Saffron-O and Fast Green Stain Kit (Solarbio, Beijing, China) based on the manufacturers’ instructions. The cell morphology of root tip was viewed with an optical microscope (BX43, Olympus, Tokyo, Japan). Root activity was detected by triphenyl tetrazolium chloride (TTC) reduction method (Hu et al., 2017). Relative electrical conductivity (REC) of the root was measured as described previously (Zhao et al., 2019). All tests were performed with three biological replicates.



Illumina transcriptome library preparation and sequencing

A total of 5 μg RNA per sample was used as input material to generate sequencing libraries using the NEBNext® Ultra™ RNA Library Prep Kit for Illumina® (NEB, USA) following the manufacturer’s recommendations. Briefly, mRNA was purified from total RNA using poly-T oligo-attached magnetic beads. Fragmentation was carried out in the NEBNext First Strand Synthesis Reaction Buffer (5X). First strand cDNA was synthesized using random hexamer primer and M-MuLV Reverse Transcriptase (RNase H-). Second strand cDNA synthesis was subsequently performed using DNA polymerase I and RNase H. Remaining overhangs were converted into blunt ends via exonuclease/polymerase activities. After adenylation of 3’ ends of DNA fragments, NEBNext Adaptors with hairpin loop structures were ligated to prepare for hybridization. The library fragments were purified with the AMPure XP system (Beckman Coulter, Beverly, USA) to identify cDNA fragments of about 300 bp length. Then, 3 μl USER Enzyme (NEB, USA) was incubated with size-selected, adaptor-ligated cDNA at 37°C for 15 min followed by 5 min at 95°C. Then PCR was performed with Phusion® High-Fidelity DNA polymerase, Universal PCR primers and Index (X) Primer. Finally, PCR products were purified with AMPure XP system and library quality was assessed on the Agilent Bioanalyzer 2100 system. The clustering of index-coded samples was performed on a cBot Cluster Generation System using the TruSeq PE Cluster Kit v3-cBot-HS (Illumina) according to the manufacturer’s instructions. After cluster generation, the libraries were sequenced on an Illumina Hiseq 2500 platform, and paired-end reads were generated.



PacBio SMRT bell library preparation and sequencing

The Iso-seq template was prepared based on the protocol of Iso-Seq Template Preparation for Sequel Systems. First strand cDNA was synthesized from 800–1000 ng total RNA using Clontech SMARTer™ PCR cDNA Synthesis Kit (Clontech Laboratories, Inc., USA). The CDS Primer IIA was first annealed to the polyA+ tail of transcripts, followed by first-strand synthesis with SMARTScribe™ Reverse Transcriptase. Then, a sufficient amount of double-stranded cDNA was produced using large-scale PCR with Clontech PrimeSTAR GXL DNA Polymerase and 5’PCR Primer IIA (5’- AAGCAGTGGTATCAACGCAGAGTAC-3’). After PCR amplification, the products were selected using the BluePippin Size Selection System with the following bins for each sample: 1–2, 2–3, and > 3 kb. The DNA was repaired by DNA Damage Repair Mix (PacBio) and End Repair Mix (PacBio). Blunt Adapter was ligated to the cDNA using the ligase from PacBio. Exonucleases Exo III and EXO VII were added to the ligated cDNA, to reduce the amount of unrepaired DNA or linear DNA without a blunt adapter. Finally, the obtained cDNAs were measured using Qubit HS (Life Technologies, USA) and Agilent Bioanalyzer 2100. Sequencing reactions were performed using the PacBio Sequel sequencer (BGI-Shenzhen, China) with Sequel Sequencing Kit 2.1 and Sequel SMRT Cell 1M v2 Tray.



Data processing of PacBio sequencing reads

Raw sequencing data (also called raw polymerase reads) produced by the Pacific Biosciences Sequel system were processed following the IsoSeq protocol through the SMRT analysis package version 2.3.0 (Pacific Biosciences, https://www.pacb.com/products-and-services/analytical-software/smrt-analysis). These data have been deposited in the Genome Sequence Archive (https://bigd.big.ac.cn/gsa) in the National Genomics Data Center, under the accession number: CRA004521. The raw polymerase reads that had full passes >0 and the predicted consensus accuracy >0.75 were selected for producing ROIs (Reads of Insert). ROIs with a minimum length of 300 bp were classified into full-length and non-full-length transcript sequences, based on whether the 5’ primer, 3’ primer, and poly-A tail were all observed. The full-length sequences were processed to de novo consensus isoforms using the Iterative Clustering for Error Correction algorithm and then polished via the Quvier quality-aware algorithm. The de novo consensus isoforms with high quality (the expected Quiver accuracy ≥ 0.95) from each library were merged, and redundancy was removed using Cluster Database at High Identity with Tolerance (CD-HIT) (Fu et al., 2012) based on the sequence similarity, to obtain final unique full-length isoforms. The coding sequences of the isoforms were identified by Transdecoder (v3.0.1), and then the longest one was selected perform BLAST (Basic Local Alignment Search Tool).



Functional annotation

Final full-length isoforms were mapped to the NCBI non-redundant protein sequences (NR), NCBI non-redundant nucleotide sequence (NT), SwissProt (a manually annotated and reviewed protein sequence database), Kyoto Encyclopedia of Genes and Genomes (version 59) (KEGG), and Clusters of Eukaryotic Orthologous Groups (KOG) database by Blast software (version 2.2.23, https://blast.ncbi.nlm.nih.gov/Blast.cgi) (Altschul et al., 1990) with default parameters (under a threshold E-value ≤10-5) to get the isoform annotations. Gene Ontology (GO) annotations and functional classifications were obtained using the Blast2GO program (version 2.5.0, E-value ≤10-5, https://www.blast2go.com) (Conesa et al., 2005) based on NR annotations. Hmmscan software (version 5.11- 51.0) (Jones et al., 2014) as used to obtain the annotations from the Pfam database.



Illumina data analysis

The sequencing data was filtered with SOAPnuke (v1.5.2, https://github.com/BGI-flexlab/SOAPnuke) (Li et al., 2008), and clean reads were obtained and stored in FASTQ format. The clean reads were mapped to reference full-length transcriptome using HISAT2 (v2.0.4, http://www.ccb.jhu.edu/software/hisat/index.shtml) (Kim et al., 2015). Bowtie2 (v2.2.5, http://bowtiebio.sourceforge.net/%20Bowtie2%20/index.shtml) (Langmead and Salzberg, 2012) was applied to align the clean reads to the reference coding gene set and then the expression levels of genes were calculated using RSEM (v1.2.12, https://github.com/deweylab/RSEM) (Li and Dewey, 2011). Essentially, differential expression analysis was performed using the DESeq2 (v1.4.5, http://www.bioconductor.org/packages/release/bioc/html/DESeq2.html) with Q value ≤ 0.05. DEGs were identified using DESeq2 (Love et al., 2014) with Q value (adjust P value) < 0.001 and fold change ≥ 2 or ≤ -2. The identified DEGs were subsequently subjected to GO and KEGG enrichment using Phyper in the R package, with default Q value <= 0.05.



Quantitative real-time PCR (qRT-PCR)

First-strand cDNA was prepared from 1 μg of total RNA per sample, using a FastKing RT Kit with gDNase (Tiangen Biotech Co. Ltd., Beijing, China). Specific primers were designed for each of the 14 selected isoforms (Table S1). PCRs were performed on an ABI StepOnePlus® Real-Time PCR System (Applied Biosystems, California, USA), following the manufacturer’s instructions. Each reaction mixture (20 μl) contained 10 μl of TB Green Premix Ex Taq II (Tli RNaseH Plus) (Takara), 0.8 μl of each primer (10 μM), 0.3 μl of cDNA template (1 μg), and 8.1 μl of RNase-free water. PCR for each gene was performed in triplicate, with the following thermal cycling conditions: 95°C for 30 s; 40 cycles of 95°C for 5 s and 64°C for 30s; and 95°C for 15 s. Primer specificity was confirmed via melt curve analysis. The relative expression levels of the tested genes were calculated via the 2-ΔΔCt method, using the β-actin gene as internal controls.



Statistical analysis

The results were expressed as the mean ± standard deviation (SD). One-way analysis of variance (ANOVA) and Duncan’s multiple range tests were used to analyze the significance at a p level of 0.05 by SPSS software (version 19.0 for Windows; SPSS Inc., 2010). The gene expression heatmap was performed using the OmicShare tools (https://www.omicshare.com/tools).




Results


Morphological and physiological indices

As shown in Figure 1A, the fibrous roots of plants in CK group were numerous and white. After waterlogging, almost half of the fibrous roots fell off, and the remaining fibrous roots became brown. The tips of some main roots were rotten. For the WRT group, although the rot of main root was serious, more fibrous roots had developed. These new fibrous roots were white, and the root system was basically the same as that of CK group. In terms of the anatomy of root tip cell (Figure 1B), the size became large after waterlogging, but the cytoplasm in most cells decreased. For the WRT group, the cell size of root tip decreased, and the cytoplasm in most cells increased.




Figure 1 | Morphological changes of the control (CK), waterlogging treatment (WT), and waterlogging recovery treatment (WRT) of P. ostii. and anatomic (A), Root morphology; (B), Cell morphology of root tip.



The plant in the CK group had high root activity (Figure 2A). After waterlogging, the root activity decreased significantly, and the activity level was about one sixth of that of CK group. When the soil surface water was removed, the root activity slightly recovered. Although the root activity of plants in WRT group had reached about twice that of WT group, it was still significantly lower than that of CK group. An opposite trend was observed in the REC of plant root under different treatments (Figure 2B). There was significant variation in the REC of plant root among three treatment groups, and the highest value was found in the root of WT group.




Figure 2 | Physiological changes of the control (CK), waterlogging treatment (WT), and waterlogging recovery treatment (WRT) of P. ostii. (A), Root activity; (B), Relative electrical conductivity of root. Values represent mean ± standard deviation (SD), and letters indicate significant differences according to Duncan’s multiple range test (p < 0.05).





PacBio ISO-seq analysis

PacBio ISO-seq was used in this study to sequence the mixed root samples and to construct a de novo full-length transcriptomic database due to the lack of a P. ostii reference genome. Moreover, 11 cDNA libraries, including insert fragments of 1–2 kb, 2–3 kb, and >3 kb, were prepared. In summary, 1,272,956 polymerase reads were generated by the PacBio Sequel platform (Table S2). Polymerase reads with full passes > 0 and the predicted consensus accuracy > 0.75 were selected for producing ROIs, and 1,055,458 ROIs were obtained in all libraries (Table S3). Furthermore, 546,928 full-length non-chimeric (FLNC) reads with poly (A) tail signals, 5’ adaptor sequences, and 3’ adapter sequences were obtained (Table S4). According to the isoform-level clustering algorithm, the full-length sequences were processed to de novo consensus isoforms. The isoforms were polished using Quvier quality-aware algorithm. The results from each library were merged, and redundancy was removed using CD-HIT. Finally, the transcripts contained 187,564 unique full-length isoforms, and those with an average length of 2323 bp were considered in the reference transcriptome and used for further analysis (Table S5). We further evaluated the completeness of the assemblies by comparing them against a set of conserved plant genes in the Benchmarking Universal Single-Copy Orthologs (BUSCO, embryophyta_odb9 dataset) using BUSCO v2.0 pipeline. The complete sequence accounted for 89.77% of all sequences (Figure S1A).



Annotation of the full-length reference transcriptome

All the isoforms of the reference transcriptome were aligned to the public databases including NCBI non-redundant proteins (NR), NCBI non-redundant nucleotides (NT), SwissProt, Kyoto Encyclopedia of Genes and Genomes (KEGG), KOG (Clusters of Eukaryotic Orthologous Groups), Pfam, and Gene Ontology (GO) (Table 1). Our results indicated that a total of 156,402 isoforms (83.39%) were annotated in at least one database, and 48,392 isoforms (25.80%) had significant matches in all seven databases. The best-harbored isoforms in the reference transcriptome were in the NR database (147,828, 78.81%), while only 85,754 isoforms (45.72%) got hits in the Pfam database. Overall, 59,824 isoforms got hits in five databases (NR, KEGG, KOG, SwissProt, and Pfam) (Figure S1B).


Table 1 | Information of function annotation.



For GO analysis, the isoforms were assigned to 54 functional groups, which were allocated into three ontologies: biological process (167,903 isoforms), cellular component (230,396 isoforms), and molecular function (146,236 isoforms) (Figure S1C). For the biological process category, isoforms involved in cellular processes (GO:0009987, 50,400 isoforms) and metabolic processes (GO:0008152, 45,217 isoforms) were highly represented. Cell (GO:0005623, 44,564 isoforms), cell part (GO:0044464, 43,542 isoforms), membrane (GO:0016020, 36,727 isoforms), organelle (GO:0043226, 33,368 isoforms), and membrane part (GO:0044425, 33,251 isoforms) were the five most functional terms in the cellular component ontology. Within the molecular function category, binding (GO:0005488, 67,324 isoforms) was the largest group, followed by catalytic activity (GO:0003824, 63,247).

KEGG pathways database contains a systematic analysis of inner-cell metabolic pathways and functions of gene products. Metabolic pathway analysis of unique isoforms was also carried out using the KEGG annotation system. The results showed that 118,052 isoforms were classified into five main categories (Figure S1D). Most of isoforms included in the metabolism category were involved in many pathways, such as global and overview maps, and carbohydrate metabolism, amino acid metabolism, and energy metabolism. The second highly enriched category was genetic information processing, and the isoforms were mainly associated with translation and fold, sorting, and degradation. There were only 4976 isoforms included in environmental information processing and focused on the environmental adaptation pathways.

Moreover, all the isoforms were subjected to a search in the KOG database for functional prediction and classification. Overall, 119,842 isoforms were functionally classified into 25 specific categories (Figure S1E). Among them, general functional prediction only (35905 isoforms) was the largest category, followed by signal transduction mechanisms (17490 isoforms), post-translational modification, protein turnover, chaperone (12900 isoforms), function unknown (9480 isoforms), transcription (8785 isoforms), and carbohydrate transport and metabolism (8608 isoforms). Only 175 isoforms were assigned to cell motility.



RNA-seq analysis

RNA samples from roots were individually prepared from non-waterlogging, waterlogging, and waterlogging recovery group plants and then sequenced on an Illumina instrument, to obtain comprehensive waterlogging and waterlogging recovery responses in P. ostii. Illumina sequencing data have been deposited in the Genome Sequence Archive under the accession number: CRA004511. In total, 377,050,830 raw reads were generated. After removing adaptor sequences, ambiguous nucleotides, and low-quality sequences, 337,972,250 clean reads were recorded. The lowest Q20 percentage and GC percentages were 96.89% and 44.51%, respectively, for the six libraries. The filtered clean reads were mapped to the reference transcriptome generated by PacBio ISO-seq. Of all the reads, 57.04–65.30% were mapped to the reference transcriptome, and 10.80–15.06% were uniquely mapped reads (Table 2).


Table 2 | Information of RNA-seq raw data and clean reads mapped with the reference transcriptome.





Identification and functional profiles of DEGs

The expression levels of all isoforms were calculated using RSEM software and shown as FPKM values. DEGs were identified using DESeq2 with Q value (adjust P value) < 0.001 and fold change ≥ 2 or ≤ -2. A total of 2951 DEGs were obtained in response to waterlogging treatment (CK VS WT); 1358 DEGs were significantly upregulated, and 1593 DEGs were significantly downregulated (Figure 3A). As for the waterlogging recovery treatment (WT VS WRT), 1730 DEGs were observed, with 759 of them upregulated and 971 downregulated (Figure 3B).




Figure 3 | The distribution and expression levels of DEGs in P. ostii roots. (A), Volcano plot of waterlogging treatment (CK VS WT); (B), Volcano plot of waterlogging recovery treatment (WT VS WRT); (C), Venn diagram of DEGs under waterlogging and its recovery treatment. The x-axis represents the log2 [Fold Change] values under the mean normalized expression of all isoforms (y-axis).



The DEGs were then subjected to the Gene Ontology (GO) analysis to determine their functional classification. Under the WT, 2951 DEGs could be categorized into 45 functional groups on three main categories (biological process, cellular component, and molecular function) (Figure 4A). As for the WRT, these three main categories included 47 groups (Figure 4B). In both treatments, cellular process (GO:0009987), and metabolic process (GO:0008152) were the two largest groups enriched in the biological process; cell (GO:0005623), membrane (GO:0016020), membrane part (GO:0044425), and organelle (GO:0043226) were the four most prominent groups enriched in the cellular component; catalytic activity (GO:0003824) and binding (GO:0005488) were the two largest groups enriched in the molecular function. Using enrichment analysis, the top 20 significant enriched GO terms identified in the DEGs of two treatments (Q value ≤ 0.05) were shown in (Figure S2). Oxidoreductase activity (GO:0016491) was the most enriched term in both WT and WRT. In addition, there were five identical terms: heme-binding (GO:0020037), iron ion binding (GO:0005506), tetrapyrrole binding (GO:0046906), oxidoreductase activity, acting on paired donors, with incorporation or reduction of molecular oxygen (GO:0016705), and cofactor binding (GO:0048037) in Top 20 enriched terms of two treatments.




Figure 4 | GO enrichment classification of DEGs in P. ostii roots. (A), Waterlogging treatment (CK VS WT); (B), Waterlogging recovery treatment (WT VS WRT).



The DEGs were also subjected to KEGG analysis to investigate their biological functions further; 1404 DEGs of CK VS WT were assigned to 124 pathways, and 855 DEGs of WT VS WRT were categorized into 119 pathways. Enrichment analysis for DEGs showed that 15 pathways and 11 pathways were significantly enriched (Q value ≤ 0.05) under the WT (Figure 5A) and WRT (Figure 5B), respectively. Furthermore, 8 pathways, tyrosine metabolism (ko00350), fatty acid degradation (ko00071), alpha-linolenic acid metabolism (ko00592), glycolysis/gluconeogenesis (ko00010), monoterpenoid biosynthesis (ko00902), isoflavonoid biosynthesis (ko00943), biosynthesis of amino acids (ko01230), and carbon fixation in photosynthetic organisms (ko00710), were significantly enriched in both treatment groups. Interestingly, the proportion of upregulated and downregulated genes in these pathways behaved oppositely in the two treatment groups. For example, in the glycolysis/gluconeogenesis pathways, the number of upregulated genes was more than that of downregulated genes in the WT group. However, the number of downregulated genes was more than that of upregulated genes in the WRT group.




Figure 5 | KEGG enrichment analysis of DEGs in P. ostii roots. (A), Waterlogging treatment (CK VS WT); (B), Waterlogging recovery treatment (WT VS WRT).



Since transcription factors (TFs) could mediate the expression of genes involved in the waterlogging and waterlogging recovery, we analyzed the DEGs coding TFs. A total of 112 TFs were classified into 22 families based on their assigned protein in the WT group, which accounted for 3.80% of the DEGs. Of these, 80 TFs were upregulated, and 32 TFs were downregulated (Figures 6A, C). 76 TFs were classified into 18 families in the WRT group, which accounted for 4.40% of the DEGs. Among them, 19 TFs were upregulated and 57 TFs were downregulated (Figures 6B, D). Apetala 2/ethylene-responsive element binding protein (AP2/EREBP) and MYB family represented the most significantly expressed TFs (22) in the WT group, while the TFs belonging to AP2/EREBP (16) were the most significantly expressed in the WRT group, followed by the MYB family (13). On the whole, most of TFs were upregulated in the WT group but downregulated in the WRT group.




Figure 6 | DEGs coding transcription factors based on their assigned protein families in P. ostii roots. (A), Waterlogging treatment (CK VS WT); (B), Waterlogging recovery treatment (WT VS WRT); (C), Heatmap of DEGs coding transcription factors under waterlogging treatment; (D), Heatmap of DEGs coding transcription factors under waterlogging recovery treatment.





Analysis of genes involved in key pathways

The pathways of glycolysis, fermentation, citrate cycle, ethylene biosynthesis, and nitrogen metabolism were shown in Figure 7, and the RNA-Seq expression of transcripts encoding the enzymes involved in these pathways varied under WT and WRT. There were 839 DEGs in both the WT and the WRT (Figure 3C), and 14 DEGs that were mainly involved in glycolysis, fermentation, citrate cycle, ethylene biosynthesis, nitrogen metabolism, water absorption, and transcriptional regulation were selected for further qRT-PCR analysis (Figure 8). These DEGs encoded ADH, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), PDC, pyruvate kinase (PK), isocitrate dehydrogenase (IDH), malate dehydrogenase (MDH), glutamate decarboxylase (GAD), aquaporin, nitrate transporter (NRT), 1-aminocyclopropane-1-carboxylate oxidase (ACO), WRKY, MYB, NAC, and AP2/EREBP, respectively. The expression levels of all fourteen isoforms significantly varied between the waterlogging and waterlogging recovery groups. Our results showed that IDH, MDH, aquaporin, and NRT were downregulated in the WT group, but upregulated in the WRT group. However, the changes of the other ten isoforms were opposite in the WT and WRT groups. Expression analysis of all the selected isoforms of a few genes was carried out using qRT-PCR to validate the sequencing results, which showed similar patterns to those observed in the RNA-Seq data.




Figure 7 | Waterlogging and waterlogging recovery caused genes encoding proteins involved in glycolysis, fermentation, citrate cycle (A), ethylene biosynthesis (B), nitrogen metabolism (C). The red character represents DEGs in both CK VS WT and WT VS WRT. INV, invertase; SUS, sucrose synthase; G6PC, glucose-6-phosphatase; PGM, phosphoglucomutase; GPI, glucose-6-phosphate isomerase; PFK, 6-phosphofructokinase; FBA, fructose-bisphosphate aldolase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; PGAM, phosphoglycerate mutase; PPH, phosphopyruvate hydratase; PK, pyruvate kinase; PDC, pyruvate decarboxylase; ADH, alcohol dehydrogenase; LDH, lactate dehydrogenase; CS, citrate synthase; MDH, malate dehydrogenase; SDH, succinate dehydrogenase; SCS, succinyl-CoA synthetase; OGOR, 2-oxoglutarate/2-oxoacid ferredoxin oxidoreductase; IDH, isocitrate dehydrogenase; GDH, glutamate decarboxylase; ACS, 1-aminocyclopropane-1-carboxylate synthase; ACO, 1-aminocyclopropane-1-carboxylate oxidase; AP2/EREBP, apetala 2/ethylene-responsive element binding protein; NTR, Nitrate transporter; NR, Nitrate reductase; NiR, Nitrite reductase; NOR, Nitric-oxide reductase; NOS, Nitrous-oxide reductase.






Figure 8 | Quantitative real-time PCR validation of key genes. Actin was used as the reference gene. Expression values were normalized such that the expression levels of CK were set to 1. GAPDH, glycer-aldehyde-3-phosphate dehydrogenase; PK, pyruvate kinase; PDC, pyruvate decarboxylase; ADH, alcohol dehydrogenase; MDH, malate dehydrogenase; IDH, isocitrate dehydrogenase; GDH, glutamate decarboxylase; ACO, 1-aminocyclopropane-1-carboxylate oxidase; AQP, aquaporin; NRT, nitrate transporter. Values represent mean ± standard deviation (SD), and letters indicate significant differences according to Duncan’s multiple range test (p < 0.05).






Discussion

Roots are the first organ to sense waterlogging, and hence play a key role in the waterlogging stress response (Langan et al., 2022). The root activity of P. ostii under waterlogging decreased significantly in comparison with the control, and increased as the waterlogging receded. Once a plant detects waterlogging, its priority is to reinstate the oxygen supply to the roots, which can be achieved by altering its root morphology and anatomy (Pedersen et al., 2021). These changes were also found in P. ostii. The tips of main roots were rotten, and a lot of fibrous roots fell off under waterlogging. Anatomic analysis showed that the cell size became larger due to a large amount of water absorption. This change in cell size may be due to the damage of cell membrane permeability. REC can reflect the degree of cell membrane damage (Zhao et al., 2019). After waterlogging, REC increased significantly, and then slightly decreased when the soil surface water was removed. These results indicated that waterlogging stress destroyed the cell membrane structure, and caused membrane permeability to become large, which was also supported by the anatomy data.

With advancements in technology, the studies on plant response to adverse abiotic stress are no longer limited to detecting the physiological characteristics but also identifying their molecular mechanisms. RNA-Seq has been successfully used to elucidate the response of plants to various environmental stresses, such as cold (Pang et al., 2013), salt (Postnikova et al., 2013), and drought (Zhao et al., 2019). Moreover, the combined hybrid approach of RNA-Seq and SMRT sequencing provides a more accurate integrated analysis of transcriptomes than using NGS alone (Chao et al., 2019). The clear advantage was that the traditional gene cloning to obtain full-length cDNA sequences, which is expensive, time-consuming, and inefficient, was not required (Deng et al., 2018). In the present study, we constructed the complete and accurate transcriptome of P. ostii roots using PacBio ISO-seq. Our study is novel because this is also the first full-length transcriptome sequencing of P. ostii.

In summary, we constructed three libraries (inserted size 1–2 kb, 2–3 kb, and > 3 kb) and obtained 4.71, 4.6, and 4.49 GB of raw data, respectively. A total of 13.8 GB of raw data was generated, and 187,564 full-length isoforms with an average length of 2323 bp were mapped to seven databases (NR, NT, KEGG, GO, KOG, SwissProt and Pfam). These data were similar to the full-length transcriptome profiling for flower bud of P. suffruticosa ‘High Noon’ (Chang et al., 2019) and we highlight how the gene sequence information would be instrumental for the further study of tree peony. The mRNAs of six P. ostii roots, belonging to CK, WT, and WRT groups, were sequenced using RNA-Seq and referred to as the transcriptome generated by ISO-Seq. We identified 2951 DEGs and 1730 DEGs in response to WT and WRT, respectively, and 839 DEGs were common between the two treatment groups. Our study demonstrated that the mechanisms involved in the WRT group were the reverse of the WT group and had some unique response mechanisms. Moreover, we identified response mechanisms involved in the WT group that did not manifest in the WRT group. Previous studies solely focused on waterlogging (Lee et al., 2014; Ren et al., 2017) or waterlogging recovery (Yeung et al., 2018). However, in our study, the gene expression differences underlying these two adverse stress conditions were investigated simultaneously, with the aim to deepen the comprehensive understanding of this sequential stress.

In the condition of waterlogging stress, plants have two response mechanisms. Hypoxia escape syndrome enables plants to overcome waterlogging through the elongation of petioles, enables stems, and leaves to get more oxygen through the formation of large lenticels, adventitious roots, and aerenchyma facilitates oxygen transportation and storage. However, these processes require much higher ATP and may lead to their death (McDonald et al., 2002; Glenz et al., 2006). The other mechanism is hypoxic resting syndrome, where the glycolysis and fermentation processes are accelerated to maintain the energy level, while the tricarboxylic acid cycle (TCA) is inhibited (Bailey-Serres and Voesenek, 2008; Mustroph et al., 2010; Bailey-Serres et al., 2012; Pan et al., 2021). Several life processes, such as cell differentiation and growth, protein synthesis, and cell wall formation, are also slowed down. Plants can survive this energy crisis by reducing energy consumption (Voesenek and Bailey-Serres, 2015). In our previous study, the morphological characteristics of P. ostii did not change under waterlogging stress (Hu et al., 2017). In the present study, the genes encoding ADH, GAPDH, PDC, and PK involved in glycolysis and fermentation were significantly upregulated under waterlogging as identified by RNA-Seq and qRT-PCR verification.

We also found that the genes encoding IDH and MDH involved in TCA cycle were significantly downregulated under waterlogging stress. Moreover, most DEGs involved in carotenoid biosynthesis, monoterpenoid biosynthesis, starch and sucrose metabolism, phenylpropanoid biosynthesis, and isoflavonoid biosynthesis were downregulated. Our results supported the longstanding notion that plants respond to waterlogging stress by regulating energy production and consumption (Bailey-Serres et al., 2012). As for the waterlogging recovery treatment, the altered gene expression trends mentioned above were opposite to waterlogging treatment. All these results collectively indicated that the strategy of P. ostii adopted hypoxic resting syndrome in response to WT.

Hypoxia caused by waterlogging stress modulates the carbon metabolism involved in energy production, consumption, and nitrogen metabolism (Ren et al., 2017). Nitrate reductase and nitrite reductase are two critical enzymes involved in the regulation metabolism, and they can convert nitrate in plants to nitric oxide (Juntawong et al., 2014). However, in the present study, the genes of these two enzymes were not differentially regulated in WT and WRT groups. We also found that the gene encoding nitrate transporter was significantly downregulated under WT and upregulated in response to WRT, as verified by qRT-PCR. Nitrate transporter is responsible for nitrate uptake by plant roots from the soil, its transport, and intracellular redistribution in plants (Jia et al., 2014). We hypothesized that the roots of P. ostii, under waterlogging stress, reduce the production of endogenous nitric oxide by decreasing nitrate uptake from the soil, which is important for avoiding the damage caused by a higher concentration of nitric oxide in the plants.

Aquaporins, proteins belonging to Membrane Intrinsic Proteins (MIP) family facilitate the bidirectional transport of water through biological membranes (Martinez-Ballesta et al., 2014). Enabling enhanced water absorption of roots is one of the main mechanisms for maintaining water content under adverse conditions. Aquaporins play a major role in regulating the hydraulic conductivity that ultimately affects the water uptake capacity of plants (Chaumont and Tyerman, 2014). Numerous studies have been conducted to elucidate the important roles of aquaporins in several plant species in response to salt and drought stresses (Kadam et al., 2017), while there is a severe lack of adequate attention to aquaporins in response to waterlogging stresses, especially for Paeonia species. The gene encoding TIP1-3 was significantly downregulated in the WT group, followed by a significant increase after WRT, although it did not return to the level of the CK group. In sorghum roots, the observed initial upregulation of aquaporin gene expression in response to short-term exposure (18 h) to stress may enhance water uptake to maintain the plant water status, while reduced expression after prolonged exposure (96 h) to stress may reduce hydraulic conductivity (Lv et al., 2016). In this study, P. ostii suffered a long-term waterlogging (3 d), and the water content in the roots was nearly saturated. Hence, the aquaporins gene expression naturally decreased to reduce the water intake, which was in line with the above result. After 7 d of waterlogging recovery, the aquaporin gene was significantly upregulated, but it did not reach the level of CK, which could be attributed to P. ostii still being in the recovery phase.

Ethylene, an important plant hormone, mediates tolerance and adaption of plants to adverse abiotic stresses including waterlogging (Lv et al., 2016). In the ethylene biosynthesis pathway, S-adenosylmethionine is used as a substrate to generate 1-aminocyclopropane-1-carboxylate (ACC) under the catalysis of ACC synthase (ACS), and then ACC gets oxidized by ACC oxidase (ACO) to ethylene. Therefore, ACS and ACO are two key enzymes controlling ethylene biosynthesis in plants (Zhang et al., 2018b). Under the WT condition, the expression of ACO in the root of P. ostii was significantly upregulated as verified by qRT-PCR, and downregulated in response to the WRT condition. Unexpectedly, ACS was not a DEG in response to WT and WRT conditions, which may be because the production of ACC did not take place in the roots of P. ostii. In contrast to our results, ACS expression was significantly upregulated, while ACO was not expressed differentially in the waterlogged Rehmannia glutinosa roots (Wang et al., 2017). This observation indicated that the oxidation of ACC to ethylene was not in the roots of R. glutinosa, and hence the difference of ethylene production in response to waterlogging stress between different plant species.

Transcription factors (TFs) are master regulators of abiotic stress responses in plants. These TFs probably initiate the indirect-late phase of responses by binding to cis-acting elements in the promoters of specific target genes encoding proteins with specific functions (Lindemose et al., 2013). In the present study, 3.80% and 4.40% of the DEGs encoding TFs were identified in the two treatments respectively, indicating that transcriptional regulation played an important role in response to WT and WRT conditions. Consistent with the previous finding that ethylene synthesis and perception were activated (Juntawong et al., 2014), our study recognized AP2/EREBP as the most pronounced TFs in response to both WT and WRT. Their expression patterns were closely followed by the MYB TFs, which were regarded as the second largest TF family in response to WT and WRT. Some studies have reported that MYB TFs played a critical regulatory role in response to waterlogging stress of many plants (Wang et al., 2017; Li et al., 2018) and various stress of P. ostii (Gai et al., 2013; Wang et al., 2016). bHLH and WRKY TFs were expressed more in response to WT, but less in WRT, which suggested that these two TFs may play a more critical role in waterlogging stress. Four TFs genes encoding AP2/EREBP, WRKY, MYB, and NAC were chosen for further expression analysis by qRT-PCR due to their high differential expression as captured in the sequencing results. They were all induced in response to the WT condition, while the decreasing expression levels were observed under the WRT condition. These results indicated that all the validated TFs were highly responsive to waterlogging and waterlogging recovery. These TFs need to be analyzed further to identify their target genes, which may thus provide important insights into the molecular mechanisms underlying waterlogging tolerance in P. ostii.

In summary, this study was the first report on a comprehensive physiological and transcriptomic analysis of P. ostii roots in response to waterlogging and its recovery. The strategy of P. ostii adopted hypoxic resting syndrome in response to waterlogging. A hybrid approach combining SMRT and NGS sequencing platforms was applied in the present study, and the full-length transcriptome sequencing of P. ostii was reported for the first time. A lot of responsive transcripts and genes that might play an important role in waterlogging and its recovery of P. ostii were identified, especially those involved in the glycolysis and fermentation, tricarboxylic acid cycle, nitrogen metabolism, water absorption, ethylene biosynthesis, and transcriptional regulation. The detailed characterization of individual genes must be performed as the next step to clarify their specific functions. These results will enhance our understanding of defense mechanisms against waterlogging stress in P. ostii, and the full-length transcriptome established in the present study will provide the data support for future studies on P. ostii at the molecular levels.
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The efficient induction of peony embryogenic callus is of great significance to the improvement and establishment of its regeneration technology system. In this study, the in vitro embryos of ‘Fengdanbai’ at different developmental stages were selected as explants, the effects of different concentrations and types of plant growth regulator combinations on the induction and proliferation of embryonic callus at different developmental stages were investigated, and comparative transcriptome analysis of callus with different differentiation potentials were performed to explore the molecular mechanisms affecting callus differentiation. The results showed that the germination rate of 90d seed embryo was the best, which was 94.17%; the 70d and 80d cotyledon callus induction effect was the best, both reaching 100%, but the 80d callus proliferation rate was higher, the proliferation rate reached 5.31, and the optimal induction medium was MS+0.1 mg·L–1NAA+0.3 mg·L–1TDZ+3 mg·L–12,4-D, the callus proliferation multiple was 4.77. Based on the comparative transcriptomic analysis, we identified 3470 differentially expressed genes (DEGs) in the callus with high differentiation rate and low differentiation rate, including 1767 up-regulated genes and 1703 down-regulated genes. Pathway enrichment analysis showed that the “Phenylpropanoid biosynthesis” metabolic pathway was significantly enriched, which is associated with promoting further development of callus shoots and roots. This study can provide reference for genetic improvement and the improvement of regeneration technology system of peony.
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1 Introduction

Peony (Paeonia suffruticosa Andr.) is a perennial deciduous shrub of the Paeonia family. Peony is one of the traditional famous flowers in my country, known as the “king of flowers” (Zhang et al., 2017). In recent years, peony has developed in the direction of oil use and cut flowers, which has great economic value and development potential (Hu, 2015). The propagation of traditional peony is mainly based on seed propagation, cuttings, grafting and ramets, but seeds have dormancy characteristics, with low rooting rate and germination rate, and ramet propagation has the problem of weak reproductive ability, cuttings and grafting are greatly affected by the environmental season, the reproduction scale is small and the speed is slow, and it is difficult to mass produce, which seriously restricts the large-scale development of the peony industry and cannot meet people’s increasing demand for peony (Wen et al., 2016; Wen et al., 2020). Especially for seed propagation, it takes at least 1-2 years from the formation of seedlings to stable flowering. If the process of primary selection and re-election is carried out, it will take at least 10 years to launch a new variety (Cheng and Du, 2008). In addition, in the process of cross-breeding, the development of seed embryos is incomplete or even stopped, which seriously hinders the breeding process. The germination of seed embryos is of great significance for embryo rescue to overcome the incompatibility problem of distant crosses (Gu et al., 2010). Therefore, in order to meet the market demand and speed up the process of peony breeding, embryo rescue technology has been widely used in breeding work (He, 2006; Silva et al., 2012). Previous studies have shown that through the cultivation of immature embryos, the hybrid embryos that have been aborted by distant hybridization of plants can be successfully rescued, thus creating the application of embryo culture technology in distant hybridization breeding, at the same time, the regeneration of seedlings by culturing zygotic embryos has the characteristics of small variation, short cycle and simple operation (Wang et al, 2002; Raghavan, 2003; Gregory, 2004).

As an important parent of peony breeding, “Fengdanbai” has the characteristics of abundant pollen grains, high seed setting rate, fast growth rate and strong stress resistance. Therefore, it is of great significance to study the germination and callus induction, proliferation and differentiation of seed embryos of Fengdanbai at different developmental stages for embryo rescue (Ren et al., 2020). The research on the rescue of peony seed embryos mainly includes the in vitro culture research of peony seed embryos. Previous studies have shown that light conditions, explant disinfection time, hormone concentration ratio, basic medium, and seed embryo maturity are important for the in vitro culture of peony seed embryos (Chang et al., 2019; Lu et al., 2019; Liu et al., 2021), in the selection of seed embryo maturity, the germination rate of young embryos was significantly higher than that of mature embryos (Chang et al., 2019; Lu et al., 2019; Lu et al., 2021), and in the subsequent growth, adding NAA, IAA, 6-BA, GA3, TDZ, PUT and other substances can improve the expansion rate, germination rate and uniformity of seed embryos (He et al., 2019; Wang, 2020; Liu et al., 2021). Compared to other explants, the seed embryo has the best physiological state, higher regeneration potential and the lowest contamination rate after inoculation, which is an ideal material for inducing callus of peony (Lu et al., 2019). Studies on the induction of callus in peony seed embryos have shown that the suitable hormones for callus induction are NAA, 2-4D and 6-BA (Xu et al., 2017; Wang, 2020; Liu et al., 2022), in which immature embryos are the most suitable material for callus induction (Yin et al., 2013; Liu et al., 2022), it is easier to obtain high-quality callus by completely breaking the cut immature embryo slices in the cutting method (Liu et al., 2022). The study of callus proliferation process showed that the pre-culture time, light quality, pH value, agar concentration, sucrose concentration and subculture period of explants all had certain effects on the proliferation of callus (Chen, 2013; Cheng et al., 2019; Wang et al., 2020), and GA3, NAA, and hydrolyzed casein (CH) were beneficial to promote the proliferation of callus and inhibit its browning (Zhang and Tang, 2015; Cheng et al., 2019; Wang et al., 2020). Due to the immaturity of the callus differentiation system of peony seed embryos, there are few relevant research reports, which is also an important reason for restricting the establishment of peony regeneration system. The differentiation ability of tissue is related to plant material, medium, type and concentration of plant growth regulators, etc. Among them, 2,4-D is not conducive to the differentiation of ‘Fengdanbai’ peony embryo callus adventitious buds (Lu et al., 2021), while H2O2, TDZ, 2,4-D, 6-BA, KT, ZT and other substances can promote the differentiation of callus (He et al., 2015; Zhang and Tang, 2015; Lu et al., 2019; Wang et al., 2020). In the research on the mechanism of callus differentiation, predecessors mainly focused on the physiological and biochemical changes of callus differentiation, for example, Wang et al. (2010) found that the expression of acidic proteins changed significantly during rooting induction; the content of paeonol and the activities of POD, SOD, CAT and other substances changed significantly during the growth of callus (Ji, 2019). Although the current molecular mechanism of callus differentiation has been reported in other plants (Zhang and Deng, 2018; Xu et al., 2021), there are few related studies in peony, Zhang et al. (2022) used methylation-sensitive amplified polymorphism (MSAP) technology to compare the DNA methylation of non-embryonic and embryogenic callus, unrooted and rooted tissue culture seedlings of “Fengdanbai”, it was speculated that the embryogenic callus of “Fengdanbai” was less differentiated, which may be related to the formation of hypermethylation. Jie et al. (2020) determined the key genes involved in callus browning by sequencing the transcriptome of the petiole callus of peony “Kao”. However, the different morphological differences of peony embryogenic callus affect the late differentiation potential and its molecular mechanism has not been reported yet. In this study, the seeds of “Fengdanbai” at different developmental stages were used as materials to study the effects of different concentrations and different combinations of plant growth regulators and developmental stages on callus induction, and screened out the optimal medium and optimal development period in the selected concentration. At the same time, the callus with different external morphological differences with different differentiation rates in the later stage was subjected to transcriptome sequencing, in order to lay a theoretical foundation for improving the quality of peony callus and promoting callus differentiation, and to provide a theoretical basis for exploring the molecular mechanism of callus differentiation on the basis of establishing the regeneration system of peony.



2 Materials and methods


2.1 Experimental materials

The seeds of the peony ‘Fengdanbai’ at different developmental stages were used as materials, and the plants were planted in the Peony Base of Zhejiang Agriculture and Forestry University. The seeds of ‘Fengdanbai’ at different developmental stages (70d, 80d, 90d, 100d, 110d) after flowering (Figure 1) were peeled from the husk and put into a beaker, washed with detergent, and rinsed with running water for 2 hours. Transfer to the ultra-clean workbench, soak in 2% NaClO solution for 20min, rinse with sterile water for 3-5 times, rinsed for 10 seconds each time, then disinfect with 75% alcohol for 8-10s, rinse with sterile water for 3-5 times, and then placed on sterile filter paper to absorb water, peel off the seed embryo with a scalpel and tweezers, and inoculate it on corresponding medium for culture.




Figure 1 | The seeds of “Fengdanbai” at different developmental stages after flowering.





2.2 The effect of different developmental stages on embryo germination

In vitro embryos (the embryos are stripped from seeds at different stages of development) of “Fengdanbai” at different developmental stages were used as explants, inoculated on MS medium (Murashige and Skoog, 1962), cultured in the dark for 30 days, and the germination rates of “Fengdanbai” in vitro embryos at different developmental stages after flowering were counted to analyze the effect of different developmental stages after flowering on the germination of in vitro embryos. Germination rate of in vitro embryos = number of germinated in vitro embryos/total number of inoculations × 100%.



2.3 Effects of explants at different developmental stages on callus induction

The cotyledons (cut off and chop the cotyledons that germinate from the in vivo embryos) excised from the 70d, 80d, 90d, 100d, and 110d embryos of “Fengdanbai” were used as explants and inoculated into MS+NAA 0.1 mg·L–1+TDZ 0.3 mg·L–1 medium to analyze the effect of embryonic explants at different developmental stages after flowering on callus induction, and screened out the most suitable developmental period for callus induction. Induction rate = the number of callus induced/the number of inoculation × 100%; Proliferation multiples of callus = total mass of callus generated/total mass of callus at transfer.



2.4 Screening of the most suitable callus induction medium

The cotyledons excised after germination of 80-day embryo of “Fengdanbai” were inoculated on the callus-induced MS medium with different concentrations of NAA (0.1, 0.3, 0.5 mg·L–1), TDZ (0.1, 0.2, 0.3 mg·L–1) and 3.0 mg·L–12,4-D respectively to analyze the effects of different concentrations and combinations of plant growth regulators on callus induction, and screen out the most suitable callus-induced culture medium.



2.5 Culture conditions

All media were supplemented with 30 g·L–1 sucrose, 7.0 g·L–1 agar, 3.0 g·L–1 activated carbon, pH 5.7-5.8. The culture temperature was 23 ± 3°C, the light intensity was 35-40μmol·m-2s-1, and the relative humidity was 40%-70%.In the callus induction stage, the cells were cultured in dark for 15 days and then transferred to light conditions, the light time is 8 h·d-1, and the light time of seed embryo germination stage is 10 h·d-1. Each of the above treatments was repeated 3 times with 10 vials of 4 explants per vial.



2.6 Transcriptome sequencing of callus with different differentiation potential

The callus with different morphological characteristics were chopped, immediately placed in liquid nitrogen and then stored in a -80°C ultra-low temperature refrigerator for future use. Three bottles of callus with two different morphological characteristics were selected as biological replicates, respectively, the callus in each bottle (3-4) was mixed.


2.6.1 RNA extraction, cDNA library construction and sequencing

Total RNA was extracted using Trizol reagent kit (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s protocol. Then mRNA was enriched by Oligo(dT) beads, the enriched mRNA was fragmented into short fragments using fragmentation buffer and reverse transcribed into cDNA with random primers (NEB#7530 Kit, New England Biolabs). Second-strand cDNA was synthesized by DNA polymerase I, RNase H, dNTP and buffer. Then the cDNA fragments were purified with QiaQuick PCR extraction kit (Qiagen, Venlo, The Netherlands), end-repaired, added a base, and ligated to Illumina sequencing adapters. The ligation products were selected by agarose gel electrophoresis, PCR amplified, and sequenced using Illumina novaseq 6000 by Gene Denovo Biotechnology Co. (Guangzhou, China).



2.6.2 Denovo assembly, unigene expression analysis and annotation

Reads obtained from the sequencing machines were further filtered by fastp (Chen et al., 2018) (version 0.18.0) to get high-quality clean reads. The parameters were removing reads containing adapters, more than 10% of unknown nucleotides (N) and more than 50% of low quality (Q-value ≤ 20) bases. Transcriptome denovo assembly was carried out with short reads assembling program-Trinity (Grabherr et al., 2011). The unigene expression was calculated and normalized to RPKM (Reads Per kb per Million reads) (Mortazavi et al., 2008). The formula is RPKM=(1000000*C)/(N*L/1000).C is the number of reads that are uniquely mapped to Unigene. N is the total number of reads that are uniquely mapped to all unigenes. L is the length (base number) of Unigene.

Then used BLASTx program (http://www.ncbi.nlm.nih.gov/BLAST/) with an E-value threshold of 1e-5 to NCBI non-redundant protein (Nr) database (http://www.ncbi.nlm.nih.gov), the Swiss-Prot protein database (http://www.expasy.ch/sprot), the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (http://www.genome.jp/kegg), and the COG/KOG database (http://www.ncbi.nlm.nih.gov/COG). Protein functional annotations could then be obtained according to the best alignment results.



2.6.3 Analysis of differentially expressed genes

RNAs differential expression analysis was performed by edgeR (Smyth, 2010). The genes with the parameter of false discovery rate (FDR)0.05 and absolute fold change≥2 were considered differentially expressed genes.

All DEGs were mapped to GO terms in the Gene Ontology database (http://www.geneontology.org/), gene numbers were calculated for every term, significantly enriched GO terms in DEGs comparing to the genome background were defined by hypergeometric test. The calculating formula of P-value is:

	

Here N is the number of all genes with GO annotation; n is the number of DEGs in N; M is the number of all genes that are annotated to the certain GO terms; m is the number of DEGs in M.

Comparing with the whole genome background, use Pathway enrichment analysis identified significantly enriched metabolic pathways or signal transduction pathways in DEGs. The calculating formula is the same as that in GO analysis.



2.6.4 real-time quantitative PCR verification

Ten DEGs were randomly selected for real-time quantitative PCR (qRT-PCR), the selected DEGs names and primer information are shown in Table 1, refer to the specific method (Chen et al., 2022b).


Table 1 | qRT-PCR Primer information.







3 Result


3.1 Effects of different developmental stages and IAA concentrations on the germination of seed embryos after flowering

The results showed that the isolated embryos of different developmental stages could germinate on MS medium, but the germination rate varied greatly. The germination rate of young embryos at 70d was low, basically below 65%. With the continuous maturation of seed embryos, the germination rate of seed embryos gradually increased. In different developmental stages after flowering, except for 70d embryos, 80d, 90d, 100d, and 110d embryos had higher germination rates, all reaching more than 80%. Among them, 90d embryos had the highest germination rate, reaching 94.17% (Table 2).


Table 2 | Peony embryo germination at different developmental stages.





3.2 Effects of different developmental stages on callus induction after flowering

It can be seen from Table 3 that different developmental stages after flowering had a certain influence on the induction of callus from embryo cotyledons of “Fengdanbai”. Among them, the induction rate of 70d and 80d embryos was 100%. There was no significant difference in the induction rate of 70d, 80d and 90d embryos. The callus induction rate of 90d, 100d and 110d embryos gradually decreased, indicating that the seeds were in different developmental stages, the older the seedling age, the lower the callus induction rate. Cotyledon callus proliferation multiples of 80d and 90d were higher, reaching 5.31 and 4.77, respectively. At the same time, the cotyledons of seed embryos at different developmental stages were used as explants, and there were also great differences in their induction capacity. It is easier to induce callus from young embryos cultivated under the same conditions, and the time is also shorter. In the later growth process, the growth vigor and Proliferation multiples were better than those of mature seed embryos (Figure 2).


Table 3 | Effects of different developmental stages on callus induction.






Figure 2 | Induction of embryonic callus at different developmental stages.





3.3 Effects of different plant growth regulators on callus induction of cotyledons in 80d developmental stage

The 80d embryo-induced shoots were selected as explants, and the optimum medium for inducing callus was screened. It can be seen from Table 4 that different concentrations of NAA and TDZ have significant differences in the induction of callus from embryo cotyledons of “Fengdanbai”. Among them, the induction rates of treatments 2, 3, 4, 5, 8, and 9 were significantly higher than those of other treatment groups, but there was no significant difference between these groups. The callus proliferation multiple of treatment 3 was the highest, which was 4.77, and there was a significant difference compared with other treatment groups. Considering the induction rate and multiplication factor, the optimal MS medium for inducing callus is 0.1 mg·L–1 NAA+0.3 mg·L–1 TDZ+3 mg·L–1 2,4-D, and the induction rate can reach 98.81%; (Figure 3).


Table 4 | Effects of different plant growth regulators on callus induction of cotyledons in 80d developmental stage.






Figure 3 | Growth of callus induced by cotyledons germinated from 80-day embryos in vitro on different media.





3.4 Analysis of morphological characteristics of different types of callus

In our experiment, two different types of callus were obtained by culturing under the same conditions (Figure 4). It can be seen from the figure that the callus of the peony seed embryo differentiated into two different colors of yellow-green and green, the yellow-green callus has a hard texture and a firm and smooth surface, as if it is wrapped by a layer of fine white material, which is relatively dry and has low moisture content (Figures 4A, C); The green callus is soft, crystal clear and translucent, with many small particles differentiated on the surface, the whole callus is dense and moist with high water content (Figures 4B, D). The differentiation potentials of these two types callus was significantly different, and the differentiation rate of green callus was significantly higher than that of yellow-green callus.




Figure 4 | Morphology of callus with different differentiation potential. (A, C) The callus with low differentiation rate (LDR); (B, D) The callus with high differentiation rate (HDR).





3.5 Quality control and statistics of transcriptome data of different morphological callus

The transcriptome data of different morphological callus were filtered for low-quality data, and the base quality was statistically analyzed (Table 5). After the reference samples were filtered, the Q20 quality of each sample was stable above 96%, the Q30 quality value was above 91%, and the GC content was stable above 44%, and the base quality was consistent with the subsequent analysis.


Table 5 | Base quality statistics.



Take the expression levels in any two samples, calculate the Pearson correlation coefficients between each two samples, and then visually display the correlation between any two samples in the form of a heat map. As shown in the Figure 5A, the Pearson correlation coefficients between all samples are greater than 0.85, indicating that the repeatability between repeated samples within a group is good. In addition, Figure 5B shows the Venn diagram of the annotation results of all assembled Unigenes in the four major databases of Nr, SwissProt, KOG.




Figure 5 | (A) Heatmap of Pearson correlation coefficients between replicates; (B) Venn diagram of the number of Unigenes annotated to the four major databases.





3.6 Analysis of differentially expressed genes in different morphological callus

The volcano plot comparing significantly differentially expressed genes between groups is used to visually display the difference genes between LDR and HDR. As shown in Figure 6, red (up-regulated) and blue (down-regulated) points indicate differences in gene expression, and black points indicate no difference, the closer the genes are to the two ends, the greater the degree of difference, among them, 1767 genes were significantly up-regulated and 1703 genes were significantly down-regulated between LDR and HDR groups.




Figure 6 | LDR vs HDR differentially expressed gene volcano plot The abscissa represents the logarithm of the difference between the two groups, and the ordinate represents the negative Log10 value of the FDR of the difference between the two groups. Blue dots indicate genes with down-regulated expression and red dots indicate genes with up-regulated expression.





3.7 GO enrichment analysis of differentially expressed genes in different morphological callus

GO has a total of three ontologies, which describe the molecular function, fine cellular component, and biological process of genes respectively. Through the GO enrichment analysis of the differentially expressed genes in different morphological callus (Figure 7), the biological process GO analysis of these differentially expressed genes is mainly enriched in cutin biosynthetic process, suberin biosynthetic process, phenylpropanoid biosynthetic process, phenylpropanoid metabolic process, secondary metabolic process, etc., cell components are mainly enriched in viral capsid, extracellular region, virion part, virion, intrinsic component of plasma membrane, etc., and molecular functions are mainly enriched in heme binding, tetrapyrrole binding, iron ion binding, glycerol-3-phosphate 2-O-acyltransferase activity, peptide: proton symporter activity, etc.




Figure 7 | The bubble plot GO enrichment difference and top 20 items of GO enrichment of differentially expressed genes The ordinate is -log10 (Q value), the abscissa is the z-score value (the ratio of the difference between the number of up-regulated differential genes and the number of down-regulated differential genes to the total differential genes); the yellow line represents the threshold of Q value=0.05; On the right is a list of the top 20 GO terms with a Q value; different bubble colors and GO term colors in the figure represent different ontologies.





3.8 KEGG enrichment analysis of differentially expressed genes in different morphological callus

KEGG enrichment pathway analysis was performed on the differentially expressed genes of callus with different morphological characteristics, as shown in Figure 8. The top 20 pathways with the smallest Q value were used to map, the darker the color, the smaller the Q value. The results showed that the differentially expressed genes in callus with high differentiation rate and low differentiation rate were mainly enriched in Phenylpropanoid biosynthesis; Cutin, suberine and wax biosynthesis; Monoterpenoid biosynthesis; Glycerolipid metabolism; Biosynthesis of secondary metabolites, etc.




Figure 8 | The bar chart of the top 20 KEGG enrichment pathways of differentially expressed genes The ordinate is the pathway, the abscissa is the percentage of the number of the pathway to the number of all differential genes, and the values on the column are the number of the pathway and the Q value.





3.9 Transcriptome data validation

Ten differentially expressed genes were randomly selected for qRT-PCR to verify the accuracy of RNA-seq results. The results showed that the relative expression trends of these genes were consistent with the gene expression trends of transcriptome sequencing (Figure 9), indicating that the transcriptome sequencing data were credible.




Figure 9 | Transcriptome RPKM values and q-PCR relative expression values of differentially expressed genes. The abscissa represents the gene name; the ordinate represents the gene expression value.






4 Discussion and conclusion

The induction and differentiation of peony callus is a crucial step in the establishment of the peony regeneration system. The type of explant, physiological state, and inoculation method have certain influence on the establishment of the regeneration system (Xu et al., 2017). There have been a lot of studies on explant selection, such as petal (Chen et al., 2022a), scale bud (Wang, 2016; Wang et al., 2018), stem segment (Zhu et al., 2015), anther (Liu et al., 2011), seed embryo (Zhang et al., 2011; Zhang et al., 2018) can be used as explants, among which the seed embryo has the highest viability and low contamination rate, which is an ideal material for inducing callus of peony (Lu et al., 2019), which is consistent with the results of this study. Nevertheless, peony seeds have typical epcotyl and hypocotyl dormancy characteristics (Cheng and Du, 2008), and seeds at different developmental stages can seriously affect the growth of in vitro embryos (He, 2006). Therefore, it is more feasible to select in vitro embryos from seeds of different developmental stages for culture, and chop the cotyledons of germinated in vitro embryos as explants to induce callus, which is further verified by the results of this study. According to the results of this study, the seed embryos of 80 d and 90 d have the best effect, the germination rate can be increased by more than 85%, and the callus induction rate can reach more than 98%, but the multiplication rate of the seed embryo of 80 d is higher. This is basically consistent with the results of previous studies (Yin et al., 2013; Yin et al., 2019; Lu et al., 2021), and is better than the results of Chen et al. (Chen et al., 2021) Using “Fengdanbai” mature embryos to directly induce callus, the highest induction rate is only 70.61%, and in our experimental results, the germination rate and callus induction rate of mature embryos were significantly lower than those of immature embryos in other periods, except for immature embryos whose germination rate was higher than 70 days. It is worth mentioning that although the germination rate and induction rate of mature embryos are not dominant compared to young embryos, the growth of embryos after germination is better, which may be due to the relatively sufficient nutrients accumulated in the mature embryos, resulting in large differences in the growth conditions at the early stage of germination, the specific reasons still need to be further explored. Overall, the 80-day seed embryo and its germinated cotyledons can be used as the best explants for callus induction of “Fengdanbai” peony. In addition, we also optimized the best medium for callus induction and proliferation using 80d seed embryos. Studies have shown that the induction of callus can be effectively achieved only when cytokinin and auxin are combined in a certain proportion (Wang et al., 2020). In this study, in addition to the common plant growth regulators NAA and 2,4-D, medium ratios of different concentrations of TDZ were also added. TDZ is a synthetic plant growth regulator with dual functions of cytokinin and auxin. It is more stable in plants and has higher activity than BA (Guo et al., 2005). The results showed that high concentration of TDZ combined with low concentration of NAA or high concentration of NAA could achieve better induction effect, but high concentration of TDZ combined with low concentration of NAA combined with induced callus had better multiplication multiples, which is consistent with the previous study that adding high concentrations of auxins and cytokinin plant growth regulators can significantly improve the callus induction rate of ‘Fengdanbai’ (Chen et al., 2021). So it is considered that the optimal medium combination is MS+0.1 mg·L–1NAA+0.3 mg·L–1TDZ+3 mg·L–12,4-D.

The structural characteristics of callus can significantly affect its differentiation (Du et al., 2020). In our previous study, we take the peony petals as explants for callus induction, observed with different bud differentiation rate of callus morphology and ultrastructure, and found that there were great differences in their morphology and surface structure, selection of callus with closely arranged protrusions on the surface can improve the differentiation efficiency of callus (Chen et al., 2022a), the results were consistent with this study, which further demonstrated that the structure and morphology of callus could be used as a basis for screening the differentiation potential of callus. In the study of the molecular mechanism of callus differentiation, we conducted a transcriptomic comparative analysis of callus with different differentiation potentials, and the results showed that there were 3470 gene differences in callus with high differentiation rate and low differentiation rate, these genes may be the key genes responsible for the differences in their differentiation rates. GO and KEGG enrichment analysis was performed on these differentially expressed genes, and similar results were obtained. The KEGG metabolic pathway enrichment analysis showed that these differentially expressed genes were mainly enriched in the “Phenylpropanoid biosynthesis” metabolic pathway, which had a total of 27 genes were differentially expressed, of which 6 were up-regulated and 21 were down-regulated, including PAL, PER, CCR, 4CL, HOMT and other related genes. Studies have shown that the PAL gene is up-regulated in browned ginkgo callus, resulting in the increase of secondary metabolites and the accumulation of phenolic substances, which may lead to the browning of the callus (Solecka and Kacperska, 2003; Xu et al., 2021), and the up-regulation of CCR gene can increase the metabolism of phenolic acids such as coumaric acid and caffeic acid, which will lead to the accumulation of aldehydes and browning of callus (Xu et al., 2021). In this study, most of the genes in the “Phenylpropanoid biosynthesis” metabolic pathway were significantly down-regulated in callus with high differentiation rate compared with callus with low differentiation rate, including the above-mentioned PAL (Unigene0070017) and CCR2 (Unigene0003759) genes, indicating that the callus with low differentiation rate may be due to the up-regulated expression of some genes in the phenylpropane metabolic pathway leading to its browning, which in turn affects its further differentiation, which is consistent with the phenomenon we observed in subsequent experiments, callus with low differentiation rate gradually browned seriously in further differentiation culture. We also found that two peroxidase genes were significantly down-regulated in callus with high differentiation rate relative to callus with low differentiation rate in this pathway, namely Unigene0015233 (PER62) and Unigene0015235 (poxN1). Yang et al. (2018) compared the properties of peroxidase isozymes in the callus of salt-tolerant mutants of alfalfa and ordinary callus at two growth stages and found that the type and content of peroxidase in salt-tolerant alfalfa mutant were reduced compared with that of wild type, indicating that it was related to plant stress resistance, which to a certain extent can help callus to improve the ability to resist microbial infection to quickly adapt to the environment of the differentiation medium. In addition, the second enrichment pathway of these differentially expressed genes is “cutin, suberin, and wax biosynthesis”. Cutin and lignin formed by this metabolic pathway can effectively limit plant water loss and improve mechanical strength to resist microorganisms, which may be one of the reasons why the callus with high differentiation rate looks wetter as a whole.
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Transcriptome analysis identifies key gene LiMYB305 involved in monoterpene biosynthesis in Lilium ‘Siberia’
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Lilium is a popular cut flower that is highly favored by consumers due to its snowy white color and strong fragrance, which originates from the release of monoterpenes. However, the underlying molecular mechanism of monoterpene synthesis remains poorly understood. In this study, the content of three main monoterpenes (linalool, ocimene, and myrcene) was examined in Lilium ‘Siberia’, and RNA sequencing of the 11 stages of flower development was conducted. The biosynthesis of the three monoterpenes increased with flower development, reaching their peak levels at the full flowering stage. Transcriptome data revealed 257,140 unigenes, with an average size of 794 bp, from which 43,934 differentially expressed genes were identified and enriched in the KEGG pathways partly involved in plant hormone signal transduction and monoterpenoid biosynthesis. Furthermore, the essential factor LiMYB305 was identified by WGCNA after the release of the flower fragrance. The transient silencing of LiMYB305 in petals using VIGS technology showed that the mRNA expression levels of LiLiS, LiOcS, and LiMyS were significantly downregulated and that the release of linalool, ocimene, and myrcene had decreased significantly. Y1H, LUC, and EMSA experiments revealed that LiMYB305 directly bound and activated the LiOcS promoter to increase the synthesis of monoterpenes. Taken together, these results provide insight into the molecular mechanism of monoterpene synthesis and provide valuable information to investigate the formation of the flower fragrance in Lilium.
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Introduction

Plants emit a series of volatile organic compounds (VOCs) to protect against pathogens, parasites, and herbivores, as well as to attract pollinators to facilitate successful pollination (Kessler and Baldwin, 2001; Dudareva et al., 2013). The floral fragrance is typically composed of a series of VOCs, including terpenoids, phenylpropanoids/benzenoids, and fatty acids and their derivatives, which are involved in plant-plant or plant-other interactions. To date, 1,700 floral VOCs have been identified in 1,000 seed plants (Knudsen et al., 2006). Among them, terpenes occupy a pivotal position.

Lilium is a well-known bulb flower with very high ornamental and commercial value worldwide. As an important horticultural crop, Lilium is not only widely used in gardens, but also comprises an indispensable proportion of the world’s fresh-cut flower market, due to its elegant color, beautiful shape, and unique fragrance. The fragrance of Lilium is an essential factor affecting its ornamental and commercial value. Although Lilium has a long history of breeding and many varieties have been cultivated (Abbas et al., 2019), its fragrance was ignored for a long time. However, the fragrance and its biosynthesis have attracted significant attention in Lilium more recently. Large differences in flower fragrance have been reported among Lilium species and cultivars (Zhang et al., 2013; Du et al., 2019), and both unscented and scented types exist, which serve as an extremely important genetic resource (Hu et al., 2017). In this study, we revealed that monoterpenes are the key aromatic compounds in Lilium. The release of monoterpenes accounts for more than 80% of the total fragrance released by scented Lilium, which is almost undetectable in unscented Lilium (Zhang et al., 2013). Moreover, among the monoterpenes, linalool, ocimene, and myrcene are the predominant components in scented Lilium (Hu et al., 2017; Du et al., 2019). Thus, understanding the regulatory mechanisms of monoterpene biosynthesis is crucial for breeding flower fragrance to improve the ornamental and commercial value of Lilium.

Terpenes are synthesized through the 2-C-methyl-D-erythritol-4-phosphate (MEP) pathway, which contributes to the production of monoterpenes in the plastid, and by the mevalonate (MVA) pathway, which intervenes in the synthesis of sesquiterpenes or triterpenes in the cytoplasm (Tholl et al., 2005). As genes encoding upstream enzymes in the MEP pathway, LiDXS and LiDXR have been cloned from Lilium, and their expression levels are consistent with the amounts of monoterpenes released (Hu et al., 2017; Zhang et al., 2018). Flowers of LiDXR transgenic tobacco lines have high monoterpene content (Zhang et al., 2018). In addition, TPSs, as the end-stage enzymes in the MEP and MVA pathways, directly participate in the synthesis of terpenes. We have reported that TPS mRNA levels change to coincide with monoterpene release, and their mRNA levels are higher in scented Lilium than in unscented Lilium (Hu et al., 2017). More than that, LoTPS1 and LoTPS3 promote the production of monoterpenes (Abbas et al., 2019) and are regulated by hexokinase (LoHXK) and fructokinase (LoFRK) (Abbas et al., 2021a). Although some genes in the monoterpene biosynthesis pathway in Lilium have been identified, the regulatory mechanisms are largely unknown.

Transcriptional regulation plays an important role in terpene synthesis. In the model plant Arabidopsis thaliana, the release of sesquiterpene is inhibited by the myb21 mutation (Reeves et al., 2012), and AtMYC2 regulates the expression of AtTPS11 and AtTPS21 (Hong et al., 2012). A recent study talked about that MYB21 interacted with MYC2 to regulate the expression of TPSs, further affecting the production and the release of terpenes in F. hybrida and A. thaliana (Yang et al., 2020). Ding et al. (2020) reported the potential roles of OfWRKYs, which contain plant zinc cluster domains, in regulating the synthesis of aromatic compounds in sweet Osmanthus fragrans. Abbas et al. (2021b) determined that the HcMYB affected the regulatory mechanism of terpenoid biosynthesis in Hedychium coronarium. Thus, transcription factors (TFs) may be involved in terpene synthesis in Lilium (Hu et al., 2017; Shi et al., 2018). Nevertheless, the transcriptional regulation of genes involved in monoterpene synthesis in Lilium is largely unknown.

A lack of Lilium genomic information has limited research on the molecular mechanism of flower fragrance production. RNA-seq has allowed for investigations of the mechanism of flower fragrance production in non-model plants without a genome. Lilium ‘Siberia’, a hybrid of the oriental lily with a strong fragrance, was used in this study. To obtain insight into the transcriptional regulation of the monoterpene biosynthetic pathway, 11 flowering stages were studied to identify the three main monoterpenes, and RNA-seq was performed. Based on this information, candidate genes were identified by weighted correlation network analysis (WGCNA), and their functions were verified by virus-induced gene silencing (VIGS). Our results offer a valuable resource for understanding the regulatory mechanism of Lilium monoterpene synthesis, thereby providing the basis for fragrance genetic engineering to improve the ornamental and commercial value of Lilium.



Results


Transcriptome analysis of petals during development

To analyze the dynamic changes of ‘Siberia’ fragrance synthesis, blooming ‘Siberia’ was divided into 11 periods (Figure 1), and three main monoterpenes were identified. The trend in the release of the three main monoterpenes was similar to that reported by Hu et al. (2017), reaching its peak during the blooming period and then declining. The highest monoterpene release rate was 280 μg·h-1 of linalool, which was 1.25- and 2.37-fold higher than that of ocimene and myrcene, respectively. Linalool was detected when the flower buds were young (S0), and the amount released increased gradually during flower development. However, a trace of myrcene was detected when development reached S7 (Figure 1).




Figure 1 | The relative release amounts of volatile components from Lilium ‘Siberia’. S0-S5: 5–10 cm; S6: the bud color changing to white; S7: tepals splitting slightly; S8: tepals semi-opening; S9: tepals fully opened; S10: petals decaying.



To further explore the molecular mechanisms of fragrance production in Lilium ‘Siberia’, cDNA libraries of the 11 developmental periods were prepared for transcriptomic analysis (SRA: SRP352614). After removing the low-quality reads, 480.82 Gb of clean data were obtained (Supplementary Table 1). Based on the high-quality reads, the Q30 values of the sequences were > 91.67%, and GC content was 42.88% (Supplementary Table 2), indicating that the reads could be used for further analysis. Additional information on the transcriptome data is shown in Supplementary Tables 1, 2. After trimming and assembly, 257,140 unigenes were generated, with an average length of 794 bp (Supplementary Table 2). Of these, 147,039 (57%) unigenes were shorter than 500 bp, 103,999 (41%) were 500-3,000 bp, and 6,102 were longer than 3,500 bp (Supplementary Figure 1A).

As shown in Supplementary Figure 1B, 72,897 unigenes were annotated in six protein databases, including the NCBI Non-Redundant (NR, 67,899 unigenes, 26.41%), Swiss-Prot (41,700, 16.22%), Pfam (32,107, 12.49%), Cluster of Orthologous Groups (COG, 8,937, 3.48%), Gene Ontology (GO, 47,469, 18.46%), and Kyoto Encyclopedia of Genes and Genomes (KEGG, 26,412, 10.27%) databases (Supplementary Figure 1B). Approximately 71.65% of the unigenes were not annotated, indicating that a large number of new genes remain to be mined. A large number of unigenes in Lilium ‘Siberia’ had a high ratio of matched sequences in other plant species. The highest ratio of unigenes was homologous to those of Asparagus officinalis (7,267, 10.70%), followed by Elaeis guineensis (6,454, 9.51%), and Phoenix dactylifera (5,033, 7.41%) (Supplementary Figure 1C). The COG classifications of the annotated unigenes were determined to assess the effectiveness of the annotation process, and the cluster for “translation, ribosomal structure, and biogenesis” comprised the largest group, followed by “general functional prediction only” and “post-translational modifications, protein turnover, and chaperones” (Supplementary Figure 2A). GO classifications were determined to categorize the predicted unigenes in the three main categories of biological processes, cellular components, and molecular functions (Supplementary Figure 2B).



Comparison of the differentially expressed genes (DEGs) from different developmental stages

We compared adjacent stages to identify DEGs during flower development. A total of 43,934 DEGs were identified with FDR < 0.05 and |log2(fold-change)| ≥ 1 (Supplementary Figure 3). Of these genes, the S9/S10 DEGs were the most abundant (11,033 upregulated and 15,989 downregulated), followed by S7/S8 (7,160 upregulated and 3,989 downregulated) and S8/S9 (5,797 upregulated and 2,135 downregulated) (Supplementary Figure 3).

Further analysis of these DEGs using the KEGG annotations provided extra information on the enriched biological pathways, including “plant hormone signal transduction”, “phenylpropanoid biosynthesis”, “diterpenoid biosynthesis”, “carotenoid biosynthesis”, “flavonoid biosynthesis”, “fatty acid elongation”, “monoterpenoid biosynthesis”, and “terpenoid backbone biosynthesis” (Supplementary Table 2; Supplementary Figure 4). These biological processes are all closely related to the biosynthesis of VOCs. A total of 17 unigenes in the ‘Siberia’ transcriptome were identified in the MEP pathway based on functional annotations, most of which had similar expression patterns to the release of monoterpenoids (Figure 2). For example, the expression pattern of the unigenes TRINITY_66222_c0_g1 and TRINITY_69776_co_g1, predicted linalool synthase (LiLiS) and ocimene synthase (LiOcS), respectively, and was consistent with the monoterpenoid components (Figure 2).




Figure 2 | Expression profiles of the genes encoding enzymes involved in monoterpene biosynthesis. The change in bar color from blue to red indicates an expression change from low to high.





Identification of WGCNA modules related to the production of flower fragrance

A total of 1,224 TFs were recognized in 34 families, among which the MYB (182), AP2/ERF (115), bHLH (81), NAC (75), and C3H (72) families were ranked in the top five (Supplementary Figure 5; Supplementary Table 3).

WGCNA was used to construct a potential regulatory network of TFs controlling the release of the three monoterpenes during flower development. All TFs were included in this analysis, and five distinct modules were established, which were labeled blue, brown, grey, turquoise, and yellow, respectively (Figure 3A; Supplementary Table 4). The MEyellow module (53 genes) had the highest correlations with ocimene, linalool, and myrcene, with correlation coefficients of 0.769, 0749, and 0.711, respectively (Figure 3B). As shown in Figure 3C, 53 TFs were identified, including members of the MYB, NAC, WRKY, AP2/ERF, bZIP, and LOB families, among which the MYB family received the most attention. Surprisingly, the unigene sequence (TRINITY_DN75833_c12_g1) belonging to the MYB family with the highest expression and the significant differences between developmental stages attracted our attention (Supplementary Table 5). After blasting the sequence against the NCBI database, LiMYB305 was assigned to this sequence, which prompted us to investigate whether it affected monoterpene production.




Figure 3 | All TFs related to the three main fragrance compounds were identified by WGCNA. (A) Dendrogram plot with color annotation. (B) Nodule-monoterpenes weight correlations and corresponding P-values. (C) Heat-map comparison and TF categories in the MEyellow module. The change in the bar color from blue to red indicates a change in expression from low to high.





LiMYB305 cloning, expression, and subcellular localization

The full-length LiMYB305 cDNA sequences were cloned from full blooming petals of ‘Siberia’. The open reading frame (ORF) of LiMYB305 was 555 bp, which encoded a protein of 184 amino acids with a molecular weight of 21.28 kD and a theoretical pI of 5.0. The amino acid analysis revealed that LiMYB305 was an R2R3-MYB type protein comprised of two conserved SANT domains of 15-62 and 68-111 amino acids, respectively (Supplementary Figure 6), and the 3D structure simulation is shown in Supplementary Figure 7. To further confirm that LiMYB305 was in the R2R3-MYB family, a more detailed phylogenetic tree based on multiple protein sequences was generated with LiMYB305 and some well-studied MYB proteins in lilies and other species. This phylogenetic tree demonstrated that LiMYB305 was closely clustered with LhMyb (Figure 4A).




Figure 4 | Characterization of Lilium ‘Siberia’ LiMYB305. (A) Phylogenetic tree of the LiMYB305 protein. LiMYB305 is marked in red. Bootstrap values are shown as a percentage of 1,000 replicates. The purple circle pattern represents the bootstrap, and the larger the circle, the larger the bootstrap. DcMYB305 (XP_020690104.1), PeMYB305 (XP_020572046.1), EgMYB305 (XP_010924268.1), PdEOBII; (XP_008800726.2), R2R3-MYB (AMO43680.1), LhMyb (BAB40790.1), AtMYB24 (AAM63674.1), VvMYB24 (NP_001268062.1), AmMYB305 (P81391.1), NtMYB305 (XP_016506729.1), SIMYB21 (NP_001351943.1), CeMYB305 (XP_027154721.1), CaMYB305-Like (XP_027073189.1), MsMYB (AQR58379.1) FhMYBL1 (QNC43969.1), and FhMYBL2 (QNC43970.1). (B) Subcellular localization of LiMYB305. Green, GFP fluorescence detected in the green channel; Red, chlorophyll fluorescence detected in the red channel; Merged, merged green and red channel images; BF, bright-field image. Bars = 10 μm. (C) Expression profiles of LiMYB305 during the 11 developmental stages. (D) Expression profiles of LiMYB305 in eight tissues.



The pBWA(V)HS-LiMYB305-GLosgfp construct and the empty plasmid, which served as the control, were transiently expressed in protoplasts isolated from A. thaliana and observed under a laser scanning confocal microscope to determine the subcellular localization of LiMYB305 protein. As shown in Figure 4B, the green fluorescence signal of the construct was observed in the nucleus and cytoplasm, while the green fluorescence signal of the empty plasmid was detected throughout the cell. To determine whether LiMYB305 was involved in fragrance production, its expression patterns were evaluated in Lilium ‘Siberia’ at different flowering stages (Figures 4C, D). The quantitative real-time-polymerase chain reaction (qRT-PCR) results indicated an initial increase during S6, a decrease during flower opening, and a slight increase during full flowering (Figure 4C). Moreover, the LiMYB305 expression level in floral tissues was much higher than that in roots, stems, or leaves where there was negligible expression. In addition, the expression level in filaments and petals was significantly higher than that in the ovary, followed by the styles, which were 90, 74, and 35-fold higher than that in the ovary, respectively (Figure 4D).



Functional analysis of LiMYB305 during monoterpene production

To investigate whether LiMYB305 participates in the production of monoterpenes in Lilium ‘Siberia’, the VIGS method was used to reduce its expression in fully opened Lilium flowers. The recombinant vector TRV2-LiMYB305, which contained 200 bp from LiMYB305, was generated. LiMYB305 expression was significantly lower in the LiMYB305-silenced plants than in the TRV control plants (79% decrease in the LiMYB305 transcript, Figure 5A). Consistent with this pattern, the silenced plants also presented significantly lower expression of LiLiS and LiOcS than the TRV control discs, which decreased by 79.5% and 84.5%, respectively (Figure 5B). The gas chromatography-mass spectrometry analysis revealed that silencing LiMYB305 led to significant decreases (94.45%, and 95.97%) in the amounts of linalool and ocimene released, respectively (Figure 5C). Likewise, the decreased expression of LiMYB305 affected the expression of LiMyS and the synthesis of myrcene (Figures 5B, C). As expected, the abundance of the total ion current (TIC) of TRV2-LiMYB305-silenced plants was characteristically sparse, as opposed to control TRV2-infected petals (Figure 5D).




Figure 5 | Effect of silencing LiMYB305 on three main monoterpenoids and gene expression levels. (A) qRT-PCR results of the LiMYB305 mRNA levels in TRV2-LiMYB305 petals compared with control pTRV2 petals. (B) qRT-PCR results of LiLiS, LiOcS, and LiMyS mRNA levels in petals of LiMYB305-silenced plants compared with control plants. (C) Release of the three main monoterpenoids in petals of LiMYB305 silenced plants compared with control plants. (D) Total ion current (TIC) chromatograms of the flower fragrance compounds emitted from Lilium ‘Siberia’. The peaks were myrcene, ocimene, and linalool, respectively. The first column is the TIC of ‘Siberia’ infected with pNC-TRV2 (control), and the second column is the TIC of ‘Siberia’ infected with pNC-TRV2-LiMYB305. *P < 0.05, **P < 0.01. Data are presented as mean ± SD, n = 3.





Regulatory role of LiMYB305 on LiOcS

A cis-element (CAGTTA), which has been confirmed to bind to AtMYB21 in Arabidopsis, was discovered on the LiOcS promoter, between −72 and −78 bp upstream of “ATG” (Supplementary Figure 8). Therefore, yeast-one-hybrid (Y1H) assays were carried out to determine whether LiMYB305 is bound to the LiOcS promoter. As shown in Figure 6A, LiMYB305 directly bound the LiOcS promoter (Figure 6A). To verify the Y1H assays, the LiOcS promoter was isolated and constructed with the firefly LUC reporter (ProLiOcS : LUC) to confirm whether LiMYB305 affected transactivation (Figure 6B). The reporter constructs, along with an effector construct consisting of LiMYB305 driven by the 35S promoter (Pro35S:LiMYB305) and Pro35S:REN as an internal control, were co-infiltrated into N. benthamiana leaves. Live imaging and quantitative analysis demonstrated that co-infiltration of LiMYB305 with ProLiOcS : LUC significantly increased the expression of the LUC reporter, indicating that LiMYB305 may activate the expression of LiOcS (Figure 6C). To confirm these results, the direct binding of LiMYB305 to the cis-element (CAGTTA) was reconstructed by electrophoretic mobility shift assay (EMSA) in vitro. The results show that GST-LiMYB305 specifically recognized the biotin -labeled probe, but the binding activity disappeared when the cis-element was mutated (Figure 6D). Taken together, these results indicate the specific binding of LiMYB305 to the LiOcS promoter.




Figure 6 | Interaction between LiMYB305 and the LiOcS promoter. (A) Analysis of LiMYB305 binding to the LiOcS promoter in the yeast one-hybrid system. The empty prey vector (AD) was used as the negative control. (B) Schematic representation of the constructed dual LUC reporter system. (C) Live imaging (left) and quantitative analysis (right) of transcriptional repression of the LiOcS promoter by LiMYB305. The LUC : LiOcS pro construct was co-infiltrated with SK : LiMYB305 or the SK empty vector in N. benthamiana leaves. Experiments were independently repeated three times. A representative image of an N. benthamiana leaf 3 days after infiltration is shown. Mean ± SD are shown from three replicates (n = 3). (D) EMSA of LiMYB305 binding to the LiOcS promoter. **P < 0.01.






Discussion

Flower fragrance is an important characteristic of Lilium that affects its ornamental and commercial value. Monoterpenes are the most prominent compounds in the floral fragrance of Lilium (Hu et al., 2017). A better understanding of monoterpene biosynthesis and its regulatory mechanism has provided new insight into the genetic engineering of fragrance and monoterpene production while considering the commercial significance of Lilium. In this study, the development of lily petals was divided into 11 periods, and changes in the main monoterpenoids were observed, which enriched the four periods examined by Hu et al. (2017). The levels of monoterpenoids increased to their highest levels at the full flower blooming stage and then decreased during flower decay, consistent with the results of Hu et al. (2017). In addition, the weak release of linalool and ocimene was captured at the young flower bud stage (Figure 1). Emissions of linalool and the production of linalool oxides help Arabidopsis reduce the attractiveness of its flowers and protect against pests (Boachon et al., 2015). A similar hypothesis proposes that monoterpenes have an important defensive role against pests in Pinus armandi (Pham et al., 2014). Therefore, we speculate that the weak release of monoterpenes at the young flower bud stage may be related to protection from insect pests.

To explore the release mechanism of flower fragrance in more detail, transcriptome sequencing was carried out for 11 time periods. A total of 257,140 unigenes were identified, which exceeded the 124,233 unigenes identified by Hu et al. (2017) and the 118,665 unigenes identified by Shi et al. (2018) in ‘Siberia’, providing data to analyze the molecular mechanisms in the absence of a genome background in Lilium. A total of 43,934 DEGs were identified during the 11 periods. By analyzing the different genes in the MEP pathway, the expression trends were the same as those of the release of flower fragrance, which first increased and then decreased. Of these genes, DXS, DXR, and MCS performed the best. Zhang et al. (2018) overexpressed LiDXS and LiDXR in tobacco and showed that they significantly increased the terpenoid content of tobacco plants. Similarly, we found a significant difference in the MEP pathway in LiTPS2 (TRINITY_69776_co_g1), which has been reported to catalyze the production of ocimene and linalool. Ectopic expression of LiTPS2 in transgenic tobacco plants significantly increases the release of monoterpenes compared with wild-type plants (Zhang et al., 2020). The KEGG analysis of all DEGs suggested that “plant hormone signal transduction” and “monoterpenoid biosynthesis” were the main enriched pathways, including pathways that encoded proteins related to the synthesis of jasmonic acid (JA), auxin, gibberellin (GA), and ethylene (Supplementary Table 7). Muhlemann et al. (2014) pointed out that ethylene significantly affected the release of VOCs in Petunia. Furthermore, the ethylene response factor RhERF6 has been identified in Petunia, which competes for binding of the c-myb domains in EOBI with the promoters of genes related to the production of flower fragrance, thereby negatively regulating the synthesis of VOCs in petunia flowers (Liu et al., 2018). In addition, JA, GA, and abscisic acid have been reported to affect the synthesis of VOCs (Kegge et al., 2013; Jasmin et al., 2017; Wu et al., 2018). We observed previously that spraying JA significantly increases the release of monoterpenes from ‘Siberia’ (Wu et al., 2018). The genes enriched in this pathway provide new insight to explore the mechanism of monoterpenoid release from multiple perspectives.

R2R3-MYB, as a potential regulator of the monoterpene pathway, was identified from the TF dataset based on the WGCNA, isolated by PCR, and designated as LiMYB305. LiMYB305 had high homology with LhMyb (BAB40790.1) in the phylogenetic tree, which was related to anthocyanin biosynthesis in Asiatic hybrid lily. MYB305 knockdown reduces the expression of nectaries and flavonoid biosynthetic genes in the floral nectary (Liu et al., 2009). Subsequently, Liu and Thornburg (2012) reported that MYB305 may also function in the tobacco nectary maturation program by controlling the expression of starch metabolic genes. OsMYB305 overexpression inhibits cellulose biosynthesis under low nitrogen conditions, thereby releasing carbohydrates for nitrate uptake and assimilation, and promoting rice growth (Wang et al., 2020). In Lilium longiflorum, LIMYB305 represses LIHSC70 promoter activity under normal conditions, but activates promoter activity under heat stress, suggesting that LIMYB305 may need a high temperature to facilitate thermotolerance (Wu et al., 2021). Subsequently, a phylogenetic tree was constructed using the known amino acid sequence of Arabidopsis R2R3-MYB (Supplementary Figure 9). The results showed that LiMYB305 belongs to subgroup 19 together with AtMYB21, AtMYB24, and AtMYB57 (Dubos et al., 2010). Research on Arabidopsis has shown that these three MYBs are involved in stamen development through the JA signaling pathway, but they have functional redundancy (Cheng et al., 2009; Song et al., 2011; Qi et al., 2015). The atmyb24 and atmyb57 genes result in no apparent phenotype in wild-type plants, but atmyb21 causes infertility. A significant decline in fertility is observed in double and triple mutants, and the triple mutation is more serious and causes defects in pollen maturation, anther dehiscence, and filament elongation (Cheng et al., 2009; Song et al., 2011). AtMYB21/24 has been demonstrated to directly regulate the expression of terpene synthase genes, and the effect on linalool has been confirmed (Yang et al., 2020). Snapdragon AmMYB24 interacts with AmCRY1 to activate AmOCS by binding to the MYBCOREATCYCB1 motif, thereby increasing the synthesis of ocimene (Han et al., 2022). Therefore, we speculated that LiMYB305 directly binds and regulates terpene synthase.

In this study, LiMYB305 had a potential regulatory role in terpene synthesis, presenting its multi-functionality. As Lilium is a bulb flower that is not suitable for stable transformation, VIGS silencing in ‘Siberia’ was utilized to investigate the function of LiMYB305 in regulating monoterpene biosynthesis. The results of monoterpene release and gene expression revealed that LiMYB305 was a monoterpene-related regulator. Subsequently, the LiOcS promoter was cloned successfully and further analysis showed that there was a MYBCORE cis-element, which has been confirmed to be specifically bound by FhMYB21 and ATMYB21/24 in F. hybrida and Arabidopsis, respectively. Our Y1H and dual-luciferase reporter assays demonstrated that LiOcS was a direct target of LiMYB305. The EMSA results showed that MYBCORE was the direct binding site. The LiOcS sequence was consistent with that of LoTPS1, which catalyzes GPP to produce linalool and ocimene (Abbas et al., 2019). Thus, the synthesis of linalool and ocimene was inhibited when LiMYB305 expression decreased. In addition, many studies have shown that AtMYB21, AtMYB24, and AtMYB57 are involved in regulating JA. Yang et al. (2020) pointed out that MYC2 interacted with FhMYB21 and participates in the regulation of monoterpene synthesis. Combined with our findings that many hormones related to DEGs were enriched, and that spraying MeJA significantly affects the synthesis of flower fragrance (Wu et al., 2018), we boldly speculated that LiMYB305 might also be involved in the JA pathway to affect the production of monoterpenes. But the regulatory network is diverse and complex, which requires us to further study.



Conclusions

In conclusion, a wealth of transcriptome data was generated, which made up for the lack of a genome. LiMYB305 was involved in the regulation of monoterpene synthesis and may be a good candidate for engineering the synthesis of monoterpenes. This study provides insight into monoterpenes and useful resources for genetic engineering to produce more commercially important Lilium plants.



Materials and methods


Plant material and tissue collection

‘Siberia’ bulbs were imported from Holland and cultured in a greenhouse with suitable growth conditions at the Science Park, Beijing University of Agriculture (116°3’14” E, 40°0’95” E). Various floral developmental stages were selected for transcriptome sequencing, including S0–S5: 5–10 cm; S6: bud color changes to white; S7: tepals split slightly; S8: semi-opened tepals; S9: tepals fully-opened; and S10: petal decay. Different tissues (roots, stems, leaves, styles, ovaries, anthers, filaments, and petals) were collected at S9 for qRT-PCR. All of the samples from three biological replicates were collected and immediately frozen at −80°C for further analysis.



Detection and analysis of VOCs

The VOCs emitted by ‘Siberia’ were collected using the dynamic headspace sampling method as described by Hu et al. (2017). Briefly, an individual flower was placed in a Reynolds oven bag (16 × 17.5 in) to gather the emitted VOCs. A stainless-steel tube (containing Tenax-GR) was used to collect the VOCs for 20 min. The floral VOCs were analyzed by automated thermal desorption-gas chromatography/mass spectrometry, and the compounds were identified by searching the NIST08 and WILEY libraries using TurboMass 5.4.2 software.



RNA extraction, library preparation, and sequencing

Total RNA was extracted using the TransZol Up Plus RNA kit (TransGen Biotech, Beijing, China) according to the manufacturer’s protocol. The quality and quantity of the purified RNA were evaluated by 1% agarose gel electrophoresis and NanoDrop ND-1000 UV/Visible spectrophotometry (Thermo Fisher Scientific, Waltham, MA, USA). High-quality RNA samples were preserved to construct the cDNA library and for Illumina sequencing.

The libraries were constructed and sequenced at Shanghai Majorbio Bio-pharm Technology Co., Ltd. (Shanghai, China). RNA-seq transcriptome libraries were prepared using the Illumina TruSeq RNA Sample Preparation kit (San Diego, CA) according to the manufacturer’s instructions. Approximately 200–300 bp of cDNA target fragments, as detected by 2% agarose electrophoresis, were selected to construct the library after PCR amplification. After quantification by TBS380, the libraries were sequenced on an Illumina HiSeq Xten/NovaSeq 6000 sequencer for PE 150 of sequencing read length.



DEG analysis, KEGG enrichment, and identification of co-expression modules

To determine the DEGs between two adjacent samples, the expression level of each transcript was calculated based on the transcript per million reads (TPM) method. Gene abundance was evaluated with the RSEM program (http://deweylab.biostat.wisc.edu/rsem/). The differential expression analysis was performed using DESeq2 with a Q value ≤ 0.05. DEGs with |log2FC| ≥ 1 and a Q value ≤ 0.05 were significant DEGs. In addition, the statistical enrichment of the DEGs in the KEGG pathways was carried out using the KOBAS program (http://kobas.cbi.pku.edu.cn/home.do). WGCNA was performed on the free online Majorbio Cloud Platform.



Gene cloning, sequence analysis, and expression analyses

The full-length cDNA sequence of LiMYB305 was obtained from the transcriptome data. The PCR products were ligated into the pEASYT1-Blunt vector (TransGen Biotech) and sequenced. A phylogenetic tree was constructed using the neighbor-joining method based on 1,000 bootstrap replicates in the MEGA7 program. A gene expression analysis was performed by qRT-PCR with three independent biological replicates for each sample. The SYBR Green qPCR Mix (TaKaRa, Ohtsu, Japan) was used to measure the expression levels on a Bio-Rad CFX96 Real-Time PCR system (BIO-RAD Laboratories, Hercules, CA, USA) according to the manufacturer’s instructions. The results were compared to the LiActin internal control and calculated using the 2−ΔΔCT method. All primers are shown in Supplementary Table 7.



Subcellular localization of the LiMYB305 proteins

The coding sequences of LiMYB305 with the termination codons removed were subcloned into the pBWA(V)HS-GLosgfp vector by the BsaI/Eco31I restriction enzymes using T4 DNA ligase (TransGen Biotech). The constructs and empty plasmids were transformed into protoplasts isolated from A. thaliana, which were visualized under a laser scanning confocal microscope (Leica, Jena, Germany). All primers are shown in Supplementary Table 7.



Functional verification of LiMYB305

A 200-bp fragment of the coding region was selected and cloned into the pNC-TRV2 vector to silence the LiMYB305 gene in Lilium ‘Siberia’. The Agrobacterium cell strain GV3101 containing the TRV1 and pNC-TRV2 derivatives (1:1, OD600 = 1.0) was harvested and suspended in infiltration buffer (10 mM MgCl2, 200 mM acetosyringone, and 10 mM MES, pH 5.6). A mixture of Agrobacterium cultures was injected into the dorsal petals with 1 mL of bacterial suspension per petal using a 1 ml needleless syringe. All primers are shown in Supplementary Table 7.



Promoter cloning and yeast one-hybrid assays

The LiOcS promoter (812bp) were amplified using the genomic DNA of ‘Siberia’ by HiTail-PCR following the protocol described as the study of Liu and Chen (2007). The Y1H assay was performed as described in the Yeast Protocol Manual (Clontech Laboratories, Palo Alto, CA, USA). The LiMYB305 ORF was inserted into the pGADT7 vector, and the LiOcS (812 bp) promoter sequence was cloned and inserted into the pHis2 vector. The pGADT7-LiMYB305 and pHis-LiOcSpro combination were co-transformed into yeast strain Y187, while the co-transformation of empty pGADT7 vector and the pHis-LiOcSpro construct was used as a negative control. All of these strains were plated on SD/-Trp/-Leu/-His/+ 40 mM 3AT to verify the interaction results.



Dual-luciferase reporter assays

The LiOcS promoter sequence was inserted into the pGreenII 0800-Luc vector, and co- transformed with pGreenII 62SK-LiMYB305 or the empty pGreenII 62-SK vector into N. benthamiana leaves using A. tumefaciens strain GV3101 (pSoup-p19). Two days after transformation, luciferase images were taken using a CCD camera (Andor Technology, Belfast, UK), and firefly luciferase and Renilla luciferase activities were determined using a dual-luciferase reporter assay kit (Promega, Madison, WI, USA) according to manufacturer’s standard protocol. Three biological replicates were used for each treatment.



Electrophoretic mobility shift assay

Expression of the GST-LiMYB305 fusion protein was induced in 250 mL cultures of transformed E. coli BL21 cells using isopropylthio-β-galactoside at a final concentration of 0.4 mM. The EMSA was performed using a Light Shift chemiluminescent EMSA kit (Thermo Fisher) according to the manufacturer’s instructions.
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Phalaenopsis-type Dendrobium is a popular orchid with good ornamental and market value. Despite their popularity, molecular regulation of anthocyanin biosynthesis during flower development remains poorly understood. In this study, we systematically investigated the regulatory roles of the transcription factors DhMYB2 and DhbHLH1 in anthocyanins biosynthesis. Gene expression analyses indicated that both DhMYB2 and DhbHLH1 are specifically expressed in flowers and have similar expression patterns, showing high expression in purple floral tissues with anthocyanin accumulation. Transcriptomic analyses showed 29 differentially expressed genes corresponding to eight enzymes in anthocyanin biosynthesis pathway have similar expression patterns to DhMYB2 and DhbHLH1, with higher expression in the purple lips than the yellow petals and sepals of Dendrobium ‘Suriya Gold’. Further gene expression analyses and Pearson correlation matrix analyses of Dendrobium hybrid progenies revealed expression profiles of DhMYB2 and DhbHLH1 were positively correlated with the structural genes DhF3’H1, DhF3’5’H2, DhDFR, DhANS, and DhGT4. Yeast one-hybrid and dual‐luciferase reporter assays revealed DhMYB2 and DhbHLH1 can bind to promoter regions of DhF3’H1, DhF3’5’H2, DhDFR, DhANS and DhGT4, suggesting a role as transcriptional activators. These results provide new evidence of the molecular mechanisms of DhMYB2 and DhbHLH1 in anthocyanin biosynthesis in Phalaenopsis-type Dendrobium.
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Introduction

Phalaenopsis-type Dendrobium (PD) is a member of the Orchidaceae plant family and is popular around the world because of desirable traits such as vivid floral colors, a variety of forms and a long vase life. The colors and shapes of petals, sepals and lips are the most important ornamental characteristics of PD flowers. These flowers show various patterns and colorations, with anthocyanin-produced purple, peach, or pink colorations frequently observed (Hichri et al., 2011). Although a wide range of flower colors exist in orchids, some species lack specific colors. Blue and orange, for example, are lacking in Dendrobium hybrids, and multicolors are still rare (Kuehnle et al., 1997; Yin et al., 2021). In recent years, the breeding of rare floral colors and novel coloration patterns has become an important direction of PD breeding. However, the genome sequence of PD is not yet available, and there are few studies on the regulatory mechanisms between floral color formation and anthocyanin synthesis during flower development. This poor understanding of the regulatory mechanisms of pigmentation limits the ability to create novel floral colors and patterns of PD through genetic engineering technologies.

Anthocyanins, a class of important secondary metabolites in plants belonging to the flavonoids, are water-soluble pigments that give flowers blue, red or purple coloration (Su and Hsu, 2003). Anthocyanins also have important biological roles against various biotic and abiotic stresses. In humans, anthocyanins are reported to have positive effects in preventing cancer and cardiovascular diseases (Khoo et al., 2017). In recent years, more and more studies focus on the molecular mechanism of anthocyanin biosynthesis and composition because of their great value in floral color breeding and their potential health benefits in food.

The anthocyanin biosynthesis pathway (ABP) has been extensively studied in various plants and found to be generally conserved (Tohge et al., 2017; Zhao et al., 2022). The biosynthesis and accumulation of anthocyanins are controlled by various transcription factors (TFs) and ABP structural genes. Initial steps consist of the general phenylpropanoid pathway. L-phenylalanine is metabolized by phenylalanine ammonia-lyase (PAL), then cinnamic acid 4-hydroxylase (C4H), and then 4-coumarate: CoA ligase (4CL) to generate 4-coumaroyl-CoA. 4-coumaroyl-CoA is an important precursor in the biosynthesis of a number of natural products including anthocyanins. The dihydroflavonols are synthesized from 4-coumaroyl-CoA by a series of enzymes such as chalcone synthase (CHS), chalcone isomerase (CHI), flavanone 3-hydroxylase (F3H), flavanone 3'-hydroxylase (F3'H), and flavanone 3'-5'-hydroxylase (F3'5'H). In downstream pathways, the dihydroflavonols are converted into colored anthocyanidins by dihydroflavonol 4-reductase (DFR) and anthocyanidin synthase (ANS). The UDP-glucose anthocyanidin 3-O-glycosyltransferase (UFGT) is required for glycosylation and subsequent stabilization of anthocyanidins. Interestingly, some ABP structural genes show tissue-specific expression pattern during the anthocyanin biosynthesis process. The structural genes are distinguished into two groups: the early biosynthesis genes (EBGs) including CHS, CHI, and F3H; and the late biosynthesis genes (LBGs) including F3'H, F3'5'H, DFR, ANS, and UFGT. The complete ABP relies on the coordinated expression of EBGs and LBGs (Fang et al., 2019; Yang et al., 2020).

The TFs were also reported to control anthocyanin biosynthesis in plants. Among the TFs involved in ABP, R2R3-MYB, basic helix-loop-helix (bHLH), and WD-repeat (WDR) TFs are the most widely studied. MYB-bHLH-WDR TFs (MBW) usually act as a complex to regulate anthocyanin biosynthesis in plants (Koes et al., 2005; Nemesio-Gorriz et al., 2017; Liu et al., 2018; Zhao et al., 2019). MYB TFs play a critical role in determining the specific target genes and the patterns of color pigmentation in plants (Zhang et al., 2014; Naing and Kim, 2018; Yan et al., 2021). bHLH proteins binding to promoter regions with E-box (CANNTG) or G-box (CACGTG) motifs were found to participate in anthocyanin biosynthesis (Ahmad et al., 2015; Ji et al., 2016; Singh et al., 2021). WDR TFs act as scaffolding molecules, assisting the proper activity of other proteins (Xu et al., 2020; Mackon et al., 2021). Although there are some studies focusing on the mechanism of MYB-bHLH TFs in orchids such as Oncidium, Phalaenopsis, Pleione, and Cymbidium (Chiou and Yeh, 2008; Hsu et al., 2015; Hsu et al., 2019; Zhang et al., 2019; Ke et al., 2021; Yang et al., 2021), there are few reports on the molecular mechanisms of TFs in Dendrobium. The research on ABP in Dendrobium is still limited to structural genes in D. officinale, D. moniliforme, and D. hybrids (Whang et al., 2011; Kriangphan et al., 2015; Yu et al., 2018; Zhan et al., 2020). In our previous study, DhMYB2 and DhbHLH1 were cloned from PD and found to be involved in anthocyanin pigmentation in petals. Transient over-expression of DhMYB2 and DhbHLH1 resulted in anthocyanin production in white petals (Li et al., 2017). However, the regulatory relationship between TFs and structural genes in anthocyanin synthesis is not clear. The study of the mechanism of TF regulation of anthocyanin synthesis during flower development can provide guidelines for breeding new floral color varieties and improving ornamental quality.

Here, we investigated the spatiotemporal expression profiles of DhMYB2 and DhbHLH1 as well as the anthocyanin content in different varieties of PD. In addition, we generated extensive transcriptome data and profiled the correlation between DhMYB2/DhbHLH1 and key structural genes involved in anthocyanin synthesis. We also demonstrated that DhMYB2 and DhbHLH1 can bind to the promoter regions and activate the transcription of ABP structural genes. This study begins to reveal the molecular mechanisms of regulation of structural genes by TFs in anthocyanin biosynthesis of Phalaenopsis-type Dendrobium.



Materials and methods


Plant materials

The Phalaenopsis-type Dendrobium (PD) were grown under long-day conditions under natural light in Danzhou, Hainan Province, China. The PD cultivars used were D. ‘Sonia Hiasakul’, D. ‘Udomsri Beauty’, D. ‘Burana Stripe’, D. ‘Suriya Gold’, and twenty F1 progenies from hybrids D. ‘Emma White’ × D. ‘Danzhou Ziwei’ (“ED”) or hybrids D. ‘Burana Princess’× D. ‘Pearl River’ (“BP”). Three floral development stages were defined as described by Li et al. (Li et al., 2017): stage 1, early young bud (~0.5 × 1.0-1.5 cm: width × height); stage 2, mature bud (~1.5 × 1.5-2.0 cm); and stage 3, fully open flower. The sepal, petal, and lip tissues were used for floral color measurement, RT-qPCR, and total anthocyanin content analysis.



Floral color measurement and total anthocyanin content analysis

The floral color was measured according to previous criteria (Li et al., 2017) using a Chroma Meter (NDK, Japan). Parameters of the CIEL*a*b* color coordinate including lightness (L*, 0 ~ 100, from black to white), chromatic components (a*, –100 ~ 100, from green to red), and yellowness (b*, –100 ~ 100, from blue to yellow) were measured.

Total anthocyanin content extracted from PD flowers was determined according to previous criteria with appropriate modifications (Li et al., 2017). First, the sepals, petals, and lips of flowers were placed in a 5 mL centrifuge tube. Tissue was mashed with liquid nitrogen, and then a methanol solution with 0.1% hydrochloric acid was added to each tube. Each tube was shaken well and incubated at 4 °C for 24 h. Then, chloroform and 0.1% hydrochloric acid aqueous solution were added to the supernatants after centrifugal separation. The resulting supernatants were analyzed with a spectrophotometer.



RNA-seq differential gene expression analysis

The purity, concentration and integrity of RNA from D. ‘Suriya Gold’ were tested using a NanoDrop 2000 spectrophotometer (Thermo Scientific, Wilmington, DE, USA) to ensure adequate quality for transcriptome sequencing. RNA samples that met the requirements were sent to BioMarker Technologies Co. Ltd. (Beijing, China) for transcriptome sequencing. Nine RNA-seq libraries (sepals, petals and lips with three biological replicates) were constructed and sequenced using the Illumina HiSeq2000 platform. Transcriptome assembly was accomplished using Trinity (Grabherr et al., 2011). Differential expression analysis of three groups was performed using the DESeq R package (1.10.1). The resulting P values were adjusted using the Benjamini and Hochberg’s approach for controlling the false discovery rate. Genes with an adjusted P-value <0.05 found by DESeq were assigned as differentially expressed and were used for Gene Ontology (GO) enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis.



Quantitative real-time PCR

Total RNA was isolated using Total RNA Isolation Kit (FOREGENE, Chengdu, China), and first strand cDNA was synthesized using HiScript II Reverse Transcriptase (Vazyme, Nanjing, China) according to the manufacturer’s instructions. cDNAs were amplified with gene-specific primers which were designed using Primer Premier 5 software. All the primers used in this experiment were listed in Supplementary Table S3. RT-qPCR was performed in a 10 μL volume containing 5 μL 2×SYBR®Premix Ex Taq ™ (Vazyme, Nanjing, China), 1 μL of the cDNA sample, and 0.2 μM of each gene-specific primer. The PCR conditions were as follows: 95°C for 3 min, 40 cycles of 95°C for 5 s, 60°C for 34 s. Three replicates were used for each sample. The relative expressions of target genes were normalized to the expression of Actin. Reactions were performed on Line-Gene96plus Real-Time PCR System (BIOER TECHNOLOGY, Hangzhou, China).



Isolation and sequence analysis of promoter regions

Genomic DNA was extracted from PD using the Super Plant Genomic DNA Kit (Tiangen Biotech, Beijing, China). Chromosome walking was performed to isolate the 5' flanking unknown promoter regions of DhF3'H1, DhF3'5'H2, DhDFR, DhANS, and DhGT4 using the Genome Walking Kit (TaKaRa, JAPAN) according to the instructions. TAIL-PCR was used in this experiment with degenerate primers and specific primers, and these primer sequences are listed in Supplementary Table S4. Subsequently, cis-acting elements of promoter regions were predicted using the online tools PLACE (https://www.dna.affrc.go.jp/PLACE/action=newplace) and PlantCARE (http://bioinformatics.psb.ugent.be/webtools/plantcare/html).



Yeast assays

For yeast one-hybrid assays, the CDS of DhMYB2 and DhbHLH1 were cloned into the GAL4 transcriptional activation pGADT7 vector (Clontech, USA). DNA fragments corresponding to the promoters of the target genes (DhF3'H1, DhF3'5'H2, DhDFR, DhANS, DhGT4) were separately inserted into the pABAi plasmid (Invitrogen, USA). These constructs were then transformed into the yeast strain Y1Hgold. The p53-ABAi was co-transformed with pGADT7-53 as a positive control (Invitrogen, USA). Yeast one-hybrid assays were performed following the manufacturer’s instructions (Invitrogen, USA). The transformation clones were selected in synthetic dropout (SD) medium without leucine and uracil which contain AbA at different gradients for positive screening.



Dual luciferase transcriptional activity assays

The TFs were cloned into the expression vector pGreen 62-SK for dual luciferase assays. The upstream 1 to 2-kb region of target genes were inserted into a luciferase reporter. Then, the constructs were transformed into Agrobacterium tumefaciens strain GV3101 and co-infiltrated into leaves of N. benthamiana for 48 hours. The Dual Luciferase Reporter Assay System (Promega, USA) was used to measure the luciferase activity by Tecan Infinite M200 (Tecan, Switzerland).



Statistical analyses and correlation analyses

Statistical tests, significance analyses, and correlation analyses were performed using SPSS 26.0 and Origin 2021.




Results


DhMYB2 and DhbHLH1 are specifically expressed in flowers associated with anthocyanin biosynthesis

In order to understand the tissue expression patterns of DhMYB2 and DhbHLH1, RT-qPCR was performed on various tissues from D. ‘Sonia Hiasakul’. DhMYB2 and DhbHLH1 are specifically expressed in flowers while unexpressed in other vegetative tissues. Expression of both DhMYB2 and DhbHLH1 increase significantly during flower development in sepals, petals and lips (Figure 1A). Subsequently, cultivars with different floral color phenotypes (D. ‘Udomsri Beauty’, D. ‘Burana Stripe’ and D. ‘Suriya Gold’) were used to further study the expression patterns of DhMYB2 and DhbHLH1 (Figure 1B). Dissected sepals, petals, and lips from bracts in three development stages were used to examine the temporal and spatial expression patterns. In D. ‘Udomsri Beauty’, both DhMYB2 and DhbHLH1 are highly expressed in sepals and petals at stage 1 and have reduced expression in later development (Figures 1C, D). Meanwhile, DhMYB2 and DhbHLH1 have similar expression patterns in D. ‘Burana Stripe’ and D. ‘Suriya Gold’ but lower expression levels than observed in D. ‘Udomsri Beauty’. Interestingly, DhbHLH1 had high expression levels in lips of D. ‘Udomsri Beauty’ and D. ‘Suriya Gold’, both of which display purple red coloration.




Figure 1 | Expression patterns of DhMYB2 and DhbHLH1 in different Dendrobium cultivars. (A) Tissue specific expression patterns of DhMYB2 and DhbHLH1 in D. ‘Sonia Hiasakul’. MaR, Mature roots; MaS, Mature stems; MaL, Mature leaves; Ped, Pedicels; Sta, Stalks; 3S, sepals of 3 mm buds; 3P, petals of 3 mm buds; 3L, lips of 3 mm buds; 3C, stamens of 3 mm buds; 7S, sepals of 7 mm buds; 7P, petals of 7 mm buds; 7L, lips of 7 mm buds; 7C, stamens of 7 mm buds. (B) Floral color phenotypes in three developmental stages of D. ‘Udomsri Beauty’, D. ‘Burana Stripe’ and D. ‘Suriya Gold’, Bar=1.0 cm. RT-qPCR expression analyses of DhMYB2 (C) and DhbHLH1 (D), and anthocyanin content (E) of different floral tissues of D. ‘Udomsri Beauty’, D. ‘Burana Stripe’ and D. ‘Suriya Gold’ from three developmental stages. RT-qPCR expression values are expressed as mean -dCt (Ct reference - Ct target) ± SEM from three biological replicates using actin as an internal control for normalization. Different letters indicate significant differences (p < 0.05, Duncan’s multiple range tests).



To explore the relationship between anthocyanins and expression of DhMYB2 and DhbHLH1 TFs, we determined the anthocyanin content in the flowers of these three PD cultivars. As shown in Figure 1E, the anthocyanin content is highest in D. ‘Udomsri Beauty’. Anthocyanin content is highest in stage 2 and is maintained in stage 3. Meanwhile, the lips of D. ‘Suriya Gold’ which display deep purple red coloration, have increased anthocyanin content as compared to their yellow petals and sepals, consistent with D. ‘Udomsri Beauty’. In general, tissues with high TF expression levels accumulate anthocyanins later in development. For example, the petals of D. ‘Udomsri Beauty’ show high expression of both TFs in stage 1 and then peak anthocyanin content in stage 2 petals. Similarly, D. ‘Burana Stripe’ shows moderate levels of DhbHLH1 in all three tissues in stage 1 and elevated anthocyanin content in all three tissues in stages 2 and 3. These results suggest the possibility that DhMYB2 and DhbHLH1 may regulate the accumulation of anthocyanins.



Identification of differentially expressed TFs and ABP genes in Dendrobium floral tissues of various colors via transcriptome analyses

To investigate the potential regulatory roles of DhMYB2 and DhbHLH1 TFs during anthocyanin accumulation in Dendrobium, we performed RNA-Seq transcriptome analyses of different floral tissues (petals, sepals and lips) of D. ‘Suriya Gold’ with various color phenotypes. After removing low-quality reads, more than 19 million clean reads were obtained from each library, with greater than 90% of bases meeting high-quality Q20 or Q30 scoring thresholds (Table 1). 49,938 unigenes were obtained after assembly, with N50 length of 2,837 bp. 38,833 unigenes were annotated as functional genes by BLASTX (e ≤ 1.00 × 10−5). (Figure S1 and Table S1). We performed further functional annotation of unigenes using COG and KOG databases, with major functional classifications including post-translational modification, protein transport, and chaperone associated proteins. Statistics are presented in Figure S2.


Table 1 | Evaluation statistics of sample sequencing data.



To identify differentially expressed genes (DEGs) between tissues, we compared the FPKM values of each DEG in different floral tissues. There are 2340 DEGs between sepals and lips, 774 DEGs between petals and lips, and 599 DEGs between petals and sepals. Among the above respective comparisons, 1458, 476, and 383 DEGs are upregulated, and 882, 298, and 383 DEGs are downregulated (Figure 2A). The DEGs were used to identify the top 20 enriched metabolic pathways through the KEGG pathway database. Notably, the flavonoid biosynthesis pathway is enriched in DEGs of all three comparisons (Figures 2B-D).




Figure 2 | KEGG pathway enrichment analyses of DEGs of different floral tissues of D. ‘Suriya Gold’. (A) Number of DEGs upregulated and downregulated in each comparison. KEGG pathway enrichment scatter plots of DEGs in each comparison: Sepals vs Lips (B), Petals vs Lips (C) and Petals vs Sepals (D). Top 20 significant pathways involving DEGs are included, with the flavonoid metabolism pathway highlighted with red rectangles.



Subsequently, we focused on an expression profile analysis of DhMYB2, DhbHLH1, and anthocyanin biosynthesis related genes. Two DEGs correspond to DhMYB2, five DEGs correspond to DhbHLH1, and 48 DEGs correspond to 12 anthocyanin biosynthetic genes that relate to flavonoid biosynthesis pathway (KO00941) or ABP (KO00942). These were selected for further expression cluster analyses in different floral tissues (Table 2). Interestingly, 29 of the 48 anthocyanin biosynthesis DEGs have similar expression profiles as DhMYB2 and DhbHLH1, which are highly expressed in the purple red lips of D. ‘Suriya Gold’, while they show low expression levels in yellow petals and sepals (Figure 3A). These DEGs correspond to anthocyanin biosynthesis genes: DhCHS, DhF3H, DhF3'H, DhF3'5'H, DhDFR, DhANS, DhUFGT, and DhAT (Figure 3B). These results suggest that DhMYB2 and DhbHLH1 may be involved in molecular regulation of select anthocyanin biosynthesis genes.


Table 2 | Differentially expressed genes (DEGs) information related to anthocyanin biosynthesis pathway.






Figure 3 | Clustered heatmap showing the expression patterns of transcription factor genes and flavonoid biosynthesis related DEGs in different floral tissues of D. ‘Suriya Gold’. (A) Cluster analysis of DhMYB2 and DhbHLH1 as well as differentially expressed genes involved in the flavonoid and anthocyanin biosynthesis pathway. The log2 ratio values of the expression in each comparison of DEGs were used for cluster analysis with the R heatmap package. The color changes from blue (low level) to red (high level) represent the log2FPKM values measured from different floral tissues of D. ‘Suriya Gold’. The red rectangle highlights the unigenes with similar expression profiles as DhMYB2 and DhbHLH1. GS 1-3, GP 1-3 and GL 1-3 represent sepals, petals, and lips of D. ‘Suriya Gold’ from three biological replicates, respectively. (B) Schematic diagram of ABP in Phalaenopsis-type Dendrobium, illustrating the eight highlighted genes with similar expression profiles as DhMYB2 and DhbHLH1.





Correlations between flower color, anthocyanin content, and expression of TFs and select ABP genes

To further explore the relationship between coloration, anthocyanin content, and gene expression, twenty F1 progenies from two Dendrobium hybrid families (“ED” and “BP”) were selected and assayed for coloration and anthocyanin content in the sepals, petals and lips of the bud (stage 2) and early flowering (stage 3). Using a CIE L*a*b* color coordinate system, floral colors in “ED” hybrid progenies have L* values from 35 to 60, a* values ranging from –10 to 50, and b* values from –25 to 20. Meanwhile, the L* values are lowest in lips at stage 3, showing darker coloration than sepals and petals (Figures 4A-C). Similar color change patterns are observed in “BP” hybrid progenies (Figure S3). Anthocyanin contents increase from stage 2 to stage 3 in both Dendrobium hybrid families (Figures 4D, E). Thus, coloration changes and anthocyanin contents are correlated in different floral tissues and stages (Table S2A, B).




Figure 4 | Analyses of color and total anthocyanin content in different floral tissues of two Dendrobium hybrid families during flower development. Colorimetric analyses of sepals (A), petals (B) and lips (C) of “ED” hybrid progenies at different developmental stages in three-dimensional color space using the CIE L*a*b* system. Analyses of anthocyanin contents (mean ± SEM) in different floral tissues of “ED” hybrid progenies (D) or “BP” hybrid progenies (E) during flower development. Twenty F1 progenies of each hybrid family were used for analyses. Different letters indicate significant differences (p < 0.05, Duncan’s multiple range tests).



Anthocyanin biosynthesis related genes (DhF3H, DhF3′H1, DhF3′5′H2, DhDFR, DhANS, DhGT1, and DhGT4) with similar expression profiles as DhMYB2 and DhbHLH1 were used for further analyses in Dendrobium hybrid progenies. Relative expression of these genes (including DhMYB and DhbHLH1) was determined via RT-qPCR (Figure 5A). Using Pearson correlation analyses between gene expression and anthocyanin content, we found a positive correlation in “ED” hybrid progenies between total anthocyanin content and expression of DhMYB2, DhF3'H1, DhF3'5'H2, DhANS, and DhGT4 (Figures 5B and S4). In “BP” hybrid progenies, total anthocyanin content is positively correlated with DhF3'H1 expression (Figures 5C and S4). When comparing expression of TFs and ABP structural genes in “ED” hybrid progenies using Pearson comprehensive correlation analyses, we found positive correlation of DhMYB2 expression with expression of DhF3H, DhF3'H1, DhF3'H2, DhF3'5'H2, DhDFR, DhANS, DhGT1, and DhGT4 and positive correlation of DhbHLH1 expression with expression of DhF3’H1 and DhGT4. In “BP” hybrid progenies, DhMYB2 expression correlates positively with DhF3H, DhF3'H1, DhF3'5'H2, and DhANS expression, while DhbHLH1 expression positively correlates with DhF3H, DhF3'H1, DhF3'5'H2, DhANS, and DhGT4 expression (Figures 5A, B and Figure S4). These correlations are consistent with regulation of anthocyanin synthesis and accumulation by these TFs and ABP structural genes.




Figure 5 | Correlation analyses between the expression of anthocyanin biosynthesis related genes and anthocyanin content in different floral tissues of two Dendrobium hybrid families. (A). Expression profiles of anthocyanin biosynthesis related genes in sepals, petals and lips of Dendrobium hybrid progenies. The black columns represent “BP” hybrid progenies while the gray columns represent “ED” hybrid progenies. Values are expressed as mean -dCt (Ct reference - Ct target) ± SEM using actin as an internal control for normalization. Twenty F1 progenies of each hybrid family were sampled. Different letters indicate significant differences (p < 0.05, Duncan’s multiple range tests). Comprehensive correlation matrix analyses between anthocyanin biosynthesis related genes and total anthocyanin content (TAC) in combined sepals, petals and lips of F1 progenies from “ED” (B) and “BP” (C).





Interactions between TFs and the promoters of ABP structural genes

To further explore TF‐mediated regulation of anthocyanin synthesis and accumulation through ABP structural genes, we selected five structural genes with significant positive correlations with the TFs DhMYB2 or DhbHLH1 (DhF3'H1, DhF3'5'H2, DhDFR, DhANS and DhGT4) to study in detail. First, we isolated the 2029 bp promoter region of DhF3’H1, 2000 bp of DhF3’5’H2, 2014 bp of DhDFR, 2020 bp of DhANS, and the 1488 bp DhGT4 promoter region using the genome walking technique. Subsequently, we surveyed these promoter regions for putative MYB and bHLH binding sites. Multiple putative MYB and bHLH recognition binding elements were identified in the promoter regions of five structural genes (Figure 6 and Table S3A-E), suggesting that the five genes might be directly regulated by MYB and bHLH. Finally, to demonstrate DNA binding activity of DhMYB2 and DhbHLH1 in these target regions, yeast one-hybrid and luciferase assays were performed. The Y1H showed that DhMYB2 directly binds to promoters of DhF3'H1, DhF3'5'H2, DhANS, and DhGT4, while DhbHLH1 binds to promoters of DhF3'H1, DhF3'5'H2, DhDFR, and DhGT4 (Figures 7A-C). Consistent with a role of these TFs as direct transcriptional activators of ABP structural genes, dual‐luciferase reporter assays showed that all five structural genes can be activated by DhMYB2 and DhbHLH1 individually by 1.5 to 2.5 fold. Interestingly, co-transformation of DhMYB2 and DhbHLH1 together with structural genes promoters significantly elevates luciferase activity as compared to each TF alone (Figure 7D).




Figure 6 | Schematic diagram of MYB and bHLH binding-site motifs predicted in the promoters of ABP structural genes. Possible cis-regulatory elements recognized by MYB or bHLH were predicted using the promoter regions of DhF3’H1, DhF3’5’H2, DhDFR, DhANS, and DhGT4, respectively. Numbers in boxes indicate potential MYB binding-site motifs: 1, MRE; 2, MYBPLANT; 3, MYBPZM; 4, MYBCORE; 5, MYB1AT; 6, MBSI; 7, MBS; and potential bHLH binding-site motifs: 8, E-box; 9, G-box.






Figure 7 | Yeast one-hybrid (Y1H) and dual‐luciferase reporter assays showing the association of DhMYB2 and DhbHLH1 with promoters of ABP structural genes. The Y1HGold yeast stains harboring the promoter reporter were transformed with empty plasmid as negative control (A), effector DhMYB2 (B), or effector DhbHLH1 (C), respectively. Interaction was detected based on the ability of transformed stains to grow on SD medium lacking Leu and Ura in the presence of 300 or 400 ng/mL AbA. (D) Luciferase activity in tobacco leaves was detected 3 days after infiltration. Firefly luciferase (LUC) activities were normalized against Renilla luciferase (REN) activities. Graphs are presented as mean ± SEM from three biological replicates. Different letters indicate significant differences (p < 0.05, Duncan’s multiple range tests). (E) Schematic representation of the suggested role of DhMYB2 and DhbHLH1 in ABP. Metabolic enzymes involved in the pathway are indicated. DhMYB2 and DhbHLH1 binding to promoter of LBGs act as activators in ABP.






Discussion

Phalaenopsis-type Dendrobium is an important ornamental tropical orchid, with diverse pigmentation patterns and longevity making it popular worldwide. Breeding of rare floral colors or novel coloration patterns would further increase the value of PD. Unfortunately, few studies have focused on the pigment compositions and molecular mechanisms of PD flower development. Our group previously identified two TFs (DhMYB2 and DhbHLH1) as part of complexes involved in anthocyanin synthesis in PD (Li et al., 2017). Here, we systematically investigated the regulatory roles of DhMYB2 and DhbHLH1 in the accumulation of anthocyanins that underlie floral colors and further studied the molecular mechanisms of these two TFs as transcriptional activators of key structural genes in the anthocyanin biosynthesis pathway.


The expression patterns of DhMYB2 and DhbHLH1 are correlated with anthocyanin accumulation and pigmentation

Anthocyanin biosynthesis is mainly regulated by TFs and structural genes. MYB and bHLH TFs, such as PeMYB11 in Phalaenopsis Orchids and CmbHLH2 and CmMYB6 in Chrysanthemum, have been identified to be the most important TFs in the ABP in plants (Hsu et al., 2019; Lim et al., 2021). In this study, DhMYB2 and DhbHLH1 were found to be specifically expressed in flowers of PD (Figure 1A), suggesting that they might play an important role in anthocyanin accumulation in the flower. Similar flower-specific expression of the TFs B-peru and mPAP1 have been found to enhance floral color in tobacco (Kim et al., 2018). Flower-specific expression of PpMYB15 and PpMYBF1 in Prunus persica and R2R3-MYB EOBII in Petunia have also been reported (Czemmel et al., 2009; Cao et al., 2019). Moreover, we found DhMYB2 and DhbHLH1 were highly expressed in the floral tissues with purple color. Interestingly, high expression of the TFs in tissues was always accompanied by subsequent anthocyanin accumulation. We speculate that the regulation of TFs is upstream of the anthocyanin biosynthetic pathway in PD, and that the synthesis of anthocyanins act as the products of metabolites, while lags behind the expression of genes. The spatiotemporal expression patterns of DhMYB2 and DhbHLH1 are consistent with the changes in anthocyanin accumulation and purple color formation in PD (Figure 1B-E). TFs have been previously shown to positively correlate with anthocyanin synthesis and pigmentation. For example, McMYB10 expression is significantly correlated with anthocyanin synthesis and red pigmentation in crabapple (Tian et al., 2015). Nuraini et al. (Nuraini et al., 2020) also reported the spatiotemporal expression profiles of MiMYB1 and MibHLH1 are correlated with anthocyanin accumulation profiles in Matthiola incana. Consequently, DhMYB2 and DhbHLH1 might be key TFs involved in anthocyanin accumulation and purple floral color formation in PD.



The expression profiles of DhMYB2 and DhbHLH1 positively correlate with the LBGs related to pigmentation

Transcriptomic analyses have been performed to identify critical genes for anthocyanin accumulation (Jiang et al., 2020; Zhang et al., 2020; Zhou et al., 2020). In our study, 29 DEGs corresponding to eight enzymes of ABP have expression patterns similar to DhMYB2 and DhbHLH1, with high expression found only in purple lips (Figure 3). These ABP structural genes were considered as candidate regulatory targets of the two TFs in the process of anthocyanin accumulation. In order to investigate the relationship between TFs and candidate structural genes during anthocyanin accumulation in PD, twenty F1 progenies from two hybrid families were selected for systematic studies. Interestingly, the expression profiles of DhF3'H1, DhF3'5'H2, DhDFR, DhANS, and DhGT4, all LBGs, are significantly positively correlated with those of DhMYB2 or DhbHLH1, and significant correlations were also found between some of these genes and total anthocyanin content in the two hybrid families (Figure 5). Anthocyanin biosynthesis depends on expression of both EBGs and LBGs (Jiang et al., 2020; Tang et al., 2020; Li et al., 2021a). Regulation of anthocyanin accumulation by MYB or bHLH-mediated activation of LBGs has previously been reported in many plants (Chiu et al., 2010; Zhou et al., 2014; Sun et al., 2016; Rameneni et al., 2020). In addition, it has been widely reported that activation of LBGs is associated with red pigmentation. For example, F3'5'H is involved in purple colored pigmentation in D. moniliforme (Whang et al., 2011), and similar results have been reported with ChF3’H and ChANS in Cymbidium orchid, PlANS and PlUFGT in Pleione ‘limprichtii’, and PeUFGT3 in Phalaenopsis (Chen et al., 2011; Wang et al., 2014; Zhang et al., 2020). Taken together, our results indicate that DhF3'H1, DhF3'5'H2, DhDFR, DhANS, and DhGT4 might be the downstream target genes regulated by DhMYB2 or DhbHLH1 in ABP and floral color formation.



Direct interactions between TFs and structural genes involved in anthocyanin biosynthesis

It is widely reported that MYB-bHLH usually acts as a complex to regulate anthocyanin biosynthesis in plants (Baudry et al., 2004; Wang et al., 2020; Kim et al., 2021). MYB can not only play a regulatory role alone, but also interacts with bHLH to regulate anthocyanin biosynthesis and color formation in plants (Espley et al., 2007; Yuan et al., 2013; Albert et al., 2021). MYB and bHLH can directly bind to cis-acting elements of gene promotors to regulate the expression of ABP structural genes and subsequent pigment formation. Shen et al. (Shen et al., 2014) previously demonstrated that PacMYBA interacts with bHLH to activate the promoters of PacDFR, PacANS, and PacUFGT and regulates pigmentation in sweet cherry. Besides acting as a complex, MYB and bHLH can also regulate anthocyanin biosynthesis alone (Xiang et al., 2015; Qi et al., 2020). MYB binding elements involved in flavonoid biosynthesis have been identified in many reports, including AGMOTIFNTMYB2, MYB26PS, MYBPZM, MYB core, and MYBPLANT (Singh et al., 2015; Yan et al., 2021). Likewise, E-box cis-acting elements are the most common binding targets of bHLH, of which G-box is the most common type (Li et al., 2021b; Qian et al., 2021). In this study, several putative cis-elements recognized by MYB or bHLH were identified in the promoter regions of DhF3'H1, DhF3'5'H2, DhDFR, DhANS, and DhGT4 (Figure 6).

Y1H and dual‐luciferase reporter assays were used to study the regulatory mechanisms of DhMYB2 and DhbHLH1. We found DhMYB1 can positively regulate the expression of DhF3'H1, DhF3'5'H2, DhANS, and DhGT4 by directly binding to their promoters. Similar results were found in the regulation of DhF3'H1, DhF3'5'H2, DhDFR, and DhGT4 by DhbHLH1. Interestingly, the DhMYB2-DhbHLH1 complex shows stronger activation ability of these structural genes than either TF alone (Figures 7A-D), consistent with previous studies in other plants. The combination of CmMYB6 and MrbHLH1 activates the CmDFR promoter 4-fold higher than that of CmMYB6 alone (Liu et al., 2015), and similar results have been reported in tobacco (Chen et al., 2017). Direct interactions of MYB or bHLH alone with promoters of structural genes has not been previously shown. Rather, they regulate ABP structural genes by forming MBW protein complexes (Li et al., 2021b; Yan et al., 2021). Similarly, we found DhMYB2 and DhbHLH1 alone are not sufficient to bind and activate expression of DhDFR and DhANS, respectively, in PD. Although MYB and bHLH recognition sites were identified in both DhDFR and DhANS promoters, direct binding via Y1H was not observed. Additional factors such as the surrounding sequences of the cis-elements or variation in particular amino acid domains of TFs may negatively affect binding affinities of TFs (Liu et al., 2016). Somewhat surprisingly, modest luciferase activation of all ABP structural genes was observed for each of these TFs alone in the exogenous N. benthamiana system. Exogenous overexpressed TFs can play roles by interacting with endogenous proteins (Lim et al., 2020). Although DhMYB2 alone cannot bind directly to the promoter of DhDFR in the Y1H assay, transient overexpression of DhMYB2 alone in N. benthamiana is enough to induce DhDFR expression, suggesting that DhMYB2 can play a regulatory role interacting with endogenous TFs in N. benthamiana. Meanwhile, DhbHLH1 might induce the expression of DhANS in N. benthamiana via a similar mechanism. Our results suggest that DhMYB2 and DhbHLH1 are key TFs regulating anthocyanin biosynthesis and purple pigmentation in PD by direct activation of LBGs (Figure 7E).




Conclusion

In this study, we characterized flower-specific expression of the TF genes DhMYB2 and DhbHLH1 in Phalaenopsis-type Dendrobium and investigated their spatiotemporal expression profiles in PD cultivars with different floral color phenotypes. DhMYB2 and DhbHLH1 have similar expression patterns, with high levels observed in floral tissues with high anthocyanin accumulation profiles and purple coloration. In addition, expression levels of DhMYB2 and DhbHLH1 are positively correlated with expression of LBGs (DhF3'H1, DhF3'5'H2, DhDFR, DhANS, and DhGT4) and anthocyanin accumulation according to transcriptomic data of D. ‘Suriya Gold’ and Pearson correlation matrix analyses of Dendrobium hybrid progenies. Furthermore, Y1H and dual‐luciferase reporter assays show that DhMYB2 and DhbHLH1 can activate expression of LBGs through direct binding to their promoters. Altogether, our results provide fresh insights on the mechanisms of DhMYB2 and DhbHLH1 regulation of ABP in PD.
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Supplementary Figure 1 | Length distribution of unigenes in D. ‘Suriya Gold’. Length distribution of unigenes identified in transcriptome assembly of D. ‘Suriya Gold’. Total number (49,938), Total length (96,387,028 nt), Mean length (1930.13 nt), N50 length (2837 nt). N50 is defined as the length of the longest unigene such that all unigenes of at least N50 length contain greater than 50% of all bases in the transcriptome assembly.

Supplementary Figure 2 | COG and KOG functional classifications of unigenes in D. ‘Suriya Gold’. (A) COG (Cluster of orthologous groups) functional classifications of unigenes. (B) KOG (Eukaryotic Ortholog Groups) functional classifications of unigenes. The x-axes represent COG or KOG categories, and the y-axes represent the number of unigenes annotated.

Supplementary Figure 3 | Analyses of color in different floral tissues of “BP” hybrid progenies during flower development. Colorimetric analyses of sepals (A), petals (B) and lips (C) of “BP” hybrid progenies at different developmental stages in three-dimensional color space using the CIE L*a*b* system.

Supplementary Figure 4 | Correlation analyses between anthocyanin biosynthesis related genes and anthocyanin content in different floral tissues of two Dendrobium hybrid families. Correlation matrix analyses between anthocyanin biosynthesis related genes and total anthocyanin content (TAC) in different floral tissues (sepals, petals and lips) in hybrid progenies from “ED” or “BP”, respectively. Twenty F1 progenies of each hybrid family were sampled.
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Camellia petelotii (Merr.) Sealy and Camellia impressinervis Chang & Liang belong to the golden subgroup of Camellia (Theaceae). This subgroup contains the yellow-flowering species of the genus, which have high medicinal and ornamental value and a narrow geographical distribution. These species differ in their tolerance to high light intensity. This study aimed to explore the differences in their light-stress responses and light damage repair processes, and the effect of these networks on secondary metabolite synthesis. Two-year-old plants of both species grown at 300 µmol·m-2·s-1 photosynthetically active radiation (PAR) were shifted to 700 µmol·m-2·s-1 PAR for 5 days shifting back to 300 µmol·m-2·s-1 PAR for recovery for 5 days. Leaf samples were collected at the start of the experiment and 2 days after each shift. Data analysis included measuring photosynthetic indicators, differential transcriptome expression, and quantifying plant hormones, pigments, and flavonoids. Camellia impressinervis showed a weak ability to recover from photodamage that occurred at 700 µmol·m-2·s-1 compared with C. petelotii. Photodamage led to decreased photosynthesis, as shown by repressed transcript abundance for photosystem II genes psbA, B, C, O, and Q, photosystem I genes psaB, D, E, H, and N, electron transfer genes petE and F, and ATP synthesis genes ATPF1A and ATPF1B. High-light stress caused more severe damage to C. impressinervis, which showed a stronger response to reactive oxygen species than C. petelotii. In addition, high-light stress promoted the growth and development of high zeatin signalling and increased transcript abundance of adenylate dimethylallyl transferase (IPT) and histidine-containing phosphotransferase (AHP). The identification of transcriptional differences in the regulatory networks that respond to high-light stress and activate recovery of light damage in these two rare species adds to the resources available to conserve them and improve their value through molecular breeding. 
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Introduction

Camellia oleifera which belongs to the same family as the golden subgroup of Camellia has been studied for photosynthesis because of its wide cultivation area and the development of related industries. The photosynthetic characteristics of Camellia oleifera have been measured, and it was found that the main functional leaf for photosynthesis in Camellia oleifera is the 2-year-old leaf, which has the highest chlorophyll content and photosynthetic rate (Liang et al, 1988; Li et al., 2010). In contrast, the golden subgroup of Camellia is a shade-tolerant plant and is susceptible to strong light stress. The physiological and ecological characteristics of the golden subgroup of Camellia are closely related to their extremely narrow geographical distribution (Wei et al., 2008; Yang et al., 2010), strong light is not conducive to the growth and development of the golden subgroup of Camellia and is an important factor limiting their population expansion (Wei et al., 2007), therefore, the in-depth study of different light intensities of the golden subgroup of Camellia can provide the theoretical basis for population migration and conservation by understanding the intrinsic metabolic changes and regulatory expression characteristics of the golden subgroup of Camellia.

In this paper, we chose Camellia petelotii and C. impressinervis as the experimental materials; since that C. petelotii distribution latitude is wide; C. impressinervis is more distantly related to others the golden subgroup of Camellia, and the distribution data show that the distribution area is narrower (Liu, 2015).

Camellia petelotii and C. impressinervis are members of the subgroup of tea plants that produce golden yellow flowers and possess valuable medicinal resources, especially in China (Song et al., 2011; Zhang et al., 2020). Camellia petelotii is an evergreen shrub that is distributed in a narrow region of South China and North Vietnam. C. impressinervis is an extremely rare germplasm resource that is produced through hybridization (Tang et al., 2006; Chai et al., 2018) and is only distributed in Longzhou County and Daxin County, Guangxi, China (22.3° - 22.8° N, 106° - 109° E). It grows at 130 m to 480 m above sea level, in a region with an annual average temperature of 21°C to 22.8°C, annual rainfall of 1260 mm to 1360 mm, and in soils of pH 5.5 to 7.5.

Based on the results of Chai et al. wild C. petelotii mainly grows in valleys or on shady slopes, and is poorly adapted to strong light. Camellia impressinervis has high ornamental value for its leaves and flowers (Liao et al., 2015). It prefers similar habitats to C. petelotii and grows well in shady and humid environments (Chai et al., 2018). However, during 5 days of monitoring of plants at 300 µmol·m-2·s-1 photosynthetically active radiation (PAR) (24°C, 12 h light, 12 h dark), it was found that the net photosynthetic rate of C. petelotii was significantly higher than that of C. impressinervis. Li F. et al., 2013, also found that the stomatal density of C. impressinervis (204 mm-2) was 1.7-fold higher than that of C. pete-lotii (120 mm-2).

Our previous studies showed that the concentrations of total flavonoids, saponins, and tea polyphenols were higher in the leaves of C. impressinervis than those of C. petelotii (Wang et al., 2018). Song et al. determined the polyphenol concentration and antioxidant capacity of C. petelotii, C. impressinervis, C. tunghinensis, and three other camellia germplasms. They found that the concentrations of peroxyl radical scavenging activity (ORAC), total phenolics (TP), proanthocyanidin (PA), hydrolyzable tannin, and condensed tannin were significantly higher in C. impressinervis than the five other species. Remarkably, the flavone concentration was about 10-fold higher in C. impressinervis than in C. petelotii. Flavonoids such as flavonols, dihydro flavonoids, chalcones, and anthocyanins are the plant secondary metabolites that vary widely in concentration among plants. They have complex and diverse structures, mainly based on a C6-C3-C6 structure (Iwashina, 2000; Wang et al., 2013). At present, flavonoids are widely used as natural compounds with antioxidant properties that prevent cell damage. Because C. petelotii leaves are rich in anthocyanins and flavanols with antioxidant and antibacterial effects, their extracts are used in China to reduce blood cholesterol, blood pressure, and cancer (Yang et al., 2018; He et al., 2019; Zhang et al., 2020).

Taken together, differences in the photosynthetic rate at 300 µmol·m-2·s-1, stomatal density, and photoprotective capacity between C. petelotii and C. impressinervis suggest that both the species show significantly different responses to the light intensity that can impact their growth and development. This study, therefore, deciphers the differential modulation of gene networks of C. petelotii and C. impressinervis in response to light stress and photo-damage recovery. Exposure of two-year-old leaves to high light intensity and the recovery at normal intensity triggered significant changes in the photosynthetic indicators and phytochemicals. Moreover, the transcriptome analysis identified a number of DEGs with significantly differential expression patterns between the two species. The crucial information, thus obtained, can be effectively used to breed new cultivars with increased tolerance against light stress.



Materials and methods


Plant materials

The test seedlings were 2-year-old Camellia petelotii (Merr.) Sealy and Camellia impressinervis Chang & Liang. The seedlings were to grow 8-10 leaves during the experiment.

In previous trials, the photosynthetic rate of C. petelotii leaves under gradient light intensity were carefully tested, and three light intensities of 700, 300, and 100 µmol·m-2·s-1 were set in the plant culture room for 7 days, it was found that under strong light stress (700 μmol·m-2·s-1), the thylakoid morphology is abnormal in the leaves, the antioxidant system is damaged, 300 µmol·m-2·s-1 is a relatively appropriate growth light condition and that strong light stress (700 µmol·m-2·s-1) causes damage to the photosystem of C. petelotii. (Huang et al., 2022)

Therefore three stress-repair trial phases were set up in the CONVIRON CG72 walk-in plant growth chamber, the initial phase at a light intensity of 300 (µmol·m-2·s-1), the stress phase at a light intensity of 700 (µmol·m-2·s-1), and the recovery phase at a light intensity of 300 (µmol·m-2·s-1). The chamber temperature was set to 25°C, with a humidity of 70%. The plants were treated for 5 days. Measurements were taken and leaves were harvested after 5 h of light exposure on day 2 of each treatment. Some leaves were kept fresh while others were snap-frozen in liquid nitrogen, depending on the intended use.



Determination of photosynthetic rate and photosynthetic pigment concentrations

Leaf photosynthetic rate was measured by gas exchange (LI-6400, LI-COR Inc., Lincoln, NE, United States), while Fo and Fm were measured using a pulse modulation chlorophyll fluorescence spectrometer (PAM 2500, LI-COR Inc., Lincoln, NE, United States). Pigments were extracted from fresh leaves in the dark at 24°C by grinding 0.3 g sample in 95% ethanol with quartz sand and calcium carbonate powder in a mortar and pestle until the tissue became white. After allowing it to stand for 5 min, the homogenate was filtered and diluted to 25 mL with 95% ethanol. The absorbance was determined at 665 nm, 649 nm, and 470 nm. The concentrations of Chl a, Chl b, and carotenoids were calculated according to the method of Wellburn and Lichtenthaler (1984).



Transcriptome analysis

RNA extraction, sequencing, and bioinformatic analyses were done commercially from snap-frozen leaves (Novogene, Beijing, China). Messenger RNA was purified from total RNA using oligo-dT attached to magnetic beads. Fragmentation was carried out using divalent cations at elevated temperatures in a commercial buffer (Next First Strand Synthesis Reaction Buffer, New England Biolabs (NEB), Ipswich, MA, USA). First-strand cDNA was synthesized using random hexamer primers and M-MuLV Reverse Transcriptase (NEB). Second-strand cDNA synthesis was performed using DNA polymerase I and RNase H. Remaining overhangs were converted into blunt ends via exonuclease/polymerase activities. After adenylation of 3’ ends, an adaptor with a hairpin loop structure (Next Adaptor, NEB) was ligated onto the cDNA to prepare for hybridization. To select cDNA fragments of 250 bp to 300 bp in length, the library fragments were purified by magnetic bead separation (AMPure XP system, Beckman Coulter, Beverly, MA, USA). The size-selected, adaptor-ligated cDNA was subjected to uracil-specific excision (USER Enzyme, NEB) at 37°C for 15 min followed by 5 min at 95°C. Amplification by PCR was performed using a high-fidelity DNA polymerase, Universal PCR primers, and Index (X) Primer (Phusion, Thermo Fisher Scientific, Wal-tham, MA, USA). The PCR products were purified by magnetic bead separation (AM-Pure XP system, Beckman-Coulter) and library quality was assessed (Bioanalyzer 2100 system, Agilent, Santa Clara, CA, USA).

Clustering of index-coded samples was performed (cBot Cluster Generation System using the TruSeq PE Cluster Kit v3-cBot-HS, Illumina, San Diego, CA, USA) according to the manufacturer’s instructions. After cluster generation, libraries were sequenced (Hiseq TM4000, Illumina) to generate 150 b paired-end reads.



Differential expression analysis

Differential expression analysis was performed (DESeq2 (Love et al., 2014) in R package 1.16.1). The resulting P-values were adjusted using the Benjamin and Hochberg approach for controlling the false discovery rate. Genes with an adjusted P-value < 0.05 were considered to be differentially expressed. The selection of differentially expressed genes was based on the FDR ≤ 0.001 and an absolute value of log2 relative expression level ≥ 1.



Term enrichment analysis of differentially expressed genes

Case-specific analysis of differentially expressed genes (DEGs), including NCBI non-redundant (nr) (https://blast.ncbi.nlm.nih.gov/Blast.cgi), Eukaryotic Orthologous Groups (kog) (http://www.ncbi.nlm.nih.gov/COG/), Protein Families (Pfam) (http://pfam.xfam.org/), Gene Ontology (GO) (http://geneontology.org/) and KEGG pathway enrichment analysis, was done. The GO enrichment analysis was implemented through the cluster Profiler package in R. The GO terms that were differentially abundant with a corrected P-value ≤ 0.05 were considered to be significantly enriched in a set of DEGs. The KEGG database resource was used to assign high-level functions and utilities to the DEGs (http://www.genome.jp/kegg/).



Determination of total flavonoid concentration

According to Chen et al. (2016), total flavonoid concentration (TFC) was determined spectrophotometrically.

A) sample pre-treatment

The samples to be tested were first killed at 105°C for 15 min, then dried at 60°C, crushed, and set aside.

B) sample extraction

We took the sample to be tested and ground it to a fine powder. We weighed about 0.3 g of ground sample and performed reflux extraction with 60% ethanol twice (20 mL each time), and filtered it. The filtrates were combined and evaporated to dryness. The dry filtrate was dissolved with 60% ethanol and fixed the volume to 25 mL.

C) standard curve drawing

We precisely measured 0 mL, 0.1 mL, 0.2 mL, 0.4 mL, 0.6 mL, 0.8 mL, 1.0 mL, 1.2 mL, and 1.6 mL of rutin reference solution in a 10 mL volumetric flask, and added 60% ethanol to make the final volume of 2.0 Ml. We added 0.5 mL 5% NaNO2 solution, and kept for 6 min. Then, 0.5 mL of 10% Al (NO3)3 solution was added, and kept for 6 min, and added 4 mL of 4% Al(NO3)3 and NaOH solution, with 60% ethanol to fill the volume to the marked line, and kept for 15 minutes. Finally, we determined the absorbance at 510 nm and drew the standard working curve.

D) sample determination

Accurately measured 0.5-2.0 mL of sample solution was added to a 10 mL volumetric flask. According to the method of drawing a standard working curve, after adding 0.5 mL of 5% NaNO2 solution, the absorbance was measured, and the rutin content was checked in the sample solution from the standard working curve, followed by calculation of total flavonoids in the sample.



Determination of plant hormones

The samples were ground in liquid nitrogen to dry powder. The 1.5 g of powder was put in a glass test tube and added isopropanol-water-hydrochloric acid mixed extract into it, followed by shaking at low temperature for 30 min. Then, dichloromethane was added, followed by shaking at low temperature for 30 min and centrifugation at 13000 r/min for 5 min at low temperature. The lower organic phase was removed, protected from light, and dried with nitrogen. The organic phase was reconstituted with methanol (0.1% formic acid); centrifuged at 4°C for 10 min (13000 r/min), and the supernatant was taken to 0.22 µm filter membrane. For HPLC-MS/MS detection, the extraction process was performed on an ice box at 4°C throughout the operation. Methanol (0.1% formic acid) was used to prepare different gradients of IAA, ABA, Zeatin, and GA3 standard solutions for the solvent, and the standard curve in practice linear outliers was excluded from the equation. The data acquisition system mainly included high-performance liquid chromatography (High-Performance Liquid Chromatography, HPLC) (Agilent 1290, https://www.agilent.com/) and tandem mass spectrometry (Tandem mass spectrometry, MS/MS) (Applied Biosystems 6500 Quadrupole Trap, https://sciex.com.cn/). Mass spectral data were processed using the software Analyst.



Determination of CAT, POD, and SOD activities

We took 0.5 g of leaves in different treatment groups, according to weight (g): volume (mL) ratio=1:5-10, and added 0.2 mol/L PBS buffer (PH 7.2-7.4). The homogenate was prepared under ice bath conditions, centrifuged at 2500 r/min for 10 min, and used the supernatant and diluted with PBS buffer. CAT enzyme activity was determined according to the method of Johansson and Borg (1988). POD activity was determined according to the Naz et al. (2021) method. The enzymatic activity of SOD was determined according to the method of He et al. (2007), comparing two procedures based on the autoxidation of pyrogallol.



Plant RNA extraction and real-time RT-PCR

Total RNA was extracted using Trizol reagent (TAKARA, Japan) and used for reverse transcription (Transcriptor First Strand cDNA Synthesis Kit, TAKARA, Japan). Complementary DNA was diluted 10-fold for real-time RT-PCR. The PCR cycling was done under the following conditions: 95°C for 15 s, 56°C for 30 s, 72°C for 30 s, and 40 cycles (Applied Biosciences 7500 thermocycler, Thermofisher, Waltham, MA, USA). Primers used in this study are shown in Supplemental Table S5. the internal control gene is Tub1.



Data analysis

Data were processed and plotted with Excel 2010 software, and statistical and ANOVA analyses were performed with SPSS 19.0 software.




Results


Differences in SPAD, photosynthetic pigment, and photoresponse parameters under the light stress

The responses of C. petelotii and C. impressinervis to changes in light intensity were examined in the leaves of 2-year-old plants. To determine the time course of the light response, plants were moved to a growth chamber at 300 µmol·m-2·s-1 light for 5 days, then transferred to 700 µmol·m-2·s-1 for 5 days, followed by recovery at 300 µmol·m-2·s-1 for 5 days. SPAD values were the highest on the second day of each light treatment. At each point, SPAD values were higher for C. petelotii than for C. impressinervis (Figure 1A). Considering that SPAD values remained stable from day 3 to day 5 for each light treatment, the physical and chemical indexes, and transcriptome changes were determined on the material harvested in the middle of the light period on day 2 after the start of each light treatment (Figure 1B). Plants were then moved to the next light treatment at the end of day 2 (Figure 1B). The concentrations of chlorophyll a and b (Chl a and Chl b) in C. petelotii leaves decreased during each of the three treatments of 300 - 700 - 300 R (µmol·m-2·s-1), while carotenoid (Cr) concentration only decreased during the 300 R µmol·m-2·s-1 treatment (Supplemental Figure S1). The highest concentrations of Chl a, Chl b, and Cr for C. impressinervis were observed during the 700 µmol·m-2·s-1 treatment, which decreased during plant recovery under 300 µmol·m-2·s-1. However, the reduction rate during recovery at 300 µmol·m-2·s-1 was smaller in C. impressinervis leaves than in C. petelotii leaves (Supplemental Figure S1). At the same time, the minimum fluorescence (Fo) in C. petelotii decreased at 700 µmol·m-2·s-1 and did not recover, while Fo in C. impressinervis was not affected by the changes in light intensity (Supplemental Figure S2). The maximum quantum yield of photosystem II (PSII), Fv/Fm, increased when C. petelotii was moved to higher light intensity and did not fully recover when moved back to the lower light (Supplemental Figure S2). In contrast, Fv/Fm did not change when C. impressinervis was moved to higher light but then decreased during recovery at 300 µmol·m-2·s-1.




Figure 1 | Gene functional annotation for a combined Camellia petelotii and Camellia impressinervis transcriptome. (A) Leaf SPAD values for C. petelotii and C. impressinervis exposed to 300 µmol·m-2·s-1 for 5 days, followed by 700 µmol·m-2·s-1 for 5 days and finally shifted back to 300 µmol·m-2·s-1 for 5 days. SPAD readings were taken each day. Bars show means ± s.d. (n = 3) (B) Leaves of C. petelotii and C. impressinervis are shown across the top of the panel. Scale bar = 50 mm. Based on the results in (A), C. petelotii and C. impressinervis were exposed to 300 µmol·m-2·s-1 for 2 days, followed by 700 µmol·m-2·s-1 for 2 days and finally shifted back to 300 µmol·m-2·s-1 for 2 days. Photosynthetic measurements were taken and leave was harvested 5 h after the start of the light period (13:00) on day 2 of each treatment (red dotted lines). Leaf samples from C. petelotii were named A, B, and C, while leaf samples from C. impressinervis were named d, e, and f. Samples corresponding to 300 µmol·m-2·s-1 exposure (A and d), 700 µmol·m-2·s-1 exposure (B and e), and recovery at 300 µmol·m-2·s-1 (C and f) were used for transcriptome sequencing. (C) A Venn diagram of gene an-notations in the combined transcriptome from C. petelotii and C. impressinervis. Annotations were extracted from nt, NCBI non-redundant (nr), Eukaryotic Orthologous Groups (kog), Protein Families (Pfam), and Gene Ontology (GO) databases (top). Pie chart of the proportion of annotated genes in Camellia sinensis, Quercus suber, Actinidia chinensis, Ricinus communis, Vitis vinifera, and other plants (bottom). (D, E) KEGG and GO enrichment analysis, respectively, for annotated genes in the combined C. petelotii and C. impressinervis transcriptome.





Sequence assembly and gene functional annotation for C. petelotii and C. impressinervis transcripts

Both C. petelotii and C. impressinervis lack a high-quality genome assembly to use as a reference. Therefore, transcriptome assemblies were constructed from RNA-seq reads obtained from leaves of C. petelotii (samples A, B, C, respectively, Figure 1B) and C. impressinervis (samples d, e, f, respectively, Figure 1B) exposed to three light treatments. A total of three assemblies were made (one for each species independently, and one combined transcriptome for both species) using Trinity to process all clean RNA-seq reads and assigned annotations (Grabherr et al., 2011). Based on the information available in NR, Swiss-Prot, KEGG, KOG, GO, NT, and Pfam databases, 131,060 unigenes (found in at least one database) were annotated. A total of 65% of the assembled transcripts were highly homologous to genes in Camellia sinensis (Figure 1C). In the KEGG classification system, the largest number of annotated transcripts were related to translation (2330), carbohydrate metabolism (2073), and signal transduction (2197) (Figure 1D). Moreover, the unigenes were most highly represented by GO terms in functions associated with cellular and metabolic processes in the biological processes category and with binding, catalytic activity, and transporter activity in the molecular functions category (Figure 1E).



Interspecific differentially expressed genes

Differentially expressed genes (DEGs) were identified with a log2 relative expression level ≥ 1 and ≤ −1 (p-value ≤ 0.05) in pairwise comparisons of samples A with d, B with e, and C with f. There were more unique DEGs between the two species during the recovery period at 300 µmol·m-2·s-1 (C vs. f, 2627 DEGs) than after the treatment at 300 µmol·m-2·s-1 (A vs. d, 507 DEGs) or at 700 µmol·m-2·s-1 (B vs. e, 813 DEGs) (Figure 2A). Cluster analysis of the DEGs by relative expression level showed similarity in expression trends within a species over the treatments, but not within treatments across species (Figure 2B). Gene Ontology enrichment analyses were performed with the up-regulated or down-regulated DEGs (Figure 2C). The enrichment was most significant between samples C and f. The functions that were most highly enriched in the up-regulated genes were involved in the photosynthetic electron transport chain, oxidation-reduction, and lysine biosynthetic process, while the most highly-enriched functions in the down-regulated genes were related to starch, sucrose, and glucan metabolism. The most significantly enriched functions among the down-regulated genes in B vs.e were related to methylation, metabolism, and modification of mRNA. KEGG enrichment analysis of the DEGs between species for each treatment showed significant enrichment signals in functions associated with photosynthesis and flavonoid biosynthesis (Figure 2D).




Figure 2 | Differential response in gene expression to changing light intensity between Camellia petelotii and Camellia impressinervis. (A) Venn diagram of differentially expressed genes (DEGs) in a comparison between C. petelotii samples A, B, and C with C. impressinervis samples d, e, and f, respectively. See legend to Figure 1B for growth conditions and sample treatments. (B) Cluster analysis of the relative expression levels of the six groups in panel (A). (C) GO enrichment analysis of DEGs from comparisons described in panel (A) Intensity of red and blue color indicates the statistical significance of the enrichment in DEGs that were up-regulated or down-regulated, respectively, in C. petelotii relative to C. impressinervis. (D) KEGG enrichment analysis of the DEGs from comparisons described in panel (A) Intensity of color indicates the statistical significance of the enrichment in C. petelotii relative to C. impressinervis. GO and KEGG terms associated with photosynthesis are marked (black dots).





Transcriptome differences in photosynthesis pathway genes

To further understand the differences in the transcriptional responses related to light stress response and recovery, DEGs within C. petelotii and C. impressinervis were identified by comparing sample A individually with samples B and C, and sample d individually with samples e and f, respectively (Supplemental Tables S1–S4). Camellia petelotii had more DEGs that respond to light stress (A vs. B, 8184 DEGs) and during the recovery process (A vs. C, 4449 DEGs) than C. impressinervis (d vs. e, 386 DEGs; d vs. f, 204 DEGs) (Figure 3A). GO and KEGG enrichment analysis showed that the overlap in response to changing light levels in the two species was largely restricted to the photosynthesis process (Figure 3B). The DEGs in these enriched groups included, the photosystem II reaction center chlorophyll-binding protein D1 (PsbA), subunit CP47 (PsbB), subunit CP43 (PsbC), an extrinsic subunit (PsbO), and the oxygen-evolving complex (PsbQ). Subunit D1 (PsaB), subunit II (PsaD), subunit VI (PsaH), and the only subunit of thylakoid lumen (PsaN) of the photosystem I reaction center. And photosynthetic electron transport protein (PetF) and subunits of the F1F0-ATPase synthase (ATPF1A; ATPF1B) (Figure 3C). Most of these genes were significantly up-regulated in the light stress response in both species. However, in C. petelotii, these genes remained significantly up-regulated in the recovery phase. In contrast, they remained comparatively low in C. impressinervis. Four genes that showed the most significant change in expression were selected to confirm the trends by real-time RT-qPCR analysis (Figure 3C). The results of RT-qPCR were highly consistent with the transcriptome data (Figure 3D). In general, C. petelotii and C. impressinervis have different transcriptional responses to light stress and photodamage recovery.




Figure 3 | Differential expression of representative genes involved in photosynthesis in response to changing light intensity in Camellia petelotii and Camellia impressinervis. (A) Venn diagram of differentially expressed genes (DEGs) in response to changes in light intensity in C. petelotii samples B and C compared to sample A, and C. impressinervis samples e and f compared to sample d. See legend to Figure 1B for growth conditions and sample treatments. (B) GO and KEGG term enrichment analysis for DEGs identified in the comparisons described in panel (A) Color intensity indicates the statistical significance of the enrichment. (C) Relative expression of DEGs involved in photosynthesis is identified in the comparisons described in panel (A) Relative expression is shown on a gradient scale from strongly repressed (dark green) to strongly induced (dark red). (D) Relative expression profiles of four genes in the leaves of C.petelotii and C. impressinervis identified in the comparisons described in panel (A) were determined by real-time RT-PCR. All profiles were normalized to the expression level of tubulin in C. petelotii and C. impressinervis. All bars represent means ± s.d. (n = 3 biological replicates). Different letters above the bars indicate significant differences within a gene (P < 0.05) by Duncan’s test.





Expression profiles for flavonoid biosynthesis pathways

Leaves of C. petelotii and C. impressinervis are rich sources of flavonoids, which have a very prominent role as antioxidants. However, leaves of C. petelotii showed lower flavonoid contents at all treatments as compared to C. impressinervis (Figure 4A). The flavonoid concentration of C. petelotii leaves was unchanged after shifting to 700 µmol·m-2·s-1 and increased by about 15% after restoring the plants to 300 µmol·m-2·s-1. The flavonoid contents of C. impressinervis leaf were nearly doubled when plants were shifted to 700 µmol·m-2·s-1 and then declined during recovery at 300 µmol·m-2·s-1 (Figure 4A). The activities of the antioxidant enzymes, CAT, POD, and SOD were increased during high-light stress at 700 µmol·m-2·s-1 and decreased during the recovery at 300 µmol·m-2·s-1(Figure 4B). The activities of the antioxidant enzymes POD and SOD were significantly lower in leaves of C. petelotii than those of C. impressinervis (P < 0.05), but the CAT activity was significantly higher in leaves of C. petelotii than those of C. impressinervis (P < 0.05). The magnitude of these changes was accompanied by changes in the expression of a large number of genes related to flavonoid synthesis during a light stress response followed by damage repair and was consistent with the GO and KEGG enrichment analysis of the DEGs, showing significant enrichment in the oxidation-reduction process and flavonoid bio-synthesis during the light treatments (Figures 2C, D). The expression clustering of DEGs for nine gene families involved in flavonoid biosynthesis showed that most of these family members were repressed under light stress (Figure 4C). This down-regulation was more pronounced for C. petelotii than for C. impressinervis. The transcript abundance for the members of each of the gene families was confirmed by real-time RT-PCR (Figure 4D). Their expression levels were highly consistent with the RNA-seq data. Taken together, these results show that light stress affected flavonoid synthesis and antioxidant capacity in both species.




Figure 4 | Differential expression of representative genes involved in flavonoid biosynthesis in response to changing light intensity in Camellia petelotii and Camellia impressinervis. (A) Total leaf flavonoid concentration in C. petelotii and C. impressinervis treated as described in the legend to Figure 1B. Data are shown as means ± SD (n=3), Different letters over bars indicate significant differences within a species by Duncan’s test (P < 0.05). (B) The concentration of leaf catalase (CAT), peroxidase (POD), and superoxide dismutase (SOD) activities. (C) Relative expression profiles of differentially expressed genes involved in flavonoid biosynthetic pathways in response to changes in light intensity in C. petelotii samples B and C compared to sample A, and C. impressinervis samples e and f compared to sample d. See legend to Figure 1B for growth conditions and sample treatments. Relative expression is shown on a gradient scale from strongly repressed (dark green) to strongly induced (dark red). Enzyme names are shown in red: phenylalanine ammonialyase (PAL), cinnamate-4-hydroxylase (C4H), 4-coumarate CoA ligase (4CL), chalcone synthase (CHS), flavanone-3-hydroxylase (F3H), flavanone-3’-hydroxylase (F3’H), dihydroflavonol 4-reductase (DFR), flavonol synthase (FLS) and leuanthocyanidin reduc-tase (LAR). Gene expression profiles confirmed by real-time RT-PCR are indicated (black dots). (D) Relative expression profiles of nine representative genes from panel C were determined in the leaves of C. petelotii and C. impressinervis by real-time RT-PCR. All profiles were normalized to the ex-pression level of tubulin in C. petelotii and C. impressinervis. In panels A, B and D, bars represent means ± s.d.(n = 3 biological replicates). Different letters above or below the bars indicate significant differences within a gene (P < 0.05) by Duncan’s test.





Transcriptome differences in zeatin biosynthesis and signal transduction pathway

The concentrations of the plant hormones zeatin, indole acetic acid (IAA), abscisic acid (ABA), methyl salicylic acid (MeSA), methyl jasmonic acid (MeJA), and gibberellic acid (GA) were determined in leaves (Figure 5A, Supplemental Figure S3). Each hormone showed a species-dependent leaf concentration depending upon their response to the light treatment. The concentrations of IAA, MeSA, and MeJA were higher in the leaves of C. impressinervis than in the leaves of C. petelotii under all conditions. On the contrary, the concentration of ABA was higher in the leaves of C. petelotii than those of C. impressinervis under all conditions. The leaf concentration of GA3 was the same in both species at 300 µmol·m-2·s-1, but it was higher in C. petelotii during the high-light stress and recovery phase. The concentrations of Zeatin, IAA, MeSA, and GA3 were increased in both species during their shifting from normal to high-light stress, while ABA concentration decreased. The changes in hormone levels during the recovery phase were variable.




Figure 5 | Differential expression of representative genes involved in zeatin biosynthesis and response in re-sponse to changing light intensity in Camellia petelotii and Camellia impressinervis. (A) Leaf zeatin concentrations in C. petelotii and C. impressinervis were treated as described in the legend in Figure 1B. Data are shown as means ± SD (n=3), Different letters over bars indicate significant differences within a species by Duncan’s test (P < 0.05). (B) Relative expression profiles of differentially expressed genes involved in zeatin biosynthesis and signal transduction in response to changes in light intensity in C. petelotii samples B and C compared to samples A, and C. impressinervis samples e and f compared to sample d. See legend to Figure 1B for growth conditions and sample treatments. Relative expression is shown on a gradient scale from highly repressed (dark green) to highly induced (dark red). Enzyme names are adenylate dimethylallyl transferase (IPT), UDP-glucosyltransferase (UGT), tRNA dimethylallyl transferase (miaA), cis-zeatin O-glucosyltransferase (CISZOG), histidine-containing phosphotransferase (AHP), and two-component response regulator family members (A-ARR, B-ARR), Gene expression profiles confirmed by real-time RT-PCR are indicated (black dots). (C) Relative expression profiles of seven representative genes from panel B were determined in the leaves of C.petelotii and C. impressinervis by real-time RT-PCR. All profiles were normalized to the expression level of tubulin in C.petelotii and C. impressinervis. Bars represent means ± s.d. (n = 3 biological replicates). Different letters above or below the bars indicate significant differences within a gene (P < 0.05) by Duncan’s test.



The enrichment of functions associated with zeatin biosynthesis and its role in signal transduction among the DEGs (Figure 2D) led to a more thorough examination (Figure 5B). The expression of adenylate dimethylallyl transferase (IPT) and UDP-glucosyltransferase (UGT), which regulate the biosynthesis of trans-zeatin, was increased by light stress, while tRNA dimethylallyl transferase (miaA) and cis-zeatin O-glucosyltransferase (CISZOG) were repressed. Six histidine-containing phosphotransferases (AHP) and one two-component response regulator family member (A-ARR) were up-regulated, while a B-ARR family member was repressed in the light stress response and recovery process in C. petelotii. Similar trends were absent in C. impressinervis. As before, RT-qPCR validation of the RNA-seq results was highly consistent (Figure 5C). Taken together, light stress affected the synthesis and signal transduction pathways of plant hormones, especially zeatin, in C. petelotii.




Discussion


Material selection and accuracy of transcriptome data

The results demonstrated that the sampling used in this study was meaningful and the transcriptome data were accurate and representable. Moving 2-year-old C. petelotii and C. impressinervis plants from a growth cabinet with 12 hours of light exposure at 300 µmol·m-2·s-1 to high-light stress at 700 µmol·m-2·s-1 caused an increase in SPAD values at day 2, which declined by day 3. Thus, day 2 was optimal for leaf sampling to determine the differential response of both species to light stress.

When plants were subjected to intense light stress 700 µmol·m-2·s-1 and then restored to the optimum light intensity 300 µmol·m-2·s-1, the chlorophyll fluorescence intensity, phytochrome as well as physicochemical indicators such as hormone content and antioxidant enzyme activity of the leaves were measured and analyzed. Transcriptome measurements were carried out on the corresponding leaf tissues, aiming to further reveal the response mechanism of garlic leaves to light and the influence mechanism of strong light on the growth and development of garlic at the molecular level.

The assembled transcriptome was of suitable quality since 64.5% of the genes annotated in the unreferenced transcriptome were highly homologous to genes from Camellia sinensis. The gene expression and response profiles were distinct in the two species since there was a great similarity in the expression profiles within the three treatments of each species. The expression profiles determined by RNA-seq were accurate, as the real-time RT-qPCR analysis recapitulated and validated the transcript levels of 20 individual genes.



Changes in photosynthetic gene expression patterns in response to light stress and recovery

Camellia petelotii and C. impressinervis possess very different regulatory mechanisms for modulating gene expression during light stress and stress-recovery periods. A large number of DEGs were obtained with significant expression differences between these two species due to light stress. According to GO and KEGG annotations, the gene set associated with photosynthesis was the most responsive both between the two species at the same treatment condition and within each species across the three treatments. The difference in response to the light treatments was also clear from the maximum quantum yield of photosystem II (Fv/Fm). Camellia petelotii was relatively unstressed by the changes in light regimens, with an Fv/Fm of about 0.8 in all treatments. This species seemed to be least stressed at 700 µmol·m-2·s-1, since it had a slightly higher Fv/Fm at this PAR intensity than at 300 µmol·m-2·s-1. However, C. impressinervis showed more stress responses at both 300 and 700 µmol·m-2·s-1, with an Fv/Fm value lower than 0.8, which was further dropped during the recovery phase. The differences in stress levels at low light intensity would likely cause differences in the long-term growth and development of these species.

The DEGs related to Photosystem II (i.e., PsbA, B, C, O, Q), Photosynthetic electron transport (i.e., petE, F), Photosystem I (i.e., PsaB, D, E, F, H, L, N) and F-type ATPase (i.e., ATPF1A, B) showed differential expression in C. impressinervis between 300 µmol·m-2·s-1 and recovery from 700 µmol·m-2·s-1 (Figure 3C). The RT-qPCR results of four of these genes showed their specific repression (Figure 3D). The transcript abundance for genes associated with PSII was consistent with the trends seen in PSII efficiency measured by Fv/Fm. In C. petelotti, the expressions of PSII-associated genes PsbA, B, C, O, and Q, as well as photosynthetic electron transport-associated genes petE and F, were higher in leaves of plants exposed to 700 µmol·m-2·s-1 and in the recovery phase than the plants exposed to the initial 300 µmol·m-2·s-1 condition. In C. impressinervis, the levels of these transcripts were lower in the recovery phase, associated with lower PSII efficiency (lower Fv/Fm), than the initial 300 µmol·m-2·s-1 treatment. The proteins encoded by these genes include PsbA (thylakoid located D1) and PsbB (chlorophyll A binding protein CP47), PsbC (CP43 protein), which are located in the PSII reaction center (Vaistij et al., 2000; Raszewski and Renger, 2008; Chotewutmontri and Barkan, 2018); PsbO, Q, and R, which are the extrinsic subunits in PSII oxygen-evolving complex (Allahverdiyeva et al., 2013); and PetE and F (cytochrome b559), which play important roles in the formation and stabilization of PSII structure by acting as electron carriers (Pospisil, 2011; Ido et al., 2012).

In C. impressinervis, the recovery phase repressed PSI transcripts, which encode the core protein PsaB, complex stability factor PsaD, subunit PsaE, calcium-dependent phosphorylation subunit PsaH and interactor between plastocyanin and the PSI complex psaN (Ihnatowicz et al., 2004; Liu et al., 2012; Stael et al., 2012). This repression was consistent with the decrease in the concentrations of Chl a and Chl b and carotenoids (Supplemental Figure S1). The increased transcript abundance for F1F0-ATPase subunits ATPF1A and B may allow an increase in photosynthetic electron transfer by reducing energy supply (St-Pierre et al., 2000; Bosetti et al., 2002). Taken together, during the switching of C. petelotii and C. impressinervis from 300 µmol·m-2·s-1 to 700 µmol·m-2·s-1, photosynthetic indexes and core regulatory genes were both up-regulated. However, during the recovery phase, the decrease in photosynthesis in C. impressinervis was consistent with the down-regulation of genes associated with photosynthesis.

From the results, it seems likely that there are no significant differences in photosynthetic indices between the two species in response to light stress, while the photodamage repair capacity of C. impressinervis was lower than that of C. petelotii. Higher light for a prolonged period (2 days) decreased the photosynthetic rate of C. impressinervis, probably by affecting the formation and stability of PSII and PSI complexes and altering electron transfer. The differences in the effects of light transitions on the photosynthetic apparatus are likely to be translated to long-term growth effects on plants, where C. petelotii would be favored in higher light environments than C. impressinervis.



Response of flavonoid biosynthesis to light intensity

There are four orthologs in Arabidopsis encoding phenylalanine ammonia-lyase (PAL), the first enzyme in the flavonoid biosynthetic pathway. In contrast, over 31 PAL unigenes were identified in the Camellia spp. This finding suggests that an expansion in gene numbers explains why Camellia spp. is rich in flavonoids (Qin et al., 2020). Total leaf flavonoid concentration was significantly higher in C. impressinervis than that C. petelotii.

Flavonoids were significantly affected by the transitions in light exposure. Moving plants to 700 µmol·m-2·s-1 actually caused a reduction in the concentration of leaf flavonoids in C. petelotii, while a significant elevation was observed in C. impressinervis. During the recovery phase, the flavonoid concentration in C. petelotii increased within 2 days, and the flavonoid concentration in C. impressinervis decreased, but the concentration exceeded the level present before the higher light treatment in both species. A comparison of the transcript levels encoding the rate-limiting enzymes in the flavonoid biosynthesis pathway showed that the majority of genes were down-regulated under light stress, consistent with the decrease in flavonoid concentration during light stress repair. However, C. impressinervis showed similar levels of PAL transcripts during high-light stress and recovery phases. It is noteworthy that PAL activity is upstream of the rate-limiting enzymes, such as C4H, in the flavonoid synthesis pathway (Li X. et al., 2013). Therefore, flavonoid concentration was positively correlated with the activity of antioxidant enzymes, CAT, POD, and SOD, increasing with the shift of plants to 700 µmol·m-2·s-1. Thus, C. impressinervis, which was sensitive to higher light, appeared to respond to light stress and photodamage repair by stabilizing the rate of flavonoid synthesis and increasing the activity of antioxidant enzymes.



Effects of light intensity on plant hormone biosynthesis and signal transduction

The trend of zeatin concentrations in leaves was distinct among the other hormones. Its concentration decreased significantly in C. petelotii during the photodamage repair phase, while it was continuously increased in C. impressinervis. From the transcript analysis, it appears that C. petelotii predominantly used terpenoids to synthesize trans-zeatin rather than cis-zeatin by increasing the expression of cytokinin synthase IPT. Overall, the transcript abundance for genes encoding elements of the zeatin signal transduction pathway was higher in C. petelotii than that in C. impressinervis. This included the up-regulation of AHP and A-ARR expression under high light, which could accelerate cell division and plant development. Both AHP and A-ARR are regulators of cytokinin signaling and their mutants in Arabidopsis display limited root elongation (Salome et al., 2006; Nishiyama et al., 2013). Moreover, mutants of IPT such as atipt6-1 are small plants with light green leaves (Miyawaki et al., 2006). The cytokinin zeatin is an effective growth regulator in plant development and stress responses. Compared with trans-zeatin or other highly active cytokinins, cis-zeatin concentrations are typically lower and the expression level in plant tissues is limited (Gajdosova et al., 2011; Schafer et al., 2015). In summary, in contrast to photosensitive C. impressinervis, C. petelotii is likely to actively promote the synthesis and signal transduction of cytokinins, such as trans-zeatin, under higher-light stress to ensure normal plant growth and development.




Conclusions

Camellia impressinervis is more sensitive to light intensity than C. petelotii, the ability to repair photodamage was relatively lower in C. impressinervis than in C. petelotii. This difference leads to decreased photosynthesis in C. impressinervis, likely through the decreased formation and stability of photosynthetic PSII and PSI complexes and the interconnecting electron transfer chain. It is suggested that the expression of the photosynthetic pathway in response to light stress and the repair process of light damage is differently regulated in C. petelotii. and C. impressinervis, and the expression of the photosynthetic pathway in C. petelotii of response to strong light stress was more significantly regulated in the prevention and repair of light damage. At the same time, C. impressinervis could increase its defense against reactive oxygen species arising from light stress by maintaining the rate of flavonoid biosynthesis and increasing the activities of antioxidant enzymes. It also appears that in response to increased light C. petelotii can actively promote the synthesis and signal transduction of cytokinins, represented here by trans-zeatin, to ensure normal plant growth and development (Figure 6).




Figure 6 | A model for the light response in leaves of Camellia petelotii and Camellia impressinervis.
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Supplement Figure S1 | 


Leaf concentrations of chlorophyll a, chlorophyll b, and carotenoids in Camellia petelotii and C. impressinervis are treated as described in the legend to Figure 1B in the main text. Bars represent means± s.d (n = 3 biological replicates, 5 leaves for one biological replicate). Different letters over bars indicate significant differences within a species by Duncan’s test (P < 0.05).



Supplement Figure S2 | 


Fo, Fv/Fm in leaves of Camellia petelotii and Camellia impressinervis treated as described in the legend to Figure 1B in the main text. Bars represent means ± s.d (n = 3 biological replicates). Different letters over bars indicate significant differences within a species by Duncan’s test (P < 0.05).



Supplement Figure S3 | 


Concentrations of indole acetic acid (IAA), abscisic acid (ABA), methyl jasmonic acid (MeJA), methyl salicylic acid (MeSA), and gibberellic acid (GA3) in leaves of Camellia petelotii and Camellia impressinervis treated as described in the legend to Figure 1B in the main text. Bars represent means ± s.d (n = 3 biological replicates, 5 leaves for one biological replicate). Different letters over bars indicate significant differences within a species by Duncan’s test (P < 0.05).



Supplementary Table 1 | Differentially expressed genes between sample B and sample A.

Supplementary Table 2 | Differentially expressed genes between sample C and sample A.

Supplementary Table 3 | Differentially expressed genes between sample e and sample d.

Supplementary Table 4 | Differentially expressed genes between sample f and sample d.

Supplementary Table 5 | Primers used for RT-PCR assays
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Dendrobium chrysotoxum is considered as an important ornamental dendrobium because of its strong and long-lasting floral scent. Nevertheless, few information is known about the dynamic changes and related formation mechanism of dendrobium floral scent at different flowering stages. In this study, the characteristics and biosynthetic mechanism of floral scent in D. chrysotoxum during flowering was revealed by using widely-targeted volatilomics (WTV) combined with transcriptome analysis. Over 500 kinds of volatile organic compounds (VOCs) were detected in the floral scents of D. chrysotoxum, which improved the knowledge about floral scent components of dendrobium. A total of 153 differential VOCs and 4,487 differentially expressed genes (DEGs) were identified between flowers of different flowering stages, respectively. The results for both volatilomics and transcriptomics data indicated that terpenes and related genes played an important role in the formation of floral characteristics of D. chrysotoxum. But in general, the expression of genes showed an opposite trend to the accumulation of metabolites during flowering, suggesting that the regulation of floral scent biosynthesis might have started at the budding stage in D. chrysotoxum. Additionally, a transcriptional metabolic regulatory network consisting of terpenes, terpene synthases and candidate transcription factors was established. This research is the first systematic and comprehensive exploration of floral characteristics and related mechanisms during flowering in D. chrysotoxum. It provides basis for exploration of mechanisms on the floral scents and the breeding of aromatic dendrobium.
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Introduction

Dendrobium chrysotoxum Lindl is an epiphytic perennial herb of the Orchidaceae family. It is widely distributed across Southwestern China, Northeastern India and Southeast Asian countries such as Myanmar, Laos, and Thailand (Takamiya et al., 2014; Chase et al., 2015). D. chrysotoxum has high medicinal value due to its enrichment of metabolites such as alkaloids, polysaccharides, and polyphenols in its stem (Shang et al., 2021; Liu et al., 2022). Additionally, due to the pure bright yellow color and strong fragrance in its flowers, D. chrysotoxum has ornamental values as great as potted and cut flowers (Robustelli della Cuna et al., 2021).

Floral scent is one of the most significant traits for evaluating the ornamental value of flowering plants. Several studies have found that consumers were more affected by floral scent than flower color or shape (Dudareva et al., 2013; Fan et al., 2019). Nevertheless, scent was difficult to observe because its complexity, variability and invisibility. Due to these characteristics, there has been few researches on dendrobium floral scent, as compared to flowering period, color and shape (Wang et al., 2022). From the standpoint of floral characteristics, D. chrysotoxum was regarded as a precious parent for the breeding of aromatic dendrobium owing to its strong floral scent and longer flowering period. Meanwhile, some candidate genes involved in aromatic metabolic pathways have been identified in D. chrysotoxum (Zhang et al., 2021). Based on these advantages, D. chrysotoxum could be selected as an ideal specie for study of dendrobium floral scent.

‘Floral scent’ is a collective term for all volatile metabolites released by plant flowers, which is usually composed of an array of volatile organic compounds (VOCs) with low molecular mass, such as terpenoids, benzenoids/phenylpropanoids, and aliphatics (Knudsen et al., 2006; Dudareva et al., 2013). Over the years, there were few reports about the investigation of the components and formation mechanism of dendrobium floral scent, compared with common aromatic plants, like rose and lily (Hendel-Rahmanim et al., 2007; Du et al., 2019). Thanks to the change in flower market preference and breeding direction, some researches focused on aromatic compounds of dendrobium have been reported in recent years, the floral components of several representative aromatic dendrobium species were preliminarily analyzed. For the first time, Huang et al. determined the floral scent of fresh flowers of D. chrysotoxum and found that the ester and terpenoids were the dominant components, their content exceeded 80% of all detected compounds. Octyl acetate, β-ocimene, α-pinene and hyacinthin were likely to be the main substances responsible for its floral scent formation (Huang et al., 2018). 41 VOCs were detected in the floral compounds of D. moniliforme, and α-pinene was considered by researchers to be the main component of its floral fragrance (Qiu et al., 2019). Subsequently, 72 VOCs in the flowers of two other aromatic Dendrobium species (D. hancockii and D. trigonopus) were examined, results showed that the main volatile constituent in both the two species was terpenoids, including β-ocimene, β-caryophyllene, linalool and limonene (Wang et al., 2020). These findings not only suggested the diversity and complexity of the volatile components in flowers of Dendrobium species, but also provided some theoretical reference for its utilization in perfumes and cosmetics.

With the development of molecular biological techniques, high-throughput sequencing was gradually used to study the biosynthetic mechanism of the floral aroma of dendrobium. Several biosynthetic pathways of fragrance compounds and some structural genes encoding key enzymes have been demonstrated in D. officinal, which was the first species to complete whole genome sequencing in Dendrobium genus (Zhao et al., 2020; Li et al., 2021). However, D. officinal was not outstanding in terms of floral scent, it was not the ideal material for studying the mechanism of floral scent in dendrobium. In addition, the emission of floral scent was dynamic with the changes of flowering period (Dudareva et al., 2013). Therefore, when conducting on floral scent, it was critical to take the associated release dynamics into account (Fan et al., 2019). Nevertheless, the effect of flowering period was ignored in existing studies on the mechanism of dendrobium floral scent.

To reveal the dynamic characteristic and related mechanisms of floral scent in dendrobium, a series of floral organs of D. chrysotoxum at different flowering stages were analyzed using widely-targeted volatilomics (WTV) and RNA-seq analysis. The comparative analysis was performed to identify the differential volatile organic compounds (DVOCs) and differentially expressed genes (DEGs). Finally, the combined analysis between metabolites and genes data supplied deeper understanding of floral scent properties and candidate regulatory genes in D. chrysotoxum. This work provided new insights into the dynamic release and regulatory mechanisms of floral scent in dendrobium.



Materials and methods


Plant materials and RNA extraction

D. chrysotoxum, originated from Yunan province (China), were collected and cultivated at the Institute of Horticulture, Guizhou Academy of Agricultural Sciences (Guiyang, China). To investigate the biosynthetic mechanism of floral scent composition during flowering process in D. chrysotoxum, a series of samples from its floral organs at different flowering stages were collected, including the budding stage, the half-open flowering stage and the full-bloom flowering stage (Figure 1). To avoid the influence of environmental factors as much as possible, sampling was carried out uniformly at 3 days after the opening of the first bloom at the base of the inflorescence. At this time, the bottom blooms of the same inflorescence showed full-bloom state, the middle blooms showed half-open state and the top blooms showed closed state. All samples from three flowering stages were collected and immediately frozen in liquid nitrogen, then stored at -80°C until needed. Each group of samples consisted of nine biological replicates. Of which, six replicates were used for volatile metabolomics determination and three replicates were used for RNA extraction, respectively.




Figure 1 | Floral organs phenotypes of D. chrysotoxum at different flowering stages. Bd, budding stage; Hf, half-open stage; Fb, full-bloom stage.



Total RNA of each sample was extracted using Trizol (Invitrogen, MA, USA) in terms of the manufacturer’s protocol. The integrity of RNA was monitored by 1.0% agarose gel electrophoresis and RNA 6000 Nano Assay Kit of the Bioanalyzer 2100 system (Agilent Technologies, CA, USA). And the Qubit®2.0 Flurometer (Life Technologies, CA, USA) was used to measure the concentration of RNA.



Widely-targeted volatilomics and analysis

The strategy of widely-targeted volatilomics (WTV) referred to the published research by Hainan University (Yuan et al., 2022). In brief, head-space solid-phase microextraction (HS-SPME) was employed to collect the volatiles from flower tissues, which were absorbed by a 120 µm divinylbenzene/carboxen/polydimethylsiloxane fiber (Agilent Technologies, CA, USA) for 15 min at 100 °C. Then, the collected volatiles were detected by gas chromatography-mass spectrometer (GC-MS) using an Agilent 8890 GC and Agilent 5977B MS, which equipped with a DB-5MS capillary column (30 m × 0.25 mm × 0.25 μm; Agilent Technologies) and helium was used as the carrier gas at a linear velocity of 1.2 mL/min. The temperature of the injector was kept at 250°C. The oven temperature was programmed as follows: 40°C for 3.5 min, increasing at 10°C/min to 100°C, followed by an increase at 7°C/min to 180°C, then increasing at 25°C/min to 280°C with hold for 5 min. The temperatures of quadrupole mass detector, ion source and transfer line were set at 150, 230 and 280°C, respectively. The electron ionization potential of the mass spectra was 70 eV, and selected ion monitoring (SIM) mode was used for the identification and quantification of analytes.

The identification of volatile compounds was achieved by comparing the mass spectra with the database (NIST20 and MWGCSIM1). Qualitative analysis of the raw data obtained was performed using Qualitative Analysis Workflows B.08.00, and quantitative analysis was performed using masshunter. The internal standard was used to normalize the quantitative data. Subsequently, the volatilomics data were analyzed using the OPLS-DA (orthogonal partial least-squares discrimination analysis) model. VIP (variable importance for projection) values of metabolites were extracted from result of OPLS-DA. Differential volatile organic compounds (DVOCs) between groups were determined by VIP (VIP ≥ 1) and Log2 fold change (|Log2 fold change | ≥ 1.0).



RNA-seq and transcriptome data analysis

Sequencing libraries were constructed using NEBNext® UltraTM RNA Library Prep Kit for Illumina® (NEB, Ipswich, MA, USA) following the manufacturer’s protocol. An AMPure XP system (Beckman Coulter, Beverly, MA, USA) was used to screen 250–300 bp cDNA, and polymerase chain reaction (PCR) amplification was performed. RNA-Seq was performed by MetWare (Wuhan, China) on the Illumina NovaSeq platform, and 125 bp paired-end reads were generated.

Adapters and low-quality (sequences with N base content exceeding 10% or Q ≤ 20 base content exceeding 50%) sequences of raw reads were trimmed by fastp (Chen et al., 2018). Using hisat2 to build the index of reference genome of D. chrysotoxum (NCBI accession number: GCA_019925795.1), and all filtered clean reads were aligned to the index (Kim et al., 2015). Meanwhile, novel genes and transcription factors were predicted using stringtie and itak, respectively (Pertea et al., 2015; Zheng et al., 2016). All genes were functionally annotated by comparing against public databases, including Nr (NCBI non-redundant protein sequences), Pfam (Protein family), KOG (euKaryotic Ortholog Groups), Swiss-Prot, GO (GeneOntology) and KEGG (Kyoto Encyclopedia of Genes and Genomes). Featurecounts was used to calculate the counts of alignment files, then the gene expression of each transcript was normalized through fragments per kb of transcript per million (FPKM) method (Mortazavi et al., 2008; Liao et al., 2014). The p value was corrected using the Benjamini & Hochberg method, and the thresholds of (adjusted p<0.05) and (|log2 fold change|>1) were used to judge the significance of the DEGs between two groups of samples through DEseq2 (Love et al., 2014). Clusterprofiler was applied to analyze the statistical enrichment of DEGs in the KEGG pathway and GO terms (Yu et al., 2012).



Combined analysis of transcriptomics and volatilomics

K-means cluster analysis was performed using the FPKM values of union of all DEGs between groups of samples. In order to gain insight into links between genes and metabolites, pearson correlation coefficient were calculated between the various metabolites and the DEGs in terpenoids biosynthesis. Correlations with a coefficient absolute value > 0.975 were considered to be crucial relationships. In addition, the networks were visualized by cytoscape (Shannon et al., 2003).



Verification of quantitative real-time PCR

12 genes involved in aroma were chosen for qRT-PCR validation. First-strand cDNA synthesis was performed using the PrimescriptRT reagent kit with a gDNA eraser (TaKaRa, Tokyo, Japan) according to the manufacturer’s instructions. qRT-PCR was accomplished using the TB Green® Premix Ex Taq™ (TliRNaseHPlus, ROX plus) (TaKaRa) on an ABI 7500 system (Applied Biosystems, Foster City, CA, USA). The 18s rRNA gene was used as an internal control, and each analysis had three biological replicates. The relative expression levels were calculated using the 2−ΔΔCt method (Livak and Schmittgen, 2001), and the primers sequences are shown in the Supplementary Table 1.




Results


Volatile organic compounds in Dendrobium chrysotoxum

A total of 543 VOCs were identified in the floral organs of D. chrysotoxum during three flowering periods (Bd, Hf and Fb) by widely-targeted volatilomics method (Supplementary Table 2). The VOCs could be broadly classified into 16 categories, including terpenes, heterocyclic compounds, esters, hydrocarbons, ketones, alcohols, aldehydes, aromatics, amines, phenols, acids, nitrogen compounds, sulfur compounds, halogenated hydrocarbons, ethers and other compounds (Figure 2A). Among them, the categories with the highest number of VOCs were terpenes (90, 16.57%), followed by heterocyclic compounds (89, 16.39%) and esters (84, 15.47%). The three types of substances mentioned above were considered to be the main components of the floral fragrance of D. chrysotoxum. In addition, of the 543 VOCs, 66 were not detected in the Bd samples, and eight VOCs were unique to the Fb samples.




Figure 2 | (A) Classification and proportion of total 543 volatile organic compounds (VOCs) detected in flowers of D. chrysotoxum; (B) Principal component analysis (PCA) among samples of D. chrysotoxum flowers by HS-SPME-GC/MS at different flowering stages; (C) Hierarchical clustering heatmap of VOCs accumulation of D. chrysotoxum flowers.



Principal component analysis (PCA) of the 543 VOCs showed that the distribution of Hf group was located between Bd and Fb groups, which was consistent with the flowering process of floral organs (Figure 2B). It was noteworthy that the distribution of Bd and Hf groups on PC1 was closer than that of the Fb group. This result indicated that the volatile metabolite compositions of Bd and Hf groups were less different, and the difference gradually increased as flowers blooming. The hierarchical clustering heatmap also showed the similar results, Bd and Hf groups were firstly clustered into one class before they clustered with Fb group (Figure 2C). All the above results revealed that the difference of VOCs in the floral organs of D. chrysotoxum gradually became larger with the development of its flowering process.



Differential VOCs in the different stages of flowering process

In order to further reveal the differences of volatile metabolites among samples of different flowering stages in D. chrysotoxum, OPLS-DA was performed to screen the differential VOCs between pairs of flower samples (Bd vs. Hf, Hf vs. Fb, Bd vs. Fb). Differential VOCs (DVOCs) were screened out between two different groups of samples under the following condition: |Log2 fold change|≥1.0, variable importance for projection (VIP) value > 1 and p value < 0.05. The R2X and Q2 values for each OPLS-DA models were greater than 0.95, which indicated that there were no over-fitted models, and OPLS-DA models had good discriminatory ability for samples in this study. As shown in Figure 3A and Figure 4, 153 DVOCs were screened out between different pairs of samples in total (Supplementary Table 3). Of which, terpenes accounted for the largest number (32, 20.92%), followed by heterocyclic compounds (21, 13.73%), aromatics (19, 12.42%) and esters (16, 10.46%). Compared to Bd group, 95 and 142 VOCs were upregulated in the Hf and Fb groups, respectively (Figures 3C, D). 112 VOCs were upregulated and eight VOCs were decreased in the Hf vs. Fb comparison (Figure 3B). These results once again demonstrated that VOCs gradually accumulated, and the difference of VOCs became larger during the flowers blooming of D. chrysotoxum (Figure 4).




Figure 3 | Differential volatile organic compounds (DVOCs) between different stages. (A)Venn diagram of DVOCs in D. Chrysotoxum flowers. Volcano plots of DVOCs between different pairs of groups. Bd vs. Fb (B), Bd vs. Hf (C) and Hf vs. Fb (D). The green dots represent down-accumulated VOCs, and the red dots represent up-accumulated VOCs between different caparisons.






Figure 4 | The accumulation pattern of 153 DVOCs among Bd, Hf and Fb groups in D. chrysotoxum. VOCs of cluster A were all significantly down-accumulated at Hf or Fb, and VOCs of cluster B and C were all significantly up-accumulated at Hf or Fb. In the graphic, red color represents up-accumulated VOCs and green color represent down-accumulated VOCs.



To clarify the changes of major VOCs during the flowering process of D. chrysotoxum, the DVOCs which consistently upregulated were firstly analyzed. It could be seen from the Venn diagram that there were 84 VOCs consistently differentially accumulated with the flowering process, and they were all upregulated in both Bd vs. Hf and Hf vs. Fb comparison (Figure 3A). Among 84 VOCs, terpenes still occupied the most significant part (22, 26.19%), followed by aromatics (16, 19.05%), heterocyclic compounds (11, 13.10%) and esters (9, 10.71%). It could be observed that the order of the percentage number of these 84 VOCs species was almost identical to that of the total of 153 DVOCs. Notably, 57 of the 84 consistently upregulated DVOCs were not detected in the Bd samples, while these VOCs significantly accumulated during Hf and reached the peak at Fb (Mainly located in cluster B of Figure 4). As expected, these 57 VOCs which not presented in Bd samples was mainly composed of terpenes (12, 22.22%), heterocyclic compounds (8, 14.81%), esters (8, 14.81%) and aromatics (7, 12.96%). In term of fold change, differential VOCs possessing large fold change also mostly belonged to these four categories between different pairs of samples (Table 1). All these results above showed that terpenes, aromatics, heterocyclic compounds and esters played a pivotal role in the formation of floral scent in D. chrysotoxum.


Table 1 | Top 10 DVOCs with fold change in each comparison of samples.



Among the eight differential VOCs specific to the Fb sample, (R)-(+)-β-citronellol was the one with the largest fold changes and fragrance. Perhaps it could be a candidate biomarker for D. chrysotoxum in full-bloom. By contrast, there were 10 differential VOCs which were gradually downregulated with the flowering process (Mainly located in cluster A of Figure 4). Pinocarveol and z-3-hexenal were included, which have strong woody and grassy flavors, respectively. In addition, it was novel that a large amounts of aromatic substances, which were previously thought to be expressed only in the full-bloom stage of D. chrysotoxum, were detected in the Bd samples, including α-phellandrene, α-terpinene, β-ocimene, D-limonene, p-menthene, o-cymene, terpinen-4-ol, benzeneacetaldehyde, linalool and other representative components of its floral scent.



RNA-seq analysis of floral organs at different flowering stages

To explore the differentially expressed genes (DEGs) and related pathways involved in the difference of flower fragrance between different flowering stages of D. chrysotoxum, nine cDNA libraries constructed using total RNA from the budding (Bd), half-open (Hf) and full-bloom (Fb) flowers were sequenced on the Illumina NovaSeq platform. A total of 411,414,802 raw reads and 399,534,816 clean reads from nine samples were obtained. The average fragments scoring Q20 and Q30 of clean reads were 97.20 and 92.25%, respectively (Supplemental Table 4). A total of 86.56% of the clean reads were mapped uniquely against the reference genome.

The fragments per kilobase of exon per million fragments mapped (FPKM) method was used to quantitate the expression level of genes, and DEGs were screened out between pairs of flower samples (Bd vs. Hf, Hf vs. Fb, Bd vs. Fb). The followed parameters were used as the threshold to judge the significance of the DEGs: FDR (adjusted p value) < 0.05 and |log2 fold change|≥1, which resulted in a set of 4,487 DEGs in total (Figure 5A; Supplemental Table 5). Nevertheless, the trends of gene expression between samples showed an opposite situation to VOCs. Compared to Bd group, 2,264 genes were differentially expressed in the Hf group. Then, only 251 DEGs were upregulated and 462 DEGs were downregulated in the Hf vs. Fb comparison (Figure 5B). It could be seen that the number of DEGs between pairs of groups was gradually decreased as the flowering process. The PCA based on FPKM values showed similar result that the biological replicates of Bd samples clustered together and were significantly separated from the two other samples (Hf and Fb) (Figure 5C). These results indicated that the difference of gene expression became smaller during the flowers blooming of D. chrysotoxum.




Figure 5 | (A) Venn diagram of differentially expressed genes (DEGs) in D. Chrysotoxum flowers. (B) The number of DEGs between different pairs of groups. (C) Principal component analysis (PCA) among samples of D. Chrysotoxum flowers by gene expression at different flowering stages.





Differentially expressed genes in aroma-related pathway

KEGG pathway enrichment analysis was performed between each comparison (Bd vs. Hf, Hf vs. Fb), in order to identify in which aroma-related metabolic pathways the DEGs were involved. The result of DEGs enrichment between each comparison showed that the aroma-related metabolic pathways mainly included terpenoids, phenylpropanoids, and aliphatics in flowers of D. chrysotoxum. The DEGs in the Bd vs. Hf groups were significantly enriched in KEGG terms terpenoid backbone biosynthesis (ko00900, rich factor: 0.14, p-value:0.02) and phenylpropanoid biosynthesis pathways (ko00940, rich factor: 0.22, p-value: 1.78E-09), these two pathways also occupied the top position in Hf vs. Fb comparison (ko00900, rich factor: 0.06, p-value: 0.04; ko00940, rich factor:0.06, p-value:1.54E-04). Nevertheless, compared to comparison Bd vs. Hf, the rich factor and significance of these two pathways were decreased in comparison Hf vs. Fb (Figure 6). It implied that the differential expression of genes in the two pathways was gradually decreasing with the flowering process. And the enrichment of the diterpenoid biosynthesis pathway (ko00904, rich factor: 0.09, p-value: 0.04), a downstream pathway of the ko00900, reached a significant level in comparison Hf vs. Fb. These results suggested that genes involved in the ko00900 and ko00940 might play a significant role in aroma-related biosynthesis, especially for terpenoids and phenylpropanoids.




Figure 6 | Enrichment analysis of DEGs involved in aroma-related pathway between different pairs of groups. Bd vs. Hf (A) and Hf vs. Fb (B). Pathways with significant enrichment were highlighted by red color, and the same pathways were marked with the same color shape for comparison purposes. The rich factor was the ratio of the number of genes associated with the pathway in the DEGs to the number of genes associated with the pathway in the whole genome.



The main floral volatile compounds in D. chrysotoxum belonged to the terpenoid and aromatics class, leading us to analyze patterns of gene expression regrading terpenoids and phenylpropanoids biosynthesis. In the pathway of terpenoid backbone biosynthesis, the expression of most genes attributed to the MEP and MVA pathways was continuous and stable with the flowering process (Figure 7A). With the exception of DXS3 and HMGR2, whose expression were upregulated and downregulated in comparison Bd vs. Hf, respectively. Compared to the upstream regulatory genes, the expression of TPSb-like genes (responsible for the biosynthesis of terpene volatile metabolites) was more variable across flowering stages. Of the 11 TPSb-like genes annotated by transcriptome data, ten were differentially expressed in different comparison Hf/Fb vs. Bd, seven were upregulated and three were downregulated. However, in the phenylpropanoid biosynthesis pathway, the expression of its upstream regulatory genes showed a different profile (Figure 7B). The transcript abundance of five key structural gene families including PAL (1DEGs), C4H (1DEGs), 4CL (2DEGs), CCR (1DEGs) and CAD (3DEGs) were higher in Fb than in Bd or Hf (Supplemental Table 6). Meanwhile, the expression of one C4H and one 4CL genes were significantly downregulated in Hf and Fb compared with Bd.




Figure 7 | The expression profiles of genes encoding enzymes involved in terpenoids (A) and phenylpropanoids (B) biosynthetic pathway. Black bold font represented abbreviations of compounds: HMG-CoA, hydroxymethylglutaryl-CoA; MVA, mevalonate; MVP, mevalonate-5-phosphate; MVPP, mevalonate diphosphate; IPP, isopentenyl pyrophosphate; DMAPP, dimethylallyl pyrophosphate; G3P, glyceraldehyde 3-phosphate; DXP, 1-deoxy-D-xylulose 5-phosphate; MEP, methylerythritol phosphate; CDP-ME, 4-diphosphocytidyl-2-C-methyl-D-erythritol; CDP-MEP, CDP-ME 2-phosphate; ME-cPP, 2-C-methyl-D-erythritol 2,4-cyclodiphosphate; HMBPP, 4-hydroxy-3-methyl-but-2-enyl pyrophosphate; GPP, geranyl pyrophosphate. Red bold italicized font represented abbreviations of coding genes: AACT, acetyl-CoA acetyltransferase; HMGS, HMG-CoA synthase; HMGR, HMG-CoA reductase; MVK, mevalonate kinase; PMK, phosphomevalonate kinase; IDI, isopentenyl pyrophosphate isomerase; DXS, 1-deoxy-dxylulose-5-phosphate synthase; DXR, 1-deoxy-d-xylulose-5-phosphate reductoisomerase; MCT, 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase; CMK, 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase; MECPS, 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase; HDS, (E)-4-hydroxy-3-methylbut-2-enyl-diphosphate synthase; HDR, 4-hydroxy-3-methylbut-2-enyl diphosphate reductase; GPPS, GPP synthase; TPS, terpene synthase; PAL, phenylalanine ammonia lyase; C4H, cinnamate-4-hydroxylase; 4CL, 4-coumaroyl-CoA ligase; CCR, cinnamoyl-CoA reductase; CAD, cinnamyl-alcohol dehydrogenase. Dotted line represented equivalence, double arrows represented two steps. The three squares indicated the gene expression levels (log2 FPKM) in (D) chrysotoxum flowers on the stage of Bd, Hf, and Fb, which were shown by a color gradient from red to white to blue. The DEGs were marked with three triangles or circles, which indicated that the differential expression in different compassion of C1 (Bd vs. Hf), C2 (Hf vs. Fb), and C3 (Bd vs. Fb). The red triangle denoted up-regulated, the blue inverted triangle represented down-regulated, and green circle indicated no significant difference.





Combined analysis of volatilomics and RNA-seq profile

Terpenoids constituted the largest and most diverse class of secondary metabolites with many volatile constituents, which occupied the dominant position in the fragrance composition of D. chrysotoxum. To infer the underlying transcriptional regulatory relationship between terpenoids and genes, K-means cluster analysis was performed using the FPKM values of union of all 4,487 DEGs. As shown in Figure 8A, four clusters of DEGs could be divided during changes of flowering stages, suggesting that each cluster had a similar molecular function. Cluster one, the biggest cluster, was consisted of 2,379 genes, its expression was continuously decreased from budding stage to Full-bloom stage. And three significantly down-regulated TPSb genes were contained within it. Cluster two contained 1,178 genes with a pattern opposite to cluster one, and seven up-regulated TPSb genes were included in it. There were 614 and 316 genes were identified in cluster three and four, respectively, their expression displayed gentle trend from Bd to Fb. After screening, it could be found that the expression trend of cluster two was consistent with the accumulation of terpenoids metabolites as the flowering process. And enrichment analysis of the genes in cluster two indicated that they played a significant role in terpenoid backbone biosynthesis during flowering stage change in D. chrysotoxum related to some common transcription factors (TFs), such as ERF, NAC, WRKY, MYB and so on (Figure 8B, C; Supplemental Table 7).




Figure 8 | Gene regulation during flowering process. (A) K-means cluster analysis of co-expression gene and their expression pattern. (B) Aroma-related pathway enrichment analysis of DEGs in cluster 2, and pathways with significant enrichment were highlighted in red color. (C) The DEGs involved in transcriptome factors in cluster 2. Pathways with significant enrichment were highlighted by red color.



To further reveal the correlation between terpene volatile metabolites and genes in D. chrysotoxum flowers, as well as to explore candidate TFs for regulating terpene biosynthesis, the correlation analysis of terpenes DVOCs and DEGs in cluster two was carried out. For correlation analysis, only correlation line with coefficients of (|r>0.975|) were retained since the DEGs in cluster two showed the same trend as the terpenes DVOCs. After a rigorous selection process, the correlation network was established to find the regulatory correlation between metabolites and genes involved in terpenes biosynthetic pathways in different flowering stages of D. chrysotoxum (Figure 9; Supplemental Table 8). Despite setting very severe conditions, the network still exhibited the strong correlations between the four structural genes related to terpenes synthesis pathway (TPSb1, TPSb3, TPSb4, DXS3) and 26 terpenes metabolites. DXS3, an upstream regulatory gene of the terpene synthesis pathway, was expectedly associated with nine aromatic terpenes and 16 TFs, respectively. Among the three TPS genes in the network, TPSb3 was linked to the most aromatic terpenes, including α-pinene, α-phellandrene, α-terpineol, terpinene, terpinolene, trans-β-ocimene, and eucalyptol. In addition, TPSb1 and TPSb4 were jointly associated to the same two aromatic terpenes, theaspirane and isopinocarveol. On the other hand, some important TFs, were significantly and positively correlated with the four structural genes, including ERF, MADS, WRKY and so on. It indicated that these TFs might be involved in the regulation of biosynthesis of terpenoids volatile metabolites in D. chrysotoxum.




Figure 9 | The transcriptional metabolic regulatory network consisting of terpene synthesis-related genes, candidate transcription factors and terpenoids volatile metabolites. Purple ovals represented transcription factors, yellow diamonds represented coding genes, and orange hexagons represented terpenoids. The gray line represented correlation between transcription factors, the red line represented correlation between coding gene and transcription factor, and the blue line represented Correlation line between coding gene and terpenoids.





Verification of gene expression

In order to validate the transcriptome data, 12 genes related to terpenoid, phenylpropanoid, and fatty acids biosynthesis, were selected for expression analysis in Hb, Hf and Fb by using qRT-PCR. The relative expression of most candidate genes was similar to the RNA-seq results, indicating consistency in the RNA-seq data obtained by Illumina sequence and qRT-PCR (Figure 10).




Figure 10 | Expression patterns of 12 aroma-related genes as verified by qRT-PCR. Red dots and lines represented the FPKM value from RNA-seq data, and grey rectangle denoted the relative expression levels of genes. The red and black asterisks referred to the statistical significance of RNA-seq and qRT-PCR, respectively (Bd vs. Hf/Fb). One asterisk: p-value was less than 0.05; Two asterisks: p-value was less than 0.01). COMT, caffeic acid O-methyltransferase; CCOAOMT, caffeoyl-CoA O-methyltransferase; LOX, lipoxygenase; AOS, hydroperoxide dehydratase; Other abbreviations were as shown in Figure 7.






Discussion


Floral characteristics of Dendrobium chrysotoxum

The floral scent is an important ornamental trait that enhances the economic value of flowering plants, and the composition of floral scent varies greatly among different species (Wei et al., 2021). In the past, limited by detection techniques, researchers could only detect a few dozen kinds of volatile metabolites from the floral scent of plants. In this study, more than 500 kinds of volatile metabolites were detected in the floral scent of D. chrysotoxum using widely-targeted volatilomics (WTV) method (Yuan et al., 2022). A large number of volatile substances that had never been detected in dendrobium flowers before were identified, such as bergamotene, citronellol, eremophilene, naphthalene, theaspirane and ylangene. This result greatly enriched the candidate metabolites of dendrobium floral scent, and also updated our perception of floral scent. Perhaps the complexity of dendrobium floral composition was far beyond our expectation.

Terpenoids, or terpenes, were the most representative group of plant volatile metabolites, which occupied a dominant position in the floral scent components of many dendrobiums (Ramya et al., 2020). The volatile components of D. hancockii and D. officinale were mainly terpenes (Li et al., 2021). In the research, terpenoids were the most abundant class of metabolites, both in all detected metabolites and differential metabolites between different flowering stages. It indicated that terpenoids played the most significant role in the formation of floral fragrance in D. chrysotoxum. The emission of volatile terpenes is often temporal specific in higher flowering plants (Bouwmeester et al., 2019). Previous studies have concluded that some characteristic terpenes only could be detected in D. chrysotoxum at full-bloom stage, such as α-phellandrene, α-terpinene, β-ocimene, D-limonene, p-menthene, o-cymene and linalool (Huang et al., 2018). However, the experimental results of the study showed that these representative terpenes were expressed as early as the budding stage. It suggested that the formation of floral characteristics of dendrobium might begin at the budding stage rather than at the full-bloom stage.



Volatile terpenoids metabolism genes in D. chrysotoxum

The existing studies on the biosynthesis of orchids fragrance were mainly focused on isolation and characterization of terpene synthase (TPS) genes encoding the key enzymes responsible for the synthesis of terpenes (Ramya et al., 2019; Ramya et al., 2020). Nevertheless, little information was referable about the biosynthesis pathways responsible for dendrobium floral scent. In order to systematically and comprehensively reveal the expression patterns of genes involved in the aroma-related pathways in dendrobium, a series of RNA-seq and referenced analysis were carried out using floral organs of D. chrysotoxum at different flowering stages as material.

From an overall view, the differences in gene expression became progressively smaller with the flowering process, which was the opposite of the accumulation of metabolites. This opposite trend might reflect the temporal asynchrony between upstream genes regulation and downstream metabolite biosynthesis. It indicated that the genes regulation of floral scent biosynthesis might have started at the budding stage, or even earlier in D. chrysotoxum, and this hypothesis also explained why some representative volatile metabolites were detected in dendrobium buds. The asynchrony was also exhibited in specific terpene biosynthetic pathways, the expression of most upstream structural genes was continuous and stable at different flowering stages, including DXS, DXR, MCT, CMK, MECPS, HDS, HDR, IDI, ACAT, HMGS, HMGR, MVK, PMK and other genes attributed to the MEP and MVA pathways (Dudareva et al., 2013). Their continued stable expression ensured a flow of substrates for specific terpene synthesis. In contrast, downstream TPSb genes were mostly showed up-regulated trend with the flowering process, which was consistent with the accumulation of terpenoids volatile metabolites in floral organs. We might venture to speculate that the different expression patterns of upstream and downstream genes in the terpene biosynthesis pathway that endowed D. chrysotoxum with the distinction in floral characteristics at different flowering stages, as well as ensured the strong and persistent aroma at the full-bloom stage.



Transcriptional regulatory network for terpenoids biosynthesis in D. chrysotoxum

Terpene synthases were directly responsible for the formation of terpenoids diversity in plants, and a considerable amount of TPS was multi-product enzymes that could produce multiple volatiles from a single substrate (Degenhardt et al., 2009; Schilmiller et al., 2009; Shimada et al., 2014). It also explained why the 3 TPS genes in the network could be associated with multiple terpenoids. Notably, TPSb3 was associated with some representative aromatic terpenes of dendrobium floral scent, including α-pinene, α-phellandrene and trans-β-ocimene. It suggested that TPSb3 might played a key role in the formation of dendrobium fragrance, and its function deserved further verification and study. Except for TPS genes, terpenoids biosynthesis was also regulated by several transcription factors (TFs), such as bHLH, bZIP, ERF, NAC, MYB, and WRKY. PbbZIP4, PbBHLH2 and AaNAC4 could regulate monoterpenes biosynthesis in Phalaenopsis aphrodite, Phalaenopsis bellina and Actinidia chinensis, respectively (Hsiao et al., 2006; An and Chan, 2012; Nieuwenhuizen et al., 2015). CitAP2.10, an ERF family transcription factor that activated the synthesis of (+)-valencene in sweet oranges (Shen et al., 2016). And homologous TFs of WRKY family could regulate the synthesis of (+)-δ-cadinene in cotton (Xu et al., 2004). TFs also have some influence on each other, such as CrWRKY1 could indirectly affect monoterpenes synthesis by downregulating expression level of other three TFs (Suttipanta et al., 2011). In the present study, a total of 100 TFs belonged to 29 TF families were associated with TPSs as flowering process in D. chrysotoxum, and some known TFs for regulating terpenes biosynthesis, including ERF, NAC, and WRKY, occupied the top position in them.

In summary, both TPSs gene function and related TFs regulatory mechanisms have significance and value for further explorations, it could be said that the study on the fragrance formation was just beginning in D. chrysotoxum.
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Crop production is the primary goal of agricultural activities, which is always taken into consideration. However, global agricultural systems are coming under increasing pressure from the rising food demand of the rapidly growing world population and changing climate. To address these issues, improving high-yield and climate-resilient related-traits in crop breeding is an effective strategy. In recent years, advances in omics techniques, including genomics, transcriptomics, proteomics, and metabolomics, paved the way for accelerating plant/crop breeding to cope with the changing climate and enhance food production. Optimized omics and phenotypic plasticity platform integration, exploited by evolving machine learning algorithms will aid in the development of biological interpretations for complex crop traits. The precise and progressive assembly of desire alleles using precise genome editing approaches and enhanced breeding strategies would enable future crops to excel in combating the changing climates. Furthermore, plant breeding and genetic engineering ensures an exclusive approach to developing nutrient sufficient and climate-resilient crops, the productivity of which can sustainably and adequately meet the world’s food, nutrition, and energy needs. This review provides an overview of how the integration of omics approaches could be exploited to select crop varieties with desired traits.
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1  Introduction

Since the origin of agriculture, food security has been one of the utmost precedence contemplations. In turn, plant breeding is one of the oldest agricultural activities that developed along with human civilization and a foremost method to meet the upsurged food demand. Humans have been cultivating and selecting crops that would serve their taste, nutritional values, high yield, and resistance to biotic and abiotic environments (Dossa et al., 2017). After the discovery of Mendel’s laws (1866) plant breeding enter a new era (Mendal, 1866), afterward pedigree breeding was developed based on the hybridization principle. The discovery of DNA structure (1863-1865) revolutionized plant breeding in the molecular era (Watson and Crick, 1953); thereupon, new breeding techniques were introduced such as marker-assisted selection (MAS) and the genetically modified (GM) approach (Shen et al., 2022). These discoveries shifted plant breeding from utter phenotype-selection to a combination of genotype and phenotype selection. Based on technical innovations plant breeding has been divided into four prominent categories; ensuant selection by farmers, statistical and experimental approach to improve selection, the convergence of genetic and genomic data, and the currently progressing era of optimal and precise design breeding (Shen et al., 2022).

Presently, it is a big challenge to feed the exponentially growing world population in changing climate for agriculture, particularly due to the diminution of fertile land with the incessant conversion of fertile land to semi-arid and nutrient deficient areas alongside salinity and waterlogging. The crop production is already under risk due to climate change, mainly staple food crops such as rice, maize, and wheat (Farooq et al., 2022; Syed et al., 2022). Crop productivity will be significantly impacted in the next decades by climate factors such as extreme temperature stresses, nutrient toxicity, or deficiency, changes in precipitation intensity and frequency, and other climate change-driven problems including salinity, waterlogging, drought, and land degradation (Teshome et al., 2020; Mahmood et al., 2021; Raza et al., 2021a). In addition to the detrimental effects of abiotic stress on plants, climate change has also exacerbated the impact of biotic constraints (insect and fungus), which significantly reduce the crop yield (Vaughan et al., 2018). These environmental constraints are the primary cause of the declining food productivity, which directly impacts economies worldwide. The basis for the sustained production of new varieties to address current and upcoming issues is the genetic diversity of crop plants.

Hence, an expeditious method of introducing elite climate-smart cultivars with desired traits (stress tolerance, yield and nutrition) is requisite. Plant breeding has always been pivotal for developing agriculture to produce sufficient food for a growing population. Its efficiency is tremendously improved by the technological innovations through OMICS approaches (genomics, transcriptomics, proteomics, metabolomics, and phenomics) and ensued greater food supply to meet the ever-increasing demand (Muthamilarasan et al., 2019; Yang et al., 2021). Multi-omics studies of plants have played a crucial role in interpreting metabolic pathways and their molecular regulators that control key traits and the growth processes of multiple plant species (Razzaq et al., 2019). Recent advances in next-generation sequencing (NGS) technologies have managed high throughput and swift data generation for OMICS experiments (Großkinsky et al., 2017; Schmidt et al., 2020), which has improved the accuracy, sensitivity, and detection throughput (Qi et al., 2019).

In addition, the integration of multi-omics data could interpret gene functions and networks better, under different biotic and abiotic stresses (Figure 1) (Yang et al., 2021). Using comprehensive multi-omics techniques, researchers have identified essential key factors in senescence, stress response, and harvest index of many economically important crops such as rice, wheat, soybeans, rapeseed, and maize (McLoughlin et al., 2018; Peng et al., 2020; Uchida et al., 2020; Ma et al., 2021a; Raza et al., 2021b). In the present review, we represent how the multi-omics revolution has upgraded plant breeding efficiency to enhance nutritional values, crop yield, and resistance against biotic and abiotic stresses of wild species for sustainable food security. In the future, the integration of multi-omics strategies will play an immense role in improving genetic development and crop breeding.



Figure 1 | The prospects, limitations, and outlook for multi-omics based agricultural development in the future. Different multi-omics data layers, their interactions, the kinds of omics features found in each layer, and the methods used to evaluate omics data in various layers.




2  Multi-omics techniques accelerate the genetic dissection of complex traits

2.1  Genomics and pan-genomics

The relationship of genotype with phenotype is a prerequisite for accurate breeding design. Therefore, it is essential to genetically dissect the agronomic traits and identify the corresponding phenotypic variations. Numerous revolutions in DNA sequencing technology over the last 40 years have significantly improved sequencing throughput and quality continued to reduce costs, and significantly facilitated genome advancement and functional research (Shendure et al., 2017).

NGS is a deep sequencing (DP) or massively parallel sequencing (MPS) that permit plant genomes decoding. The first plant genome of Arabidopsis was constructed 22 years ago (Kaul et al., 2000; Theologis et al., 2000). Less than 300 whole genome assemblies at the chromosomal level (representing about 900 species) have been sequenced so far out of the estimated ~0.5 million species in the green plant clade (Kress et al., 2022), that include rice (Goff et al., 2002), maize (Schnable et al., 2009), tomato (The Tomato Genome Consortium, 2012), wheat (Ling et al., 2013) and rapeseed (Chalhoub et al., 2014). Benefitting from available high-quality reference genomes, a fairly large collection of genetic resources or populations of different crops are genotyped at the whole genome level. For example, it is estimated that whole-genome resequencing has so far been done for more than 6,000 soybeans accessions (Zhang et al., 2022b) and at least 10,000 rice accessions (Wing et al., 2018), which provide abundant genetic variation resources for genomic breeding of crops.

So far, advances in high-throughput sequencing technology have made the reference genome available in more than 800 plants (Shen et al., 2022), and most of which are de novo assembled by third-generation sequencing (TGS). The pan-genome was proposed first in 2005 and rapidly developed in recent twenty years due to the advent of Pacific Biosciences (PacBio) and Oxford Nanopore Sequencing (ONT) platforms. Compared to short insertions/deletions (indels) and SNPs, the structural difference (such as presence/absence variations (PAVs) and structural variations (SVs)) identified by pan-genome analysis play a vital role in the dissection of complex traits. The structural differences that have been determined in the pan-genome era requires a reassessment of the bases of phenotypes. The SVs have already been associated with environmental changes (Sutton et al., 2007; Cook et al., 2012) flowering time (Nitcher et al., 2013; Würschum et al., 2015), stress tolerance (Gabur et al., 2019), and plant domestication traits such as plant architecture (Tan et al., 2008; Zhou et al., 2009) and dehiscence (Lin et al., 2012).

It has been shown that SVs are associated with a wide range of biotic and abiotic stress tolerance in a various crop species. In maize, resistance to the sugarcane mosaic virus was induced at the Scmv1 locus by a complex SV comprising several transposable elements (TEs) that changed the expression level of atypical h-type thioredoxin (Liu et al., 2017). In potato, resistance to late blight in was acquired by two genes R1 and ELR that were introgressed from wild potato although missing in cultivated potato (Du et al., 2015). Furthermore, the graph-based pan-genome will revitalize the re-sequenced data in intercepting novel genetic variations, especially for large SVs (Shen et al., 2022). In PAVs of varied sizes and different lines of sorghum, the common deletion of a sulfotransferase gene conferred tolerance to the parasitic weed Striga by minimizing its germination stimulant effect (Gobena et al., 2017). Moreover, in abiotic stress resistance, variation in HvCBF4 and HvCBF2 copy number at the FR-H2 locus was linked to frost tolerance in barley (Francia et al., 2016). Salt sensitivity in soybean was found to be caused by an insertion of a Ty1/copia retrotransposon in the GmGHX1 cation H+ exchanger gene (Qi et al., 2014). The Pup1 locus in rice has been associated with the presence of a receptor-like cytoplasmic kinase gene that confers tolerance to phosphorus deficiency (Gamuyao et al., 2012). These studies suggested that SVs, despite their narrow focus, are likely to significantly influence crop improvement in changing climate.

Recently, the pan-genomes of cucumber, soybean, and rice were analyzed using graph-based approaches, revealing numerous novel large SVs and considerably easing the identification of relevant genetic variations for certain complex traits (Table 1) (Liu et al., 2020; Qin et al., 2021; Li et al., 2022a). In-depth, the rice pangenome research has revealed that SVs and gene copy number variations (gCNVs) supported environmental response and artificial selection during the process of evolution and domestication (Qin et al., 2021). A prior study on 25 inbred lines of maize identified similarities between PAVs and heterotic group membership (Darracq et al., 2018), showing that SVs can be useful for characterizing heterotic groups and selecting parental lines for the development of hybrid crops. In general, the comprehensive genome composition heterogeneity outlined by genomes and pan-genomes facilitates the establishment of novel methodologies for plant scientists to investigate functional alleles for phenotypic variations and for breeders to increase genetic resources to enhance crop germ plasm in changing climates (Della Coletta et al., 2021; James et al., 2021).

Table 1 | List of recently available Pan-genome/integrated databases with available tools.




2.2  Epigenomics

During the last few decades, epigenomics has been developed into a frontier omics technique that can be used to explain the changes in the regulation of gene activities and expression under the epigenetic modifications of DNA sequences (Saeed et al., 2022). These epigenetic changes, such as DNA methylation, histone modifications, and chromatin accessibility, may assist us in determining how crops adapt to environmental changes without altering their DNA sequences.

Several techniques that can be used to investigate DNA methylation in plants, including whole genome bisulfite sequencing (WGBS), methyl-sensitive amplification polymorphism (MSAP), and methylated DNA immunoprecipitation (MEDIP) (Sun et al., 2022). The MSAP and WGBS techniques are frequently used to investigate the methylation status involved in regulating gene expression in plants under environmental stresses. Epigenetic research has revealed that drought-tolerant plants exhibited a more stable methylome, with differentially methylated regions (DMRs) linking genes primarily involved in the programmed cell death and stress response in mulberry (Ackah et al., 2022), mungbean (Zhao et al., 2022) and rice (Wang et al., 2016). Likewise, the differentially methylated epiloci (DME) identified 12 stress-related genes in rice genotypes under high temperature treatment (Li et al., 2022b). The methylome content of alfalfa plants increased during salinity stress, and 5-AzaC treatment (DNA methylation inhibitor) reduced the salt tolerance (Al-Lawati et al., 2016). Similarly, hypermethylation is one defense mechanism for plants that protects them from potential injury from heavy metal compounds and enables them to survive in harsh environments (Raza et al., 2022a; Sun et al., 2022). Numerous DNA-methylation studies have been conducted associating with seed development, plant organ differentiation, fruit ripening, and response to environmental stresses AND the functional role in gene regulation (Zhang et al., 2018). These studies provided evidence that DNA methylation may have regulatory roles in determining plant stress tolerance under a range of stress conditions.

In relation to plant growth and stress response mechanisms, histone changes and chromatin remodeling are important epigenetic processes that control gene expression by altering the chromatin status and activating transcription regulators. Most of techniques for detecting epigenome-level histone modifications rely on immunoprecipitation such as chromatin immunoprecipitation sequencing (ChIP-seq) and its modified form ChIP-exo, which has more specific binding sites. Other histone profiling techniques that are available and can be used effectively include ChIPmentation (ChIP-Tn5 transposase tagmentation), CUT&Tag (cleavage-under targets & tagmentation), and DamID (E. coli deoxyadenosinemethylase + protein of interest) (Mehrmohamadi et al., 2021). However, ChIP-seq is a commonly used technique in plants to identify the interaction between DNA-methylation sites and histone proteins (Chen et al., 2018). The dynamic variation in H3K4me3 and H3K27me3 in castor beans under salt stress was closely correlated with the transcript abundance of RSM1(RADIALIS-LIKE SANT/MYB 1), which has previously been identified as a positive regulator of salt resistance (Han et al., 2020). Following the post-harvest desiccation phase, the ABA-biosynthesis genes are activated in tea plants, resulting in ABA accumulation due to increased histone acetylation and decreased H3K9me2 (Gu et al., 2021). According to a recent study on rice, the dynamic nature of histone H3K27me3 and H3K27ac modifications regulates gene expression that are responsive to cold (Dasgupta et al., 2022). In addition to triggering broad changes in the histone methylome, stress signals specifically affect the methylation of genes responsive to stress (Xiao et al., 2022). These results demonstrate a correlation between stress-induced histone modifications and genome-wide transcription remodeling.

Chromatin accessibility profiling has been carried out in numerous plant species using DNase-seq (Dnase I hypersensitive sites sequencing), Mnase-seq (micrococcal-nuclease digestion sequencing), FAIRE-seq (formaldehyde-assisted isolation of regulatory element sequencing) and ATAC-seq (assay for transposase-accessible chromatin-sequencing) has found a wealth of novel information about the regulatory dynamics in plant genomes. Studies on chromatin accessibility have made it possible to build transcriptional networks that respond to environmental changes in rice (Wilkins et al., 2016). To illustrate the effect of abiotic stresses on A. thaliana two different techniques, FAIRE-seq and Dnase-seq were used to capture the open chromatin states (Raxwal et al., 2020). Moreover, chromatin accessibility analysis in maize cold tolerant lines during stress has revealed the re-allocation of resources from growth to defense (Jonczyk et al., 2020). To investigate the relationship between chromatin characteristics and gene expression in grapevine, chromatin accessibility was determined using ATAC-seq, Hi-C, and ChIP-seq (Schwope et al., 2021). Epigenetic changes are also involved in organ development and cell differentiation across the species (Maher et al., 2018). These studies contribute to our understanding of how plants respond to environmental cues by changing their gene expression, and how chromatin-based regulation of gene expression is probably essential for these responses.


2.3  Transcriptomics

Transcriptomics is the study of “transcriptome” which refers to the entire collection of RNA transcripts generated by an organism’s genome in a cell or tissue (Zhou et al., 2022a). Transcriptomics encompasses both mRNAs and ncRNAs in the cells, and it has recently been used extensively in crop breeding to investigate gene expression under different conditions (Schiessl et al., 2020). Traditional profiling approaches, which include differential display-PCR (DD-PCR), cDNAs-AFLP, and SSH were initially used to assess transcriptome dynamics, but these methods had poor resolution (Nataraja et al., 2017). The emergence of advanced throughput sequencing has allowed plant scientists to conduct extensive transcriptomics research (Mir et al., 2019). Recently, RNA-seq employing NGS methods has made it possible to characterize the transcriptome more precisely than with microarray.

The differential expression of mRNAs in rapeseed during development stages was determined to find the candidate genes controlling seed size (Niu et al., 2020). Signal peptides have been linked to the regulation of many plants’ biological processes, including immune response and development, according to the rice transcriptome study (Wang et al., 2020a). A comparative transcriptomic analysis of two extreme Chinese cabbage genotypes revealed that ion homeostasis is a significant biological pathway associated with plant’s instant adaptation to salt tolerance (Li et al., 2021a). It was also discovered that the transcription factors MYB, bZIP, and WRKY serve as regulators in the salt-responsive signaling pathway of maize roots (Zhang et al., 2021a). Similarly, genome-wide transcriptome profiling showed that the apple’s WRKY gene family responded to various biotic stresses (Zhang et al., 2021b). Transcriptome studies also include various kinds of non-coding RNAs. These non-coding RNAs come in many forms, including micro RNAs (miRNAs), circular RNAs (circRNAs), long non-coding RNAs (lncRNAs), ribosomal RNAs (rRNAs), and short interfering RNAs (siRNA), and they thought to be a promising target for crop improvement (Waititu et al., 2020; Zhou et al., 2022a). These non-coding RNAs perform various functions, such as miRNAs involved in slicing and post-transcriptional modification of target mRNAs. While lncRNAs serve as important regulators in several vital biological processes and circRNAs functioned as miRNA sponges, transcriptional and splicing regulators, and moderators of primary gene expression in plants (Lai et al., 2018; Waititu et al., 2020). Whole-transcriptome sequencing in plants was used to create the global landscape of these mRNAs in plants, such as maize (Liu et al., 2022a) Chinese cabbage (Shi et al., 2022) citrus (Fu et al., 2019).

Since it is generally recognized that different cell types play different biological functions in plant growth and development, it has become critically important in recent years to examine the transcriptome responses of plants at cellular level. In molecular biology, single-cell RNA-sequencing (scRNA-seq) is a high-resolution method is growing in popularity for studying plant functional genomes and transcriptional activity at the single-cell level. This method enabled researchers to examine heterogeneity in plants within different cell types (Yaschenko et al., 2022). The polyploidization events in plants were poorly understood by traditional transcriptome studies. However, the advent of scRNA-seq enabled to study of female gametes cells (Arabidopsis) without cross-contamination, advancing plant hybridization, polyploid genetics, and reproductive biology (Song et al., 2020). While scRNA-seq technologies have been extensively used in animal science, their application in plant sciences has just recently been understood. Hence, there have been fewer studies on the high-throughput single-cell transcriptome in plants than in animals until now. Thereafter, this knowledge could be put to better use in breeding initiatives with innovative and targeted goals to assist, for instance, crop production and quality, plant climate change adaptations, and plant tolerance to biotic and abiotic stressors.


2.4  Proteomics

Proteomics is a technique for analyzing all the proteins expressed within an organism, and it splits into four major types: sequence, structure, function, and expression proteomics (Aizat and Hassan, 2018). Different approaches are used to analyze these types, for intence, sequence proteomics analyzed by HPLC (high-performance liquid chromatography) (Hao et al., 2018) and structural proteomics by nuclear magnetic resonance (NMR), electron microscopy, crystallization, and X-ray diffraction of protein crystals (Woolfson, 2018; Opdensteinen et al., 2022). However, functional proteomics is examined through various methods as yeast one (Y1H) or two hybrids (Y2H) and protein micro-array profiling (Yang et al., 2020; Mao et al., 2020).

The development of protein extraction and separation techniques at the sample and genome-wide level has led to a rapid breakthrough in plant proteome research. Traditional proteomics methods rely on chromatography-based approaches. However, enzyme-linked immunosorbent assays (ELISA) could be used to study specific proteins. Subsequently, some advanced gel-based techniques were developed for protein quantification such as SDS-PAGE, 2-DE (two-dimensional gel-electrophoresis), and 2D-DIGE (two-dimensional differential gel-electrophoresis) (Yang et al., 2020).

In addition, protein microarrays and chips have been developed to analyze protein expression in small amounts of protein samples efficiently. Likewise, more hi-tech methods for quantitative proteomic analysis have been developed, including isotope-coded affinity tag (ICAT) labeling, stable isotope labeling with amino acids in cell culture (SILAC), and isobaric tag for relative and absolute quantification (iTRAQ) (Yang et al., 2020). The three-dimensional structure of proteins can be determined using a high-throughput technique called NMR spectroscopy, which may help to explain how proteins work biologically (Xiang et al., 2018). Despite the recent development of single-cell sequencing technologies to study the mechanism of cellular activity, single-cell proteome quantification still lags single-cell transcriptome achievements (Kashima et al., 2020; Vistain and Tay, 2021). However, Mass spectrometry (MS) has been evolving recently to measure the single-cell protein level (Vistain and Tay, 2021).

All the proteomic technological achievements could help scientists study the environmental effects of protein modifications in terms of crop resilience (Zhang et al., 2022a). Numerous studies have used proteomic analysis of the genetic complements of proteins to measure proteins and identify changes in protein expression as they relate to crop response to abiotic stimuli (Ueda and Seki, 2020; Zhang et al., 2022a). So, it might be possible to identify protein-regulatory mechanisms and understand how a particular protein contributes to stress tolerance by examining the proteome differences in crop responses to abiotic stimuli (Yu et al., 2018). This can be applied to crop breeding to increase agricultural outputs in the future even in challenging environmental conditions (Schulze et al., 2021).


2.5  Metabolomics

Metabolomics is one of the most current omics technologies for probing metabolites and elucidating crop resilience. According to the plant study trials, the inclusion of untargeted metabolome detection sped up the development of integrated metabolomics (Kumar et al., 2021). Primary metabolites are required for the synthesis of lipids, sugars, and amino acids in plants however, secondary metabolites comprised of flavonoids, atropine, carotenoids, phytic acid, as well as ROS, coenzymes, and antioxidants (Razzaq et al., 2019). Since metabolites are typically the main product in complex metabolic cascades, they can link the phenotype with the genome, transcriptome, and proteome (Misra et al., 2018).

The plant kingdom contains at least 391000 unique metabolomes (Nakabayashi and Saito, 2020); therefore, the development of analytical techniques is required to determine as many specialized metabolomes as possible. Analyses that are either targeted or untargeted can be used to assess the relative and absolute levels of metabolites. The analytical methods used for metabolomics primarily comprised liquid chromatography-mass spectrometry (LC-MS), gas chromatography-mass spectrometry (GS-MS), capillary electrophoresis-mass spectrometry (CE-MS), HPLC (high-performance liquid chromatography), NMR, and direct flow injection (DFI) (Razzaq et al., 2019; Raza, 2022).

NGS technologies have emerged as effective tools for examining gene regulation and the molecular dynamics of plant cellular responses to biotic and abiotic stresses (Abdelrahman et al., 2018). However, it is now possible to infer an early metabolic network from an organism’s genomic sequence by integrating metabolomics and NGS (Pan et al., 2020). The integrated information obtained from the NGS and metabolites profiling could help us to improve the crops in changing climatic conditions (Scossa et al., 2021). In the presence of numerous biotic stresses, the crucial function of metabolites in cereal crops, such as maize, barley, and rice has been recognized (Yang et al., 2021). The integrated transcriptome and metabolomic analysis of sesame emphasized the significance of amino acid metabolism, especially the saccharopine pathway, ABA metabolism, and signaling pathway for drought resistance (You et al., 2019). The identification of several candidate genes and metabolites associated with isoflavone synthesis and the tricarboxylic acid cycle further supports the significance of these metabolic pathways in the response of soybean to drought (Wang et al., 2022). Similarly, the role of metabolites (phenolics and phenylpropanoids) has been identified in maize under biotic and abiotic stresses (Block et al., 2020). In tomato, Trichoderma-induced biotic stress resulted in various metabolome alterations, which revealed that treated plants accumulated more isoprenoids (Coppola et al., 2019). In addition to stress resistance, metabolomics research in combination with other omics platforms is important for crop nutritional values that can provide adequate insights about the quality-related genes to develop future crops (Pott et al., 2021). These examples demonstrate how omics research can define complex molecular relationships. Therefore, metabolome studies provide an integrated depiction of numerous activities extending from the genome to metabolome as well as phenotypic traits when combined with other omics data including genomics, transcriptomics, and proteomics.



3  Multi-omics data integration for crop improvement

Crop improvement, including high yield and tolerance to biotic and abiotic stresses, is a long-term and time-consuming process in current plant breeding. The development of omics techniques and the rapid accumulation of omics data provide possible solution and foundational information. Approaches to integrating multi-omics information are being leveraged in plants for a better understanding of molecular mechanisms underlying complex traits and acceleration of the crop improvement (Figure 3). Here, we discuss in detail how to apply multi-omics strategies or tools to dissect the genetic basis/architecture of complex traits and predict key agronomic phenotypes in crops.

3.1  Genetic dissection of complex traits using multi-omics data

To dissect the genetic architecture of complex traits, candidate gene mining is an essential step. In the early days, gene mapping is usually difficult due to the lack of a high-quality crop genome. Luckily, the number of crop genome and pan-genome have increased dramatically in the past 20 years, bridging the genotype–phenotype gap easy. The most widely used strategies to identify genes responsible for complex traits are linkage mapping studies in family-based populations, association mapping in natural plant population, joint linkage-association mapping using both bi-parental and natural populations, and genomic selection between diversification population produced by plant domestication. In linkage analysis, genetic maps are usually constructed based on segregating mapping populations, such as doubled haploid (DH) lines, F2 populations, recombinant inbred lines (RILs), and backcross inbred lines, is to be used for quantitative trait locus (QTL) mapping. As an alternative to conventional linkage analysis, bulk segregation analysis (BSA) (Gao et al., 2022) coupled with next-generation sequencing (NGS) can be used in the genetic mapping of simple qualitative traits controlled by major genes when two sample pooling with extreme phenotypes exists.

For association analysis, we usually exploit genetic variation of the whole-genomic level in natural populations, to use linkage disequilibrium (LD) to map genes that cause a specific phenotype. In addition, a gene-based association approach, transcriptome-wide association studies (TWAS) can be used to investigate gene-trait associations using genetically regulated gene expression (Wainberg et al., 2019). The genes selected during domestication and artificial selection play an important role in modern crop breeding. Genome-wide selective sweep analysis is usually used to identify the major genes that enhance environmental adaptation (Lu et al., 2019; Li et al., 2021b), involved in morphotype changes (Kang et al., 2021), and selection for key agronomic traits (Hu et al., 2022).

However, gene identified as part of functional genomic studies, is just the beginning of the genetic dissection of complex traits. Its major disadvantages are: (1) The number of genes identified by QTL mapping is far beyond experimental expected. (2) It’s difficult to directly infer the causal relation between genes and final phenotypic traits due to the lack of evidence of middle omics. To address it, the integrating genomics with other omics data sets will reduce further candidate genes and benefit system analysis of gene function. Molecular phenotype is defined as a collection of molecular characteristics (i.e., mRNA transcripts, proteins, and metabolic compounds) in central dogma (Pramanik et al., 2020), which can be used for deep phenotyping. These phenotypic data permit a better understanding of end-to-end mechanistic from genes to final traits in crops (Figure 2). Recent advances in omics techniques allow for producing many molecular phenotypes at a larger-scale population level, making the association implementation of multi-omics molecular phenotypes easy (Table 2).



Figure 2 | Strategies of multi-omics data integration between different layers of omics data to dissect the complex agronomic traits and phenotype prediction by using machine learning methods.



Table 2 | Recent GWAS studies combined with RNA, protein, and metabolites to find the target traits in breeding programs.




3.2  GWAS + epigenome-wide association studies (epi-GWAS or EWAS)

Epigenome-wide association studies (EWAS) is a powerful method for identifying traits-associated epigenetic variation, specifically variation in DNA methylation, which has been used in human studies (Rakyan et al., 2011; Hawe et al., 2022). The integration of EWAS (i.e., methylation quantitative trait loci (meQTL)) with GWAS can help us to illuminate functional mechanisms underlying genetic variant-trait associations (Huan et al., 2019). However, there are still few EWAS applications based on the large-scale population level although the studies on GWAS have been widely used in plants, which present novel opportunities but also create new challenges for future crop improvement.


3.3  GWAS + transcriptome-wide association studies

GWAS and transcriptome-wide association studies (TWAS) are renowned techniques for locating genomic regions or genes for which DNA sequence or gene expression variations are associated with quantitative variability in a trait of interest (Ferguson et al., 2021). TWAS is a useful tool to complement GWAS since it explores the relationships between variations in transcript abundance and phenotypic variance. The most recent use of Fisher’s combination test to integrate GWAS and TWAS offered proof-of-concept by showing how it improved the efficiency with which identified associated genes could be “re-discovered” for well-known maize kernel traits (Kremling et al., 2019).

GWAS-implicated genes were further refined using expression QTL (eQTL) analysis through TWAS as a fine-mapping technique to find candidate genes. To identify the key genes affecting both the glycemic index and cooking properties of rice, a similar approach was used to determine the amylose content and ultimate stickiness (Anacleto et al., 2019). Cotton eQTL mapping was employed in a prior study to connect the regulatory variations to gene expression in fiber formation (Li et al., 2020). TWAS creates a direct relationship between gene expression and phenotype utilizing eQTL data, as contrasted to the functional study of leading SNPs or homology-based identification of relevant genes for GWAS locations (Zhu et al., 2018). These studies provided evidence that examining the intermediary transcriptome between variome and phenome can help us better understand the regulatory functions of genetic variations driving phenotypic change.


3.4  GWAS + proteome-wide association studies

Protein QTL (pQTL) analysis, which has produced proteome networks for clinical applications, has been used extensively in epidemiological research (Suhre et al., 2017), but it is still rarely used in plant-based GWAS studies. Moreover, it is important to comprehend the functional contexts of gene expression variation through modern crop breeding (Jiang et al., 2019). Recently, pQTL mapping of maize inbred lines was studied using an integrated multi-omics approach to identify the candidate genes associated with kernel size (Zhou et al., 2021a). These findings revealed that genes involved in signal transduction, amino acid metabolism, and an unidentified mechanism may control maize kernel size. Protein abundance variation in crops gains a new level of functional context owing to an integrated multi-omics approach combining pQTL analysis. The use of protein-based GWAS studies in crop breeding is still limited and needs to be utilized to discover the hidden candidates to improve the breeding programs.


3.5  GWAS + metabolome-wide association studies

Metabolite-based genome-wide association studies (mGWASs) or metabolite QTL (mQTL) made it possible to concurrently screen a large number of accessions for possible associations between their genomes and various metabolites and can provide insights on the genetic basis of complex traits and metabolic diversity (Peng et al., 2017; Fang and Luo, 2019; Li et al., 2022c). To discover new associations between genes and metabolites, mGWASs has been effectively used on several model plants and agronomic crops (Zhu et al., 2018; Zeng et al., 2020; Li et al., 2022c). The mGWAS analysis discovered notable variations in the core genetic architecture and the natural variability of the metabolites between different subgroups of foxtail millet (Li et al., 2022c). The degree of natural variability in metabolism and its genetic and biochemical regulation in tomatoes have been extensively elucidated by the integration of metabolomics, linkage mapping investigations, and mGWAS (Zhu et al., 2018). The metabolic breeding history of the tomato was recently discovered by an integrated analysis of eQTL and mQTL (Zhu et al., 2018). Understanding the mechanisms driving the evolution of metabolism is made possible by the mGWAS investigations. Despite the great progress that has been made in the mGWAS research, comprehensive understandings of metabolic control are still rare.

In addition, integration of eQTL, pQTL, and/or mQTL can be used to predict the quality trait to facilitate breeding as in the phenotypic prediction, multi-omics data modeling can explain that how a final phenotype is controlled by the differential expression of mRNA, protein, and metabolite in the central dogma. Similarly, Xu et al. (2016) found that the predictability of hybrid rice yield can be further increased by using these omics data. An earlier investigation utilizing potato tubers has demonstrated how a particular trait is related to gene expression, protein profiles, and metabolite data using the random forest regression method (Acharjee et al., 2016). These omics platforms can help us to develop strategies for integrating these omics data sets to forecast phenotypic features. This results in networks with relatively small sets of interlinked omics variables that are better able to predict the desired trait.


3.6  Exploiting multi-omics data for phenotypes prediction

Integrating data from multiple sources to create a model that can be used to predict complex traits and improve predictive accuracy is imperative. To date, an increasing number of statistical models including linear and nonlinear models, have been developed and widely used in phenotypes prediction. Genomic Best Linear Unbiased Prediction (GBLUP) is a linear model, which has been used extensively for genotype to phenotype prediction. To identify optimal prediction models, Wang et al. (2019) and Xu et al. (2016) have demonstrated that GBLUP generally yielded better results than other prediction methods using multi-omics data for selecting hybrid rice. Recently, Hu et al. (2021a) built a two-kernel linear model for multi-omics prediction of oat agronomic and seed nutritional traits in multi-environment trials and distantly related populations, show greater prediction accuracy than GBLUP. Similarly, as an extension of linear models, Linear mixed models (LMMs) have great potential multi-omics data prediction analysis (Weissbrod et al., 2016). However, a large amount of noise presented in high-dimensional omics data will limit predictive power of LMM. To filter out the noise, several novel methods were produced by extending the standard LMM and combining them with other prediction models (e.g., Bayesian sparse linear mixed model (BSLMM) (Zhou et al., 2013) and penalized linear mixed model with generalized method of moments estimator (MpLMMGMM) model (Wang and Wen, 2022)) have been proposed for modeling multi-omics data.

In nonlinear methods, machine learning (ML) is a new programming paradigm that can learn statistical rules from large-scale complex data, providing a scalable and interpretable framework for multi-omics integration and is usually applied to phenotypes prediction of crops in practice. The basic ML model can be divided into two major types supervised learning and unsupervised learning (Wang et al., 2020b). In supervised learning, classification (e.g., quality traits) and regression (e.g., quantitative traits) are the two major tasks to be predicted. Through the integration of multi-omics data using random forest, Acharjee et al. (2016) perform prediction of four quality traits in potato, including tuber flesh color, differential scanning calorimetry (DSC) onset, tuber shape and enzymatic discoloration. Deep learning (DL) is a specific subfield of machine learning which extensively used in the life science and health field for high-dimensional multi-source data integration and phenotype prediction (Chaudhary et al., 2018). Although DL has been rarely reported in multi-omics integration studies of the crop, it still has great potential and advantages for crop breeding in the future. Unsupervised learning is mostly used to seek the representations in data, such as clustering, association, and dimensionality reduction (DR). Among these, DR plays an important role in high dimensional biology due to reducing the number of random variables to consider. For instance, the algorithms of DR applied in maize contribute to the development of multi-omics data association studies (Liu et al., 2022b).

ML has revolutionized plant research to analyze and interpret large phenotypic data sets, as it is now possible to measure and correlate genotypic to phenotypic data at different levels. In addition, ML also made it possible to access large amounts of high-throughput data and solve problems in pertinent domains by using freely available software, and algorithms such as DL in prediction of protein structures (Senior et al., 2020). However, there are still many challenges such as large data sets, different species, genotypes, phenotypes, and variable environments, and the heterogeneous and fragmented nature of the data (van Dijk et al., 2021). Contrary to ML modules, statistical approaches were used to predict genotype to phenotype in traditional approaches. These approaches have been very effective since they produce good estimation values (p-value), easy to interpret and not complicated to use as compared with ML modules. However, similar issues are also addressed in advanced ML research, and solutions are being discovered in the plant research field (Azodi et al., 2020) to expand the multi-omics research in variable environments.



4  Challenges and future perspective

4.1  Environmental challenges

The pressure on agricultural systems worldwide is rising owing to the world’s exponentially increasing population, which is expected to hit 10 billion in the next 30 years (Scossa et al., 2021). The rising global temperature, which is expected to increase by 1.1 to 5.4°C by the end of this century, is also a challenge for agriculture (Tollefson, 2020). These frightening projections indicate that crops would experience heat stress and a rise in the frequency of droughts during their growing seasons (Rustgi et al., 2021; Raza et al., 2022b). Furthermore, climatic changes will probably increase the intensity of both single and combination abiotic stresses, including drought (Shahzad et al., 2021), cold, heat, salinity, and submergence (Anwar et al., 2021). Abiotic stresses are expected to worsen with the predicted climate-change scenarios by increasing the prevalence and severity of insects, pests, and pathogens as well as weed species proliferation and beneficial soil bacteria, as well as endangering essential plant pollinators (Zenda et al., 2021). The world’s most resource-constrained and populous regions would endure malnutrition and food insecurity due to the lower food yield brought on by these changes (Molotoks et al., 2021). Even though resistant and high-yielding varieties have evolved into intensive farming methods, it is crucial to consider the probability that crop yields, land use, and food demand will increase in the future (Voss-Fels et al., 2019).

Plant breeders are putting forth innovative strategies to deal with the growing need for food grains in the context of environmental problems such as rising global temperatures, irregular rainfall patterns, and concurrent changes in pest and disease attacks (Figure 3). Resource depletion (land degradation, nutrient insufficiency, water availability) makes it even more important to enhance agriculture sustainably and reduce its CO2 emission (Mir et al., 2022). Increased temperatures and higher CO2 levels, which are connected to the impoverished nutrient density of several staple crops, exacerbate the serious health issues encountered by billions of malnourished people in low-income regions (Macdiarmid and Whybrow, 2019). Plant breeders have developed better cultivars of various crop plants to achieve these goals, generally by utilizing traditional plant breeding techniques involving genetic crossing and selection for the desired features. However, this approach chiefly focused on the crop’s major gene pool (Kaiser et al., 2020). Recent developments have made it possible for molecular plant breeding to now uses integrated multi-omics approaches, allowing plant breeders to insert desired genetic variations in the crop genome from a larger gene pool with better accuracy and speed. Hence, molecular plant breeding techniques are being aggressively added to the traditional crop improvement methods to efficiently get the desired results (Mir et al., 2022).



Figure 3 | Schematic representation of the importance of integrated omics techniques in accelerating the development of future crops to feed the exponentially growing population. The development of climate-resilient and nutrient-rich crops is facilitated by integrated multi-omics approaches paired with genetics approaches, improved plant breeding, gene editing, and computational modeling techniques in a systems biology approach.




4.2  Challenges in multi-omics data integration

4.2.1  Data archiving and sharing

There is an increasing need for integrated, rigorous omics research, like many other scientific domains. Data archiving is crucial for the repeatability of both individual and integrated omics datasets, as well as for adhering to Findability, Accessibility, Interoperability, and Reusability (FAIR) principles (Krassowski et al., 2020). The demand for open sharing of scripts and codes for these analyses (MATLAB, Java, R, and Python, etc.) via websites like GitHub (https://www.github.com), where developers can share code, review code, manage projects, and develop software alongside other developers, is a potential solution. High-throughput molecular abundance data, primarily gene expression data, are archived and publicly distributed via the Gene Expression Omnibus (GEO) collection at the National Center for Biotechnology Information (NCBI) (Rangwala et al., 2021). There are a few integrated omics databases (Table 1) available that can help researchers to better comprehend the flow of genetic information (RNA, protein, metabolite and phenotype) of which a trait is influenced.


4.2.2  Data interpretation

The biggest challenge for omics datasets is the understanding of that large datasets. Biomarker discovery is one of the main goals of multi-dimensional omics approaches; regardless of the omics layer from which the key molecules are derived, the specificity and sensitivity of molecular biomarkers are crucial for the application of findings to breeding research and their practical application. Complex multi-layered network interpretation and curation are arduous, computationally, and time-consuming and demand in-depth knowledge of the biological system under study. Studies using an integrated omics approach frequently choose significant biological pathways and processes for hypothesis testing that are not physiologically relevant without applying a biological understanding of the system. Being familiar with understudied biological systems is crucial since it takes time and is often challenging to integrate the verification of datasets and networks (genes, proteins, and metabolites) for key biological pathways or mechanisms.



4.3  Future crops thanks to integrated multi-omics

4.3.1  Crops with stress resistance

Several potential solutions to these issues have been put forth, including the development of climate-resilient crops, increasing the efficiency with which natural resources are used, diversifying agricultural systems, and linking agricultural intensification to the preservation of natural ecosystems (Peng et al., 2020). The most efficient approach to adapt our agricultural system to handle climate change is to design crops with desired agronomic traits that are climate resistant (Table 3) (Kumari et al., 2020) to that specific environment and demand. Omics approaches now enable developing elite climate-smart cultivars with desired traits like high yield, abiotic and biotic stress tolerance, and nutritive quality (Naeem et al., 2022; Reimer et al., 2022).

Table 3 | List of stress (abiotic and biotic), nutrition, quality, and post-harvest related QTLs for future crop improvements.



To accelerate genetic advancement and reduce the effects of climate change on crop yield, advanced integrative breeding platforms are required (Bevan et al., 2017). A single reference genome cannot provide the full range of genetic variation needed for crop breeding. Therefore pan-genome research could help us to understand the genome composition of the population, whether cultivated, landrace, or wild progenitors. The PAVs in various species have been identified by a variety of biotic stress-responsive genes (Cook et al., 2012). The pan-genome of B. napus was examined to characterize disease-resistant genes, and 106 potential QTLs associated with blackleg resistance were found recently (Dolatabadian et al., 2020).

The developmental processes, epigenetic markers like histone modifications and DNA methylation influence how plants respond to environmental signals. The patterns of DNA methylation and subsequent differential expression of genes related to stress have all been shown to be influenced by a variety of biotic (Correa et al., 2020) and abiotic stress conditions such as water stress, nutrient deficiency, temperature stress, as well as in vitro stresses (such as tissue culture) (Scossa et al., 2021). If epigenetic processes also control plant phenotypic variation, then at least in part, hence epialleles should be considered when developing crop enhancement strategies.

On the other hand, meiosis has the potential to transfer stress-induced DNA methylation states, leading to some types of transgenerational memory (Dar et al., 2022), even though paramutation-like activities might complicate inheritance patterns (Minow et al., 2022). The availability of several important natural or induced epigenetic variations for agriculture, such as rice, maize, and soybean (Lloyd and Lister, 2022), demonstrates how screening epialleles can significantly increase the genetic variation that breeders can exploit to improve agricultural practices.

Moreover, integrated transcriptome and metabolome studies revealed that canola seedlings could survive the impacts of alkaline-salt stress by controlling the metabolism of organic acids and amino acids in roots (Wang et al., 2021). Another study has demonstrated that ZmUGT genes may control SA (salicylic acid) homeostasis at transcriptional and metabolic levels, contributing to maize pathogen defense response (Ge et al., 2021). Integrated transcriptome and proteomic datasets to identify pathways driving S. subterranea resistance in potato roots were examined, and this multi-omics approach discovered an increase in glutathione metabolism at the RNA and protein levels in the resistant cultivars (Balotf et al., 2022). Therefore, integrated omics techniques enable detailed comprehension of complicated physiological and molecular mechanisms underlying several crucial traits of agronomic value (Singh et al., 2020), integrating large molecular datasets and the developing predictive models for those key traits (Scossa et al., 2021). Developing climate-smart cultivars require a comprehensive, critical, and effective approach (Pazhamala et al., 2021). When it comes to generating climate-ready crops, these multi-omics-generated data will need to be combined with contemporary plant breeding and gene editing techniques (Gogolev et al., 2021). These high throughput sequencing technologies and integrated multi-omics platforms will help the breeders to develop climate-smart elite cultivars with desired characteristics to fight challenging climatic conditions.


4.3.2  Crops with better nutrition

Since crops are the main source of vital nutrients like vitamins, iron, zinc, folate, fiber, limiting access to and consumption of plant-based diets can have detrimental effects on one’s health. For example, it can increase the risk of non-communicable diseases (NCD) and lead to increased nutritional deficiencies that may be challenging to ameliorate through food substitution (Scheelbeek et al., 2018). In the context of such climate change, enhancing crop nutritional quality through breeding, agronomic management, or transgenic techniques becomes essential. A promising, affordable, and sustainable method for ensuring that millions of people have healthy diets is the genetic biofortification of crops through breeding (Zenda et al., 2021).

Identification of the key genes, metabolic pathways, and QTLs that assist in understanding the genetic architecture of plant nutrient uptake is crucial for the successful improvement of crop nutritional quality. These nutritional qualities have been targeted using a variety of omics approaches, the results of which have improved GAB initiatives (Roorkiwal et al., 2021). Potential QTLs have been found in the major cereals related to nutrition such as rice (Park et al., 2019; Calayugan et al., 2020), wheat (Krishnappa et al., 2017; Ruan et al., 2020), and maize (Yang et al., 2016).

In recent work, GWAS was used to conduct comparative genomics to identify the genomic regions controlling the nutritional content of grains. In a recent GWAS study, 190 genotypes of Eleusine coracana were used to discover the genetic regions affecting grain nutritional content (Fe, Zn, Mg, Ca, Na, K, and proteins) (Puranik et al., 2020). Enhancing nutrient bioavailability requires a thorough understanding of the mechanisms behind crop nutrient absorption, transport, and assimilation into seeds because numerous genes and complex metabolic pathways are involved. Using omics techniques, it is feasible to comprehend the genes and metabolic pathways involved in nutrient uptake or biosynthesis, absorption, transport, assimilation, and storage (Zenda et al., 2021). For instance, a metabolic technique has been carried out to target carotenoid biosynthesis pathways and maximize the level of b-carotene in crops (rice, maize, and potato) considering that beta carotene and carotenoids are the primary precursors to vitamin A (Qutub et al., 2021; Sharma et al., 2021).

Since aflatoxin contamination has serious effects on human and animal health (Ojiewo et al., 2020), thus transcriptomics and metabolomic investigations have been performed to elucidate the aflatoxin biosynthesis in peanuts to develop the resistant varieties. The high oleic acid level is a pivotal quality attribute determining peanut flavor, stability, shelf life, and nutritional value. Therefore, high oleic acid and low linoleic acid in peanut cultivars have been developed using a various genetic technique, including QTL analysis, molecular markers, and gene editing (Amoah et al., 2020; Ojiewo et al., 2020). Therefore, these genomic advances (genomics, transcriptomics, proteomics, metabolomics, and gene editing) have made it possible to incorporate multiple agronomic traits into a single cultivar. Future developments in integrated genomic approaches are anticipated to make it easier to detect important genetic variations, identify key genes driving priority traits (high yield, stress resistance, and high-level micronutrients and proteins), and introduce those priority traits into elite cultivars, boosting economic and the nutritional value of those cultivars.




5  Conclusion and perspective

Recent developments in sequencing and phenotyping technologies have made it possible to extract distinctive genetic variations from the diverse spectrum of germplasm for use in plant breeding. To demonstrate how various omics techniques have anchored agricultural research and development projects, we have described several pertinent instances in this context. The identification of candidate genes, proteins, and metabolites encompassing numerous quantitative and quality traits of agronomic significance in major crops have been made possible primarily using these omics’ techniques, especially genomics, transcriptomics, proteomics, and metabolomics to study how plants respond to different biotic and abiotic stresses. Additionally, machine learning contributed to integrating the GWAS to produce a full set of data on genetic variation to predict the phenotypic parameters influencing the improvement of quality, quantity, or stress tolerance. Moreover, GWAS at the epigenome, transcriptome, protein, and metabolic levels could help the scientists to identify the detrimental and beneficial alleles for crop breeding. Through molecular breeding, or genetic engineering techniques, several reported candidate genes and metabolic pathways have been implemented in breeding programs. Integrated omics platforms are the latest avenue with significant potential in crop breeding to bridge the gap between environmental challenges and food security. Researchers will be able to implement innovative methods in forward/reverse genetics and breeding programs using an integrative omics platform that provides access to entire bioinformatics data. In conclusion, omics-based breeding research and cutting-edge technologies significantly impact crop yield, nutritional value enhancement, and stress tolerance to feed the globe. Multidisciplinary partnerships between plant scientists, computational biologists, breeding corporates, and farmers should be established to share knowledge and build a community to discover novel and ground-breaking insights in crop breeding using multi-omics techniques.
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Tea is one of the most consumed and widely planted beverage plant worldwide, which contains many important economic, healthy, and cultural values. Low temperature inflicts serious damage to tea yields and quality. To cope with cold stress, tea plants have evolved a cascade of physiological and molecular mechanisms to rescue the metabolic disorders in plant cells caused by the cold stress; this includes physiological, biochemical changes and molecular regulation of genes and associated pathways. Understanding the physiological and molecular mechanisms underlying how tea plants perceive and respond to cold stress is of great significance to breed new varieties with improved quality and stress resistance. In this review, we summarized the putative cold signal sensors and molecular regulation of the CBF cascade pathway in cold acclimation. We also broadly reviewed the functions and potential regulation networks of 128 cold-responsive gene families of tea plants reported in the literature, including those particularly regulated by light, phytohormone, and glycometabolism. We discussed exogenous treatments, including ABA, MeJA, melatonin, GABA, spermidine and airborne nerolidol that have been reported as effective ways to improve cold resistance in tea plants. We also present perspectives and possible challenges for functional genomic studies on cold tolerance of tea plants in the future.
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Introduction

Tea is one of the most popular nonalcoholic beverages favored by worldwide consumers, and represents a valuable economic, healthy, and cultural values. It is an evergreen perennial plant that belongs to the genus Camellia, which contains over 200 species (Banerjee, 1992; Cetinbas-Genc et al., 2020; Wu et al., 2022). Tea plants are often grown in tropical and subtropical regions ranging from 49° N in Ukraine to 33° S in South Africa, making them susceptible to cold weather (Carr, 2008; Tuov and Ryndin, 2011; Hao et al., 2018). In general, soils with a pH range of 4.5-6.5, high humidity levels, and the temperature of 21-29°C are the best conditions for tea plant cultivation. The continuing deterioration of the environment and particularly cold stress have seriously threatened the sustainable development of global tea industry (Carr, 2008; Yadav, 2010). Tea plants have a long lifespan, which means that their physiology has to be able to adapt to different temperatures in order to survive in extreme environments. Therefore, it is important to elucidate the molecular mechanisms that are implicated in response to cold tolerance in tea plants.

Low temperature is one of the most pivotal environmental factors that affects tea growth, yields, and quality. Under cold stress, tea plants experience extensive physiological and biochemical changes, including the alternations of cell membrane fluidity and protein activity, as well as the release of many bioactivities such as reactive oxygen species (ROS) and malonaldehyde (Theocharis et al., 2012). Likewise, during cold acclimation of tea plants, protective osmoregulation such as soluble sugars, amino acids (like proline) and some amines (like polyamines) all were significantly accumulated (Ding et al., 2020; Li et al., 2020; Wang et al., 2020). The cold-tolerant properties of tea plants could be attributable to stronger palisade parenchyma and reduced stomata density compared to sensitive varieties (Samarina et al., 2020). Since tea plants are sessile and unable to escape the adverse environment, they have to develop relevant responsive mechanisms to adjust to cold stress. In plants, the cold stress is perceived by cold sensors and transduced by cold signaling, which involves a series of kinases, light receptors, calcium channels and NO signals, and is closely correlated to the core ICE (INDUCER OF C-REPEAT BINDING FACTOR) -CBF (C-REPEAT BINDING FACTOR 1) -COR (COLD-RESPONSIVE GENE) pathway or CBF-independent way. In particular, the discovery of cold sensor of rice (COLD1) and thermosensors of rice (TT3) and Arabidopsis (ELF3) have greatly enhanced our understanding of the plant temperature adaptability (Ma et al., 2015; Jung et al., 2020; Zhang et al., 2022a). Plethora of recent studies have revealed the important roles of transcriptional, epigenetic, and post-transcriptional regulations in cold signaling (Fowler and Thomashow, 2002; Barrero-Gil and Salinas, 2013; Mann and Jensen, 2003).

One of the effective ways to improve the cold resistance in tea plant is to identify the key genes responsible for cold tolerance of tea plant and then use transgenic or cross-breeding methods to breed new germplasms with high cold tolerance. Consequently, investigation of the cold response mechanisms in tea plant is fundamental for molecular breeding. Here, we summarized the research progress of tea plants in cold response, including molecular, physiological and biochemical responses to cold stress, sensing and signal transduction, cold-responsive gene identification, and their transcriptional regulation and post-transcriptional modification during cold stress. We also propose that application of exogenous protective substances such as ABA, MeJA (Methyl Jasmonate), melatonin, GABA, spermidine, and airborne nerolidol is expected to effectively improve the cold resistance of tea plants. The key challenges and future prospects are also discussed. Despite the current findings on molecular mechanism of cold tolerance of tea plants are rather limited, the development of omics would extend our understanding for sophisticated network of low-temperature regulation. Our goal is to offer potential future avenues for the development of cold-responsive systems that could serve as a resource for woody plant breeding research.



Physiological changes of tea plants during cold stress

Low temperature inflicts irreversible disorders to plant physiology, posing threats to the survival and sustainable development of plants. Cold stress can lead to leaf senescence, seedling death, pollen abortion, bud dormancy, pollen tube abnormality, and especially damaging the tea shoots and inhibiting their growth (Cetinbas-Genc et al., 2020; Zheng et al., 2016; Hao et al., 2017; Song et al., 2017; Xiao et al., 2018). Cold stress caused by extreme temperature fluctuations commonly includes chilling stress, frost stress, and freezing stress. In general, chilling stress occurs at the temperature of 0-15°C, while most frost damage emerges at a clear night, wherein radiation freezing air occupies the area. Cold stress usually solidifies the plasma membrane elasticity and phospholipids fluidity, and affects the channels and increases permeability of plants. The disturbed permeability will then lead to electrolyte leakage and enzyme inactivation for the lack of optimal temperature and pH (Lukatkin et al., 2012). Unlike chilling and frost stress, freezing stress often occurs when air temperature is below 0°C, which results in the formation of an ice crystal in plant tissues (Yadav, 2010; Shi et al., 2018). Compared to chilling stress, freezing stress is usually lethal. It forces the intracellular water into extracellular ice, and damages the integrity of membrane, accompanied by the disruption of cellular compartmentalization and denaturation of membrane proteins (Wisniewski et al., 2004).

The stress response of plants is a complex and dynamic process. Cumulative evidences have shown that hundreds of metabolic processes of tea plants altered under cold stress (Shen et al., 2015). The metabolism of soluble sugars, proline and reactive oxygen species (ROS) are among the most pronounced changes. Soluble sugars level is highly sensitive to cold stress. As is shown in Figure 1, cold stress leads to the conversion of polysaccharide to disaccharide, which then yields glucose and fructose to accelerate the accumulation of soluble sugars. The sugars then act as osmoprotectants interacting with lipid bilayer and stabling protein folding to confer plants with cold tolerance (Ma et al., 2009). Besides, the soluble sugars were also found to function as a signaling molecule to regulate the crosstalk of hormones to activate the expression of cold responsive genes in response to cold stress of plants (Couée et al., 2006; Rolland et al., 2006; Janská et al., 2010). Similarly, cold and frost stress can significantly elevate the protein levels (by 3-4 folds), and contents of proline and cations (potassium, calcium and magnesium), which will serve as a common compatible osmolytes to decrease ice point and molecular chaperone to scavenge reactive oxygen species to rescue the cold damage in plants (Figure 1, Yoshiba et al., 1997; Ghosh et al., 2022).




Figure 1 | The alternation of some metabolisms of tea plants during cold stress.





Mechanisms of sensing and signal transduction of tea plants during cold stress


Sensing of cold signals in tea plants

Being sessile organisms, plants have evolved relative elaborate mechanism to sense and cope with the ever-changing temperature. Cold signals are sensed by receptors through the cell membranes, which then participate in the regulation of intracellular signaling networks or cell-cell communication (Ahuja et al., 2010; Norman et al., 2011; Jogaiah et al., 2013). Much efforts have been made to discover the cold sensors (Figure 2). The CHILLING TOLERANCE DIVERGENCE 1 (COLD1) is one of the currently identified cold sensors in rice, which could mediate the chilling tolerance of rice by regulating calcium channels and OsCBF1 gene expression (Ma et al., 2015). It deserved to further investigate whether the function of COLD1 gene is conservative in tea or other plant species. In addition to COLD1, the receptor-like kinases (RLKs) and histidine kinases (HKs) were also able to sense environmental signals. During cold acclimation of tea plants, almost all CsRLK and CsHK genes were particularly found to be up-regulated, suggesting their crucial roles for cold tolerance in tea plants (Wang et al., 2013). RLK members constitute the largest gene family of plant membrane signaling proteins, while HKs are the most abundant and diverse membrane receptors. Both of them are potential cold sensors in plants (Osakabe et al., 2013). They usually regulate the expression of many cold-inducible genes through abscisic acid signaling pathway and/or calcium/calmodulin signaling or other manners under cold stimuli (Murata and Los, 2006; Yang et al., 2010; Xu et al., 2020).




Figure 2 | Cold sensors and signal transduction in tea and other plant species.



Besides, previous studies demonstrated that the light receptors were also closely related to cold response of bacteria and plants. They reported that cold-stress signaling pathways showed to be closely associated with the light perception and circadian clock, but it remains unknown how plants sense and transmit stress signals to regulate gene expression (Chen et al., 2004; Gould et al., 2013; Estravis-Barcala et al., 2020; Kidokoro et al., 2021; Kidokoro et al., 2022). An activation of the phytochromes under long day conditions triggers PIF7 (phytochrome interacting factor 7) to interact with the circadian oscillator TOC1, subsequently bind to a G-box sequence (CAGTG) in the CBF promoter, and thereby downregulates CBF expression (Wisniewski et al., 2014). The blue light receptor phytotropin perceives cold signals in liverwort Marchantia polymorpha at its photoactivated state (Fujii et al., 2017). In Arabidopsis, phytochrome B (phyB) photoreceptor integrates light and ambient temperature by reversible photoconversion between active Pfr (far-red) state and the inactive Pr (red) light-absorbing state (Legris et al., 2016). The physical interaction of phyB and CBF1 abrogated the interaction of phyB and PIF3/4 to promote the photomorphogenesis at 22/17°C in the light (Lu et al., 2020) (Dong et al., 2020) Jung et al., 2016; Legris et al., 2016). In contrast, the cold-induced CBFs stabilized the phyB thermosensor to enhance plant cold tolerance at 4°C (Jiang et al., 2020). In plants, phytochrome signaling pathway related gene AtFHY3/FAR1 (FAR-RED ELONGATED HYPOCOTYL 3/FAR-RED-IMPAIREDRESPONSE 1) not only modulates the phyA activity by directly activating the expression of FHY1/FHL but also positively regulates cold response through regulating JA (jasmonic acid) signaling pathway (Liu et al., 2019; Dai et al., 2022). Unfortunately, little research has been done on the interaction of low temperature and light signals in tea plants, with the exception of the expression analysis of CsFHY3/CsFAR1. Almost all of the CsFHY3/CsFAR1 family members were down-regulated under cold stress of tea plants, suggesting their negative roles for regulating cold tolerance in tea plants (Liu et al., 2021).

An increased expression in a set of genes related to red-light perception (GRAVITROPIC IN THE LIGHT), blue and UV-light perception (CRYPTOCHROME 1, EARLY LIGHT-INDUCABLE PROTEIN 1, and UVB-RESISTANCE 8), chloroplasts relocation (CHLOROPLAST UNUSUAL POSITIONING 1), and regulation of chlorophyll biosynthesis (Cs213 putative cold-inducible protein), stomatal movement (PHOSPHOGLUCOMUTASE), PSII associated light-harvesting complex II catabolic process (FILAMENTATION TEMPERATURE-SENSITIVE H) were also observed in tea plant under the long term cold stress. Interestingly, among all upregulated DEGs (differential expressed genes), the highest expression level was observed in ELIP1 (EARLY LIGHT-INDUCIBLE PROTEIN 1) which was upregulated 150-2000 folds above control under long-term cold stress in tea leaves. ELIPs are located in thylakoid membranes and are known to protect photosynthetic machinery from various environmental stresses in higher plants and have been reported to participate in the phytochrome signaling pathway (Rizza et al., 2011). Additionally, it was reported that the induction of ELIP1/2 expression is mediated via CRY1 (CRYPTOCHROME 1) in a blue light intensity-dependent manner (Kleine et al., 2007; Yang et al., 2017). During exposure to high irradiance, cry1 Arabidopsis mutants displayed inhibition of anthocianidin and flavonoids biosynthesis genes and phenylpropanoid genes, peroxidase genes, GST and ERD9 genes which are the components of various stress responses (Kleine et al., 2007). In our RNAseq study, the expression of CRY1 was also significantly increased under the 14 days of chilling stress and 3-day freezing temperature of tea plants. According to the previous data, CRY1 participates in the high temperature response in plants (Ma et al., 2016), suggesting that the mechanisms of temperature compensation might in principle be linked to the mechanisms of light perception (Gould et al., 2013), however the authors did not observe an accumulation of CRY transcripts under short-term cold stress in Arabidopsis.

Additionally, several new identified DEGs were upregulated under the long-term cold stress of tea plants which seems to be related to light sensing pathways. Among them, EID1 (EMPFINDLICHER IM DUNKELROTEN LICHT 1) -like F-box protein 3 is an F-box protein that related to red-light perception and functions as a negative regulator in phytochrome A (phyA)-specific light signaling. F-box proteins are components of SCF ubiquitin ligase complexes that target proteins for degradation in the proteasome, regulates photomorphogenesis and flowering in Arabidopsis (Marrocco et al., 2006). Similar to the previous finding (Ohta and Takaiwa, 2014), we identified DNAJ11 and DNAJ ERDJ3B-like in tea plant which encode co-chaperone components, stimulate Hsp70 ATPase activity, which is responsible for stabilizing the interaction of Hsp70 with client proteins. Knockout of these genes in Arabidopsis thaliana caused a decrease in photosynthetic efficiency, destabilization of PSII complexes and loss of control for balancing the redox reactions in chloroplasts (Chen et al., 2010). Also, FTIP 1/3 (FLOWERING LOCUS T-INTERACTING PROTEIN 1/3) was upregulated in tea plant under the long term cold stress. This gene is an essential regulator of FT encoding florigen and the regulator of photoperiodic control of flowering in plants. Loss of function of FTIP1 exhibits late flowering under long days, which is partly due to the compromised FT movement to the shoot apex (Liu et al., 2012). To summarise our results on tea RNAseq data, it can be suggested that the long term overlapping stress responses include the activation of several important genes of photo-perception which probably activate the phenylpropanoid pathway leading to the cell wall remodeling.



Messenger molecules involved in cold signal transduction

The cold signals perceived by plant cell-surface could be transmitted to the other cell compartments, such as the nucleus, where the expressions of many cold-responsive genes are activated (Zhu, 2016). An example of such mechanisms include Calcium (Ca2+) and IP3 (inositol-1, 4, 5-triphosphate), which are two ubiquitous secondary messengers and play a crucial role in eliciting downstream cold-responsive signaling pathways (Knight et al., 1996; Virdi et al., 2015; Paknejad and Hite, 2018). Cold stress causes an activation of the IP3-gated calcium channels, which then resulted in rapid induction of cytosolic calcium levels (Ca2+ spark) and subsequent upregulation of COR genes (Orvar et al., 2000; Sangwan et al., 2001). After sensing and interacting with Ca2+, calmodulin (CaM) undergoes conformational changes to activate CaM-binding transcription activator (CAMTA) factors to response to cold stress. The double mutations of camta1 and camta3 impaired cold tolerance of plants compared to wild type, suggesting their significant roles in the cold response. Many studies have also shown that the expression of CAMTA3/5 is significantly upregulated under cold stress, in which CAMTA3 further binds the CBF2 promoter to activate the expression of DREB1B and DREB1C genes. This establishes a link between calcium signals and cold acclimation in plants (Doherty et al., 2009; Eckardt, 2009; Kidokoro et al., 2017). Additionally, cold stress can stimulate the Ca2+ sensors calcineurin B-like protein (CBL), to interact with CBL-interacting serine/threonine-protein kinases (CIPKs), and ultimately increase the autophosphorylation and phosphorylation activity of CIPKs. The activation of CIPKs eventually resulted in an upregulation of CBFs genes to respond the cold stress in plants (Zhang et al., 2019). Overall, the above evidences indicated that Ca2+-CaM/CBL-CAMTA3/CIPK complex enables sensing and transduction of cold signaling of plants in response to cold stress through CBF-dependent pathways, despite their functions in tea plants need further investigations.

Under the long-term cold stress, we also observed the elevated expression of several genes, related to Ca2+-dependent signaling and protein phosphorylation in tea leaves. Among them, CNX1 (Calnexin) and calreticulin-like (CRT) which were reported to bind proteins on endoplasmic reticulum acting as molecular chaperones (Liu et al., 2017; Joshi et al., 2019); also, CIPK12 and CIPK6 which were reported to bind CBLs regulating Ca2+-signal response (Sardar et al., 2017; Czolpinska and Rurek, 2018; Bai et al., 2022). Additionally, several genes encoding the important components of membrane trafficking system and related to Ca2+-signaling were upregulated in tea plant under the long term cold stress, such as STRAP (SERINE-THREONINE KINASE RECEPTOR-ASSOCIATED PROTEIN), SAPK3 (SERINE/THREONINE-PROTEIN KINASE 3), leucine-rich repeat receptor-like protein kinase PXY1 (PHLOEM INTERCALATED WITH XYLEM-LIKE 1), INPP5A2 type I inositol polyphosphate 5-phosphatase 2, glycine-rich protein A3-like GRP (GLUTAMINE-RICH PROTEIN), indicating their important roles in response to long-term cold stress in tea plant. Similarly, in Populus, the calcium-dependent protein kinase 10 (CPK10) is upregulated under drought and frost and activates both drought- and frost-responsive genes to induce stress tolerance (Chen et al., 2013). In apple DEGs encoding protein phosphatases and serine/threonine-protein kinases were upregulated in response to different abiotic stresses (Li et al., 2019).

In addition, the protein phosphatase 2C (PP2C) was upregulated in tea plant under the long-term cold stress. PP2C are the key players in plant signal transduction processes, acting as the central components in ABA signal transduction and negative regulators of mitogen-activated protein kinase (MAPK) pathway (Rodriguez, 1998). Also, probable translation initiation factor eIF-2B (tif224) is increasingly expressed under 14-day-chilling and 3-day freezing stress in tea plant. This gene encodes a protein which is activated through phosphorylation by stress-sensing kinases, and leads to reduced levels of ternary complex required for initiation of mRNA translation under stress conditions (Wang et al., 2021). Our results confirmed that activation of Ca2+-signaling cascades is relevant to not only the short-term cold response but also for the long-term chilling and freezing-responses in tea plant.

Unlike Ca2+ and IP3, the nitric oxide (NO), a gaseous signaling molecule in plants has gained much attention for its roles in cold tolerance. Cold acclimation induced a high expression level of nitratereductase 1 (NIA1) and stimulated the nitrate reductase (NR) activity, which was attributed to NR-dependent NO synthesis and eventually resulted in freezing response of plants (Zhao et al., 2009). Previous studies have suggested that NO could greatly induce the expression level of the S-adenosylmethionine synthetase (MfSAMS) gene in leaves of Medicago sativa subsp. falcata. Overexpression of MfSAMS in plant significantly improved cold tolerance of transgenic plants via up-regulating polyamine synthesis and oxidation (Guo et al., 2014). In vitro application of 0.02 mM NO could dramatically reduce the chilling injury index in tomato fruit by up-regulating the expression of LeCBF1, whereas NO inhibitors cause severe chilling injury (Zhao et al., 2011). Similarly, supplementing 500 uM NO in vitro caused the tea plants to significantly accumulate osmoregulation substances (e.g., soluble protein, soluble sugar, and proline) and activate superoxide dismutase and catalase. The expression levels of CsICE1 and CsCBF1 genes were up-regulated by exogenous NO, thereby alleviating the damage of cold to tea leaves under cold stress (Pan et al., 2016; Wang et al., 2021). However, it is unknown whether NO regulates CBF-dependent or -independent pathways in response to cold stress in tea plants, which needs further investigation.




Regulatory mechanisms of cold tolerance of tea plants


ICE-CBF-COR pathway in cold response of tea plants

Many plants have evolved sophisticated cold response mechanisms to survive in cold stress during long-term evolution (Thomashow, 1999; Kalberer et al., 2006). It is commonly acknowledged that the ICE1-CBF-COR transcriptional cascade is one of the key cold signaling pathways, which is highly conserved in tea and other flowering plants. Plant genomes contained two copies of the ICE gene. The ICE1 protein was found particularly abundant in the MYC-binding sites (CANNTG) of the CBF promoter (Chinnusamy et al., 2003). A handful of studies have shown that ice1 mutation blocked the expression of the CBF3 gene, whereas overexpression of ICE1 significantly increased the expression of CBF3 in transgenic plants (Tang et al., 2020). Besides, the ICE2 is considered a redundant duplicate of ICE1, which performs similar activities in plants in terms of cold responsiveness (Fursova et al., 2009; Kim et al., 2015). In plants, ICE typically regulates a large number of downstream genes in response to cold stress, of which CBFs serve as one of the most important targets (Vogel et al., 2005; Wang et al., 2012). CBFs act as the on/off switches of cold response. Their expression levels could be rapidly induced within 15 minutes under cold treatments, affecting the expression of over 4000 putative downstream target genes such as COR15a, COR47, and COR6.6 (Gilmour et al., 1998; Seki et al., 2001; Maruyama et al., 2004; Maruyama et al., 2009; Park et al., 2015; Zhao et al., 2016; Shi et al., 2018). In Arabidopsis, the CBF gene family is composed of three tandem genes located on chromosome IV and exhibits consistent expression patterns in response to cold stress. CBF1,3-overexpressed Arabidopsis plant had increased freezing tolerance, while cbfs mutants were vulnerable to freezing stress (Jaglo-Ottosen et al., 1998; Liu et al., 1998; Medina et al., 1999). Unlike Arabidopsis, five CsCBF members have been identified in tea plants (Wang et al., 2019). In another investigation, six CsCBF genes were predicted (Hu et al., 2020). Interestingly, all the CsCBFs were strongly upregulated under cold stress, with the exception of CsCBF3 (TEA010806). Overexpression of CsCBF1 (GenBank EU563238), CsCBF2 (KC702795), CsCBF3 (EU857638), and CsCBF5 (TPIA CSS001387) in Arabidopsis and Nicotiana displayed an enhanced cold tolerance, with increased photosynthesis ability, high level of proline, sugar and ROS content, but reduced malondialdehyde under cold stress compared to wild type (Chang et al., 2012; Yin et al., 2016; Zhou et al., 2022a; Zhang et al., 2022b). CBF proteins can recognize C-repeat/dehydration- responsive motif (CCGAC, CRT/DRE) in the promoters of a subset of COR genes and activate the expression of COR genes. It was predicted that a total of 685 potential COR genes were regulated by CsCBF in tea plants, including circadian rhythms and hormone signaling genes (Wang et al., 2019). Although the overexpression of COR15A and CsCOR1 has no discernible effect on the survival of plants under cold stress, most COR genes greatly contribute to cold tolerance in plants (Jaglo-Ottosen et al., 1998; Li et al., 2010b). For example, the expression of RD29A was induced by CBF3, thereby improving the survival of frozen plants (Liu et al., 1998). Further, CBF1 occupies the clock genes LUX promoter. LUX is required for plants to survive in freezing stress (Chow et al., 2014). Interestingly, many previous studies also suggested that alternative splicing event is likely to drive the regulation complexity of CsCOR during cold acclimation (Li et al., 2020). It is possible that the alternative splicing of CsCOR plays an important role in cold acclimation of tea plants.



Transcriptional and post-transcriptional regulation of ICE-CBF-COR genes

It is well recognized that both transcriptional regulation and post-translational modifications play important role in regulating the CBF cascade pathway. According to recent studies, the expression of CBFs and the stability and transcriptional activity of ICE1 are very important for cold tolerance. The ICE1/2 are constitutively expressed (Tang et al., 2020). Previous studies have suggested that the phosphorylation, ubiquitination and sumoylation of ICE1 greatly regulates CBF expression by changing its own protein stability and transcriptional activity (Figure 2, Shi et al., 2018; Ding et al., 2020). Indeed, ICE1 is ubiquitinated and degraded by the high expression of osmotically responsive gene 1 (HOS1, E3 ubiquitin ligase), leading to the instability of ICE1 protein and low expression of CBF (Dong et al., 2006; Park et al., 2011). Whereas cold-activated SUMO E3 ligase SIZ1 (SAP and Miz) -mediated sumoylation of ICE1 increases its stability, positively regulating the cold tolerance in plants (Miura et al., 2007). In addition, three protein kinases also mediated the post-translational modification of ICE1. Low temperature induces the open stomata 1 (OST1) kinase activity, which then interacts with ICE1 and HOS1, improving the ICE1 activity and suppressing HOS1-mediated ICE1 degradation (Ding et al., 2018). By contrast, the other two protein kinases Brassinosteroid-insensitive 2 (BIN2) and mitogen-activated protein kinase 3/6 (MPK3/6) interacts with, and phosphorylate ICE1, which promoted the degradation of ICE1 (Li et al., 2017a; Ye et al., 2019). Moreover, MPK6 attenuated the inhibitory effect of MYB15 on CBF expression to enhance freezing tolerance in Arabidopsis (Agarwal et al., 2006; Kim et al., 2017). Mechanistically, jasmonate-zim-domain protein 1/4 (JAZ1/4) can also inhibit the CBF translational activity by interacting with ICE1/2 in Arabidopsis (Hu et al., 2013a). The most recent study in tea plants found that CsWRKYs (CsWRKY29 and CsWRKY37) conferred plants cold tolerance, and CsWRKY4/CsOCP3 (OVEREXPRESSOR OF CATIONIC PEROXIDASE 3) interacted with CsICE1 and inhibited its transcriptional activation on CsCBF1/3, demonstrating the relevance of CsCBF cascade pathway on cold tolerance of tea plants (Peng et al., 2022; Zhao et al., 2022).

The expression of CBFs is regulated by several types of transcriptional activators or repressors involved in light signaling, phytohormones signaling, circadian rhythms and Ca2+ signaling (Figure 2). Recent studies have shown that the PIFs (PIF3, 4, and 7), downstream genes of photoreceptor and thermosensor phyB, negatively regulates the expression of CBF and freezing tolerance of Arabidopsis (Leivar et al., 2008; Lee and Thomashow, 2012). Chilling stress initiates the formation of CBFs-PIF3-phyB complex which later serve to control the cold adaption (Jiang et al., 2020; Xu and Deng, 2020). The transcription factors (TFs) in hormone signaling maintain the homeostasis of CBF levels. For instance, the CBFs expression are repressed by ethylene insensitive 3 (EIN3) in ethylene pathway, but up-regulated by brassinazole-resistant 1/brassinosteroid insensitive 1-EMS-supressor 1 (BZR1/BES1) in brassinosteroids signaling (Shi et al., 2012; Li et al., 2017b). Circadian rhythms core genes are likely to antagonistically function to keep the rhythmic expression of CBF. Circadian clock associated 1/late elongated hypocotyl (CCA1/LHY) are shown to activate the expression of CBFs by binding to their promoters, while pseudo-response regulators (PRRs) inhibit the expression of CBFs (Nakamichi et al., 2009; Dong et al., 2011). In Arabidopsis, CCA1/LHY regulates cold-responsive DREB1 expression only under gradual decrease in temperature during the day, whereas rapid drop in the temperature can induce the cytosolic calcium levels and activate Ca2+ signaling (Kidokoro et al., 2017). Ca2+ signaling impairment prevents CsCBF expression but accumulates higher catechins under cold conditions, suggesting their potential correlations in response to cold stress of tea plants (Ding et al., 2019). The CsCAMTA2 (orthologous gene of CAMTA3 in Arabidopsis) was strongly up-regulated in tea plant, and the cis-element [(G/A/C)CGCG(C/G/T) or (A/C)CGTGT, CsCAMTA targeted] was observed in the promoter of CsCBF1 and CsCBF2 (Zhou et al., 2022b). There had been at least 8 Calmodulin-like (CBL) genes and 25 CIPK genes identified in tea plants, which were further divided into four and five subfamilies. Of them, four CsCBLs (CsCBL1/3/5/9) and nineteen CsCIPKs genes were significantly induced by cold stress. Studies have shown that CsCBL1 could interact with CsCIPK1/10b/12, while CsCBL9 was found to interact with CsCIPK1/10b/12/14b; hence, the Ca2+-CsCBL-CsCIPK module mediated cold stress signaling in tea plant was proposed (Li et al., 2019b; Ma et al., 2019; Wang et al., 2020). In Arabidopsis, it was reported that CAMTAs worked together to suppress the SA (salicylic acid) synthesis by targeting EDS1 (ENHANCED DISEASE SUSCEPTIBILITY 1) and to improve freezing tolerance (Kim et al., 2013).

Furthermore, the post-translational modification of CBFs is important in cold tolerance. For instance, cytosolic redox protein thioredoxin h2 interacts with CBF and reduces the transformation of oxidized CBF oligomers (inactive) to active monomers, whereby this structural switching and functional activation of CBFs confers the plant with cold tolerance (Lee et al., 2021). It is worth to note that epigenetic regulation, including DNA methylation, chromatin remodeling, and small RNA regulation, also extensively influences the cold tolerance of plants throughout the entire life (Park et al., 2018). A recent study showed that hundreds of cold-responsive genes, including CsCBF4 and CsUGT91Q2, were significantly demethylated during cold stress, indicating that DNA methylation is involved in cold response of tea plants (Tong et al., 2021). Besides, the histone deacetylases were also reported to participate in the cold stress response of tea plants. Low temperature reduced the transcription of HD2 type histone deacetylase in tea plant, indicating that chromatin remodeling mediated by histone modifications may regulate the expression of cold-responsive genes (Ma et al., 2013; Yuan et al., 2020). Degradome sequencing has identified 763 related cleavage target genes and miRNAs associated with cold stress tolerance. There were 74 and 91 differentially expressed microRNAs (miRNAs) identified from cold-tolerant ‘Yingshuang’ and cold-sensitive ‘Baiye 1’ cultivars, respectively. Of them, miR156, miR159, and miR396 showed distinct expression patterns among different cold-sensitive tea varieties under cold conditions (Zhang et al., 2014b). In addition, 14 circular RNAs have been identified to contribute to the chilling tolerance of tea plant (Huang et al., 2023).



Identification and characterization of cold-responsive genes in tea plants

The innovation of genomic and transcriptomic sequencing, together with functional genomics, have identified a total of 128 gene/families involved in cold response in tea plants (Table 1). For example, the cold-responsive bZIP transcription factor CsbZIP6 and CsbZIP18 were experimentally evidenced to reduce the freezing tolerance of tea plants by ABA-independent and ABA-dependent pathway, respectively (Wang et al., 2017; Yao et al., 2020b). In addition, a total of 89 structural genes involving in sugar signaling, redox process, ascorbic acid metabolism, hormone signaling, carotenoid biosynthesis, terpenoid metabolism, Ca2+ signaling, osmoregulator, amino acid metabolism, fiber signaling, and light signaling, were also identified and characterized to be associated with cold tolerance of tea plants. Correspondingly, 59 sugar-related genes engaged in sugar metabolism, transportation and signaling are solidly stimulated, including the beta-amylase gene (CsBAM), disproportionating enzyme gene (CsDPE2), fructokinase gene (CsFRK), invertase gene (CsINV5), Suc-phosphate synthase gene (CsSPS) and raffinose synthase gene (CsRS2) (Yue et al., 2015). Sugar signaling and osmoregulator related genes regulate the cold tolerance of tea plants mainly through the osmotic-dependent pathway. Overexpression of Invertase 5 (CsINV5) enhanced the cold tolerance of transgenic Arabidopsis through up-regulating the transcription of HXK2 and P5CS1/2 (Qian et al., 2018). CsSWEET1a, CsSWEET16 and CsSWEET17 improved the freezing resistance of plants by promoting sugar transport across the plasma membrane (Wang et al., 2018; Yao et al., 2020a). The sequences of proline biosynthesis and degradation have been identified and available at NCBI, CsP5CS (pyrroline-5-carboxylate synthase, KJ143742.1), CsOAT (Ornithine-D-aminotransferase, KJ641844.1) and CsP5CR (pyrroline-5-carboxylate reductase, KY368574), CsP5CDH (pyrroline-5-carboxylate dehydrogenase, KY368572) and CsProDH (Pro-dehydrogenase, KY368573) included (Ban et al., 2017).


Table 1 | List of the genes/gene families involved in cold tolerance of tea plant.



Besides, the phenylpropanoid pathway serves as a rich source of metabolites in plants, as a starting point for the biosynthesis of lignin, flavonoids and coumarins (Fraser and Chapple, 2011; Hori et al., 2020; Oliveira et al., 2020). Recent studies showed upregulation of lignin biosynthesis genes along with downregulation in cellulose biosynthesis genes under osmotic stresses in tree species (Wildhagen et al., 2018; Chen et al., 2019; Hori et al., 2020). Additionally, an increased level in xyloglucan endotransglucosylase/hydrolase (XTH) and expanding proteins, affecting the cell wall plasticity and reinforcement of the secondary wall with hemicellulose and lignin deposition to increase cell wall thickening were highlighted (Gall et al., 2015). In accordance with these data, our RNAseq data revealed many upregulated genes related to the cell wall remodeling and biosynthesis in tea plant (UDP-Arap, XTH30, AGPS1, BGLU, ENODL2, AXY4, UEL-1, PRP-F1, API, PPME, GALT6, GATL7, UXS2, UXS4, TBL32, GlcAT14A, XUT1, GAE3, 4CL, API, RRT1, rfbC, glucan endo-1,3-beta-glucosidase 7-like and 8-like, etc.) confirming the importance of this pathways in the long-term cold stress in tea plant. Additionally, elevated expression of beta-glucosidase (BGLU) that catalyzes intermediates for cell wall lignification synthesis was observed in tea. Also, several DEGs (RRT1, PPME, XTH, UXS2, UXS4, GAE3, XUT1) related to xyloglucan and pectin biosynthesis were upregulated in tea leaves under the long-term cold stress. Among them, RRT1 (RG-I RHAMNOSYLTRANSFERASE 1) is required for both cellular adhesion and cell wall plasticity (Takenaka et al., 2018). PPME, pectinesterase-like PMEs (PECTIN METHYLESTERASE INHIBITORs) maintains apoplastic Ca2+-homeostasis, controlling stomatal movements and in regulating the flexibility of the guard cell wall (Wu et al., 2018). Previous studies have also suggested that inhibiting the pectin methylesterase activity of tea plants, including Pectin Methylesterase Inhibitor 2 and 4 (CsPMEI2 and CsPMEI4), slightly reduces the cold tolerance of transgenic Arabidopsis (Li et al., 2021). XTHs (Xyloglucan endotransglucosylase/hydrolase) cuts and re-joins hemicellulose chains in Plant cell wall, contributing to wall assembly, affecting cellulose deposition (Wu et al., 2018). Additionally, more genes related to pectin biosynthesis were found upregulated under long-term cold stress in tea plant, namely UXS2/4 (UDP-GLUCURONIC ACID DECARBOXYLASE 2/4) and GAE3 (UDP-D-GLUCURONATE 4-EPIMERASE 3). These genes are required for the biosynthesis of heteroxylans and xyloglucans and for the side chains of pectin (Kuang et al., 2016; Borg et al., 2021).

Cell walls remodeling proteins contain hydroxyproline-rich O-glycoproteins (HRGPs), which is classified into extensins (EXTs), arabinogalactan-proteins (AGPs) and Hyp/Pro-rich proteins (H/PRPs) (Cassab and Varner, 1988; Basu et al., 2015; Ajayi et al., 2021). According to our results, a set of genes involved in H/PRPs and AGPs metabolism (AGPS1, UEL-1, API, GALT6, GATL7, GlcAT14A, ENODL2, PRP-F1, etc.) were highly upregulated in tea plant suggesting that glycosylation of HRGPs is an important responsive mechanism under the long-term stress. Additionally, some genes (e.g., TBL27/32) related to O-acetylation of polysaccharides were upregulated under long-term cold in tea plant which is consistent with some earlier findings (Sun et al., 2020). O-Acetylation of polysaccharides change the physicochemical properties and acetyl-substituents inhibit the enzymatic degradation of wall polymers (Gall et al., 2015) suggesting the important role of the both processes for the long-term stress responses of tea plant. Thus, the increasing the cell wall plasticity, thickness and hydrophobicity by lignin biosynthesis, glycosylation of HRGPs, o-acetylation of polysaccharides, pectin biosynthesis and branching, xyloglucan and arabinogalactan biosynthesis can serve as important mechanisms of long-term cold responses in tea plant.

A well-known effect of abiotic stress in plants is the production of ROS, which can eventually oxidize lipids, proteins, and DNA, and thereby trigger the cell death (Akula and Ravishankar, 2011; Bartwal et al., 2013; Estravis-Barcala et al., 2020). Redox process and ABA metabolism regulated cold tolerance mainly through scavenging reactive oxygen species. For example, Glycosyltransferase CsUGT91Q2, CsUGT78A14, and CsUGT71A59 confer cold resistance to tea plant by improving the ROS clearance ability (Zhao et al., 2019a; Zhao et al., 2019b; Zhao et al., 2021). According to our recent results, in tea plant several upregulated DEGs related to lipid metabolism were upregulated under long term cold stress. For examples, the homologs of SEC14, an important regulators of phospholipid metabolism (Campos and Schaaf, 2017), EDR2, a negative regulator of cell death (Vorwerk et al., 2007), and genes encoding remorin-like (REMs) proteins accumulated in lipid rafts and physically interact with receptor-like kinases (Cai et al., 2020), probable phospholipid hydroperoxide glutathione peroxidase (PHGPX) participates in scavenging of lipid hydroperoxide (Jain and Bhatla, 2014), endoplasmic reticulum oxidoreductin-1-like (ERO1) participating in protein folding under oxidative stress (Matsusaki et al., 2019), probable carboxylesterase 11 (CXE11) which is involved in the catabolism of volatile esters such as butyl and hexyl acetate and activation of MeJA signaling (Cao et al., 2019), luminal-binding protein genes (BIP5-like) which increase in anti-oxidative defenses under water stress in transgenic tabacco and soybean (Valente et al., 2009). These results suggest the lipid stabilization against ROS can be an important mechanism of the long-term cold and freezing responses in tea plant.

Similarly, cold-induced enzyme or hormone pathway genes also affect the cold tolerance of tea plants. According to the recent studies, hormone-signaling pathways are consistently up-regulated under cold stress, which are involving in those of JA, brassinosteroids (BRs), and ABA (Wisniewski et al., 2014; Zheng et al., 2022). Interestingly, auxin signal transduction is activated in the opposite pattern with ethylene transduction it some tree species (Estravis-Barcala et al., 2020). In tea plant several new upregulated DEGs involved in hormone signaling were upregulated under the long-term cold stress (GID1C-like, LOG3-like, ILR1-like6, TTL1, TTL3, and 2g29380). These genes are related to the abovementioned signaling pathways. For example, GID1 (GA INSENSITIVE DWARF1) can bind negative regulators of GA responses called DELLA proteins (Hauvermale et al., 2014). LOG is a cytokinin-activating enzyme plays a pivotal role in regulating cytokinin activity (Kuroha et al., 2009). ILR1 (IAA-LEUCINE RESISTANT 1) regulates the rates of amido-IAA hydrolysis resulting in activation of auxin signaling (Sanchez Carranza et al., 2016). TTL1 (TETRATRICOPEPTIDE-REPEAT THIOREDOXIN-LIKE 1) regulates the transcript levels of several dehydration-responsive genes, such as CBF2, ERD1 (early response to dehydration 1), ERD3, and COR15a (Rosado et al., 2006; Lakhssassi et al., 2012). These results indicate a complex transcriptional landscape in response to abiotic stress, and in particular they show highly variable interactions between different hormone signal transduction pathways.

Long-term cold stress down-regulated CsLOX expression while short period of low temperatures induced the expression of CsLOX1, 6 and 7, which highlights the role of JA in triggering and regulating cold tolerance of tea plants (Zhu et al., 2018). E3 ligase gene MIEL1 inhibited the accumulation of anthocyanin in apple by degrading MdMYB1 protein (An et al., 2017). Similar to the function of MdMIEL1, overexpression of the CsIEL1 gene in Arabidopsis decreased anthocyanin level during cold stress, which is possibly caused by the degradation of positive regulator through 26S-proteasome-mediated ubiquitination pathway (Xing et al., 2021).

In addition, transcriptome analysis shows only 12% of cold-responsive genes are dependent on the CBF regulons in Arabidopsis thaliana, indicating the presence of the other low-temperature regulation pathways (Fowler and Thomashow, 2002). Indeed, several previous studies have showed that many cold-inducible genes, including Alpha-tubulin (CaTUA), dehydrin (CsDHN1, 2), spermine synthase (CsSPMS), fatty acid desaturase (CsSAD), H1 histone (CsHis), CsbZIP and CsHSF function in cold response of tea plants in a CBF-independent pathway (Paul et al., 2012; Paul and Kumar, 2013; Wang et al., 2014; Zhu et al., 2015; Ding et al., 2016). Many phytohormone (auxin, cytokinins, ABA, gibberellins, JA, ethylene and brassinosteroids) responsive genes are intimately linked to the CBF-independent regulon under cold acclimation (Zhao et al., 2014; Joshi et al., 2016; Wani et al., 2016). With the development of transcriptomics and genomics, many CBF-independent transcriptional regulation factors involved in cold adaptions would be identified.



Exogenous feeding to improve cold tolerance in tea plants

At present, the primary method of reducing cold stress in tea production is to breed cold-resistant tea plants and optimize cultivation conditions, most likely in a greenhouse or with a protective film. Applying exogenous substances, on the other hand, are the simplest, most convenient, and most effective method (Zhang et al., 2022b). In general, 93 metabolites changed significantly under cold stress, such as catechin, flavonoid, ABA and JA (Hao et al., 2018). These results corresponded to those in which low temperature increased accumulation of flavan-3-ols and proanthocyanidins, indicating that phytohormones and secondary metabolites may contribute to cold regulation in tea plants (Zhang et al., 2014a). Indeed, treatment with plant growth regulators spermidine (0.025 mM, 0.05 mM, 0.1 mM) alleviates damages caused by cold stress in pollen tubes of tea varieties (Cetinbas-Genc et al., 2020). Exogenous application of ABA not only induces CsCOR1 expression but also rapidly close stomata to reduce water loss, thereby ABA effectively alleviates chilling damage to plant, consistent with the changes in proline content (Li et al., 2010a; Hong et al., 2017). As efficient elicitor, exogenous methyl jasmonate application induces the expression of CsMYBs, and thus effectively promotes ROS scavenging and anthocyanin biosynthesis to alleviate cold stress damage (Han et al., 2022). Melatonin treatment alleviates cold stress on tea plant by improving biosynthesis antioxidant enzyme and antioxidant defense and redox homeostasis (Li et al., 2018a; Li et al., 2018b; Li et al., 2019a). Additionally, supplementation of γ-aminobutyric acid also contributes to the improvement of cold tolerance of tea plants, as exogenous application of CaCl2, which has the same effect on cold tolerance. (Huang et al., 2015; Zhu et al., 2019). Airborne nerolidol and nerolidol glucoside exposure were also found to enhance cold stress tolerance of the tea plant through accumulating CsCBF1 and CsUGT91Q2 expression (Zhao et al., 2019b). However, the mechanism by which exogenous substances orchestrate cold tolerance has yet to be determined.




Conclusions and perspectives

Tea is a perennial and evergreen woody crop, which is mainly cultivated in tropical and temperate regions. Low temperature stress poses serious threat to the tea plant growth and distribution. Therefore, it is critical to elucidate the physiological and molecular mechanisms through which tea plant cope with cold stress and introduce the most effective and preventive measures for cold stress. In the last few decades, the research on cold stress has mainly focused on the physiological and biochemical changes and gene expression profiles of different tea varieties during low temperature. Here, we described the putative cold sensors and signaling transduction pathways, coupled with existing research. Despite significant efforts, only a few potential cold sensors have been identified due to redundancy in sensor coding genes and challenging experimental techniques. (Zhu, 2016). To survive in adverse cold conditions, tea plant has evolved precise adaptive mechanisms, particularly known as ICE-CBF-COR pathway. Growing reports suggest the crosstalk between other factors, such as hormones, light and circadian clock pathway, and cold signaling can effectively balance the cold tolerance and plant growth, which is worthy for further research (Achard et al., 2008; Hong et al., 2017; Janda et al., 2021). Although emerging evidence shows that the transcriptional regulation, epigenetic regulation and post-transcriptional modifications played a significant role in CBF signaling, the related regulatory networks still wait for further study in tea plant. We also carefully checked the literature and listed hundreds of gene families involving in cold stress. Finally, the influence of exogenous application on tea plant was also outlined, albeit with an unclear molecular basis.

The recent comparative genomics, transcriptomics, and proteomics-based analysis have revealed large numbers of genes related to low temperature and enriched the gene resource of tea plant, expanding comprehensive understanding about process involving cold stress (Wang et al., 2013; Hu et al., 2013b; Li et al., 2019; Xia et al., 2020; Lei et al., 2021). However, the biological nature of tea plants precludes the biotechnological strategies in itself; for instance, perennial woody and self-incompatible characteristics, successful genetic transformation systems and some experimental protocols successfully used for Arabidopsis and other model plants cannot be fully applied in case of tea plants. Thus, the discovery of novel genes and most reliable functional identification of candidate genes is still an important but challenging topic for tea researchers.

The cold signaling, light and hormone signaling are tightly connected under cold stress. The light receptor also functions as cold sensor, suggesting the integration between temperature and photoreceptors, while the exact mechanism of cold perception needs further study. Due to resource limitations, plants tend to transfer more resources at the expense of normal growth and development to activate the defense system under cold stress, a response termed tradeoff between growth and defense. Low temperature induced the increase of growth inhibiting hormones such as ABA and JA, and the decrease of growth promoting hormone levels such as IAA and GA; therefore, unraveling the connection between hormone and cold signals is an important step for researching plant growth and development.

In the near future, establishing high-efficient transgenic system for tea plant are necessary. The rich polyphenols directly kill Agrobacterium as antibacterial agent and block the T-DNA transport channel to tea plant cells as protein precipitation agent, thus leading to low conversion efficiency. Thus, the co-domestication of Agrobacterium and issues of tea pant could be a good method to establish an efficient genetic transformation system. Compared with many other crops, tea plants need more measures to be taken to accelerate molecular design breeding for highly cold-tolerant tea plants.
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Introduction

Triptolide (TPL) is a promising plant-derived compound for clinical therapy of multiple human diseases; however, its application was limited considering its toxicity.



Methods

To explore the underlying molecular mechanism of TPL nephrotoxicity, a network pharmacology based approach was utilized to predict candidate targets related with TPL toxicity, followed by deep RNA-seq analysis to characterize the features of three transcriptional elements include protein coding genes (PCGs), long noncoding RNAs (lncRNAs) and circular RNAs (circRNAs) as well as their associations with nephrotoxicity in rats with TPL treatment.



Results & Discussion

Although the deeper mechanisms of TPL nephrotoxcity remain further exploration, our results suggested that c-Jun is a potential target of TPL and Per1 related circadian rhythm signaling is involved in TPL induced renal toxicity.





Keywords: triptolide, nephrotoxicity, network pharmacology, RNA-seq, noncoding RNA



Introduction

Over 3000 years of constant practice and optimization for the system of Traditional Chinese Medicine (TCM) have endowed its specific tradition that treasures in both scientific and medical fields (Li et al., 2007). A better understanding of therapeutic mechanisms of herb and herbal formulas from TCMs is of great significance for pharmacological study as they have played vital roles in clinical practice (Zuo et al., 2018). As one of the most renowned traditional Chinese medical herbs, Tripterygium wilfordii Hook f. (TWHF) has been applied in the treatment of multiple renal diseases such as membranous nephropathy (MN), nephrotic syndrome (NS) and refractory proteinuria since ancient China. Triptolide (TPL) is a major active component of TWHF as well as a promising compound for cancer therapy (Noel et al., 2019). Increasing evidence suggests that TPL can attenuate the progression of several types of tumor via varieties of approaches including target epigenetic networks (Noel et al., 2020), induce cancer cell apoptosis, enhance the effect of radiotherapy, inhibit metastasis and etc (Meng et al., 2014). TPL also shows potential immunosuppressive effect in autoimmune diseases treatment such as rheumatoid arthritis (Fan et al., 2018). However, the clinical application of TPL is restricted due to its hepatic, nephric, heart and gastrointestinal toxicity (Cheng et al., 2021). The cytotoxic activities of TPL include introducing DNA damage and apoptosis, arresting cell cycle (Park and Kim, 2013), autophagy (You et al., 2018), and it involves in the production of reactive oxygen species (ROS), generation and depolarization of mitochondrial membrane potential (MMP) in different cell lines (Zhang et al., 2019).

The advancement of bioinformatics as well as the booming development of compound/drug/diseases databases such as TCMSP (Ru et al., 2014), NIMS (Li et al., 2011) and comCIPHER (Zhao and Li, 2012) have facilitated network pharmacology as a feasible approach to explicate the material composition and molecular mechanism of drugs effectively since it seeks targets by constructing distinct networks and evaluating the molecular connections involved in the process of drug treatment (Li et al., 2019). Network pharmacology has greatly enhanced the investigation of the molecular basis of herbal formula in the past decade (Li and Zhang, 2013). Through network pharmacology, Li et al. revealed the targets and pathways of niacin in the treatment of COVID-19 and colorectal cancer (Li et al., 2021). Niu et al. found that IL6 is potentially regulated by phytochemicals in traditional Chinese medicine for COVID-19 treatment (Niu et al., 2021). On the other hand, RNA-seq has been widely used to affiliate the expression patterns of protein coding gene (PCG), long noncoding RNA (lncRNA) and circular RNA (circRNA). Increasing evidence has shown that lncRNAs and circRNAs are closely related with degenerative diseases (Bhatti et al., 2021), cancers (Anastasiadou et al., 2018) development (Fatica and Bozzoni, 2014; Di Agostino et al., 2020), aging (Jiang et al., 2021; Ge et al., 2022), and they have great potential to be utilized as drug targets in the near future (Matsui and Corey, 2017; He et al., 2021).

Although previous renal metabolic analysis revealed that Toll-like receptor signaling pathway and NF-κB signaling pathway played an important role in TPL-induced nephrotoxicity (Huang et al., 2019), the signatures of transcriptional elements are largely unexplored. In this study, we employed deep RNA-seq in female rat kidneys as well as network pharmacology-based analysis, to elucidate the principles of transcriptomic changes (include protein coding genes, lncRNAs and circRNAs) that associated with TPL and identify candidate targets for a better understanding of TPL renal toxicology.



Materials and methods


Animals, pathological measurements and ethic statements

Female Sprague-Dawley (SD) rats, weighing 170-190g, were purchased from Guangdong medical laboratory animal center (Guangzhou, China) and housed in the animal facility of our institute under a pathogen-free condition. Rats were fed in an ad arbitrium diet and with free access to water. TPL was purchased from MedChemExpress (New Jersey, USA). Rats were randomly divided into control (Ctrl, n = 3), low dosage of TPL (L-TPL, n = 6) and high dosage (H-TPL, n = 6) groups. The L-TPL and H-TPL rats were separately administrated by oral gavage at a dose of 0.2 mg/kg and 0.4mg/kg for 28 days. Blood samples were collected for testing blood urea nitrogen (BUN) and serum creatinine (Scr) using one-way anova method among three groups. Coronal renal tissue was sectioned for H & E staining following standard protocols. Renal parenchyma was dissected for RNA-seq. The animal protocol of this study was approved by the institutional ethics review board of Shenzhen PKU-HKUST Medical Center (No. 2020252) and the authors declare that all the procedures have carefully followed the animal protocol. This study was in accordance with ARRIVE guidelines (https://arriveguidelines.org).



RNA isolation and sequencing

Three rats per group were randomly selected from Ctrl and H-TPL groups for RNA-seq. Total RNA was extracted from kidney using Trizol reagent (Invitrogen Cat#15596026) following standard protocols and subjected to the preparation of ribosome depletion RNA sequencing library by illumina platform.



Data availability

The annotation files of novel lncRNAs and circRNAs and the raw data were submitted to the Genome Sequence Archive in BIG Data Center, (Beijing Institute of Genomics (BIG), Chinese Academy of Sciences (http://bigd.big.ac.cn/gsa) (Chen et al., 2021), under the bioproject PRJCA010363 with accession No. CRA008544.



Target prediction by network pharmacology-based analysis

A step-wise workflow was utilized to predict candidate targets related with TPL nephrotoxicity. Firstly, TPL related targets (TPL-RT) were collected from TCMSP database (http://tcmspw.com/tcmsp.php) and published studies from PubMed (https://pubmed.ncbi.nlm.nih.gov/) database that related with TPL. Then, we used “nephrotoxicity” as the keyword to acquire the known nephrotoxicity related targets (nephrotoxicity-RT) from GeneCard, OMIN and DRUGBANK databases, respectively. The overlapped targets (OT) between TPL-RT and nephrotoxicity-RT were retained and subjected to STRING database to construct their protein-protein interaction (PPI) networks. Protein pairs with correlation r-value > 0.9 were regarded as high-quality networks (hq-ntw) and were visualized by cytoscape (Shannon et al., 2003). Gene enrichment analysis was employed to classify proteins within hq-ntw.



Molecular docking analysis

The 2D structure of TPL was downloaded from PubChem database (https://pubchem.ncbi.nlm.nih.gov/), then the structure was subjected to optimization by Chem3D software (https://library.bath.ac.uk/chemistry-software/chem3d). PyMOL (https://pymol.org/2/) was utilized to remove the water molecues and small ligands from the protein structures of targets downloaded from PDB database (http://www.rcsb.org/) for subsequent step. The molecular docking was finally performed and visualized using the hydrogen bonded protein structure and optimized TPL structure via AutoDockTools software (https://www.scripps.edu/sanner/software/adt/Tutorial/index.html).



Western-blot

Western-blot assay was performed as we have previously described (Jiang et al., 2021), blots were cut according to the sizes of target proteins prior to hybridisation with antibodies during blotting and exposed by Bio-rad imaging system. Antibody information see Supplementary Table 1.



Novel lncRNA identification

An optimized stepwise filtering workflow that based on our previous studies was used to identify lncRNAs (Jiang et al., 2016; Jiang and Kong, 2020). Briefly, raw data was processed by FastQC (Andrews, 2010) to remove low-quality reads. Stringtie (Pertea et al., 2015) was used for transcript assembly. Transcripts with class code “i” “j” “o” “u” “x”, exon number ≥ 2, and length over 200bp were retained and blast against annotated lncRNAs of rat genome (ALRG) to eliminate redundances. The transcripts were blast to pfam database (Bateman et al., 2004) and assessed by coding potential evaluation tools include CPC (Kong et al., 2007), CNCI (Sun et al., 2013) and CPAT (Wang et al., 2013), respectively. Transcripts that commonly evaluated as “noncoding” by the three analyses were defined as novel lncRNAs. ALRG profiles were acquired from http://ftp.ensembl.org/pub/release-87/fasta/rattus_norvegicus/dna/Rattus_norvegicus.Rnor_6.0.dna.toplevel.fa.gz.



Novel circRNA identification

Candidate circRNA were identified using two tools include find_circ (Memczak et al., 2013) and CIRCexplorer (Zhang et al., 2014) following the standard tutorials with default parameters. Only transcripts that recognized as circRNA by both find_circ and CIRCexplorer were subjected for further analysis. Spliced reads per billion mapping (SRPBM) value for circRNA was calculated through: SRPBM = 



Prediction of interactions between circRNAs and miRNAs

The potential interactions between circRNAs and miRNAs were predicted by miRanda (John et al., 2004) using default parameters.



Identification of differentially expressed PCGs and lncRNAs

RPKM (Reads per Kilobase per Million Reads) was calculated via formula: RPKM =  . By comparing the RPKM values, thresholds of |log(Fold change)| > 1 and p-value< 0.05 were set to define significantly differentially expressed genes. False discovery rate (FDR) was used for adjusting p-value. Unsupervised clustering was employed to uncover unknown relationships among genes and biological samples.



Weighted gene co-expression network analysis analysis

WGCNA analysis was performed following its official tutorial (Langfelder and Horvath, 2008). Briefly, the normalized FPKM values of PCGs and lncRNAs were pooled and generated to adjacency matrix and subjected to “dynamicTreeCut” package (Langfelder et al., 2008) to filter out outliner samples. Then we used “pickSoftThreshold” function to calculate soft power values for predicting block-wise modules.



Gene enrichment analysis

Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway mapping are useful strategies for gene functional classification (Kanehisa, 2019; Gene Ontology Consortium, 2021). Genes were classified to Gene Ontology and KEGG terms via online tool DAVID (https://david.ncifcrf.gov/) with default parameters.




Results


Renal pathological changes

The serum creatinine (Scr) and blood urea nitrogen (BUN) were tested and we found that H-TPL rats showed significant higher Scr (p-value = 0.0189) than Ctrl and L-TPL, indicated that treatment of high dosage of TPL induced declined renal function (Figures 1A, B). H & E staining found that both L-TPL and H-TPL rats exhibited tubular atrophy and renal blood vessel congestion comparing with Ctrl group (Figures 1C, D),. A total of 10 representative views (3-4 views/rat, n=3) were selected for each group for renal tubular injury scores evaluations, non-significant differences was observed between L-TPL and H-TPL(Figure S1, S2). However, wider intercellular gap between renal tubules was observed in H-TPL than L-TPL (Figures 1C, D).




Figure 1 | Serum creatinine (Scr), BUN and H & E staining in TPL treated rats. (A) Scr levels were significantly elevated in H-TPL groups; (B) BUN levels showed slightly but not statistically significant changes in L-TPL and H-TPL rats comparing with Ctrl group; (C, D) Representative captures of H & E staining of L-TPL (C) and H-TPL (D) kidneys, the yellow box is renal congestion and blue box is renal tubules atrophy.  * indicates p < 0.05; ns indicates not significant.





Potential targets of TPL nephrotoxicity predicted by network pharmacology-based analysis

Network pharmacology-based analysis was performed to predict potential targets related with TPL renal toxicity. A total of 537 targets were predicted by GeneCards, OMIM, and DRUGBANK databases and 31 targets by the TCMSP database, we found that 17 were overlapped. The visualization of the interplay among TPL, nephrotoxicity and the 17 overlapped targets (OTs) was shown in Figures 2A, B by cytoscape3 (Shannon et al., 2003). These OTs were ported to STRING database to acquire their protein-protein interaction (PPI) pairs (Figure 2B). Contribution score (CS) was used to assess the importance of interested genes in contributing TPL renal toxicity, it is the number of gene nodes that correlated with each overlapped target (OT) within the PPI network. The contribution scores of 17 OTs were shown in Figure 2C, among which STAT3, TNF and JUN rank the top 3 genes with ≥ 11 gene nodes. By ranking the CSs, genes with CSs ≥ 4 were regarded as candidate targeted genes related to TPL renal toxicity (CTGs-TPL) (Figure 2C). Potential targets were subjected gene enrichment analysis and the top KEGG terms were shown in Figure 2D. Western-blot (WB) assay was employed to validate the association between the top-ranked CTGs-TPL include Stat3 and c-Jun, it showed that c-Jun were decreased in both L-TPL and H-TPL rats (Figure 2E), suggesting that c-Jun is a potential target of TPL. In addition, the activation status of c-Jun, the phosphorylated c-Jun (pc-Jun) was also inhibited slightly (Figure 2E), Considered the vital importance of Stat3 in renal function, two key factors that play essential roles in the upstream and/or downstream of Stat3 signaling include Jak2 and IL17 were selected to investigate their expression levels by WB assays although Stat3 and phosphorylated-Stat3 (pStat3) showed non-significant changes with TPL treatment (Figure S3). Nevertheless, neither Jak2/phosphorylated-Jak2 (p-Jak2) nor IL17 showed response to TPL treatment (Figure S2), demonstrating that TPL may not serve as a potential ligand for either Stat3/IL17 or Stat3/Jak2 signaling in the process of TPL nephrotoxicity.




Figure 2 | Target genes predicted to be associated with triptolide nephrotoxicity by network pharmacology-based analysis. (A) Visulization of interpalys between TPL and its predicted targets; (B) PPI network of TPL renal toxicity candidate target genes; (C) List of top 15 target genes ranked by contribution scores and they were regarded as candidate targeted genes related to TPL renal toxicity (CTGs-TPL); (D) KEGG terms of potential targets by gene enrichment analysis; (E) Western-blot assay of c-Jun and pc-Jun in Ctrl, L-TPL and H-TPL groups (from left to right, n = 3/group).



To discovery the structure-based associations between identified targets and TPL,

a molecular docking based strategy was applied to predict the ligand-target interactions between TPL and interested targets include CD86, IL4, CXCL8, STAT3 and CD40. Their interactions were visualized in Figure 3.




Figure 3 | Visualizations of the interactions between targets and TPL by molecular docking analysis. (A) IL4; (B) STAT3; (C) CD40; (D) CXCL8; (E) CD86.





Dysregulated protein coding genes

As H-TPL rats showed aggravated renal pathological changes with wider intercellular gap between renal tubules, we selected H-TPL renal tissues instead of L-TPL for deep RNA-seq to elucidate the underlying molecular mechanisms of TPL induced renal toxicity. A total of 178 up-regulated and 152 downexpressed PCGs were obtained (Table S2). The gene enrichment analysis (GEA) indicates that up-regulated PCGs are classified (rich factor > 10) to vitamin digestion and absorption (hsa04977), Nitrogen metabolism (hsa00910), glycine, serine and threonine metabolism (hsa00260), steroid biosynthesis (hsa00100), citrate cycle (TCA cycle) (hsa00020) and proximal tubule bicarbonate reclamation (hsa04964) (Figure 4A). The downexpressed PCGs were significantly enriched in circadian rhythm (hsa04710) signaling (rich factor > 10) (Figure 4B). Co-expression correlation of protein-protein pairs was calculated by WGCNA. The networks of protein-protein interaction (PPI) were shown in Figure S4, the core genes include Ptcd3 and Cdk1.




Figure 4 | Identification of significant dysregulated genes in the renal tissues of H-TPL rats. (A, B) KEGG enrichment analysis of significant overexpressed (A) and downexpressed genes (B, C) Western-blot assay of Per1 in Ctrl, L-TPL and H-TPL groups.



Next to liver, kidney exerts the second most robust rhythms of circadian gene expression (Zhang et al., 2014; Myung et al., 2019). Among these dysregulated PCGs in H-TPL rats, we noticed that multiple circadian genes such as Per1, Per2, Per3 and Cry were significantly downexpressed. Previous study found that Per1 in kidney is important for renal sodium handling and necessary for maintaining homeostasis (Douma et al., 2022); therefore, Per1 was selected and validated by western blot assay, it showed that Per1 was decreased in TPL treated kidney (Figure 4C). Although the roles of circadian genes are unknown in the mechanisims of TPL renal toxicity, our results suggested that TPL may relate with the circadian pace of kidney function.

It is interesting that we noticed that c-Jun was not among the significant dysregulated genes by TPL treatment, suggesting that c-Jun may involve in TPL toxicity in renal tissues via post-transcriptional regulation.



Significantly differentially expressed lncRNAs

After a strict filtering pipeline, a total of 6061 novel lncRNAs were identified and combined with the annotated lncRNAs of rat genome (ALRG) for next-step analysis. The length distribution and exon number density plots were shown in Figure 5A, B and Figure S5. The majority of novel lncRNAs and ALRG own 2 exons. Unlike ALRG that generally enriched in 200 - 500bp, the length of novel lncRNAs are mostly distributed in 200 - 500, 500 - 1000 and > 3500 bp (Figures 5A, B). A total of 131 up- and 119 down-expressed lncRNAs were identified as significantly differentially expressed lncRNAs (SDElncs) in H-TPL (p-value< 0.05). Increasing studies have demonstrated that lncRNAs usually owns the capacity to regulate their nearby genes (Statello et al., 2021). To illustrate the potential roles of SDElncs, genes that locate within 100kb of SDElncs were acquired and own strong correlations with SDElncRNAs (weight value > 0.8) were defined as target genes (Figure 5C). A total of 26 genes were identified and subjected for GEA. We surprisingly found target genes, alike with the dysregulated PCGs, were also enriched in vitamin digestion and absorption (hsa04977) and metabolic related pathways such as Alanine, aspartate and glutamate metabolism (hsa00250) (Figure 5D), which suggesting that abnormal metabolism of amino acids was potentially related with TPL nephrotoxicity.




Figure 5 | Features of lncRNA genes in the renal tissues of H-TPL rats. (A, B) Comparison of lengths between ALRGs (A) and novel lncRNAs (B, C) Pairs of SDElncs and 27 candidate target genes predicted by location and WGCNA; (D) KEGG terms of the 27 target genes.





CircRNA signatures

A total of 1529 high-quality novel circRNAs were identified. By calculating the SRPBM values, only 7 circRNAs were found deferentially expressed in H-TPL rats with p-value< 0.05 (Table S1). As circRNAs can be served as miRNA sponges, we utilized miRanda tool (Enright et al., 2003) to predict the potential connections between dysregulated circRNAs and miRNAs. Ranking by tot scores, the top 10 circRNA-miRNA pairs were shown in Table 1. Previous studies reveled that miR-207 was up-regulated in renal and urine of rats with renal fibrosis and decreased in ischemia-reperfusion injury (IRI) model of mouse (Wei et al., 2010; Shi et al., 2018). We found that both circ: Chr 6:124934385-124981303 and circ: Chr11: 66774701-66795896 are strongly targeted with miR-207 (Tot scores > 1000), suggesting these two circRNAs may be involved with mi-207 related renal function regulation although the deep mechanisms is unknown.


Table 1 | The top 10 miRNA-circRNA interaction pairs ranked by Tot_scores.






Discussion

TPL has been applied as an useful compound for treatment of multiple renal diseases for decades; however its toxicity largely limited its clinical practice. Metabolites has been studied in a broad field such as screening for new therapeutic targets, discovery and validation of disease biomarkers. Multitude studies have applied metabonomics technology to investigate TPL, the regulating mechanisms and the toxicities (Du et al., 2014; Li et al., 2019); however, the transcriptional changes of TPL nephrotoxicity were rarely reported. In this study, a combined approach of network pharmacology method and RNA-seq was used to elucidate the molecular mechanisms of TPL nephrotoxicity. RNA-seq analysis found that a series of circadian genes, such as Per1-3, were significantly dysregulated in renal tissues along with H-TPL treatment. Per1-3 are closely related with renal rhythm. Per1 acts as a circadian clock transcription factor and was regulated by aldosterone, a steroid hormone increases blood pressure via elevating blood volume and Na+ retention (Douma et al., 2022). Myung et al. demonstrated that the mouse kidney of adenine diet induced chronic kidney disease (CDK) model displayed disorganization of Per2 expression (Myung et al., 2019). Per3 exerts dynamic expression patterns in pan renal carcinoma (Liu et al., 2021). Through western blot assay, we validated that Per1 was decreased along with TPL treatment, suggesting that Per1 is involved in the regulation of TPL nephrotoxicity.

For identifying candidate targets of TPL nephrotoxicity by network pharmacology based analysis, Huang et al. employed GeneMANIA database and screened out 39 direct-targets in male rats (Huang et al., 2019). Although there is no evidence suggested that TPL toxicity has sexual difference, our study utilized female rats to identify TPL regulated proteins and found that female rats seem to tolerant the renal toxicty under both L-TPL and H-TPL treatment with low renal injure rate. Comparing with Huang’s study, a more strict filtering standard and different databases were used and we gained highly consistent targets. Our further investigations by western-blots validated that c-Jun protein is a potential target of TPL. c-Jun protein is a widely expressed transcription factor associated with a variety of diseases include human renal diseases (Blau et al., 2012). In glomerular and tubular cells, c-Jun was activated and its activation involves in the regulation of renal inflammation and/or fibrosis (De Borst et al., 2007).

RNA-seq and network pharmacology are different techniques to elucidate relevant candidate molecular targets from two perspectives. Network pharmacology is a novel approach that widely applied for discovering the targets involved in the process of TCM compounds or modern drugs treatment in a specific disease via integrating biomedical, pharmacological and computational approaches while RNA-seq can gain us a cohort of genes with differential expression directly. A combination of these two techniques definitely provide a more comprehensive knowledge of molecular mechanisms in the process of TPL induced renal toxicity. In this study, Pe1 and c-Jun are two candidates related with TPL nephrotoxicity identified by these two analyses, respectively. Although little evidence has been implied on the connections between Per1 and c-Jun and the mechanisms among c-Jun, Per1, TPL and nephrotoxicity are remain explored, our study suggested that c-Jun protein and Per1 are possibly to be involved in TPL induced renal toxicity via two independent pathways.
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Sample Raw Reads Clean Reads Clean Bases (Gb) Clean Reads Clean Reads GC (%) Total Uniquely

Q20(%) Q30(%) Mapping (%) Mapping (%)
CK-1 51015062 46308650 6.95 97.41 9292 47.58 62.37 15.06
CK-2 47056470 42587414 6.39 97.41 93.03 44.51 65.30 1123
WT-1 85849198 76528162 11.48 96.89 92.00 44.73 63.18 11.20
WT-2 84681732 76237398 11.44 97.33 9278 48.71 58.77 12.40
RT-1 54386540 48599822 729 98.05 94.47 45.55 63.16 12.31
RT-2 54061828 47710804 7.16 97.88 94.03 46.39 57.04 10.80

Sum 377050830 337972250 50.71
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Group name All sig dift Down regulated Up regulated

CTLeaf_vs_CTcolour 941 177 764
CTLeaf_vs_CTFlower 1078 339 739
CTLeaf_vs_CTBloom 818 97 721
CTcolour_vs_CTFlower 342 312 30
CTcolour_vs_CTBloom 525 159 366
CTFlower_vs_CTBloom 776 251 525

Group name: names of the groups in each comparison; Al sig diff: number of significantly different DAMs; Down-regulated: number of down-regulated DAMs; Up-regulated: number of
up-regulated DAMs; CTLeaf: leaves of O. longilobus; CTcolour: inflorescences at the exposure stage of O. longilobus; CTFlower: inflorescences at the initial opening stage of O. longilobus;
CTBloom: inflorescences at the blooming stage of O, longilobus.
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Sample

LDR-1
LDR-2
LDR-3
HDR-1
HDR-2
HDR-3

RawData (bp)

6234719100
5971537500
5868508500
7026768000
6424720500
5994980700

CleanData (bp)

6177586453
5910157077
5806664621
6965857307
6367384584
5942932319

Q20 (%)

5978375290 (96.78%)
5708637843 (96.59%)
5610472480 (96.62%)
6749358949 (96.89%)
6163187409 (96.79%)
5758981344 (96.90%)

Q30 (%)

5657126820 (91.58%)
5390957124 (91.22%)
5300829324 (91.29%)
6395814079 (91.82%)
5832261744 (91.60%)
5457133810 (91.83%)

N (%)

68072 (0.00%)
64101 (0.00%)
62693 (0.00%)
75684 (0.00%)
69037 (0.00%)
65255 (0.00%)

GC (%)

2753408492 (44.57%)
2634405421 (44.57%)
2590853135 (44.62%)
3119887512 (44.79%)
2845783393 (44.69%)
2656642177 (44.70%)

RawData (bp): Total number of off-machine data bases; CleanData (bp): The total number of high-quality data bases after filtering; Q20 (%): The number of bases with a quality value above
Q20 and their percentage in CleanData; Q30 (%): The number of bases with a quality value above Q30 and their percentage in CleanData; N (%): the number of N bases in single-end reads
and the percentage of CleanData; GC (%): GC ratio of filtered sequence bases.
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Number Basic medium plant growth regula- Number of explants Frequency of callus induction (%) Proliterationmultiples
tor (mg-L™")

NAA TDZ 2,4-D

1 MS 0.1 0.1 3 28 80.95 + 11.48 ab 179+ 051 a
2 MS 0.1 0.2 3 28 89.29 + 7.14 be 2.65 + 0.46 bc
2] MS 0.1 03 3 28 98.81 +2.06 ¢ 4.77 £037 e
4 MS 0.3 0.1 3 28 88.10 + 2.06 be 246 +0.23 be
5 Ms 0.3 0.2 3 28 88.10 + 5.46 bc 2.61 +0.26 be
6 MS 0.3 0.3 3 28 77.38+ 743 a 2.06 +0.29 ab
7 MS 0.5 0.1 3 28 71.43 + 945 ab 2.04 +0.05 ab
8 MS 0.5 0.2 3 28 98.81 +2.06 ¢ 289+021c
9 MS 0.5 03 3 28 98.81 +2.06 ¢ 370 £0.55d
CK MS 0 0 0 28 72.62 + 546 a 1.65+0.10 a

Different lowercase letters represent significant difference at 0.05 level (Duncan, P = 0.05).
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Seed age(d)

70
80
90
100
110

Different lowercase letters represent significant difference at 0.05 level (Duncan, P = 0.05).

Number of explants

28
28
28
28
28

Callus induction (%)

100.0 + 0.00 a
100.0 + 0.00 a
98.81 + 2.06 a
88.10 £4.12 b
86.25 £820 b

Proliferation multiples

4.19 + 043 ab
531 £0.67 ¢
4.77 £ 0.37 be
395+ 0.17 ab
3.60+042a
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Number Seed age (d)
1 70
2 80
3 90
4 100
5 110

Different lowercase letters represent significant difference at 0.05 level (Duncan, P = 0.05).

Basic medium

MS
MS
MS
MS
MS

Number of explants

40
40
40
40
40

Germination rate (%)

65 + 4.08d
86.67 + 2.36b
94.17 + 1.18a

87.5 + 2.04b
80.8 + 1.18¢
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Stress/Trait

Cadmium toxicity
Chilling

Cold tolerance
Drought

Drought

Drought
Drought/Grain Yield
Salinity

Salinity

Salinity

Salinity
Waterlogging

Zinc and Iron toxicity
Bacterial Wilt

Mildew

Sclerotinia stem rot
Nutritional value
Oil/Protein

Oil content
Postharvest
Postharvest
Postharvest
Phosphorus efficiency
Phosphorus efficiency
Pod shattering

Starch

Vitamin E, C and Carotene
Yield

Crops/Plants

Rice
Rice
Rapeseed
Maize

Rice

Rice
‘Wheat
Maize
Rice
Rice
Wheat
Barley
Rice
Chili
Cucumber
Rapeseed
Rice
Soybean
Rapeseed
Apple
Lettuce
Soybean
Maize
Wheat
Rapeseed
Rice
Tomato

Rapeseed

QTLs

qCd-7 and qCdT7
qLTSS3-4 and qLTSS4-1
gLTGA9-1 and gLTGCI-1
qWS$-GY3-1 and qWW-GY3-1
qDTY2.4, gDTY3.3, qDTY6.3, qDTY11.2, qDTYL.I and ¢DTY8.1

qDTY 1.2, qDTY 2.2 and gDTY 1.3

4qGYWD.3B.2

qSFS1, qFFS1, gFDS1, qRLRI1, and qFLRI

qSL7
qSES1.3, gSL1.2, qRLI, and gFWsht1.2
QPh-2D, QPh-4B and QPh-6A

QTL-WL-4H

qSdw3a, qSdw3b, qSdw12 and qSFe5/qSZn5

Bwr6w-7.2, Bwr6w-8.1, Bwr6w-5.1, Bwréw-6.1, and Bwréw-7.1
pm2.1, pm5.1, and pm6.1, dm2.1, dm5.2, and dm6.1
qSRA2, qSRA3b and qSRC8

qPrl1, qPC1, gZn.1, gMn.1, qCal-1, qFel.1, qCo.1, and gAA.1 and gSr.2

qOil-5-1, qOil-11-1, and gPro-14-1
Oil-A2-1-E] and Oil-A5-1-DE
QTL Z16.1
qSL4

PS-DSI6-1 and qPS-DS16-2

q14-2, q15-2, and q19-2

QSpute-4B.2 and QTpute-4B.2, and QTpute-4B.1
gSRLA06 and qSRLA09
qRS7-1 and qRS7-2
Vitcl0.1, vitc8.1, vite5.2, and fernll.1
cqSGC-C2, cqSOC-A5-3, and cqSPS-A7-2

Reference

Liu et al,, 2019
Schlippi et al., 2017
Zhu et al,, 2021
Hu et al,, 2021b

Yadav et al,, 2019,
Vikram et al., 2012

Sandhu et al,, 2014
Shukla et al,, 2015
Luo et al,, 2019
Jahan et al., 2020
Rahman et al,, 2017
Luo et al,, 2021
Zhang et al.,, 2017a
Zhang et al., 2017b
Lee et al., 2022
Wang et al,, 2018
Wu et al,, 2019
Mahender et al., 2016
Huang et al,, 2020
Rout et al,, 2018
Wu et al,, 2021
Sthapit Kandel et al., 2020
Seo et al,, 2020
Li et al,, 2016
Yuan et al,, 2017
Liu et al, 2016
Selvaraj et al., 2021
Giirbiiz Colak et al., 2020
Zhou et al,, 2021b
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Multi-omics approach

EWAS
EWAS
EWAS
EWAS
EWAS
TWAS
TWAS
TWAS
TWAS
TWAS
TWAS
TWAS
TWAS
TWAS
TWAS
TWAS
PWAS

MWAS
MWAS
MWAS
MWAS
MWAS
MWAS
MWAS
MWAS
MWAS
MWAS

Crops

Maize
Maize
Palm
Soybean
‘Wheat
Cotton
Cotton
Maize
Maize
Maize
Millet
Rapeseed
Rice
Sorghum
Tomato
Tomato

Maize

Millet
Mellon
Rice
Soybean
Tomato
Tomato
Tomato
Tomato
Tomato

Wheat

No. of accessions used

263
51
31
45
104
251
216
323
~1500
299
398
505
305
869
610
580

Natural population
(ZHENGS58 x SK RIL)

360
44
533
398
610
76
76
580
107
182

Target trait

Development stages

Adoptive evolution

Reproductive defect

Domestication history
Adaptation/stress
Fiber

High temperature
Leaf architecture
Tocochromanols

Kernel traits

Metabolic traits

Seed oil content

Glycemic index and texture

Intrinsic water use efficiency

Fruit ripening
Fruit and pathogen

Kernel traits

Grain quality
Taste and flavor
Agronomic traits
Seed oil content

Fruit quality/ripening
Leaf vs other tissues
Seed metabolites
Fruit and pathogen
Steroidal alkaloid

Kernel traits

References

Xu et al,, 2019
Xu et al,, 2020
Ong-Abdullah et al,, 2015
Shen et al., 2018
Gardiner et al., 2018
Li et al,, 2020
Ma et al., 2021
Lin et al,, 2022
Wu et al, 2022
Kremling et al., 2019
Li et al,, 2022¢
Tang et al., 2021
Anacleto et al,, 2019
Ferguson et al., 2021
Zhu et al,, 2018
Szymaiski et al., 2020
Zhou et al,, 2021a

Li et al., 2022¢
Moing et al., 2020
Wei et al,, 2017
Han et al., 2022
Zhu et al,, 2018
Nunes-Nesi et al,, 2019
Alseekh et al., 2020
Szymaiski et al., 2020
Dzakovich et al., 2022
Chen et al., 2020

EWAS, Epigenome-wide association studies; TWAS, Transcriptome-wide association studies; PWAS, Proteome-wide association studies, and MW AS, Metabolome-wide association studies
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Species Accessions

Banana

Citrus

Maize

Rapeseed

Rice

Soybean

Tomato

‘Wheat

19
species

15

23

26

1689

3010

204

838

46

Available tools/information

RNA-Seq display, Synteny viewer, JBrowse, GO enrichment, Panache,
MusaCyc, Gigwa, Locus converter, Primer Blaster & designer

GWAS tool, JBrowse, CRISPR design, KEGG/GO enrichment, Pangenome
Search, Gene ID Convert

JBrowse, GBrowse, NAM genomes, Newly Characterized, Pangenome Search,
Genes, Metabolic Pathways, Phenotype/Mutant Data, qTeller

GBrowse, KEGG/GO enrichment, Pangenome Search, Metabolic Pathways,
Phylogenetic analysis, Blast sequence, Statistics of Homologous Regions

GBrowse, Pangenome Search, Phylogenetic analysis, Blast sequence, PAVs,
and expression profiles

GBrowse, Genetic Maps, RNA-Seq Atlas, Pangenome Search, Metabolic
Pathways, Pedigrees Database, Genotype Comparison Tool (GCViT)

GBrowse, Browse QTLs, Pangenome Search, Alignment Analyzer, Motifs
Finder, Biochemical Pathways, Ontology Browser, Expression database

Pangenome Search

Pangenome of 19 species available, Phylogenetic analysis, Gene family
analysis

Database URL
name
BGH https://banana-genome-hub.
southgreen.fr/content/panache
CPBD http://citrus.hzau.edu.cn/index.
php
MaizeGDB www.MaizeGDB.org
BnPIR http://cbi.hzau.edu.cn/bnapus
RPAN http://cgm.sjtu.edu.cn/
3kricedb/
PanSoy https://soybase.org/projects/
SoyBase.C2021.01.php
SolOmics https://solgenomics.net/
projects/tgg
Wheat http://www.
Panache appliedbioinformatics.com.au/
wheat_panache
GreenPhylDB  https://www.greenphyl.org

Reference

Droc et al,,
2013
Liu et al,,
2022¢
Hufford
et al,, 2021
Song et al.,
2021
Sun et al,,
2017
Torkamaneh
et al, 2021
Zhou et al.,
2022b

Bayer et al.,
2022

Valentin
et al, 2021
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Catego Functional type Gene symbol
Expression analysis RAYV, GSP, CAMTA, GARP, NLR, SAP, SDIR
Transcription factors Cloning identification BES1, C2H2-ZFP, CIGR, CPP, FHY3/FARI, DELA, DREB, GRF, MYB, NAC, WOX, ZF-HD, bHLH
Functional characterization bZIP, CBF, ICE, WRKY, HSF
Sugar signaling AMY, BAM, FRK, GLU, GolS, HXK, TPP, RS, INV, UGT, SUT, TIP, TMT, SCAF, SWEET, PMI, SUS, SPS, PMM
Regulator genes AOX, C5-MTase, CIPK, CPK, CSD, dMTase, MKK, MPK, PLD, SCPL, DPE, SNRK, HDAC, MIEL, BAP, RAC
Redox CAT, GPX, GST, POD, PPO, SOD, GSHS, GGP, GME, GMP, GPP, MIOX
Cell remodeling AGP, ENODL, AXY, API, GALT, RRT, PPME, XTH, UXS, GAE, XUT, PMEIL, TBL
Hormone signaling LOX, NCED, G302, GR, DHN, JAZ, IPT, PNPO, GalLDH, GalUR, DHAR, GalUR, AO, APX, MIOX, TTL
Carotenoid biosynthesis CHXB, CHXE, CRTISO, PDS, ZDS, PSY, Z-ISO
Structural genes
Terpenoid metabolism TPS, DXS, DXR, HDS, LCY, IPT
Ca** signaling CAM, CBL, CML,
Osmoregulator LEA, P5CS, AQP, FAD
Amino acid Metabolism GS, ARG
Fiber signaling HCT, CesA
Light signaling psbA, psbD

Please check Supplemental Table 1 for details.
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Group of genes

Ribosomal RNA
Transfer RNA

Small subunit of ribosome
Subunits of ATP synthase
NADH dehydrogenase

(complex I)

Cytochrome c oxidase
(complex IV)

Ubichinol cytochrome ¢
reductase (complex III)

Maturases

Succinate dehydrogenase

(complex II)
Other genes

Name of gene

rrnb, rrnl8, rrm26

trnC-GCA, trnD-GUC, trnE-UUC?, trnF-GAA,
trnG-GCC, trnH-GUG, trnl-CAU, trnK-UUU,
truM-CAU?, truN-GUU, trnP-UGG,
trnQ-UUG, trnS-UGA, trnS-GCU!,
trnW-CCA, trnY-GUA,

rpsl, rp534, rpsd, rpl5, rpl10, rps12, rpsl 44,
atpl, atp4, atp6, atp8, atp9'
nadi®, nad2®, nad3, nad4>, nad4l, nads®,

nad6, nad7°, nad9
coxI!, cox2%, cox3,

cob

matR
sdh3, sdh4

ccmB, cemC, cemFC*, cemFN, mitB, ycf68

ITwo gene copies; “three gene copies; *six gene copies; *gene containing a single intron;

Sgene containing two introns; ®gene containing two introns.
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RNAGs, transfer
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Photosystem I

Photosystem II

Calvin cycle

Cytochrome complex

NADH dehydrogenase

Translational initiation factor

Maturase

Envelope membrane protein

Subunit of acetyl-CoA

C-type cytochrome synthesis

gene

trnA-UGC3, trnC-GCA, trnD-GUC, trnE-UUC,
trnF-GAA, trnfM-CAU, trnG-GCC, trnG-UCC3,
trnH-GUG, trnl-CAU?, trnl-GAU?, trnK-UUU?,
trunL-CAA, trnL-UAA3, trnL-UAG, trnM-CAU,
trnN-GUU, trnP-UGG, trnQ-UUG, trnR-ACG,
trnR-UCU, trnS-GCU, trnS-GGA, trnS-UGA,
trnT-GGU, trnT-UGU?, trn V-GAC, trnV-UAC?3,
trnW-CCA, trnY-GUA

rrnd.5, rrnb5, rrnlé6, rrn23
rpoA, rpoB, rpoCl, rpoC2

rps2, rpsSl, rps4, rps7, rps8, rpsll, rps]23, rpsl4,
rps15, rps16°, rps18, rps19*

rpl2, rpli4, rpl]63, rpl20, rpl22, rpl23, rpl32, rpl33,
rpl36

atpA, atpB, atpE, atpF>, atpH, atpl

psaA, psaB, psaC, psal, psa], ycf1, ycf15, ycf68,
pafl*, pafIl, pbf1

psbA, psbB, psbC, psbD, psbE, psbF, psbH, psbl,
psb], psbK, psbL, psbM, psbT, psbZ

rbcL
petA, petB3, petD3, petG, petL, petN

ndhA, ndhB?, ndhC, ndhD, ndhE, ndhF, ndhG,
ndhH, ndhl, ndh], ndhK

infA
matK
cemA
accD

ccsA

1Genes with two copies; 2Genes with three copies; 3Genes with one intron; *Genes

with two introns.
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ENC values of gene on or

above standard curve line

Gene
number

Gene list

atpd, nad9,
1ps10, rps19,
1ps3

atp4, nadl,
nad9, rpl10

atpd, atp6, nad9,
1pl10, rpsi2

atpd, atp6, nad9,
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atpd, cemFe,
nad9, rpl10

ENC plot analysis

Gene
number

33

29

28

28

29

ENC values of gene below
standard curve line

Gene list

atpl, atp6, atps, atp9, ccmB, cemC, ccmF,
ccmFn, cob, coxl, cox2, cox3, matR, mttB,
nadl, nad2, nad3, nadd, nad4lL, nads, nad6,
nad?, 1pl2, rpl5, rpl10, rpl16, rpsl, rpst,
1ps12, rps13, rps19, sdh3, sdhd

atpl, atp8, atp9, ccmB, cemC, ccmFe, ccmFn,
cox1, cox2, cox3, cytB, matR, mttB, nad2,
nad3, nad4, nads, nade, nad7, rpl2, rpl16,
1psl, rpsd, rps10, 1psi2, rpsI3, rpslS, rps19,
sdh4

atpl, atp8, atp9, ccmB, comC, ccmFe, cemFn,
cob, cox1, cox2, cox3, matR, mttB, nadl,
nad2, nad3, nadd, nad4l, nads, nad6, nad7,
IS, 1psl, rps3, rpsd, rps1d, sdh3, sdh4

atpl, atp8, atp9, ccmB, comC, ccmFe, cemFn,
cob, coxl, cox2, cox3, matR, mttB, nadl,
nad2, nad3, nadd, nad4l, nads, nad6, nad7,
IS, 1psl, rps3, rps4, rpsl4, sdh3, sdh4

atpl, atp8, atp9, ccmB, cemC, ccmPn, cob,
coxl, cox2, cox3, matR, mttB, nadl, nad2,
nad3, nadd, nads, nadé, nad7, rpl2, pl16,
1psl, rpsd, rps10, rpsi2, rpsl3, rps15, rps19,
sdh4
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Sequence Mitochondrial genome Chloroplast genome Identity (%)
name

Gene Sequence posison (bp) Gene Sequence posison (bp)
S0 tmM-CAU 6,870-6,937 tmT-UGU 104,61-10,530 72.86
s1 tmM-CAU 544,505-544,570 tmM-CAU 20,294-20,361 89.71
s2 tmD-GUC 98,655-98,779 tmD-GUC 97,859-97,983 86.4
s3 ! 580,657-580,726 psbF 108,602-108,671 90
s4 ! 580,735-580,862 psbF; psbL 108,685-108,812 90.63
5 yef68 669,585-671,383 yef68; trnA-UGC (exon 1); 140,647-142,445 100

trnl-GAU (exon 2); trnl-GAU
(intron 1); trnA-UGC (intron 1)

S6 / 57,645-75,825 psbD 52,426-53,035 99.34
7 / 478,324-478,417 ndhF 73,473-73,566 85.11
S8 1 439,289-439,591 ndhA (intron 1) 127,789-128,091 99.67
9 1 438,679-439,302 ndhA; ndhA (intron 1) 128,097-128,720 99.68
$10 / 341,227-341,397 rm23 139,234-139,404 95.91
S11 / 71,461-71,598 rrnl6 143,386-143,523 89.13
s12 / 70,854-71,050 rml6 143,938-144,134 78.17
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REVYMN182619.1: 16 s25604 il |
P2 ; 10 2 e o 5 w0
Consensus TCCTAAAAG-TTGAAGTGGAGGAAATTTGTAGACTCAGAAGAGTTGGCGTATATAGATTTGATCGAGAT
1 10 20 30 40 50 60 70
Consensus Pl GAGTATTATTAA-CTGAATC-ACCTGCCACTTTATCTTTTCTTTGTAAATGCTATCTGATTTCTCATGTTAC MN182619.2 extractio e RAG
297 20984 2099 21,904 211 21,024 2193 21,04 2_T5520220804—0571-01030 TCCTAAAAG.TTGAAGTGGAGGAAATTTGTAGACTCAGAAGAGTTGGCGTATATAGATTTGATCGAGAT
MN182619.2 extraction ACTETARTATTAAACT CAATCCACCT CCCACTRTATCTIRITCTRT CFAAAT C CTATCT C ARRTCTECAT CWTEAC Consensus T ATACAACCETACACAATTITCTITCATTAT TAAAGACAGACAATCTCCGGGCGAATATGAAGCGCCTG
P1_P1F_TSS20220804-0571-01030_... GIABBTATTATTAA-CTGAATC-ACCTGCCACTTTATCTTTTCTTTGTAAATGCTATCTGATTTCTCATGTTAC ses52 56562 S8.578 56,582 56592 56,502 Sapi2
90 100 170 120 130 140 _MN182619.2 extraction  CIBANACAACCCINACACAATNNNNC IRCATFATIAAA GACA G ACAATICIICE G G G0 GAATANGAAGEGCCMG
T T T T - ¢ A 2_TSS20220804-0571-01030 CTATACAACCCTACACAATTTTCITTCATTATTAAAGACAGACAATCTCCGGGCGAATATGAAGCGCCTG
Consensus GGCTTAGTCTTATGTCTTTTTTTTTCCTTTTAGTAAGTATTTACTTTGAAAATTTTCGTGAACEBTGAAAAGA EZ3E sl 73 1 o I 1 o £ 4
21,054 21,064 21074 21,084 21,094 21104 21114 Consensus GGTACAGGTGGAATGAATATATCTTTTTTCCTTATTATATTTACTTTGAAAATTTTCGTGAACCCTTCC
MN182619.2 extraction G GICTRA G ICTTAT G ECTHRNIRERIEC CTRITA GTAA G RATRFACTNT G AAAATEITC C CAACTENGAAAACA saczz s e sepez sepuz
MN182619.2 extraction
P1_P1F_TS520220804-0571-01030_... GGCTTAGTCTTATGTCTTTTTTTTTCCTTTTAGTAAGTATTTACTTTGAAAATTTTCGTGAAC.TGAAAAGA P2_TSS20220804-0571-01030 GGTACAGGTGGAATGAATATATCTTTTTTCCTTATTATATTTACTTTGAAAATTTTCGTGAACCCTTCC
1 220 20 240 250 250 270
Consensus ACCCTTGCTATGCTATTTCTATGCAAAAGAAAAAAAAAGACAAAGAAATATIATAATAAAAAAGCGGATACT Consensus TATTCTATTTTTATGCAAAACAAAAAATTTTTTTATTTATCTAATACTTATGGCACTAAATTAAAATTC
56,692 56,702 56,712 56,722 56,732 56,742 56,752
21,124 21,134 21,144 21,154 21,64 MN182619.2 extraction T A p A A
MN182619.2 extraction

P2_TS520220804-0571-01030 TATTCTATTTTTATGCAAAACAAAAAATTTTTTTATTTATCTAATACTTATGGCACTAAATTAAAATTC
P1_P1F_T5520220804-0571-01030_....

Consensus

ACCCTTGCTATGCTATTTCTATGCAAAAGAAAAAAAAAGACAAAGAAATATEATAATAAAAAAGCGGATACT AT AT TOATA R A ERCECL T CETAAT TG L r TR CCATEG T T CECT I e T COT T T TeT AT Tk
220 230 240 250 260 270

AAAAAATABAAAATTTTCATGATAGAAATGAAAAAAACGATAABAAAAAAGAAAAAGAAAAAATAAAAATC MN182619.2 extraction —"’"——%———“ﬁ%—-ﬂ—“

Consensus

21,194 21,204 21,214 21,224 21,234 21,244 21,254 P2_TS520220804-0571-01030 AGTGCCATTGATAAGACCACGCTTGGTAATTTCTTTACCATGGTTCCCTTCCTTCGTTTTTCTATTTTA
i - - - - L2 ) o 370 380 410
MN182619.2 extraction AAAAAATAC CAAAATTTETCAT CATACAAAT CAAAAAAACCATAATAAAAAACAAAAACAAAAAATAAAAATC Consensus T AGGTTGTATTAATACAAGAA-,—CTCCGCGAA-,—-.—TAGATAA-,—-,—GGGATAATCCCGAGGGGTGGGATGCC
P1_P1F_TS520220804-0571-01030_.. AAAAAATAMMAAAATTTTCATGATAGAAATGAAAAAAACGATAABAAAAAAGAAAAAGAAAAAATAAAAATC 6832 6842 6852 6862 6872 56882 56892
0 310 MN182619.2 extraction WA G C IR G BATEFA ATRACAA G AATCICC GGG AATNREA G AWAATE G G C AIBAAMCCCGAC GG GGG GAMGET
Consensus AATTTTAAACCATGGGAGGGT‘i’AA-ATGGT(I} P2_TSS20220804-0571-01030 TTAGGTTGTATTAATACAAGAATCTCCGCGAATTTAGATAATTGGGATAATCCCGAGGGGTGGGATGCC
21'.2 2 2 21,294 Consensus CAGGAAGACCCTAGGTGGGA-ACTGTGGG
MN182619.2 extraction AATNNRAAACCANG GGAG G GIBAAANANG GEG 56,902 56,926

"

MN182619.2 extraction

—
P1_P1F_T5520220804-0571-01030_... P2_TSS520220804-0571-01030 CAGGAAGACCCTAGGTGGGAMAACTGTGGG

P

AATTTTAAACCATGGGAGGGTTAAMAATGGTG|

1 10 20 30 40 50 60
CGGATTTGGGCAGGGAGATGCAGAAATAGTACTTCAAGATCCATTACGTCTTCAAGGCCTTTTATTCTT

Consensus
53’761 63,.770 63,780 63,790 63,l800 63,I81 o 63,‘820 P 4 :| 1P ZP 3P AIU SP 6|0 7|U 5‘0 9|0 1 PO ¥ ,| 0 1 lZ(l 1 I3U
MN182619.2 extraction Consensus TR T
P3_TS520220804-0571-01030 CGGATTTGG-CAGGGAGATGCAGAAATAGTACTTCAAGATCCATTACGTCTTCAAGGCCTTTTATTCTT 114970 114979 114989 114999 115000 115019 115029 11503 115049 115059 115069 11507 115089 115099
1. MN182619.2 extraction (Rhodode... Scums A
Consensus CTTAGCATCTGTTGTTTTGGCACAAATCTTTTTGGTTCTTAAAAAGAAACAGTTCGAGAAGGTTCAATT FE2, P4-3_PA-3R _TSS520220804-057... i AT > R
63 830 63,|850 63,.870 63@50 |$0 1 .5'0 ‘.60 ‘.70 1 ?D IISO 2?(1 Z.‘ 0 2.20 7_30 ZAKiO ZISO ZIEO 2?0
MN182619.2 extraction — Consensus . AGATT GATCC ATETTITGAC TATAGATTHTGGGA
P3_TS520220804-0571-01030 CLTAGCATCTG;SrOTGTTTTGGc‘xsxocAAATCTTT;OTGGTTCTTAQOAAAG AAACASOTTCGAGAAGz(gOTTCAATT 15109 115119 115129 115139 15049 115159 115069 115179 115189 115199 115209 115219 115229 115239
Consensus GTCCGAAATGAATTTCTAGACTCGCGGATTTATCAACATCAAGTTTGTAAAAAGAACCTAATTCAGATT 1. MN182619.2 extraction (Rhodode...
REV2, P4-3_P4-3R_TSS20220804-057... \
63,900 63910 63920 63,530 63,940 63,950 63,960 290 300 310 320 330 340 350 360 370 380 390 400 1
MN182619.2 extraction CMCCCAAATC AATTITCTACACTCGCCG CATMPTATCAACATCAA TN CMAAAAACAACCTAATECA C AT Consensus S ECANTCCTARTIC p p S e e & y - AR TETTET O TT AT T e TP AT GEACE T L TET TCTET
P3_TSS20220804-0571-01030 GTCCGAAATGAATTTCTAGACTCGCGGATTTATCAACATCAAGTTTGTAAAAAGAACCTAATTCAGATT
210 220 230 240 250 260 |15|249 1151259 115'259 1|5'279 115,289 115,299 115‘309 115,319 115'329 115,339 115,349 115‘359 HS,SES 115,379
Consensus ATGTATAATCAATCAATGACTGAAGAATAGGAACTTTCTACTTATGATCGTCACGAATTGAATTATAAT 1. MN182619.2 extraction (Rhodode...
REV2, P4-3_P4-3R_TS520220804-057... Gocarrccrs T
63,970 63,990 0l 64,010 64,020 64,030 - o
2 - . A 0 ) 420 430 440 450 460 470 480 490 500 510 520 530 540 552
MN182619.2 extraction — - .
P3_TS520220804-0571-01030 ATGTATAATCAATCAATGACTGAAGAATAGGAACTTTCTACTTATGATCGTCACGAATTGAATTATAAT
280 290 298 115,389 1 15,399 1 15'409 1 15‘41 9 1 15’425 1 |5‘439 1 15‘449 1 151459 1 15'459 " 5,479 1 15‘489 " 5‘499 1 15,509 1 15,5?1

CAAATTGCTTTGGEMTCGTTTAC
64,040 64,058

CAAAIN G CHERE G G GHC GCINNEAC

CAAATTGCTTTGGETCGTTTAC]

Consensus

1. MN182619.2 extraction (Rhodode... ATIARARAG - ABTARATAARTEAACEANGIIEE - AR GINGAT A - CENIGIITA  CATAAASTIREATIN AECATATIICANAAAARA TATGIEIIETEN CAASEETATECARATAA ARTARAT
REV 2, P4-3_P4-3R_TS520220804-057. TCTTTAGGAGTTAAACTTCCATTTGTCCATAT T c =)

MN182619.2 extraction
P3_TSS20220804-0571-01030

P6

; 10 3 © s0 o
Consensus TTGTTCCHEGT TAGTG CGCGACTCCAGACGGCTATATCCCAAAGGAATCCCAATATTTCCTTTTGG
P5 1 10 20 30 40 50 60 Mmazswzema o I ¢ R A
- A A . : . . 84— 71-01 TG G €l T T/\GTC CG(C/\CTCC/\GACGG(T/\T/\TCCCAAAGG/\AT CCAATATTTC TT"ITGC
Consensus GGGAGATCTAGGGTGGATCATGCATTTGAGAATTCCACTAAATTGAGAATGGATATAGAAGAAAATTT PR DRy S p—s : e T
Consensus II(ZAIIII(;AI((A((I((;(IAI((:(AI((A(’I/\[IIII((AAII]I(,(.(,(AXIIIII(;(,IA((I((
125,757 125,766 125776 125,786 12579 125806 125816 Ta5301 TN ras321 S Tasa0 vas551 =61

IN182619.2 extraction

M
REV P5_TS520220804-0571-01030

GGGAGATCTAGGGTGGATCATGCATTTGAGAATTCCACTAAATTGAGAATGGATATAGAAGAAAATTT
80 %0 100 110 120 130

Consensus TGACTATTAACTCGATTATCTAAGTCATTTTTTTGATGACTTTTTTTGTTCGATTCGATGCCATAACG
125'326 125‘836 ‘[25'846 125'856 125'866 125'876 125,886
MN182619.2 extraction MCAETATTAAEBTEC ATTATETAA CTEATTTTTTETC AT CAETTTTTTT CTTECATTECATCEBEATAABGC

REV P5_TS520220804-0571-01030

Consensus

TGACTATTAACTCGATTATCTAAGTCATTTTTTTGATGACTTTTTTTGTTCGATTCGATGCCATAACG

AAATTGAGTATCCTATTAATCCAGGATTTCATTAGAATTCCCCAAAAGAGTCCGGATCCCA_A

MN182619.2 extraction
REV P5_TS$20220804-0571-01030

125,896 125,306 125916 125926 125,936 125,946 125958

AAATTGAGTATCCTATTAATCCAGGATTTCATTAGAATTCCCCAAAAGAGTCCGGATCCCANEENA

MN182619.2 extraction
REV P6-1_TSS20220804-0571-01030

Consensus

%
TTGATTTTGATCC /\(,CTG(,( TATCGCATGCAGTATTTTTCCAATTTTGGGCATTTTTTGGTACCTCC

140 160 170 180 190 200
ATGGTCCTTGGGA TA/\/\/\T1 TTTTAGTTCTAGCCCCATAGAACTAAAAAAATAGATTCTATATATAA

MN182619.2 extraction
REV P6-1_TS520220804-0571-01030

Consensus

145,371 145,381 145,391 145,401 145,411 145,421 145,431

ATGGTCCTTGGGATAAAATTTTTTAGTTCT /\(_:CCCC/\IA(-A/\C'I AAAAAAATAGATTCTATATATAA
210 220 230 250 260

TTCAAAAGATCATTAACGATACGATGATACTGTAT AI\GGAA/\/\TCT( GAATTTGGATCCAAAATTAA
145,491

145481

REV P6-1_- 01031

Consensus

r'r('/\AAAGATCATTAACG/\TA( GATGATAC TGIAIAI\GGAA/\AT( TCGAATTTGGATCC AAAAT TAA
270 290 310 320
CG'IC'II/\G'IGIGAC( TTATCGATGTGC rv/\rr.(lrll/\/\(,(/\llrl s 111(1GAI(11C!TLI(,|[I

MN‘|8261 9.2 extractiol
6-1_TSS2! 0220804—0571 -01030

Consensus

145,501

CGTCTTAGTGT GAC( TTATCGATGTGCTTATGCTCTTAAGCATTCTTTTTCTGATCTTCTTCTGTTT
340 50

TCCTGGG IC[LC(:A

MN182619.2 extraction
REV P6-1_TSS20220804-0571-01030

145,571 145,580

— R G A
TCCTGGG TCTCCGA






