

[image: Transcriptome and targeted hormone metabolome reveal the molecular mechanisms of flower abscission in camellia]
Transcriptome and targeted hormone metabolome reveal the molecular mechanisms of flower abscission in camellia





ORIGINAL RESEARCH

published: 22 December 2022

doi: 10.3389/fpls.2022.1076037

[image: image2]


Transcriptome and targeted hormone metabolome reveal the molecular mechanisms of flower abscission in camellia


Yanfei Cai 1,2†, Jing Meng 3†, Yinshan Cui 4, Min Tian 1,2, Ziming Shi 1,2 and Jihua Wang 1,2*


1 Flower Research Institute of Yunnan Academy of Agricultural Sciences, Kunming, Yunnan, China, 2 National Engineering Research Center for Ornamental Horticulture, Kunming, Yunnan, China, 3 College of Horticulture and Landscape, Yunnan Agricultural University, Kunming, Yunnan, China, 4 Yunnan Pulis Biotechnology Co. Ltd., Kunming, Yunnan, China




Edited by: 

Jian Wu, China Agricultural University, China

Reviewed by: 

Xinqiang Jiang, Qingdao Agricultural University, China

Zhaoyu Gu, China Agricultural University, China

*Correspondence: 

Jihua Wang
 wjh0505@gmail.com


†These authors have contributed equally to this work and share first authorship


Specialty section: 
 This article was submitted to Plant Development and EvoDevo, a section of the journal Frontiers in Plant Science


Received: 21 October 2022

Accepted: 06 December 2022

Published: 22 December 2022

Citation:
Cai Y, Meng J, Cui Y, Tian M, Shi Z and Wang J (2022) Transcriptome and targeted hormone metabolome reveal the molecular mechanisms of flower abscission in camellia. Front. Plant Sci. 13:1076037. doi: 10.3389/fpls.2022.1076037




Introduction

Camellia is among the most ornamentally valuable flowers and plants worldwide. Flower abscission typically causes significant financial losses by the horticultural landscape. Previous research has revealed that phytohormones, transcription factors, and other genes involved in floral development regulate the maintenance and mortality of flowers



Methods

In this study, for the first time, the transcriptomes and targeted hormone metabolomics of three developmental stages of the receptacles of two distinct camellia strains (CF: abscission strain, CHF: nonabscission strain) were analyzed to determine their roles in regulating blossom abscission in camellia.



Results

ABA content was shown to be considerably upregulated throughout all phases of CF development, as were the genes implicated in the ABA production pathway and their downstream counterparts. Highly expressed genes in CF were involved in galactose metabolism, phenylpropanoid biosynthesis, amino and nucleotide sugar metabolism, pentose and glucuronate interconversions, and MAPK. Among others, highly expressed genes in CHF are associated with fructose and mannose metabolism, alpha-linolenic acid metabolism, biosynthesis of secondary metabolites, starch and sucrose metabolism, and cutin, suberin, and wax biosynthesis. A vast variety of stress response-related pathways and redox-related activities were also shown to be active in CHF. In contrast, CF dramatically activated pathways associated with lignin production, keratinogenesis, cell wall biogenesis, and ABA response. A comparative transcriptomic study of the CF and CHF pathways revealed that the downstream response pathways of hormones, including CTK, BR, IAA, ethylene, and GA, were very active in CF, indicating a significant amount of signal transduction and transcriptional regulation by CF. In addition, members of the transcription factor family, such as MYB, bHLH, MADS, and WD40, may regulate flower abscission.



Discussion

A comparative transcriptome analysis of two distinct strains of camellia receptacles elucidates the molecular processes and regulatory characteristics of flower abscission and provides direction for the targeted improvement and breeding of camellia.
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Introduction

Camellia is a genus of flowering plants in the Camellia family that is extensively dispersed throughout Southeast Asia, from the Himalayas to Japan and from southern China (Guangxi and Yunnan) to Sumatra (Zhang et al., 2012; Su et al., 2014). Several species of Camellia are economically significant. The bright camellias of C. japonica, C. reticulata, C. saluenensis, and C. sasanqua are well known. Ornamental camellia (Chinese camellia) has been cultivated in China for 2,000 years; common camellia was introduced to Japan over 1,000 years ago; and ornamental camellia was introduced to Europe and the Americas in the late 1,870s; it is now a popular flowering and landscape shrub throughout the world. There are currently more than 30,000 ornamental camellia cultivars produced around the world. Despite this, camellias are frequently plagued by flower abscission, resulting in substantial economic losses (Zhang et al., 2022).

Abscission is a ubiquitous phenomenon that occurs at numerous phases of the life cycle of plants (Patharkar and Walker, 2018). Fall foliage and fruit loss after maturity are classic examples, as are organ damage and infection-induced losses. Controlling abscission is still important in agriculture and horticulture, as many crops, including citrus, cotton, Brassica, and certain rice cultivars, suffer production losses owing to abscission. The abscission zone (AZ) is a specialized cell layer where cell separation is assisted by hydrolases during abscission (Phetsirikoon et al., 2016; Merelo et al., 2017). The abscission of buds, branches, petioles, leaves, flowers, and fruits by plants is influenced by environmental conditions such as temperature, light quality, disease, water stress, and nutrition (Lee et al., 2021; Lu et al., 2021; Dutta et al., 2022). The generation of AZ is governed by plant hormones such as auxin, abscisic acid, jasmonic acid, and ethylene (Sriskantharajah et al., 2021; Dziurka et al., 2022), as well as by genes involved in the process of organ separation, such as BLADE ON PETIOLE (BOP), HAESA (HAE), HAESA-LIKE2 (HSL2), and CAST AWAY (CST) (Santiago et al., 2016; Meir et al., 2019). Abscission is related to the activity of enzymes such polygalacturonases, xyloglucan endotransglucosylases/hydrolases, -1,4-glucanases/cellulases, and expansins (EXP) (Sriskantharajah et al., 2021; Ma et al., 2021; Wilmowicz et al., 2022). Consequently, variations in the amounts of plant hormones and gene expression may be among the most fundamental factors influencing variability in plant organ abscission.

Abscission inhibitors include the plant growth regulators auxin (IAA) and gibberellin (GA) (Sriskantharajah et al., 2021; Dutta et al., 2022). The finding that IAA reduces ethylene production and signaling, in AZ-A explains why it inhibits abscission (Dong et al., 2021). Similar to endogenous GA, the use of exogenous GA may prevent fruit drop in citrus (Lal et al., 2015; Rokaya et al., 2016). Instead, ethylene, abscisic acid (ABA), and methyl jasmonate (MJ) have been shown to enhance shedding in latest research (Xu et al., 2020; Hewitt et al., 2021; Zhou et al., 2022). Citrus fruit abscission is aided by ethylene, which research shows is concentrated in the abscission zone (Dutta et al., 2022). The abscission zone of apple dropped fruit showed elevated transcript levels of genes involved in ethylene production, including ACS5A and ACO1, as well as ethylene receptor genes, ETR2 and ERS2 (Li et al., 2010). Increased expression of genes such SAMS, ACS, ACO, and ETR in the abscission zone has been linked to the early induction of fruit abscission in melon (Corbacho et al., 2013). The abscission of apple fruits may also be stimulated by the external treatment of ABA. There is a correlation between ABA levels and the formation of senescence and seed dormancy (Vishal and Kumar, 2018), and ABA levels tend to rise as fruit ripens. As a regulator of ACC levels, ABA may promote shedding by stimulating ethylene biosynthesis (Kou et al., 2021; Pattyn et al., 2021). Overall, the present study has examined the connection between phytohormones and plant organ shedding, however the underlying molecular process is unclear.

The transcriptomes and targeted hormone metabonomics of three developmental stages of the receptacles of two distinct camellia strains were investigated to understand their involvement in regulating blossom abscission in camellia in this study. The objective was to determine the differences between CF and CHF with respect to flower development, as well as the molecular pathways and key genes that control camellia flower abscission. At various phases of development, CF and CHF demonstrated significant differences in metabolic pathways, hormone content, and regulatory factor expression, as determined by our investigation. These results suggest potential molecular explanations and research directions with respect to the floral abscission phenotypes of CF and CHF.



Material and methods


Plant materials and samples collected

Two different varieties of Camellia, Camellia ‘Flowerwood’ (CF) and Camellia ‘High Fragrance’ (CHF) were used for the experiment. Details of two varieties of Camellia can be found at https://camellia.iflora.cn/. All plants were grown in greenhouses at International Flora Technology Innovation Center (Kunming, China). The material was propagated by branch cuttings and planted in flowerpot soil for 3 years. CF is the easy abscission strain; CHF is the difficult abscission strain. Both strains were originally developed by our team, and during the growing process, it was found that the petals had fallen off. CF showed easier petal fall and abscission during earlier developmental stages due to the presence of larger petals than those of CHF (Figure 1A). All pedicel samples were collected from January 10 to February 3, 2022. Samples were selected based on the degree of abscission, with S1 defined as no abscission at all, S2 as partial abscission, and S3 as complete abscission. The receptacles were carefully peeled off and then quickly placed in liquid nitrogen for freezing and storage until the next experiment.




Figure 1 | Morphology and enzymatic activity assessment of camellia. (A) The receptacles and petals of CF and CHF flowers are depicted individually. (B) Histological structure of Camellia at different stages at a final magnification of 400X. The red box is where the representative structure sites of the abscission features. (C) Determination of SOD and POD enzymatic activity at the S1, S2, and S3 phases of CF and CHF. There was no significant difference among different stages.





Antioxidant enzyme activity measurements

Spectrophotometry was used to determine the activities of superoxide dismutase (SOD) and peroxidase (POD). The samples were ground in liquid nitrogen and used to prepare extracts. One gram of the powder was added to 9 mL of sodium phosphate buffer (100 mM, pH 7.0), vortexed and mixed at 3,500 rpm/min, and centrifuged for 10 minutes to obtain the supernatant as a 10% homogenate supernatant for the SOD and POD analyses. The activity of SOD was measured by nitroblue tetrazolium reduction, and POD activity was measured by the guaiacol oxidation process according to (González et al., 2021). The absorbance was measured at 450 nm (A450 nm) using a microplate reader. In this reaction system, the corresponding enzyme amount when the SOD inhibition rate reached 50% was one SOD activity unit (U). The POD activity was measured by measuring the absorbance at 420 nm. One unit (1 U) of POD enzymatic activity was defined as the amount of enzyme catalyzing 1 μg of substrate per minute per gram of tissue at 37°C. Three technical replicates were performed for the determinations.



Characterization of the histological structure of Camellia

Different stages (as mentioned above S1, S2 and S3) of pedicel were collected and fixed for 48 h at room temperature in 50% formaldehyde-acetic acid-ethanol (FAA) fixative. Samples were dehydrated in ethanol and xylene and embedded in paraffin. Sections 8 µm thick were cut with a rotary microtome (Leica) and stained with Safranine O-Fast Green for examination under an Olympus microscope.



Transcriptome sequencing and analysis

Total RNA was extracted from each sample using an RNAprep Pure Plant Plus Kit (Tiangen, China). mRNA was obtained with oligo(Santiago et al.) beads and reverse transcribed to cDNA. The library was then constructed using the NEBNext® Ultra™ RNA Library Prep Kit for Illumina® (NEB, USA) according to the manufacturer’s instructions. Qualified transcriptome libraries were paired-end sequenced on the Illumina HiSeq6000 sequencing platform.

The clean reads were obtained after filtering the raw data. Because there was no available reference genome, all sequences were assembled de novo by the Trinity program. The unigenes obtained from the assembly sequences were subsequently clustered using Corset (version 4.6) software. BUSCO software was used to evaluate the splicing quality of unigene sequences. The unigenes were functionally annotated using 7 databases: Nr, Nt, Pfam, KOG/COG, Swiss-Prot, KEGG and GO. Each sample’s reads were mapped to a collection of reference transcripts using the Bowtie aligner (Langmead and Salzberg, 2012), and the amount of each transcript was estimated using RSEM (part of the Trinity package) with the default parameters for paired reads (Li and Dewey, 2011). The level of expression was calculated at both the unigene and isoform levels. Differentially expressed genes (DEGs) between the two groups were identified by the DESeq2 (v1.30.1) package of the R program (v4.0.4). Adjustments were made to the derived P values using the Benjamini−Hochberg method. The DEG threshold was a P-adjusted value <0.05 & |log2(fold change)|>1. The functional analysis of DEGs was performed by enrichment of the GO and KEGG databases using the clusterprofile (v3.18.1) R package.



Extraction of metabolites and UPLC

Frozen plant samples were ground into powder (30 Hz, 1 min). Fifty milligrams of powder were dissolved in 1 mL methanol/water/formic acid (15:4:1, V/V/V). Ten microliters of internal standard mixed solution (100 ng/mL) was added to each extract as internal standards (IS) for quantification. Each mixture was vortexed for 10 minutes and then centrifuged for 5 min (12,000 r/min at 4°C). Each supernatant was transferred to a microtube, evaporated to dryness, dissolved in 100 μL 80% methanol (V/V), and filtered through a 0.22 μm membrane filter for further LC−MS/MS analysis.

The sample extracts were analyzed using a UPLC−ESI−MS/MS system. Phytohormones were analyzed using scheduled multiple reaction monitoring (MRM). Mass spectrometer parameters, including the declustering potentials (DP) and collision energies (CE) for individual MRM transitions, were performed with further DP and CE optimization. A specific set of MRM transitions was monitored for each period according to the metabolites eluted within this period.



Bioinformatics analysis of metabolites

Data acquisition was performed using Analyst 1.6.3 software (Sciex). Multiquant 3.0.3 software (Sciex) was used to quantify all metabolites. Unsupervised principal component analysis (PCA) was performed using the R package prcomp (v3.18.1). VIP >= 1 and absolute Log2FC (fold change) >= 1 suggested that metabolites were highly regulated between groups. Using the R tool MetaboAnalyzerR (v3.3.0), VIP values were extracted from the OPLS-DA results, which also included score graphs and permutation plots. The data were log transformed (log2) and mean-centred prior to OPLS-DA, linking annotated metabolites to the KEGG Pathway database. Then, pathways with significantly regulated metabolites were fed into MSEA (metabolite set enrichment analysis), and their significance was determined using the hypergeometric test p values.



Quantitative real-time polymerase chain reaction (qRT-PCR) analysis

Mastermixes for the qRT-PCR reactions included SYBR Green I Supermix (TaKaRa, Dalian, China) and the specific forward/reverse primers (Table S1). The RT-qPCR was run on the qTower 3 g Real-Time PCR Instrument (Analytik Jena, Jena, Germany) with the following cycling conditions: 3 min of predenaturation at 95°C, then 94°C for 10 s, 60°C for 30 s, and 72°C for 90 s (39 cycles). The housekeeping gene Actin was used as an internal control to calculate relative gene expression in this study. All procedures were performed on three independent biological and technical repeats.




Results


Morphological identification and activity of SOD and POD

In this study, the camellia varieties CF and CHF were chosen for their unique flower morphologies. CF is distinguished by its large, easily detachable flowers. CHF, on the other hand, has smaller, relatively abscission-resistant blossoms. This study identified the histological structure of the receptacles of CF and CHF flowers at different developmental phases (Figure 1A). The results of the staining showed that Camellia pedicels of both species became lax with developmental stages. The fenestrated tissues of the pedicels developed pores earlier in CF, and the number of pores was highest in the S3 stages (Figure 1B). We postulated that the difference in abscission features between CF and CHF may be related to antioxidant levels on the torus; thus, we evaluated the SOD and POD enzyme activities in all samples. During the S2 and S3 stages, CF displayed more SOD enzymatic activity than CHF, but the reverse was true for POD levels. This highlights changes in redox-related enzyme activity between CF and CHF at the receptacle and may possibly represent differences in ROS concentrations at these sites (Figure 1C).



Transcriptome differences and enrichment analysis

Transcriptome sequencing yielded a total of 111.51 Gb of available sequences, and a total of 138,557 clustered unigenes were obtained for the de novo assembly with an N50 of 1,463. The completeness of the assembly was 77.7% as assessed by BUSCO software, indicating a high quality of the assembly. A large number of unique genes were annotated for subsequent use (Table S2).

Morphology and SOD/POD enzymatic activity experiments suggested that substantial variations may exist between CF and CHF developmental phases. To investigate the molecular processes behind their distinct phenotypes, we undertook a comparative transcriptome investigation of three phases of CF and CHF development (S1, S2, S3). All subgroups had excellent within-group repeatability and between-group variability, as determined by PCA between samples (Figure 2A). Comparing S1 and S2 and S1 and S3 of CF revealed 1,208 and 479 differentially expressed genes, respectively, as found by differential analysis. Comparing S1 and S2 and S1 and S3 in CHF, 155 and 2,677 differentially expressed genes were found. This reveals a striking contrast in the dynamics of the transcriptomes of CF and CHF throughout flower development, with CF exhibiting the most dramatic transcriptional alterations at the S2 stage and CHF at the S3 stage. The huge difference in the number of differential genes may imply that CF has quicker flower growth and a shorter floral cycle than CHF, and the rapid flower development of CF may serve a role in its effortless abscission (Figure 2B). Similarly, the global expression heatmap of DEGs revealed a continuously changing pattern, with CHF exhibiting moderate alterations in the transcriptome during the S2 stage and significant changes during the S3 stage (Figure 2C). CF, on the other hand, displayed sustained dynamic transcriptome alterations throughout both S2 and S3 phases.




Figure 2 | An overview of the RNA-seq data for CF and CHF during the S1, S2, and S3 phases. (A) PCA of RNA-seq data showed differences in lines and stages. (B) The number of DEGs during different stages for CF and CHF. (C) Heatmap showing the global expression of all DEGs. (D) KEGG enrichment analysis findings of DEGs among various grouped comparisons, with each hue representing the normalized -log10 value (p).



Compared with the S1 stage, the DEGs of CF and CHF in the S2 stage were mostly concentrated in metabolic pathways, including plant hormone signal transduction, starch and sucrose metabolism, and phenylpropanoid biosynthesis, indicating that CF is engaged in cell metabolism at this stage. Similarly, the DEGs of CF and CHF at the S3 stage were mostly enriched in metabolic pathways, including flavonoid biosynthesis, fatty acid metabolism, and pyruvate metabolism (Figure 2D). This indicates that CHF is undergoing a metabolic process at this point and reveals that CF and CHF have distinct primary flower development phases. HCHF develops and matures rapidly during the S2 stage, while CHF starts flower development in the S3 stage after S2.



Expression clustering and functional analysis

The k-means clustering approach was utilized to conduct cluster analysis on all DEGs since the dynamic changes in expression profiles at distinct developmental stages across different strains in this research adhered to the features of time series data to a certain degree. The study yielded a total of 12 DEG subgroups (Figure S1), and we detected 6 DEG subgroups (subclasses 1, 3, 4, 8, 9, 12) with opposing or distinct patterns between CF and CHF (Figure 3). The functional enrichment analysis of the subgroup genes revealed that many were engaged in cell wall synthesis, stress response, and redox-related pathways, such as cold response, galactose metabolism, and plant-type cell wall organization, among others. These genes are associated with plant hormone signal transduction, cutin, suberin, and wax production, phenylpropanoid biosynthesis, and the MAPK signaling pathway, which suggests that CHF may undergo a process during the S1 stage. GO analysis also revealed that a substantial number of Cluster 1 genes were involved in cell wall-related processes, such as cuticle formation, plant-type secondary cell wall biosynthesis, and positive regulation of the wax biosynthetic process. This shows that Cluster 1 genes are the most transcriptionally active genes in CHF during the S1 stage. During the S1 and S3 periods of CHF flower development, Cluster 3 and Cluster 4 exhibited very high transcriptional activity. Several activities of Cluster 3 genes, including Response to wounding, Oxidation−reduction process, Response to UV, and Response to auxin, are associated with adversity stress. This also shows that CHF is more resistant to both biotic and abiotic stressors than CF. The majority of Cluster 4 genes were closely associated with metabolic pathways, including carbon metabolism, cysteine and methionine metabolism, glycolysis/gluconeogenesis, fructose and mannose metabolism, and galactose metabolism. This demonstrates the active transcriptional activity of CHF during the S3 stage, as well as the significance of the S3 stage in the flower development of CHF. Clusters 8, 9, and 12 are functional modules with significant levels of expression in CF, particularly in the S2 and S3 phases. The genes in Cluster 8 were highly expressed throughout the S2 and S3 phases of CF, and their activities were mostly associated with energy metabolism, such as carbon metabolism, cysteine and methionine metabolism, and the citrate cycle. Clusters 9 and 12 are most active during the S3 and S2 periods, respectively, of the CF. In addition, the genes in this pathway are intimately associated with floral organ abscission, cutin production, and lignin synthesis. Changes in these genes may be among the primary causes of CF early flower abscission. In addition, Cluster 12 genes were mostly involved in amino sugar and nucleotide sugar metabolism, the MAPK signaling pathway, and the metabolism of propanoate. This suggests that CF’s metabolic activity is still active throughout the S2 stage. In conclusion, module clustering analysis revealed the primary functional module of flower abscission difference between CF and CHF: Cluster 9, which regulates CF cell wall and flower abscission through a significant number of genes.




Figure 3 | K-means cluster analysis of differentially expressed genes during the S1, S2, and S3 phases for CF and CHF. The first column depicts the expression change trend of DEGs in each module, while the second column displays the expression heatmap of the module’s genes. The third column shows the KEGG functional analysis of the module’s genes, and the fourth column presents the GO functional analysis of the module’s genes.





ABA biosynthesis and expression changes of response genes

Analysis of the targeted hormone metabolome revealed substantial variation in ABA content between CF and CHF (Figure 4A), indicating a significant difference in ABA accumulation between CF and CHF. To further explore the function of ABA accumulation, we compared the principal structural genes in the carotenoid pathway involved in ABA production (Figure 4B). Eleven genes involved in the production of ABA were discovered. In CF, 15-cis-phytoene desaturase (PDS), beta-carotene hydroxylase (crtZ), zeaxanthin epoxidase (ZEP), abscisic-aldehyde oxidase (AAO3), and more structurally important genes were upregulated. PDS was more strongly expressed in the S3 stage, while AAO3 was likewise significantly expressed in the S3 stage. This might suggest that PDS, crtZ, ZEP, and AAO3 are the primary structural genes that regulate ABA production in CF.




Figure 4 | Alteration in gene expression associated with ABA biosynthesis and signal transduction in CF and CHF. (A) Variations in the ABA content of CF and CHF receptacles. (B) Variations in ABA biosynthesis structural gene expression. (C) Changes in gene expression associated with ABA signal transduction and response genes related to ABA. **P < 0.01 and ***P < 0.001.



In addition to ABA biosynthesis structural genes, we also evaluated the expression of genes involved in ABA signal transmission and other response factors. Among them were 46 genes associated with ABA signal transduction and 20 genes associated with ABA responsiveness and function. The majority of genes involved in ABA signal transduction were upregulated in CF, particularly during the S2 stage (Figure 4C). The ABA response-related genes of CF were mostly active during the S3 stage. ABF2, SAPK2, SAPK7, SAPK8, SAPK10, ABI1, HAB1, PP2C06, SRK2E, and PYL3 were particularly upregulated in the S2 stage of CF, while PYL4, PYL8, SRK2I, TOGT1, and others were specifically upregulated in the S3 stage. However, PYL1, ABI5, AOG, and others were all downregulated in all phases of CF, but they were upregulated in CHF. This suggests that ABF2, SAPK2, SAPK7, SAPK8, SAPK10, ABI1, HAB1, PP2C06, SRK2E, PYL3, PYL4, PYL8, SRKI, TOGT1, etc., are positive regulators of CF flower abscission, while PYL1, ABI5, AOG, etc., are negative regulators.



Hormone-related genes that may be involved in abscission

Flower abscission in plants is a physiologically complex process regulated by auxins, gibberellins (GAs), cytokinins (CKs), abscisic acid (ABA), ethylene, and brassinolides (BRs). In addition to ABA, the transcriptome analysis found five plant endogenous hormone-related genes that varied during flowering/fruit setting between CF and CHF. These genes included 19 GA-related genes (GRGs), 17 ethylene-responsive genes (ERGs), 14 BR-related genes (BRGs), 20 auxin-responsive genes (AURGs), and 14 CTK-related genes (CRGs) (Figure 5). The majority of CRGs, AURGs, ERGs, GRGs, and BRGs were strongly expressed in CF, with GRGs and CRGs being the most prominent. These genes all seem to be positive regulators of CF flower abscission. This group consists of GID1B, GID1C, GA20OX1, CKX1, CKX5, CKX6, and CKX7. These CRGs and GRGs were characterized as positive regulators of flower abscission in CF because their expression levels increased dramatically throughout the S2 and S3 phases of flower development. Nine ERGs of CF exhibited strong expression in the S2 and S3 phases, whereas the other ERGs exhibited high expression in the S1 stage. The most significant alterations were observed in ERF5, DREB3, ERF113, EIN3, and ETR2, suggesting that these genes are among the most key regulators of flower initiation in CF. Furthermore, we discovered that AURGs such as SAUR32, SAUR50, SAUR71, IAA4, BSK1, BSK2, BSK5, BSK7, and other BRGs displayed distinct high expression in CF, causing us to speculate that they may be possible hormone-related genes controlling CF flower abscission. Furthermore, hormone-related genes were verified by qRT-PCR, and the results showed that the results of qRT-PCR and RNA-seq were consistent (Figure S2).




Figure 5 | Changes in the differential expression of hormone-related genes in CF and CHF, including CTK, BR, IAA, ethylene, and GA.





Transcription factors may be involved in abscission

Several transcription factors may also be connected with the occurrence of plant abscission and bloom development. Identification investigation revealed MYB, WRKY, bHLH, MADS, and WD40 as the primary transcription factors that distinguished CF from CHF. A total of 27 MYB, 21 bHLH, 23 WRKY, 5 MADS, and 3 WD40 members of the transcription factor families were discovered (Figure 6). The majority of WRKY transcription factor family members, including cjWRKY9-cjWRKY23, were significantly expressed in the S2 and S3 stages of CF, while the other WRKY transcription factors were substantially expressed in the CHF stage. This shows that cjWRKY9-cjWRKY23 may serve as crucial positive regulators of flower abscission in CF, while cjWRKY1-cjWRKY8 may be associated with floral maintenance and may be negative regulators of abscission. In addition, the majority of the bHLH and MYB transcription factor families exhibited upregulated expression in CHF, mostly during the S1 and S3 phases of CHF development. This suggests that the MYB and bHLH transcription factor families may operate primarily as negative regulators of abscission. Five MADS families were highly upregulated throughout the S1 stage of CHF flower development, indicating that they may also be involved in floral formation and maintenance.




Figure 6 | Screening of transcription factor family regulators differentially expressed in CF and CHF. Among them are WRKY, MYB, bHLH, WD40, and MADS.






Discussion

This is the first in-depth investigation of the process of abscission in camellias focusing on flower and fruit abscission (Wei et al., 2017; Hu et al., 2021; Zhang et al., 2022). Our approach enables us to investigate not only the genes involved in the molecular processes of abscission (in the receptacle) but also the potential causes of abscission. During flower development, CF and CHF differ significantly from one another. The study revealed that CF and CHF have distinct flower development phases. HCHF exhibited rapid growth and maturity during the S2 stage, while CHF began flower development during the S3 stage after the S2 stage. The quick flower maturity of CF at the S2 stage may result in its simple detachment, while the later flower growth and retention capability of CHF allow for a prolonged blooming time.

In the current work, RNA-seq analysis indicated bidirectional changes in the expression of cell wall-related genes, which may be involved in both the continuing abscission process and the growth of undescended organs (Merelo et al., 2017; Wu et al., 2021). Pathways associated with cell wall formation, including cell wall biogenesis, galactose and mannose metabolism, aminoglycan, pectin synthesis, and other related genes, exhibited divergent patterns at various phases of CHF and CF (Wilmowicz et al., 2021; Gupta et al., 2021). Cell wall production is accompanied by active cell division; several cell wall-related genes may play highly specialized roles in cell wall modification, and some of these gene products may be essential for the optimal function of other genes. Therefore, there is very active transcription of cell wall-related genes in the receptacle, and variations in these cell wall-related genes are predictive of active flower developmental phases. A substantial number of upregulated genes in CF were identified to be associated with floral organ abscission, cutin production, and lignin synthesis (Merelo et al., 2017; Qiu et al., 2020). This indicates that the AZ region of CF may acquire a substantial quantity of lignin. Previous research has shown that lignin accumulation plays a significant role in flower and fruit abscission and that lignin buildup on a huge scale may expedite abscission cell development and keratinization (Su et al., 2019; Feng et al., 2021). Data from RNA-seq reveal that CF has distinct and highly expressed functional modules associated with lignin production and keratinization during flower development, which may be a significant factor in its ease of abscission.

Calcium (Ca2+) is necessary for numerous biological activities. In addition to its essential function in maintaining the structural integrity of cell walls and membrane systems, it has been found to operate as an intracellular regulator in several areas of plant growth and development, including cell division and elongation and fruit formation. The Ca2+ deficit produced by the downregulation of genes producing Ca2+ ion transporters may be an indicator of apple lateral fruit decay, and the Ca2+ signaling system is essential for yellow lupin pod abscission, according to previous studies (Glazińska et al., 2019; Mo et al., 2022). In addition, genes involved in the Ca2+ signaling pathway were discovered to be downregulated in CF, which may be one of the causes of its loss. In addition, genes involved in pollen identification were dramatically downregulated in HCHF, while they were robustly expressed in the S3 stage of CHF. Pollen recognition is essential to the regular growth of flowers, and unfertilized blooms may be more susceptible to abscission (Ito and Nakano, 2015; He et al., 2020). Low expression of genes involved in pollen recognition may potentially be a risk factor for CF prone to abscission, according to our findings.

Hormones in plants regulate abscission in a very complicated and exact manner. ABA synthesis-related structural genes and ABA signaling-related genes were discovered to be increased in CF, which explains the accumulation of ABA in CF. ABA also influences the production of AZ in the receptacle and facilitates abscission ( Garner and Lovatt, 2016; He et al., 2020). PYL3, PYL4 and PYL8 are all ABA receptors (Santiago et al., 2009). PYL suppresses the activity of group-A protein phosphatases type 2C (PP2Cs) in an ABA-independent manner, but functions more effectively when ABA is active (Zhang et al., 2013). PYL promotes the interaction between ABA and auxin signaling to regulate lateral root development and is essential for ABA-mediated repression of lateral root growth (Parwez et al., 2022). The increased expression of PYL3, PYL4, and PYL8 by CF throughout the S2 and S3 phases of floral development may have a direct relationship with their loss. In addition, plants that overexpressed PP2C06 demonstrated dramatically decreased fertility and severe preharvest germination, which may result in the failure of floral development and the subsequent loss of flowers. Moreover, SRK2E, SAPK8, and SAPK10 are implicated in the ABA-dependent plant stress response (Vahisalu et al., 2010; Li et al., 2015), and the high expression of these genes may make CF more susceptible to environmental influences.

Cytokinins are involved in the control of cell division and growth, while ethylene is hypothesized to mediate the effects of CTK on abscission (Gundesli et al., 2020). Cytokinins influence apical dominance, axillary bud formation, and leaf withering in addition to their primary roles in cell proliferation and differentiation. At the S2 and S3 phases, a large number of CRGs and ERGs were considerably upregulated in CF, and these positive regulators may interact to speed up the division and separation of abscisic cells in the AZ area. The increased expression of CKX1, CKX5, CKX6, and CKX7 in the S2 and S3 phases of CF may reflect the accumulation of CTK in CF. Accumulation of CTK may result in rapid cell division and the development of abscission cells at the receptacle.

Gibberellin is a hormone involved in cell expansion, fruit setting, and growth, and GRG expression was dramatically upregulated during all phases of CF (Zhou et al., 2021). GA20OX1 is a crucial oxidase in gibberellin biosynthesis, and plants that overexpress GA20OX1 have excessive quantities of bioactive gibberellin and an overgrowth phenotype characterized by enhanced internode elongation and leaf sheath length (Oikawa et al., 2004). As soluble gibberellin (GA) receptors, GID1B and GID1C influence root growth, seed germination, and flower development (Ge and Steber, 2018). The increased expression of GA20OX1, GID1B, and GID1C in CF may contribute to the accumulation of GA in CF and enhance the rapid growth of flowers in CF. A flower’s blossoming time may be reduced if its growth is accelerated, resulting in early flower fall. Studies indicate that auxin may function as a signal from a fertilized ovule, stimulating GA production and initiating fruit development. We hypothesize that a similar circumstance exists in CF and that the synergy between GA and IAA is likewise a risk factor for CF abscission.

ERF5, ERF113, EIN3, and ETR2 are also essential genes in the ethylene response pathway. They may directly regulate gene transcription or serve as ethylene receptors to govern the environmental sensitivity of plants (Dutta et al., 2022; Zhu et al., 2022). As a vital plant hormone, ethylene has the ability to accelerate fruit ripening. We propose that ethylene affects floral organ senescence and separation through ERF5, ERF113, EIN3, and ETR2 in CF. We discovered that SAUR50 was likewise uniquely elevated in CF. SAUR50 provides a mechanistic link between auxin and plasma membrane H+-ATPases (PM H+-ATPases, e.g., AHA1 and AHA2) and triggers PM H+-ATPase activity by promoting C-terminal autoinhibitory domain phosphorylation as a result of PP2C-D subfamily of type 2C phosphatase inhibition, resulting in acidification of the apoplast, and the facilitation of solute imbalance between cell division and development in the torus area may be one of the primary causes of abscission region creation (Ren and Gray, 2015). SAUR50 might influence AZ formation in CF by controlling local cell proliferation, hence influencing flower abscission.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://www.ncbi.nlm.nih.gov/, PRJNA889986.



Author contributions

YFC: Conceptualization. YSC: Formal analysis. YFC and JW: Funding acquisition. YFC and JM: Investigation. YFC, JM, YSC, MT, and ZS: Methodology. JW: Supervision. YFC and JW: Writing – review & editing. All authors contributed to the article and approved the submitted version.



Funding

This research was financially supported by the National Natural Science Foundation of China (32260413), International Science and Technology Cooperation Base (GHJD-2021024), Yunnan Provincial Department of Finance (5300000210000000013742) and the Agricultural Industrial Technology System of the Ministry of Agriculture and Rural Affairs (CARS-23-G56).



Conflict of interest

Author YSC is employed by Yunnan Pulis Biotechnology Co. Ltd.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.1076037/full#supplementary-material



References

 Corbacho, J., Romojaro, F., Pech, J. C., Latche, A., and Gomez-Jimenez, M. C. (2013). Transcriptomic events involved in melon mature-fruit abscission comprise the sequential induction of cell-wall degrading genes coupled to a stimulation of endo and exocytosis. PloS One 8 (3), e58363. doi: 10.1371/journal.pone.0058363

 Dong, X., Ma, C., Xu, T., Reid, M. S., Jiang, C. Z., and Li, T. (2021). Auxin response and transport during induction of pedicel abscission in tomato. Hortic. Res. 8 (1), 192. doi: 10.1038/s41438-021-00626-8

 Dutta, S. K., Gurung, G., Yadav, A., Laha, R., and Mishra, V. K. (2022). Factors associated with citrus fruit abscission and management strategies developed so far: a review. New Z. J. Crop Hortic. Sci. 23 (14), 1–22. doi: 10.1080/01140671.2022.2040545

 Dziurka, M., Goraj-Koniarska, J., Marasek-Ciolakowska, A., Kowalska, U., Saniewski, M., Ueda, J., et al. (2022). A possible mode of action of methyl jasmonate to induce the secondary abscission zone in stems of bryophyllum calycinum: Relevance to plant hormone dynamics. Plants 11 (3), 360. doi: 10.3390/plants11030360

 Feng, X., Liu, X., Jia, Y., Liu, H., and Li, L. (2021). Transcriptomic analysis of hardened ‘Suli’Pear (Pyrus bretschneideri rehd) for identification of key genes for lignin biosynthesis and accumulation. Horticulturae 7 (11), 467. doi: 10.3390/horticulturae7110467

 Garner, L. C., and Lovatt, C. (2016). Physiological factors affecting flower and fruit abscission of ‘Hass’ avocado. Scientia. Hortic. 199, 32–40. doi: 10.1016/j.scienta.2015.12.009

 Ge, W., and Steber, C. M. (2018). Positive and negative regulation of seed germination by the arabidopsis GA hormone receptors, GID 1a, b, and c. Plant Direct. 2 (9), e00083. doi: 10.1002/pld3.83

 Glazińska, P., Kulasek, M., Glinkowski, W., Wojciechowski, W., and Kosiński, J. (2019). Integrated analysis of small RNA, transcriptome and degradome sequencing provides new insights into floral development and abscission in yellow lupine (Lupinus luteus l.). Int. J. Mol. Sci. 20 (20), 5122. doi: 10.3390/ijms20205122

 González, M. N., Massa, G. A., Andersson, M., Oneto, C. A. D., Turesson, H., Storani, L., et al. (2021). Comparative potato genome editing: Agrobacterium tumefaciens-mediated transformation and protoplasts transfection delivery of CRISPR/Cas9 components directed to StPPO2 gene. Plant Cell. Tissue Organ Cult. (PCTOC). 145 (2), 291–305. doi: 10.1007/s11240-020-02008-9

 Gundesli, M. A., Kafkas, S., Guney, M., and Kafkas, N. E. (2020). Identification of the profile of endogenous cytokinin-like compounds during different plant growth stages and their effects on flower bud abscission in pistachio (L.). Folia Hortic. 32 (1), 21–35. doi: 10.2478/fhort-2020-0003

 Gupta, K., Gupta, S., Faigenboim-Doron, A., Patil, A. S., Levy, Y., Carrus, S. C., et al. (2021). Deep transcriptomic study reveals the role of cell wall biosynthesis and organization networks in the developing shell of peanut pod. BMC Plant Biol. 21 (1), 509. doi: 10.1186/s12870-021-03290-1

 Hewitt, S., Kilian, B., Koepke, T., Abarca, J., Whiting, M., and Dhingra, A. (2021). Transcriptome analysis reveals potential mechanisms for ethylene-inducible pedicel-fruit abscission zone activation in non-climacteric sweet cherry (Prunus avium l.). Horticulturae 7 (9):270. doi: 10.3390/horticulturae7090270

 He, H., Yokoi, S., and Tezuka, T. (2020). A high maternal genome excess causes severe seed abortion leading to ovary abscission in nicotiana interploidy-interspecific crosses. Plant direct. 4 (8), e00257. doi: 10.1002/pld3.257

 Hu, X., Yang, M., Gong, S., Li, H., Zhang, J., Sajjad, M., et al. (2021). Ethylene-regulated immature fruit abscission is associated with higher expression of CoACO genes in camellia oleifera. R. Soc. Open Sci. 8 (6), 202340. doi: 10.1098/rsos.202340

 Ito, Y., and Nakano, T. (2015). Development and regulation of pedicel abscission in tomato. Front. Plant Sci. 6. doi: 10.3389/fpls.2015.00442

 Kou, X., Yang, S., Chai, L., Wu, C., Zhou, J., Liu, Y., et al. (2021). Abscisic acid and fruit ripening: Multifaceted analysis of the effect of abscisic acid on fleshy fruit ripening. Scientia. Hortic. 281, 109999. doi: 10.1016/j.scienta.2021.109999

 Lal, D., Tripathi, Dr V. K., Kumar, S., and Nayyer, M. (2015). Effect of pre-harvest application of gibberellic acid, NAA, and calcium nitrate on fruitdrop, maturity and storage quality of kinnow mandarin. Res. Environ. Life Sci. 8 (4), 561–564.

 Langmead, B., and Salzberg, S. L. (2012). Fast gapped-read alignment with bowtie 2. Nat. Methods 9 (4), 357–359. doi: 10.1038/nmeth.1923

 Lee, Y., Do, V. G., Kim, S., Kweon, H., and McGhie, T. K. (2021). Cold stress triggers premature fruit abscission through ABA-dependent signal transduction in early developing apple. PloS One 16 (4), e0249975. doi: 10.1371/journal.pone.0249975

 Li, B., and Dewey, C. N. (2011). RSEM: accurate transcript quantification from RNA-seq data with or without a reference genome. BMC Bioinf. 12 (1), 1–16. doi: 10.1186/1471-2105-12-323

 Li, C., Shen, H., Wang, T., and Wang, X. (2015). ABA regulates subcellular redistribution of OsABI-LIKE2, a negative regulator in ABA signaling, to control root architecture and drought resistance in oryza sativa. Plant Cell Physiol. 56 (12), 2396–2408. doi: 10.1093/pcp/pcv154

 Li, J., Zhu, H., and Yuan, R. (2010). Profiling the expression of genes related to ethylene biosynthesis, ethylene perception, and cell wall degradation during fruit abscission and fruit ripening in apple. J. Am. Soc. Hortic. Sci. 135 (5), 391–401. doi: 10.21273/JASHS.135.5.391

 Lu, D., Liu, B., Ren, M., Wu, C., Ma, J., and Shen, Y. (2021). Light deficiency inhibits growth by affecting photosynthesis efficiency as well as JA and ethylene signaling in endangered plant magnolia sinostellata. Plants 10 (11), 2261. doi: 10.3390/plants10112261

 Ma, X., Li, C., Yuan, Y., Zhao, M., and Li, J. (2021). Xyloglucan endotransglucosylase/hydrolase genes LcXTH4/7/19 are involved in fruitlet abscission and are activated by LcEIL2/3 in litchi. Physiol. Plant 173 (3), 1136–1146. doi: 10.1111/ppl.13509

 Meir, S., Philosoph-Hadas, S., Riov, J., Tucker, M. L., Patterson, S. E., and Roberts, J. A. (2019). Re-evaluation of the ethylene-dependent and -independent pathways in the regulation of floral and organ abscission. J. Exp. Bot. 70 (5), 1461–1467. doi: 10.1093/jxb/erz038

 Merelo, P., Agustí, J., Arbona, V., Costa, M. L., Estornell, L. H., Gómez-Cadenas, A., et al. (2017). Cell wall remodeling in abscission zone cells during ethylene-promoted fruit abscission in citrus. Front. Plant Sci. 8. doi: 10.3389/fpls.2017.00126

 Mo, G., Li, R., Swider, Z., Leblanc, J., Bement, W. M., and Liu, X. J. (2022). A localized calcium transient and polar body abscission. Cell Cycle 21(21):2239–2254. doi: 10.1080/15384101.2022.2092815

 Oikawa, T., Koshioka, M., Kojima, K., Yoshida, H., and Kawata, M. (2004). A role of OsGA20ox1 , encoding an isoform of gibberellin 20-oxidase, for regulation of plant stature in rice. Plant Mol. Biol. 55 (5), 687–700. doi: 10.1007/s11103-004-1692-y

 Parwez, R., Aftab, T., Gill, S. S., and Naeem, M. (2022). Abscisic acid signaling and crosstalk with phytohormones in regulation of environmental stress responses. Environ. Exp. Bot. 199:104885. doi: 10.1016/j.envexpbot.2022.104885

 Patharkar, O. R., and Walker, J. C. (2018). Advances in abscission signaling. J. Exp. Bot. 69 (4), 733–740. doi: 10.1093/jxb/erx256

 Pattyn, J., Vaughan-Hirsch, J., and Van de Poel, B. (2021). The regulation of ethylene biosynthesis: a complex multilevel control circuitry. New Phytol. 229 (2), 770–782. doi: 10.1111/nph.16873

 Phetsirikoon, S., Paull, R. E., Chen, N., Ketsa, S., and van Doorn, W. G. (2016). Increased hydrolase gene expression and hydrolase activity in the abscission zone involved in chilling-induced abscission of dendrobium flowers. Postharvest. Biol. Technol. 117, 217–229. doi: 10.1016/j.postharvbio.2016.03.002

 Qiu, Z.-L., Wen, Z., Yang, K., Tian, T., Qiao, G., Hong, Yi, et al. (2020). Comparative proteomics profiling illuminates the fruitlet abscission mechanism of sweet cherry as induced by embryo abortion. Int. J. Mol. Sci. 21 (4), 1200. doi: 10.3390/ijms21041200

 Ren, H., and Gray, W. M. (2015). SAUR proteins as effectors of hormonal and environmental signals in plant growth. Mol. Plant 8 (8), 1153–1164. doi: 10.1016/j.molp.2015.05.003

 Rokaya, P. R., Baral, D. R., Gautam, D. M., Shrestha, A. K., and Paudyal, K. P. (2016). Effect of pre-harvest application of gibberellic acid on fruit quality and shelf life of mandarin (Citrus reticulata blanco). Am. J. Plant Sci. 7 (07), 1033. doi: 10.4236/ajps.2016.77098

 Santiago, J., Brandt, B., Wildhagen, M., Hohmann, U., Hothorn, L. A., Butenko, M. A., et al. (2016). Mechanistic insight into a peptide hormone signaling complex mediating floral organ abscission. Elife 5, e15075. doi: 10.7554/eLife.15075

 Santiago, J., Rodrigues, A., Saez, A., Rubio, S., Antoni, R., Dupeux, F., et al. (2009). Modulation of drought resistance by the abscisic acid receptor PYL5 through inhibition of clade a PP2Cs. Plant J. 60 (4), 575–588. doi: 10.1111/j.1365-313X.2009.03981.x

 Sriskantharajah, K., Kayal, W. E., Torkamaneh, D., Ayyanath, M. M., Saxena, P. K., Sullivan, A. J., et al. (2021). Transcriptomics of improved fruit retention by hexanal in ‘Honeycrisp’reveals hormonal crosstalk and reduced cell wall degradation in the fruit abscission zone. Int. J. Mol. Sci. 22 (16), 8830. doi: 10.3390/ijms22168830

 Su, M. H., Shih, M. C., and Lin, K. H. (2014). Chemical composition of seed oils in native Taiwanese camellia species. Food Chem. 156, 369–373. doi: 10.1016/j.foodchem.2014.02.016

 Su, X., Zhao, Y., Wang, H., Li, G., Cheng, X., Jin, Q., et al. (2019). Transcriptomic analysis of early fruit development in Chinese white pear (Pyrus bretschneideri rehd.) and functional identification of PbCCR1 in lignin biosynthesis. BMC Plant Biol. 19 (1), 417. doi: 10.1186/s12870-019-2046-x

 Vahisalu, T., Puzõrjova, I., Brosché, M., Valk, E., Lepiku, M., Moldau, H., et al. (2010). Ozone-triggered rapid stomatal response involves the production of reactive oxygen species, and is controlled by SLAC1 and OST1. Plant J. 62 (3), 442–453. doi: 10.1111/j.1365-313X.2010.04159.x

 Vishal, B., and Kumar, P. P. (2018). Regulation of seed germination and abiotic stresses by gibberellins and abscisic acid. Front. Plant Sci. 9. doi: 10.3389/fpls.2018.00838

 Wei, X.-J., Ma, J., Li, K.-X., Liang, X.-J., and Liang, H. (2017). Flowering induction in camellia chrysantha, a golden camellia species, with paclobutrazol and urea. HortScience 52 (11), 1537–1543. doi: 10.21273/HORTSCI12150-17

 Wilmowicz, E., Kucko, A., Alche, J. D., Czeszewska-Rosiak, G., Florkiewicz, A. B., Kapusta, M., et al. (2022). Remodeling of cell wall components in root nodules and flower abscission zone under drought in yellow lupine. Int. J. Mol. Sci. 23 (3), 1680. doi: 10.3390/ijms23031680

 Wilmowicz, E., Kucko, A., Pokora, W., Kapusta, M., Jasieniecka-Gazarkiewicz, K., Tranbarger, T. J., et al. (2021). EPIP-evoked modifications of redox, lipid, and pectin homeostasis in the abscission zone of lupine flowers. Int. J. Mol. Sci. 22 (6), 3001. doi: 10.3390/ijms22063001

 Wu, P., Xin, F., Xu, H., Chu, Y., Du, Y., Tian, H., et al. (2021). Chitosan inhibits postharvest berry abscission of ‘Kyoho’table grapes by affecting the structure of abscission zone, cell wall degrading enzymes and SO2 permeation. Postharvest. Biol. Technol. 176, 111507. doi: 10.1016/j.postharvbio.2021.111507

 Xu, P., Chen, H., and Cai, W. (2020). Transcription factor CDF4 promotes leaf senescence and floral organ abscission by regulating abscisic acid and reactive oxygen species pathways in arabidopsis. EMBO Rep. 21 (7), e48967. doi: 10.15252/embr.201948967

 Zhang, X., Jiang, L., Wang, G., Yu, L., Zhang, Q., Xin, Q., et al. (2013). Structural insights into the abscisic acid stereospecificity by the ABA receptors PYR/PYL/RCAR. PloS One 8 (7), e67477. doi: 10.1371/journal.pone.0067477

 Zhang, X., Li, B., Zhang, X., Wang, C., Zhang, Z., and Sun, P. (2022). Exogenous application of ethephon regulates flower abscission, shoot growth, and secondary metabolites in camellia sinensis. Scientia. Hortic. 304, 111333. doi: 10.1016/j.scienta.2022.111333

 Zhang, Y. M., Maharachchikumbura, S. S. N., Wei, J. G., McKenzie, E. H. C., and Hyde, K. D. (2012). Pestalotiopsis camelliae, a new species associated with grey blight of camellia japonica in China. Sydowia 64 (2), 335–344.

 Zhou, J., Sittmann, J., Guo, L., Xiao, Y., Huang, X., Pulapaka, A., et al. (2021). Gibberellin and auxin signaling genes RGA1 and ARF8 repress accessory fruit initiation in diploid strawberry. Plant Physiol. 185 (3), 1059–1075. doi: 10.1093/plphys/kiaa087

 Zhou, T., Zhang, J., Han, X., Duan, L., Yang, L., and Zhao, S. (2022). Mechanism of the mixture of abscisic acid and thidiazuron in regulating cotton leaf abscission. ACS Agric. Sci. Technol. 2 (2), 391–401. doi: 10.1021/acsagscitech.2c00011

 Zhu, B. S., Zhu, Y. X., Zhang, Y. F., Zhong, X., Pan, K. Y., Jiang, Y., et al. (2022). Ethylene activates the EIN2-EIN3/EIL1 signaling pathway in tapetum and disturbs anther development in arabidopsis. Cells 11 (19), 3177. doi: 10.3390/cells11193177



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Cai, Meng, Cui, Tian, Shi and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-13-1076037-g003.jpg
Expression protile
of cluster

Trend analysis of Gene cluster

Biosynthesis of secondary metabolites
Starch and sucrose metabolism

Plant hormone signal transduction
Galactose metabolism

Cutin, suberine and wax biosynthesis
Plant—pathogen interaction
Phenylpropanoid biosynthesis

MAPK signaling pathway — plant

2

Biosynthesis of secondalﬁr metabolites
Photosynthesis

Phenylpropanoid biosynthesis
alpha—Linolenic acid metabolism
Nitrogen metabolism

Flavonoid biosynthesis

Other glycan degradation
Glycosaminoglycan degradation

aQ
o=}
=
%]
1%}

) Carbon metabolism
Cysteine and methionine metabolism
Sulfur metabolism

Phenylpropanoid biosynthesis
Glycolysis / Gluconeogenesis
Galactose metabolism

Fructose and mannose metabolism
Citrate cycle (TCA cycle)

€STdHO

Carbon metabolism

Cysteine and methionine metabolism
Sulfur metabolism

Phenylpropanoid biosynthesis
Glycolysis / Gluconeogenesis
Galactose metabolism

Fructose and mannose metabolism

Protein processing in endoplasmic reticulum
Phenylpropanoid biosynthesis

Amino sugar and nucleotide sugar metabolism
Nicotinate and nicotinamide metabolism
Cysteine and methionine metabolism
Phenylalanine metabolism

Glycine, serine and threonine metabolism
Alanine, aspartate and glutamate metabolism

Plant hormone signal transduction

MAPK signaling pathway — plant
Plant—pathogen interaction

Amino sugar and nucleotide sugar metabolism
Zeatin biosynthesis

Pentose and glucuronate interconversions
Propanoate metabolism

Peroxisome

v
S1 S2 S3 S1 S2 S3

CF CHF

Functional analysis-KEGG

Citrate cycle (TCA cycle)
0

0.02.55.07.510.0

Functional analysis-GO

3 ;
3 Peroxisome
3

Response to
abscisic
acid

Response to.
. wounding

Glutathione

‘metabolic process

Defense response to

6 Response to
3 Defense Karrikin
2 - response
2 '
2
2
2
1
2 4 6
5
5
4
3
3

Protein
kinase

activity
Cellular
response to

3 hypoxia

3
2
2





OEBPS/Images/fpls-13-1076037-g005.jpg
CTK-related genes

CYP735A1
HK3

CKX1-1
CKX1-2 ‘

IPTS

~ LOGI 0

[ LOGS
CKX6 1
CKX7
CKX5
AHK?2 —2
Atlg67690
%
C§¢/ C§¢/ §/$/$/$/

Ethylene-related genes

ERF010
EREC.3
EO
ERF1A
CRLS5
ERF1B
DREB3 0
ERF5

ERF113
EIN4
ETR2
ERF.C.3
ETR2
\ VoD
SEES

GA-related genes

200x2

GA20X8 15
GIDIB
GIDIC-2 | 05

GA20X2 0
'GIDIC-1
GA200x1 05
CYP714D1 |
LE

—-1.5

\ YV >
S 9
«28/«28/«28/

ST S S

BR-related genes

\ W °’>
§/§/§/$/$/$/

TAA-related genes
|

NV S D O D
S/ K7 &7 DT
Q) @) @) «28/628/«28/

BSK5—4
BRIZ2
BSK1-3
BSK1-1
BSK7-1
BSK2
BSK1-2
BSKS5—2
BSKS5-3
BSK3—-1
BSKS5-1
BSK3—2
BSK7-2

. PIVY

TAA27-1
TAA27-2
ILL4

- ARF9
PIN1
TAA26
SAUR72
GH3.6
TAA4/5
SAURSO0
SAUR32
SAUR71-1
SAUR71-2





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Transcriptome and targeted hormone metabolome reveal the molecular mechanisms of flower abscission in camellia

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          Introduction

        



        		

          Material and methods

        

          		

            Plant materials and samples collected

          



          		

            Antioxidant enzyme activity measurements

          



          		

            Characterization of the histological structure of Camellia

          



          		

            Transcriptome sequencing and analysis

          



          		

            Extraction of metabolites and UPLC

          



          		

            Bioinformatics analysis of metabolites

          



          		

            Quantitative real-time polymerase chain reaction (qRT-PCR) analysis

          



        



        



        		

          Results

        

          		

            Morphological identification and activity of SOD and POD

          



          		

            Transcriptome differences and enrichment analysis

          



          		

            Expression clustering and functional analysis

          



          		

            ABA biosynthesis and expression changes of response genes

          



          		

            Hormone-related genes that may be involved in abscission

          



          		

            Transcription factors may be involved in abscission

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fpls-13-1076037-g001.jpg
- =
—=l

—

S3

s2
B CHF

t
—im |
||

CF

S
L

S o
g 2 8 g

(uom a1 H/)AABOE A0

= 3

=
"

o
.
5 z ®
s 3 3 =
S 2 B 2 2

(sanssn w\D?;:.ulu aos






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-13-1076037-g004.jpg
>

Relative content of ABA

N
&7

D P 2P .P

o
PP DT
&7 $E S

B
Geranylgeranyl-PP

Cluster—5064.109486
Cluster—5064.9691
crtB
l Prephytoene-PP
Cluster—5064.109486
ot P G sooison
Ls
! l Phytoene
0s
0 Cluster—5064.51687
o8 PDS | Cluster—5064.38383
B |

15,9'-dicis-Phytofluene

S1 82 S3 S1 82 S3
CF CHF

NCE
[

Abscisate
Cluster-5064.95808
. - [ Cruster-5064.88749 AAO3
T Abscisic aldehyde
[ I I Cluster-5064.89564 ~ ABA2
Xanthoxin

NCED

D
Cluster-5064.58970 Cluster—5064.58970
[ [Sieremeiaw it S & et

Cluster—5064.51687 9'-cis-Neoxanthin — NS Y— 9-cis-Violaxanthin L5
PDS - . .C]"s“"'_s‘”"‘33383 NeoxTanthin 015
o 1 -
1 9,15,9'-tricis-{-Carotene NSY 0
Z-ISO | 7 EET Cluster—5064.50756 —-0.5
l 9,9'-Di-cis-C-carotene Violaxanthin =1
T —~1.5
zos [ o I I Ccter-s064.80202 - ZEP
1 Antheraxanthin
TR
l 7,9,9'-tricis-Neurosporene I 1 Cluster—S064.89202 ZEP
4 .
ZDS Cluster—5064.84769 Zeaxanthin
Cluster—5064.60726 I Cluster-5064.81740 crtZ
l 7,9,7',9'-Tetra-cis-lycopene N
Cluster—5064.69400 B-Cryptoxanthin
crtISO Cluster—5064.87622 I Cluster-5064.81740 crtZ
Lycopene 1 p-Carotene
ertl-b [ WM Cluster-Soca7sass y-Carotene o g Cluster-s064.78488 - crtL-b

S1 82 S3 S1 82 S3
CF CHF






OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-13-1076037-g006.jpg
MYB

Cluster—5064.61188/MYB-1
Cluster—5064.24080/M Y B-2 2
Cluster—5064.78399/MYB-3
Cluster—5064.34537/MYB-4
Cluster—5064.9137/MYB-5
Cluster—5064.9212/MYB-6 1
Cluster—5064.112985/MY B-7
Cluster—5064.49430/MYB-8
Cluster—5064.76089/MYB-9 0
Cluster—5064.56641/MYB-10
Cluster—5064.91890/MYB-11
Cluster—5064.99206/MYB-12
Cluster—5064.86633/MYB-13 -1
Cluster—5064.68812/MYB-14
Cluster—5064.63899/MYB-15
Cluster—5064.38916/MYB-16
Cluster—5064.68381/MYB-17
Cluster—5064.26018/MYB-18
Cluster—5064.10065/MYB-19
Cluster—5064.69285/MYB-20
Cluster—5064.38709/MYB-21
Cluster—5064.76908/ M YB-22
Cluster—5064.120874/MYB-23
[ Cluster—5064.21745/MYB-24
Cluster—5064.31355/MYB-25
Cluster—5064.76666/MYB-26
Cluster—5064.42327/MYB-27

]
> & D %\ é\* <

FSEEE

WRKY

Cluster—5064.32474/ WRKY-1

] Cluster—5064.61104/WRKY-2
Cluster—5064.38330/WRKY-3 1
Cluster—5064.30354/WRKY-4
Cluster—5064.99536/ WRKY-5
Cluster—5064.83811/WRKY-6
Cluster—5064.18704/ WRKY-7 0
Cluster—5064.65301/WRKY-8

Cluster—5064.103970/WRKY-9
Cluster—5064.13346/WRKY-10
Cluster—5064.110315/WRKY-11
Cluster—5064.51696/ WRKY-12 -1
Cluster—5064.116181/WRKY-13
Cluster—5064.82162/WRKY-14
Cluster—5064.36591/ WRKY-15
Cluster—5064.88999/WRKY-16
Cluster—5064.118476/ WRKY-17
Cluster—5064.29378 WRKY-18
Cluster—5064.82163/ WRKY-19
Cluster—5064.70711/WRKY-20
Cluster—5064.116418/ WRKY-21
Cluster—5064.88785/WRKY-22
Cluster—5064.86606/ WRKY-23

N D D O D
$787S7 808087

B

%\ coq/ c;)

WD40
]

bHLH
] Cluster—5064.91887/bHLH-1 2
I Cluster—5064.39677/bHLH-2
Cluster—5064.57914/bHLH-3
Cluster—5064.1205/bHI.H-4 1
Cluster—5064.81268/bHI.H-5
Cluster—5064.71259/bHLH-6
Cluster—5064.81707/bHLH-7 0
Cluster—5064.74656/bHILLH-8
Cluster—5064.58408/bHIL.H-9
Cluster—5064.64629/bHIL.H-10

Cluster—5064.67635/bHLLH-13
| Cluster—5064.120967/bHL.H-14
Cluster—5064.115443/bHIL.H-15

Cluster—5064.74454/bHIL.H-16
g Cluster—5064.27530/bH1H-17

E | I-- Cluster—5064.52862/bHLH-11 | —1
Cluster—5064.43554/bHI.H-12 '
- l _2

Cluster—5064.63954/bHLH-18
Cluster—5064.111338/bHIL.H-19
Cluster—5064.82148/bHILLH-20
Cluster—5064.73700/bHLH-21
Cluster—5064.64454/bHI.H-22

%\, 09' %’5

Cluster—5064.19153/WD40-1 I
Cluster—506496109/WD40-2  ©
Cluster—5064.69930/WD40-3 05

S YD S YD -1
cfi/cfi 6%«23%‘23%«23% iy
MADS

jR B

Cluster—5064.8038/ MADS-1

Cluster—5064.73239/MADS-2
Cluster—5064.35043/MADS-3
Cluster—5064.58712/MADS-4
Cluster—5064.73957/MADS-5

I 1
0

\%"’)%\%é’)

§/§ Cfg/«gg/«b ‘2&/





OEBPS/Images/fpls.2022.1076037_cover.jpg
& frontiers | Frontiers in Plant Science

Transcriptome and targeted
hormone metabolome reveal
the molecular mechanisms of
flower abscission in camellia
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