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Introduction

Internode length of tea plant is one of the key traits affecting the mechanical harvesting effect, but there are relatively few reports on their molecular regulatory.





Methods

Transcriptome sequencing (RNA-seq) was performed on it in order to explain its molecular mechanism. GO, KEGG enrichment and WGCNA were used to identify key genes, and their expression levels in three tea tree varieties were validated by qRT-PCR.





Result

In this study, we measured the internode lengths of the three varieties and found that their internode lengths were ‘Feiyun’ > ‘Qiancha 1’ > ‘Longjing 43’. 10,518 differentially expressed genes were identified through transcriptome sequencing and analysis. GO and KEGG enrichment showed that these differentially expressed genes were mainly enriched in plant hormone signal transduction and DNA-binding transcription factor activity pathways. WGCNA analysis identified two modules significantly correlated with internode length. Combining enrichment analysis with WGCNA results, 28 candidate genes associated with internode length were identified. In addition, it was found that the expression levels of DELLA and GA3ox were highly expressed in ‘Longjing 43’, while GA2ox, WRKY, and ERF were highly expressed in ‘Feiyun’, showing significant positive and negative correlations with internode length, respectively.





Discussion

Our results provide candidate genes for studying the molecular mechanism of stem elongation, and provide a theoretical basis for selection machine harvested tea varieties and improvement of mechanical harvesting efficiency.
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1 Introduction

Tea plant (Camellia sinensis (L.) O. Kuntze) is an important economic crop in China (Xia et al., 2020). Tea drinks made by different processing methods are loved by consumers all over the world (Jiang and Wen, 2025; Mozumder et al., 2025). China’s tea plantation area, tea industry, and tea consumption all rank among the top in the world (Liao et al., 2025). In the process of tea production, tea picking is a crucial step in the transition from tea plantation cultivation to product production (Kumar et al., 2023). Improving tea picking efficiency can increase tea production and reduce the labor cost to promote the development of the tea industry (Abhiram, 2024). Tea picking is mainly divided into two types: manual picking and mechanical cutting (Lin et al., 2023). Due to the large scale of tea gardens, concentrated harvesting time, and high cost of manual harvesting, the advantages of mechanical harvesting are becoming increasingly prominent (Han et al., 2019). The traditional harvesting machinery currently widely used is to cut tea trees through gear rotation to obtain fresh tea leaves. Because the mechanical picking needs to cut the tea tree (Aaqil et al., 2023), there are certain requirement traits for the tree shape, stem internode length, and leaf attachment angle of tea plants (You et al., 2017). At present, there are various varieties of tea plans, but not all are suitable for mechanical harvesting, which is closely related to their various traits. It is particularly important to underlying the molecular mechanisms of tea varieties that are more suitable for machine harvesting traits in order to identify or cultivate them. For example, leaf droop is an important trait in tea machine harvesting. A study has found that CsBES1.2 can regulate the expression of CsEXL3 and thus regulate leaf droop (Liu et al., 2024). Afterwards, they identified a nucleotide variation in the promoter region of the CsTPR gene through whole genome association analysis, which regulates tea leaf droop (Liu et al., 2025).

The internode length of tea plant stems is one of the important traits that affect the mechanical harvesting effect (Luo et al., 2023). Generally speaking, longer stem length can increase the distance between buds and leaves, reduce damage to adjacent leaves during mechanical harvesting, and maintain leaf integrity (Pathiranage et al., 2023). Therefore, tea varieties with longer internodes are more suitable for mechanized harvesting. The length of stem internodes varies among different tea varieties, and this difference is caused by the different genetic backgrounds of tea varieties, which are fundamentally the result of gene regulation. GhSBI1 gene was found to inhibit the elongation of internode xylem cells and regulate the branch internode elongation in cotton (Zhong et al., 2024). RIN1 has been found to regulate the flowering and maturation stages of soybeans, and knocking out RIN1 significantly shortens the inter segmental distance (Li et al., 2023b). Furthermore, Through the correlation analysis between stem internode length and hormone content in 7 tea varieties, it was found that GA3 may be an important factor regulating tea plant stem elongation (Luo et al., 2023). The internode length of tea plant stems is an important trait affecting mechanical tea harvesting, but there is still relatively little research on its molecular regulation mechanism.

Plant hormones play an important regulatory role in plant growth and development, and gibberellin (GA), as one of the six major categories of plants, have been proven to be involved in regulating stem elongation in various plants (Jing et al., 2024; Shi et al., 2024). There have also been many advances in the study of the molecular mechanisms of gibberellin metabolism pathway genes and receptor proteins regulating stem elongation. For example, Stephen Pearce’s team found that the GA3OX3 and GA1OX1 genes in the GA pathway have a role in affecting GA levels, and demonstrated through mutation experience that these two genes have promoting and inhibitory effects on wheat stem elongation, respectively (Phillips et al., 2025). Chen et al. identified the GA2ox family in peach and found that they have a regulatory effect on gibberellin. They used tobacco transformation systems to verify that four GA2ox genes have the effect of shortening stem length (Cheng et al., 2021). In rice, ACE1 and DEC1 can act together with GA as promoting and inhibiting factors, respectively, to regulate the growth of internodes (Nagai et al., 2020). DELLA protein is a core negative regulatory factor in the GA signaling pathway, and studies have shown that it can regulate the expression of GA pathway genes through chromatin modification (Li et al., 2023a).

Transcription factors are important protein that regulates gene transcription and expression. They can regulate plant growth and development by modulating the expression of downstream genes (Jiao et al., 2024; Yu et al., 2025). Some studies have revealed the role of transcription factors in regulating stem development and cell elongation. GhMYB4 was found to regulate the expression of Lipid transfer protein (GhLTP4) and sucrose transporter (GhSWEET12) in cotton, and regulate the elongation of its fiber cells (Duan et al., 2025). The WRKY gene has been found to interact with plant hormone signaling pathways such as gibberellin and brassinosteroid to regulate internode length in plants (Wang et al., 2023).AtERF11 has been found to promote the expression of GA3ox1 and GA20ox in the GA synthesis pathway, thereby affecting GA synthesis and regulating the elongation of Arabidopsis internodes (Zhou et al., 2016). Subsequently, another study discovered that the variation of TaERF caused wheat dwarfism phenotype and demonstrated the role of this gene in wheat stems elongation (Li et al., 2025).

The correlation between stem internode length and tea plant varieties is influenced by their genetic background. Therefore, this study selected three tea plant varieties with different internode lengths for transcriptome sequencing to identify genes related to stem length and reveal their regulatory mechanisms. Through differentially expression gene and enrichment analysis, it was found that signal transduction and transcription factor related genes are involved in the regulation of stem elongation. Based on the results of WGCNA and enrichment analysis, 28 key genes positively and negatively correlated with stem length were identified. And the expression patterns of 9 genes, including GA2ox, GA3ox, DELLA, and WRKY transcription factor, were validated by qRT-PCR. This study provides candidate genes for studying the molecular mechanism of tea plant stem elongation from the perspectives of hormones and transcriptional regulation, deepening our understanding of tea plant stem development and aiding in the screening of suitable machine harvested varieties.





2 Materials and methods



2.1 Plant materials

Three tea varieties, Feiyun (FY), Qiancha 1 (QC1) and Longjing 43 (LJ43) were planted in tea germplasms in the Germplasm Tea Repository of the Guizhou Tea Research Institute located in Meitan County (N27°45’, E107°29’), Zunyi City, Guizhou Province, China. The reason for choosing these three varieties is that significant differences in stem length were found in the investigation of their stem length. In the spring of 2024, when the tea plants reached the stage of one bud and two leaves, stem tissues of the three tea plant varieties were sampled. The stem tissue between the second and fish leaves of these varieties was used as internode samples (Figure 1A), and three biological replicates were collected for each group. All samples were frozen in liquid nitrogen and stored in dry ice. They were brought back to the laboratory and stored at -80°C until use.

[image: Three plant cuttings labeled FY, QC1, and LJ43 showing varying internode lengths, placed on a gray background. A red scale indicates measurement. Adjacent is a bar graph depicting internode lengths in centimeters for FY, QC1, and LJ43, with error bars and labeled values: FY is the longest, and LJ43 the shortest.]
Figure 1 | The stem internode length of three tea varieties, namely Feiyun, Qiancha 1, and Longjing 43. (A) Pictures of stem internodes of three varieties. The internode length represents the length from the third leaf to the fish leaf, and the length of the red line segment in the bottom left corner represents 1 centimeter; (B) The statistical results of internode length for three varieties. Lowercase letters indicate a significance level of P < 0.05.




2.2 Statistics of internode length

When FY, QC1, and LJ43 reach the stage of one bud and two leaves, take 15 branches each from bud to fish leaf as the samples. The representative samples of the three varieties were photographed and the differences in internode length were identified according to their phenotypes. In addition, using a ruler to accurately measure the internode length between the second leaf and the fish leaf of all samples. Record and statistically analyze the measurement results of all samples from three groups, with accuracy rounded to one decimal place.




2.3 RNA extraction and sequencing

Nine stem tissues from three varieties were ground in liquid nitrogen and total RNA was extracted using RNAprep Pure Plant Plus Kit (cat DP441, Tiangen, China), according to the manufacturer’s protocol. The quality and quantity of each RNA extract was determined using automated electrophoresis system (Fragment Analyzer 5400) and Qubit fluorescence quantitative analyzer. The qualified RNA was reverse-transcribed and the chain specific library was built for transcriptome sequencing in Lianchuan Biotechnology Co., LTD. Paired-end 150-bp sequencing raw reads were obtained. Clean reads were generated from next-generation sequencing data after removing adapter and primer sequences and low-quality reads using Cutadapt (Martin, 2011). High-quality clean reads were used for subsequent analyses. The raw RNA-seq data are publicly available at the Genome Sequence Archive database of China National Center for Bioinformation (https://ngdc.cncb.ac.cn/gsa) under project accession number PRJCA036838.




2.4 Assembly and analysis of transcriptome

Splice-site and exon information were extracted from GTF file with Qiancha 1 genome (Qiao et al., 2025) annotation using Python scripts in HISAT2 (v.2.2.1) software. Then constructing a reference genome sequence index using the -build parameter of HISAT2 software. All clean data were mapped to the tea plant reference genome using HISAT2 with default parameter to generate SAM files. Samtools software was used to convert Sam files into BAM files (Ramirez-Gonzalez et al., 2012). Transcripts were assembled using the BAM files by StringTie software (v.2.2.1) with default settings (Pertea et al., 2016). To quantify the transcript expression level, the fragments per kilobase of per million mapped fragments (FPKM) were calculated by StringTie. To ensure the reliability of the assembly results, if a transcript has FPKM values less than one in three biological replicates of one sample, it will be removed and the remaining transcript will be considered to exist in the sample. The FPKM of the expressed genes were extracted in each sample and formed a table. The Non-redundant (Nr), Kyoto Encyclopedia of Genes and Genomes (KEGG), and Gene Ontology (GO) annotation information of the reference genome were downloaded for further analysis of the functions of these genes.




2.5 Differential expression and enrichment analysis

DEGseq package from R software (v4.2.2) was used to calculate differentially expressed genes (DEGs) based on their FPKM values in different groups (Wang et al., 2010). If the fold-change > 2 and q-values < 0.05 of a gene in two sets of samples, we define this gene as DEG. All DEGs between the two groups were statistically analyzed after removing redundancy and compared using a Venn diagram. TBtools software (Chen et al., 2023) was used for GO and KEGG analysis by their background files and DEGs. GO terms with corrected P < 0.01 were considered significantly enriched and visualizing the enrichment result by t R software.




2.6 Weighted gene co-expression network analysis

The stem internode length and expression of DEGs were used for co-expression analysis by the WGCNA package of R software (Pei et al., 2017). Cluster analysis is performed on DEGs, and the weighted values of correlation coefficients are calculated to make the genes in the network follow a scale-free network distribution. Selecting appropriate power values and constructing a one-step network to divide differentially expressed genes into different modules. The detailed parameters are as follow: power = 24, TOMType = unsigned, and branch merge cut height = 0.25. Finally, the constructed gene network and internode length were correlated to identify the gene modules significantly related to the trait.




2.7 Quantitative real-time PCR

Total RNA was synthesized into the first strand cDNA using the PrimeScript RT Reagent Kit (cat RR036A, Takara, Japan) using the manufacturer’s protocols. The cDNA of all samples was adjusted to a consistent concentration. The 10ul PCR amplification includes 5 μ L of TB Green (cat RR820A, Takara, Japan), 0.2 μ L of upstream and downstream primers, 1.5 μ L cDNA template, and 3.1 μ L of sterile water, and thermal cycling is performed using a two-step method. All reactions were run in technical triplicates and the CsActin gene was selected as the internal control (Mi et al., 2025). Relative expression of selected genes were analyzed using the 2-△Ct method. All primers used in qRT-PCR were listed in Supplementary Table S1.





3 Results



3.1 Differences in internode length among three varieties

In order to observe the differences in stem internode length among these three tea plant varieties, we measured the internode length from the second leaf to the fish leaf during their one bud and two leaf stages (Figure 1A). The results showed that FY had the longest internode length, followed by QC1 and LJ43, with LJ43 having the shortest internode length. The statistical results of measuring 15 internode lengths of each of the three varieties were consistent with the photographic results. The internode length of stem in FY, QC1 and LJ43 showed significant difference at p < 0.05 (Figure 1B). FY internode length ranges from 1.8 to 3.8 cm, with an average length of 2.4 cm; QC1 internode length ranges from 1.4 to 2.6 cm, with an average length of 1.9 cm; LJ43 has the shortest internode length, ranging from 1.1 to 2.3 cm with an average length of 1.6 cm (Figure 1B; Supplementary Table S2). The internode length of FY is significantly greater than that of QC1 and LJ43, and there is also a difference between QC1 and LJ43, but less than the difference between FY and them.




3.2 DEGs analysis of stem internode tissues in three varieties

To identify potential genes regulating stem length, we performed RNA-seq on stem tissues of FY, QC1, and LJ43. RNA-seq obtained a total of 48.85 Gb of raw data (range 5.32 ~ 6.31 Gb), Q30 was higher than 96%, GC content was about 44% (Supplementary Table S3). The DEGs in the three groups were analyzed, and a total of 10,518 DEGs were identified. Among them, there are 2566 DEGs including 1602 upregulated and 964 downregulated genes in QC1 vs FY, 6703 DEGs including 3907 upregulated and 2796 downregulated genes in QC1 vs LJ43, and 7859 DEGs including 3336 upregulated and 4523 downregulated genes in FY vs LJ43 (Figure 2A). We found that the two varieties with the largest internode length difference (FY and LJ43) also had the largest number of DEGs, while QC1H vs FY had the smallest number of DEGs. Furthermore, we performed a Venn diagram analysis of the DEGs in the three comparison groups. The result shows that only 542 of the 10,518 DEGs were differentially expressed in all three comparison groups. 1135, 272, and 2225 DEGs were identified individually only in groups QC1H vs LJ43, QC1 vs FY, and FY vs LJ43 (Figure 2B).

[image: Bar chart (A) shows differential expression of genes across three comparisons: QC1 versus LJ43, QC1 versus FY, and FY versus LJ43, with red for up-regulated and blue for down-regulated genes. Venn diagram (B) depicts overlapping and unique gene counts: 542 overlap among all, 272 in QC1 versus LJ43, 1135 in QC1 versus FY, 2225 in FY versus LJ43, and other intersections. Heatmap (C) presents gene expression patterns across samples LJ43, QC1, and FY with a color scale from blue (low) to red (high) indicating expression levels.]
Figure 2 | Differentially expressed gene analysis of three tea varieties. (A) Statistics on the number of DEGs. Purple, red, and blue represent the total number of DEGs, upregulated genes, and downregulated genes, respectively; (B) Venn diagram analysis of DEGs in the three groups; (C) Heat map analysis of the expression levels of DEGs. Cluster DEGs according to their expression patterns in three varieties. Blue and red represent low and high expression levels, respectively.

Heat maps were used to analyze the expression patterns of DEGs in the three varieties. According to their expression patterns, they can be classified into three categories (Figure 2C). The expression level of the first type of DEGs are highest in FY and relatively low in QC1 and LJ43; The expression level of the second type of DEGs are highest in QC1 and relatively low in FY and LJ43; The DEGs in the third category are highest in LJ43, while they are relatively low in FY and QC1. In addition, some DEGs in the first category showed a gradually decreasing trend in FY, QC1, and LJ43, while some DEGs in the third category showed a gradually increasing trend in FY, QC1, and LJ43. The expression trends of these two differentially expressed genes show the same or opposite relationship with the internode length of their stems, and may play a positive or negative regulatory role in the internode length.




3.3 Enrichment analysis of DEGs

To further investigate the functions of these DEGs, we conducted GO and KEGG enrichment analyses on them (Figure 3). The GO and KEGG enrichment pathways with p-values less than 0.01 after correction are displayed through bar charts and bubble plots. There are 5, 4, and 11 pathways for DEGs genes in the molecular function, cellular components, and biological processes modules of GO analysis. In molecular function, DEGs are mainly enriched in DNA-binding transcription factor activity, transcription regulator activity and DNA binding. In biological processes, DEGs are mainly enriched in signal transduction and biosynthetic process. KEGG enrichment analysis found that DEGs were mainly enriched in plant hormone signal transduction, signal transduction and flavonoid biosynthesis. It is worth noting that both KEGG and GO analyses enriched signal transduction pathways, indicating that hormone signals or signal receptor proteins may play an important role in regulating internode length. In addition, the regulation of transcription factors is also a major pathway for enrichment.

[image: Bar and bubble charts compare gene categories. Chart A shows gene numbers across functions like DNA binding and stress response, with color indicating significance levels. Chart B displays gene enrichment in processes like metabolism and biosynthesis, with bubble size representing gene number and color showing Q-value.]
Figure 3 | Enrichment analysis of DEGs. (A) GO Enrichment Pathway analysis with Q < 0.01. The coordinate values represent the number of genes in the pathway, and the column colors from blue to red indicate the magnitude of enriched Q values; (B) KEGG Enrichment Pathway analysis with Q < 0.01. The size and color of the circle represent the number of genes in the pathway and the enriched Q-value, respectively.




3.4 Analysis of genes associated with internode length

To explore the DEGs related to internode length of tea plants, we conducted WGCNA analysis on the DEGs identified in three tea varieties and their internode length. The results showed that 10,518 DEGs were clustered into 9 modules based on their expression patterns (Figure 4A), namely Black (106 DEGs), Blue (3168 DEGs), Pink (64 DEGs), Green (4412 DEGs), Yellow (441 DEGs), Red (253 DEGs), Brown (1679 DEGs), Turquoise (356 DEGs) and Grey (39 DEGs). In order to further identify DEGs related to stem internode length, we set a screening criterion and considered modules with | r | > 0.8 and P < 0.01 in the correlation analysis results as modules significantly correlated with internode length phenotype. According to this standard, we identified a blue module (r = 0.89, P = 0.001) significantly positively correlated with stem internode length and a green module (r = -0.95, P= 1e-4) significantly negatively correlated with this phenotype. Interestingly, DEGs positively and negatively correlated with internode length were identified in the 9 modules, indicating that gene regulation of tea stem internode length is influenced by both positive and negative factors.

[image: A three-panel figure analyzing gene modules and their associations. Panel A displays a heatmap of internode lengths with color-coded modules and their corresponding values. Panel B features Venn diagrams comparing transcription factors and signal transduction components within blue and green gene modules. Panel C presents a word cloud emphasizing various transcription factors, such as MYB, bHLH, and ethylene-responsive factors, highlighting their relative significance.]
Figure 4 | Identification of key genes related to internode length. (A) WGCNA analysis of inter-node length and DEGs. The number of genes in each module is listed on the left. The red and blue boxes represent the positive and negative correlations between DEGs and internode length, respectively; (B) Venn diagram analysis of DEGs in enrichment pathways and DEGs in blue and green modules; (C) Word cloud map of transcription factors in DEGs. The size of the font represents the frequency of transcription factor occurrence.

Through the enrichment analysis of DEGs, it was found that signal transduction and transcription factors may play a role in regulating stem elongation. In addition, gene modules significantly positively and negatively correlated with internode length were identified through WGCNA analysis. To further screen for key candidate genes, we performed Venn diagram analysis on the WGCNA results and enrichment results. There are a total of 3168 DEGs in the blue module positively correlated with stem length, and 581 DEGs in the enriched transcription factor pathway, of which 246 are significantly positively correlated with stem length (Figure 4B). There are 256 DEGs enriched in the signal transduction pathway, and 154 DEGs intersect with the blue module. Using the same method, the DEGs negatively correlated with stem length in the green module were intersected with DEGs in transcription factors and signal transduction pathways, and 331 transcription factors negatively correlated with stem length and 181 signal transduction genes negatively correlated with stem length were identified. Using word cloud analysis to analyze these transcription factors related to stem length, it was found that these transcription factors are mainly ethylene−responsive transcription factor (ERR), WRKY transcription factor, transcription factor bHLH, transcription factor MYB, and NAC domain−containing protein (Figure 4C).

These identified candidate genes were used as nodes to construct a co expression network of genes related to stem internode length. In the blue module, a total of 22 candidate genes related to stem length were identified, and these candidate genes were classified into 6 categories according to their gene annotations. Among them, there were 5 types of transcription factors, namely 5 WRKY, 6 ERF, 3 NAC, 2 bHLH, and 3 MYB. In addition, 3 gibberellin 2-oxidase genes (GA2ox) in gibberellin metabolic pathways were identified (Figure 5). Based on the number of candidate gene nodes, they are represented by circles of different sizes. The information of all candidate genes is listed in Supplementary Table S4. For example, in the blue module, ERF (CsQC014983) has a maximum of 2683 connections with other genes, while MYB (CsQC027741) has a minimum of 13 connections with other genes (Supplementary Table S4). In the green module, a total of 6 candidate genes related to stem length were identified, including 3 bHLH transcription factors, 1 WRKY transcription factor, 1 DELLA protein, and 1 gibberellin 3-oxidase genes (GA3ox) gene. A total of 28 hub genes were identified in two modules, which may play a positive or negative role in regulating tea stem elongation.

[image: Network diagram illustrating two modules: the Blue module on the left and the Green module on the right. The Blue module contains clusters labeled WRKY, GA2ox, ERF, bHLH, MYB, and NAC, represented by nodes of varying sizes and colors connected by grey lines. The Green module features clusters labeled bHLH, DELLA, GA3ox, and WRKY, also depicted by nodes of varying sizes and colors connected by black lines. The layout shows complex interconnections among nodes in each module.]
Figure 5 | Co-expression network of genes related to internode length constructed by Cytoscape. Different colored circles represent different gene categories. The size of the circle represents the number of genes connected to the node.




3.5 Expression patterns of key genes in three varieties

The expression patterns of candidate genes related to internode length in three tea varieties were analyzed by qRT-PCR. The results showed that the selected 9 genes were differentially expressed in all three varieties (Figure 6). The expression level of one DELLA protein (CsQC006443) gradually increased in FY, QC1, and LJ43, and there were significant differences among the three varieties. This change pattern is negatively correlated with the internode length of the three varieties. Another DELLA protein (CsQC023224) is highly expressed in FY and QC1, while its expression level is lower in LJ43. The expression trends of two GA2ox genes (CsQC027290 and CsQC041233) in the three varieties are consistent, with high expression in FY, followed by QC1 with the lowest expression level in LJ43. The expression trend of GA3ox (CsQC053710) is opposite to that of GA2ox, with gradually increasing expression levels in FY, QC1, and LJ43. The expression patterns of MYB (CsQC027741), ERF (CsQC030079), and two WRKY transcription factors (CsQC050228 and CsQC053961) in the three varieties are consistent, with the highest expression in FY followed by QC1, and the lowest expression level in LJ43. The expression patterns of these four transcription factors in the three varieties are significantly positively correlated with their stem internode length, which may play a role in regulating stem elongation.

[image: Bar charts display relative expression levels of various genes: DELLA proteins (CsQC06443, CsQC023224), gibberellin 2-oxidase (CsQC027290), gibberellin 3-oxidase (CsQC053710), MYB transcription factor (CsQC027741), WRKY transcription factors (CsQC050228, CsQC053961), and ethylene-responsive transcription factor (CsQC030079). Expression levels are compared across FY, QC1, and LJ43 conditions, with significant differences indicated by letters a, b, c. Each chart includes labeled axes and error bars.]
Figure 6 | qRT-PCR analysis of key candidate genes related to internode length. The gene ID and annotation are displayed above the bar chart. The lowercase letters a–c represent significant differences at the P < 0.05 level.





4 Discussion

Stem internode length is one of the key traits regulating plant structure, which can affect the light energy utilization efficiency of plants and have an impact on their yield and environmental adaptability (Zhao et al., 2021; Tan et al., 2024). In tea plants, internode length is an important indicator that affects their harvesting efficiency (Luo et al., 2022, 2023). Therefore, selecting tea varieties with appropriate internode length and exploring the molecular regulation mechanism of internode length are of great significance for improving the efficiency of tea plantation harvesting. In this study, we characterized internode length variation among FY, QC1, and LJ43 tea varieties. Compared with LJ43, both QC1 and FY have longer internode lengths, and internode length of FY is significantly longer than that of QC1. This result provides good materials for exploring the mechanism of stem growth and its suitability for mechanical harvesting. In addition, there have been reports on the molecular mechanisms of internode length in other crops, with genes related to the gibberellin pathway and transcription factor regulation being the most common (Ding et al., 2021; Yan et al., 2022). This study identified 28 candidate genes, including GA3ox, DELLA, WRKY, MYB etc., that may regulate internode length through transcriptome sequencing combined with DEGs, enrichment analysis, and WGCNA. Compared with previous studies, we identified genes related to stem length at the whole genome level and identified key hormones and transcriptional regulatory metabolic pathways associated with tea plant stem length, proposing potential molecular mechanisms for regulating tea plant stem length.

GA2ox, GA3ox and GA20ox are key genes in the GA synthesis pathway, affecting the content of gibberellin in plants and regulating internode length (Wu et al., 2023). In addition, the DELLA protein in GA signal transduction is also related to the regulation of internode length by GA (Wu et al., 2021). In this study, genes GA2ox, GA3ox, and DELLA were also identified, which is similar to previous reports and suggests that they may regulate the elongation of tea plant stem internodes. The GA3ox and GA20ox genes promote the synthesis of active GA, which in turn promotes the elongation of plant internode length (Yu et al., 2021; Paciorek et al., 2022). GA2 promotes the synthesis of inactive GA, and DELLA protein is an inhibitory factor of GA signaling pathway, which generally has a negative regulatory effect on internode length (Shi et al., 2024). qRT-PCR showed that the expression of DELLA gene gradually increased in FY, QC1, and LJ43, and was significantly negatively correlated with its internode length. This also suggests that DELLA protein may have an inhibitory effect on tea stem elongation. The expression patterns of GA2ox and GA3ox genes are positively and negatively correlated with internode length, respectively. This may be due to the dynamic regulation changes in material growth status, environment, and GA. Based on the current results, we have identified them as key genes regulating internode length in tea plants. However, whether they have a positive or negative regulatory effect needs to be verified through transgenic methods using a stable genetic transformation system in the future.

In addition to the gibberellin pathway, the regulation of transcription factors is also involved in the elongation process of plant stems. A R2R3-MYB transcription factor MYB112 has been found to promote elongation of hypocotyls in Arabidopsis (Cai et al., 2023). We found that the expression levels of MYB, WRKY, and ERF gradually decreased in FY, QC1, and LJ43, and were significantly positively correlated with their internode length. This suggests that these transcription factors may promote the elongation of tea tree stems. However, further experimental verification is needed for its functionality, and after determining its effect on internode elongation, its target genes will be further identified, and the regulatory network of transcription factors target genes internode length will be analyzed. In addition, studies have found that ERF and WRKY transcription factors can regulate the expression of GA3ox, GA20ox, and GA2xox in the GA synthesis pathway in Arabidopsis and rice, thereby regulating stem development (Zhou et al., 2016; Wei et al., 2021). Previous studies on internode length in tea plants have mostly focused on the GA metabolic pathway. This study identified candidate genes for MYB, WRKY, and ERF transcription factors in transcriptional regulation, and we found that a positive or negative correlation between the identified transcription factors and genes in the GA pathway, which may be able to regulate the expression of these genes.




5 Conclusion

In summary, our study identified significant differences in internode length among three tea plant varieties. Through RNA seq, DEGs analysis, enrichment analysis, and association analysis with internode length, it was found that the regulation of transcription factors and the GA pathway are the main pathways affecting internode length in tea plants. Afterwards, key genes that may regulate the internode length of tea plants were identified through these pathways, such as DELLA, GA2ox, GA3ox, WRKY and ERF. These findings provide insights into the molecular mechanisms of stem elongation in tea plants and lay the foundation for the breeding of tea tree varieties suitable for machine harvesting.





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://ngdc.cncb.ac.cn, PRJCA036838.





Author contributions

XM: Data curation, Formal Analysis, Methodology, Writing – original draft, Writing – review & editing. DQ: Methodology, Validation, Visualization, Writing – original draft. CY: Validation, Visualization, Writing – original draft. JC: Validation, Visualization, Writing – original draft. SL: Validation, Visualization, Writing – original draft. YG: Conceptualization, Funding acquisition, Writing – review & editing.





Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This research was funded by Guizhou Provincial Key Technology R&D Program ((2021) General 189), Guizhou Key Laboratory of Molecular Breeding for Characteristic Horticultural Crops (Qiankehepingtai ZSYS (2025)027) and Guizhou Modern Agriculture Research System-Tea (GZCYCYJSTX-02).





Conflict of interest

The 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.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2025.1626915/full#supplementary-material




References

	 Aaqil, M., Peng, C., Kamal, A., Nawaz, T., Zhang, F., and Gong, J. (2023). Tea harvesting and processing techniques and its effect on phytochemical profile and final quality of black tea: A review. Foods 12, 4467. doi: 10.3390/foods12244467


	 Abhiram, G. (2024). The evolution of tea harvesting: A comprehensive review of machinery and technological advancements. J. Biosyst. Eng. 49, 346–367. doi: 10.1007/s42853-024-00238-9


	 Cai, Y., Liu, Y., Fan, Y., Li, X., Yang, M., Xu, D., et al. (2023). MYB112 connects light and circadian clock signals to promote hypocotyl elongation in Arabidopsis. Plant Cell 35, 3485–3503. doi: 10.1093/plcell/koad170


	 Chen, C., Wu, Y., Li, J., Wang, X., Zeng, Z., Xu, J., et al. (2023). TBtools-II: A “one for all, all for one” bioinformatics platform for biological big-data mining. Mol. Plant 16, 1733–1742. doi: 10.1016/j.molp.2023.09.010


	 Cheng, J., Ma, J., Zheng, X., Lv, H., Zhang, M., Tan, B., et al. (2021). Functional analysis of the gibberellin 2-oxidase gene family in peach. Front. Plant Sci. 12, 619158. doi: 10.3389/fpls.2021.619158


	 Ding, C., Lin, X., Zuo, Y., Yu, Z., Baerson, S. R., Pan, Z., et al. (2021). Transcription factor OsbZIP49 controls tiller angle and plant architecture through the induction of indole-3-acetic acid-amido synthetases in rice. Plant J. 108, 1346–1364. doi: 10.1111/tpj.15515


	 Duan, Y., Shang, X., Wu, R., Yu, Y., He, Q., Tian, R., et al. (2025). The transcription factor GhMYB4 represses lipid transfer and sucrose transporter genes and inhibits fiber cell elongation in cotton. Plant Physiol. 197, kiae637. doi: 10.1093/plphys/kiae637


	 Han, Y., Xiao, R. H., Song, Y. Z., and Ding, Q. W. (2019). Design and evaluation of tea-plucking machine for improving quality of tea. Appl. Eng. Agric. 35, 979–986. doi: 10.13031/aea.13116


	 Jiang, D., and Wen, W. (2025). Not just flavor: Insights into the metabolism of tea plants. Curr. Opin. Plant Biol. 85, 102716. doi: 10.1016/j.pbi.2025.102716


	 Jiao, W., Wang, M., Guan, Y., Guo, W., Zhang, C., Wei, Y., et al. (2024). Transcriptional regulatory network reveals key transcription factors for regulating agronomic traits in soybean. Genome Biol. 25, 1–24. doi: 10.1186/s13059-024-03454-w


	 Jing, S., Ren, X., Lin, F., Niu, H., Ayi, Q., Wan, B., et al. (2024). Stem elongation and gibberellin response to submergence depth in clonal plant Alternanthera philoxeroides. Front. Plant Sci. 15, 1348080. doi: 10.3389/fpls.2024.1348080


	 Kumar, K. R., Dashora, K., Kumar, S., Dharmaraja, S., Sanyal, S., Aditya, K., et al. (2023). A review of drying technology in tea sector of industrial, non-conventional and renewable energy based drying systems. Appl. Thermal Eng. 224, 120118. doi: 10.1016/j.applthermaleng.2023.120118


	 Li, J., Li, Q., Wang, W., Zhang, X., Chu, C., Tang, X., et al. (2023a). DELLA-mediated gene repression is maintained by chromatin modification in rice. EMBO J. 42, e114220. doi: 10.15252/embj.2023114220


	 Li, R., Liu, J., Chai, L., Du, D., Yang, W., Zhu, J., et al. (2025). Natural variation in TaERF-A1 confers semi-dwarf and lodging-resistant plant architecture in wheat. Plant Commun. 6, 101194. doi: 10.1016/j.xplc.2024.101194


	 Li, S., Sun, Z., Sang, Q., Qin, C., Kong, L., Huang, X., et al. (2023b). Soybean reduced internode 1 determines internode length and improves grain yield at dense planting. Nat. Commun. 14, 7939. doi: 10.1038/s41467-023-42991-z


	 Liao, Q., Liang, P.-X., Xing, Y., Yao, Z.-F., Chen, J.-P., Pan, L.-P., et al. (2025). Optimizing selenium application for enhanced quality and nutritional value of spring tea (Camellia sinensis). Horticulturae 11, 423. doi: 10.3390/horticulturae11040423


	 Lin, G., Xiong, J., Zhao, R., Li, X., Hu, H., Zhu, L., et al. (2023). Efficient detection and picking sequence planning of tea buds in a high-density canopy. Comput. Electron. Agric. 213, 108213. doi: 10.1016/j.compag.2023.108213


	 Liu, H., Duan, L., Ma, J., Jin, J., Huang, R., Liu, Y., et al. (2024). CsEXL3 regulate mechanical harvest-related droopy leaves under the transcriptional activation of CsBES1. 2 in tea plant. Horticult. Res. 11, uhae074. doi: 10.1093/hr/uhae074


	 Liu, H., Duan, L., Tang, C., Ma, J., Jin, J.-Q., Chen, J., et al. (2025). A single base mutation in promoter of CsTPR enhances the negative regulation on mechanical related leaves droopiness in tea plant. Horticult. Res. 12, uhaf098.


	 Luo, K., Wu, Z., Cao, C., Qin, K., Zhang, X., and An, M. (2022). Biomechanical characterization of bionic mechanical harvesting of tea buds. Agriculture 12, 1361. doi: 10.3390/agriculture12091361


	 Luo, Y., Yu, Q., Xie, Y., Xu, C., Cheng, L., Shi, Q., et al. (2023). Internode length is correlated with GA3 content and is crucial to the harvesting performance of tea-picking machines. Plants 12, 2508. doi: 10.3390/plants12132508


	 Martin, M. (2011). Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet. J. 17, 10–12. doi: 10.14806/ej.17.1.200


	 Mi, X., Qiao, D., An, Y., Yang, C., Lin, K., Peng, C., et al. (2025). Genome-wide association study of tea plant based on SLAF-seq revealed SNP variations regulating timing of bud flush. Plant Gene 42, 100511. doi: 10.1016/j.plgene.2025.100511


	 Mozumder, N. H. M. R., Lee, J.-E., and Hong, Y.-S. (2025). A comprehensive understanding of Camellia sinensis tea metabolome: from tea plants to processed teas. Annu. Rev. Food Sci. Technol. 16, 379–402. doi: 10.1146/annurev-food-111523-121252


	 Nagai, K., Mori, Y., Ishikawa, S., Furuta, T., Gamuyao, R., Niimi, Y., et al. (2020). Antagonistic regulation of the gibberellic acid response during stem growth in rice. Nature 584, 109–114. doi: 10.1038/s41586-020-2501-8


	 Paciorek, T., Chiapelli, B. J., Wang, J. Y., Paciorek, M., Yang, H., Sant, A., et al. (2022). Targeted suppression of gibberellin biosynthetic genes ZmGA20ox3 and ZmGA20ox5 produces a short stature maize ideotype. Plant Biotechnol. J. 20, 1140–1153. doi: 10.1111/pbi.13797


	 Pathiranage, S., Wijeratne, M., and De Costa, W. (2023). Impact of motorized tea harvesters on tea yield and yield determining parameters. Trop. Agric. Res. 34, 316–330. doi: 10.4038/tar.v34i4.8672


	 Pei, G., Chen, L., and Zhang, W. (2017). “WGCNA application to proteomic and metabolomic data analysis,” Methods in enzymology (Elsevier) 585, 135–158.


	 Pertea, M., Kim, D., Pertea, G. M., Leek, J. T., and Salzberg, S. L. (2016). Transcript-level expression analysis of RNA-seq experiments with HISAT, StringTie and Ballgown. Nat. Protoc. 11, 1650–1667. doi: 10.1038/nprot.2016.095


	 Phillips, A. L., Huttly, A. K., Alarcón-Reverte, R., Clark, S. J., Jaworek, P., Tarkowská, D., et al. (2025). GIBBERELLIN 3-OXIDASE genes regulate height and grain size in bread wheat. J. Exp. Bot. 10, eraf151. doi: 10.1093/jxb/eraf151


	 Qiao, D., Lei, W., Mi, X., Yang, C., Liang, S., Li, H., et al. (2025). Three-dimensional genomic structure and aroma formation in the tea cultivar ‘Qiancha 1’. Horticult. Res. 12, uhaf064. doi: 10.1093/hr/uhaf064


	 Ramirez-Gonzalez, R. H., Bonnal, R., Caccamo, M., and Maclean, D. (2012). Bio-samtools: Ruby bindings for SAMtools, a library for accessing BAM files containing high-throughput sequence alignments. Source code Biol. Med. 7, 1–6. doi: 10.1186/1751-0473-7-6


	 Shi, B., Felipo-Benavent, A., Cerutti, G., Galvan-Ampudia, C., Jilli, L., Brunoud, G., et al. (2024). A quantitative gibberellin signaling biosensor reveals a role for gibberellins in internode specification at the shoot apical meristem. Nat. Commun. 15, 3895. doi: 10.1038/s41467-024-48116-4


	 Tan, J., Liu, X., Li, Q., Ma, K., and Huang, W. (2024). Variation in internode length patterns: a data analysis of internode length and serial number in three bamboo species. Front. Ecol. Evol. 12, 1440494. doi: 10.3389/fevo.2024.1440494


	 Wang, H., Chen, W., Xu, Z., Chen, M., and Yu, D. (2023). Functions of WRKYs in plant growth and development. Trends Plant Sci. 28, 630–645. doi: 10.1016/j.tplants.2022.12.012


	 Wang, L., Feng, Z., Wang, X., Wang, X., and Zhang, X. (2010). DEGseq: an R package for identifying differentially expressed genes from RNA-seq data. Bioinformatics 26, 136–138. doi: 10.1093/bioinformatics/btp612


	 Wei, X., Zhou, H., Xie, D., Li, J., Yang, M., Chang, T., et al. (2021). Genome-wide association study in rice revealed a novel gene in determining plant height and stem development, by encoding a WRKY transcription factor. MDPI AG 22, 8192. doi: 10.3390/ijms22158192


	 Wu, K., Xu, H., Gao, X., and Fu, X. (2021). New insights into gibberellin signaling in regulating plant growth–metabolic coordination. Curr. Opin. Plant Biol. 63, 102074. doi: 10.1016/j.pbi.2021.102074


	 Wu, W., Zhu, L., Wang, P., Liao, Y., Duan, L., Lin, K., et al. (2023). Transcriptome-based construction of the gibberellin metabolism and signaling pathways in Eucalyptus grandis× E. urophylla, and functional characterization of GA20ox and GA2ox in regulating plant development and abiotic stress adaptations. Int. J. Mol. Sci. 24, 7051.


	 Xia, E.-H., Tong, W., Wu, Q., Wei, S., Zhao, J., Zhang, Z.-Z., et al. (2020). Tea plant genomics: achievements, challenges and perspectives. Horticult. Res. 7, 7. doi: 10.1038/s41438-019-0225-4


	 Yan, Q., Li, J., Lu, L., Yi, X., Yao, N., Lai, Z., et al. (2022). Comparative transcriptome study of the elongating internode in elephant grass (Cenchrus purpureus) seedlings in response to exogenous gibberellin applications. Ind. Crops Products 178, 114653. doi: 10.1016/j.indcrop.2022.114653


	 You, X., Chen, Z., Zhong, Q., Lin, Z., Shan, R., and Chen, C. (2017). Internode-distance and leaf-angles of eight oolong tea cultivars with potential for mechanical picking. Acta Tea Sin. 58, 21–25.


	 Yu, K. M. J., Mckinley, B., Rooney, W. L., and Mullet, J. E. (2021). High planting density induces the expression of GA3-oxidase in leaves and GA mediated stem elongation in bioenergy sorghum. Sci. Rep. 11, 46. doi: 10.1038/s41598-020-79975-8


	 Yu, X.-Q., Niu, H.-Q., Zhang, Y.-M., Shan, X.-X., Liu, C., Wang, H.-L., et al. (2025). Transcription factor PagWRKY33 regulates gibberellin signaling and immune receptor pathways in Populus. Plant Physiol. 197, kiae593. doi: 10.1093/plphys/kiae593


	 Zhao, D.-D., Son, J.-H., Farooq, M., and Kim, K.-M. (2021). Identification of candidate gene for internode length in rice to enhance resistance to lodging using QTL analysis. Plants 10, 1369. doi: 10.3390/plants10071369


	 Zhong, W., Wu, L., Li, Y., Li, X., Wang, J., Pan, J., et al. (2024). GhSBI1, a CUP-SHAPED COTYLEDON 2 homologue, modulates branch internode elongation in cotton. Plant Biotechnol. J. 22, 3175–3193. doi: 10.1111/pbi.14439


	 Zhou, X., Zhang, Z.-L., Park, J., Tyler, L., Yusuke, J., Qiu, K., et al. (2016). The ERF11 transcription factor promotes internode elongation by activating gibberellin biosynthesis and signaling. Plant Physiol. 171, 2760–2770. doi: 10.1104/pp.16.00154







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 © 2025 Mi, Qiao, Yang, Chen, Liang and Guo. 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-16-1626915-g002.jpg
X103 B up-regulated I down-regulated QC1HvsFY
5 4523
3907
4
3336
. 3 2796
D
o 2 1602
G 964
5 1
Qo
£
=]
z ©
o
J W g
[
4 2566 £ @
o 3
6 (¢] [
=
w
8 6703
7859
L QC1HvsLJ43 QC1HvsFY FYvsLJ43

LJ43

i :
05 ' ” ‘
. I
= QC1
-0.5 I I il | I

FY

.A‘LL'A‘ e —— ;. 1-:‘ ‘L"'-:_‘—"':‘L"‘I e e e





OEBPS/Images/cover.jpg
& frontiers | Frontiers in Plant Science

Transcriptome sequencing revealed
the regulation of stem internode
length associated with mechanical
harvesting in three tea varieties





OEBPS/Images/fpls-16-1626915-g003.jpg
A N O
— -

-log,o(p-adjust)

iF

DNA-binding transcription
factor activity

Transcription regulator activity
DNA binding
Signaling receptor activity

Carbohydrate binding

Plasma membrane

External encapsulating
structure

Cell wall

Membrane

Response to chemical

Response to endogenous
stimulus

Response to external stimulus
Secondary metabolic process
Response to biotic stimulus
Response to stress

Cell communication
Response to abiotic stimulus
Signal transduction

Lipid metabolic process

Biosynthetic process

©

©

<

1200 1600 2000
Gene number

Unclassified: metabolism =

Transporters =

Stilbenoid, diarylheptanoid
and gingerol biosynthesis ~
Signal transduction =

Protein families: SIgnahng
and cellular processes

Plant hormone signal
transduction

Phenylpropanoid biosynthesis =

Metabolism of other _
amino acids

Metabolism '.

Lipid metabolism =

Lipid biosynthesis proteins =
Glycosyltransferases =
Glutathione metabolism =
Flavonoid biosynthesis =
Fatty acid degradation =

Enzymes with EC numbers =

Environmental Information _
Processing

Cytoskeleton proteins =

Biosynthesis of unsaturated
fatty acids

Biosynthesis of other _
secondary metabolites

Amino acid metabolism =

500
1000

Gene number

®
°
°
@
@
( ]
®
@
®
®
03

© © <

—Iog10(QvaIue)

04

Rich factor





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-16-1626915-g005.jpg
Blue module Green module






OEBPS/Images/fpls-16-1626915-g001.jpg
0 o 0 =
(V] (q\] ~ ~

(wo) yibus| spoulayu|






OEBPS/Images/fpls-16-1626915-g004.jpg
Black

Blue

Pink

Green

Yellow

Red

Brown

Turquoise

Grey

Internode length

0.5

-0.5

Blue module
TFs
Blue module

4081

Green module
TFs
Green module

{ranscription factor MYB NAC domap..

ancrpon cke 67
heat shock factor protein

bZIP transcription factor

e P

‘auxin-responsive protein transcription factor TCP

MYB-related protein

homeobox-leucine zipper protein . . factof
tion
transcription factor bHLH ~ \WRKY transcriP

ethylene-responsive transcription factor

Signal transduction

Signal transduction





OEBPS/Images/fpls-16-1626915-g006.jpg
Relative expression (2-2%) Relative expression (2-2%)

Relative expression (2-2%)

CsQC006443

012 (DELLA protein)
0.10 a
0.08 b
0.06
c
0.04
0.02
0.00
CsQC053710
x10-3 (gibberellin 3-oxidase)
0.6
05 g
0.4 2
0.3
0.2
0.1
b
0.0
CsQC050228
(WRKY Transcription Factor)
0.025
a
0.020
0.015
0.010
0.005 b
c
QC1 LJ43

CsQC023224
(DELLA protein)
a

0.018
0.016
0.014
0.012
0.010
0.008
0.006
0.004
0.002
0.000

CsQC041233
(gibberellin 2-oxidase)

n

CsQC053961
(WRKY transcription factor)

0.014
0.012
0.010

0.008
0.002

b
C
0.000

0.08

0.06

-

0.04

1 PN

FY QC1 LJ43

CsQC027290
ibberellin 2-oxidase
0.025 @ )
a
0.020
0.015
0.010
b
0.005
c
0.000
CsQC027741
(MYB transcription factor)
0.0 3
0.05
0.04
0.03
b
0.02
0.01 c
0.00
CsQC030079

(ethylene-responsive transcription factor)
0.012
a

0.010

0.008

0.006

0.004

0.002

0.000
FY

QC1

LJ43





