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Global transcription and metabolic 
profiles of five tissues in pepper 
fruits
Chengsheng Gong, Guangjun Guo, Baogui Pan, Changzhou Gao, Xianwei Zhu, Jinbing Liu, 
Shubin Wang & Weiping Diao ✉

Studying the regulatory mechanisms in different tissues of pepper is crucial for understanding organ 
formation, growth, and development. However, relevant studies are far from sufficient. In the current 
study, the stipe, calyx, pericarp, placenta, and seed of ripe pepper were sampled, and metabolites 
were determined by the untargeted metabolomics method. Transcriptome sequencing was performed 
by Illumina NovaSeq 6000, and then a high-throughput data set was built. The results showed that 
a total of 4879 annotated metabolites were detected in 15 samples of the five tissues under positive 
and negative ion mode. A total of 110.66 Gb of clean data was obtained by transcriptome sequencing, 
the clean data of each sample reached 6.21 Gb, and a total of 35 336 annotated expression genes were 
obtained. Furthermore, validate the accuracy of the data by combining principal component analysis 
and other methods. In summary, this study provides valuable information for the genetic improvement 
and breeding of peppers, and it holds potential application value, particularly in enhancing the quality 
and nutritional value of pepper fruits.

Background & Summary
Pepper belongs to the Solanaceae Capsicum genus of crops1, and is one kind of horticultural crop planted world-
wide. It is worth noting that the pepper fruit can be eaten fresh and used as an important condiment, which is 
deeply loved by consumers. Meanwhile, the rich metabolic components in chili peppers offer direct or indirect 
benefits to human health and pharmaceutical production, among other fields2. As the market’s demand for 
high-quality vegetables increases, opportunities and challenges arise for the vegetable industry. Interestingly, 
integrating transcriptomic and metabolomic data offers new insights into understanding the growth and devel-
opment, metabolic pathways, and gene regulation in pepper.

Metabolomics is a popular subject that studies metabolites3, it has been widely studied in plants in recent 
years. Notably, metabolites are the basis for maintaining life activities, and are closely related to the growth 
and development of plants4–6. For instance, sugars, organic acids, and nucleotides provide essential energy for 
plant growth and development through a complex metabolic regulatory network7,8. In parallel, metabolites are 
the important link between genotype and phenotype, for example, carotenoids are metabolites associated with 
watermelon fruit color9, cucurbitin is the key metabolite that causes the bitter taste of bitter gourd10, and cap-
saicin is an important metabolite of pepper11. It is worth noting that in crops such as cabbage (Brassica oleracea 
var. capitata Linnaeus), sunflower (Abelmoschus manihot L. Medicus), and tomato (Solanum lycopersicum L.), 
critical research progress has been made in the study of metabolomics in different tissues, accelerating the syn-
thesis pathway of important metabolic substances12–15. Importantly, with the continuous development of metab-
olomics detection technology, high-throughput data has become a display16–18, such as untargeted metabolomics 
method to detect and analyze all metabolites that can be detected in the sample without bias.

The rapid development of transcriptome data has accelerated the mining of key genes for important traits 
and the in-depth study of key metabolic pathways. For example, by conducted transcriptome sequencing on 23 
cucumber tissues, and combined with functional studies, found that TERPENE SYNTHASE11 (TPS11)/TPS14, 
TPS01, and TPS15 were responsible for the production of volatile terpenes in root, flower and fruit tissues of 
cucumber, respectively19. And through transcriptome determination of different tissues, important progress 
has been made in the mining of key genes for the formation of important traits in watermelon, asparagus, and 
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other crops20,21. Unfortunately, research on transcriptional regulation of different tissues in peppers has mainly 
focused on nutrient organs such as roots, stems, and leaves22, while research on transcriptional regulation of 
reproductive organs such as fruits is still insufficient.

Transcriptome studies have made some progress in the analysis of the formation of carotenoids and other 
traits in pepper23. However, metabolomics studies mostly focus on a small number of metabolites such as cap-
saicin24, and there are no systematic transcriptome and metabolomics studies on different fruit tissues. In the 
current study, the stipe, calyx, pericarp, placenta, and seed of the pepper DC324 were sampled as experimen-
tal materials (Fig. 1), untargeted metabolomics methods were used to detect metabolites, second-generation 
sequencing technique was used for transcriptome sequencing to obtain data sets, and further validate the accu-
racy of these data. In summary, this study has yielded a rich dataset, demonstrating a certain level of innovation 
in metabolism and transcriptional regulation across multiple tissues of pepper fruit. It provides significant refer-
ences for future research on genetic mechanisms, genetic improvement, and breeding efforts.

Methods
Germplasm source and cultivation management of pepper.  The tested pepper DC324 belongs to 
Capsicu mannuum L., which is an inbred line germplasm resource of the line pepper, and was independently bred 
by the Vegetable Research Institute of Jiangsu Academy of Agricultural Sciences. In April of 2023, pepper seed-
lings were planted in the greenhouse of Luhe Animal Science base of Jiangsu Academy of Agricultural Sciences 
(Nanjing, Jiangsu, East longitude: 118.83, north latitude: 32.35) through seedling cultivation and transplanting. 30 
seedlings were planted with 50 cm plant spacing and 50 cm row spacing. Pollination was carried out by self-pol-
lination, and the date of pollination was marked with a label. The same fertilization, irrigation, and other culti-
vation management measures were adopted in the whole growth cycle, for example, the main fertilizers include 
pure N 5.0 kg, P2O5 5-6 kg, K2O 12–15 kg, and include about 15 irrigation cycles.

Sample collection of test materials.  At the ripening stage of the pepper fruit (the color of the peel com-
pletely turned yellow), samples were collected from peppers with relatively consistent growth at 55 days after pol-
lination. Three peppers from the same plant were mixed as a biological replicate, and peppers from three plants 
were taken as three biological replicates. During the sample collection, the stipe and calyx were separated first, 
and then the pepper fruit was cut longitudinally, and the pericarp, placenta, and seeds were sampled respectively. 
Each tissue was mixed and put into a 50 mL conical tube, then, put into liquid nitrogen for quick freezing, and 
transferred to the refrigerator at −80 °C until use.

Metabolite determination using untargeted metabolomics method.  The sample to be tested was 
fully ground into powder in the grinder, 50 mg of the freeze-dried sample was weighed for metabolite determina-
tion, 1000 μL of the extraction solution containing the internal standard was added (methanol acetonitrile-water 
volume ratio = 2:2:1, internal standard concentration 20 mg/L), which was used to correct for various biases that 
may occur during the analysis, and vortex mixed for 30 seconds; then add the steel ball to the 45 Hz grinder for 
10 min, ultrasonic 10 min; the sample to be tested was obtained after filtration. When detecting metabolites, 
metabolite determination was performed based on the LC-MS system, which mainly consists of Waters Acquity 
I-Class PLUS ultra-high performance liquid tandem and Waters Xevo G2-XS QTof high-resolution mass spec-
trometer. The Waters Acquity UPLC HSS T3 column (1.8 um 2.1 × 100 mm) was used as the chromatographic 
column. Positive and negative ion modes were used to determine the metabolites. Mobile phase A: 0.1% formic 
acid aqueous solution; Mobile phase B: 0.1% acetonitrile formate. The mobile phase conditions of liquid chro-
matography were as follows: the flow rate was 400 μL/min, 0.0 min: 98% flow A, 2% flow B; 0.25 min: 98% flow 
A, 2% flow B, 10.0 min: 2% flow A, 98% flow B; 13.0 min: 2% flow A, 98% flow B; 13.1 min: 98% flow A, 2% flow 
B; 15.0 min: 98% flow A, 2% flow B. MSe mode controlled by acquisition software (MassLynx V4.2, Waters) 
was used for primary and secondary mass spectrum data acquisition. ESI ion source parameters are as follows: 
Capillary voltage: 2500 V (positive ion mode) or −2000 V (negative ion mode); Cone hole voltage: 30 V; Ion 
source temperature: 100 °C; Desolvent temperature 500 °C; Air flow rate: 50 L/h; Desolvent gas flow rate: 800 L/h; 
Plastic-nucleus ratio (m/z) collection range 50–1200. In the qualitative and quantitative analysis of metabolites, 
the original data collected by MassLynx V4.2 were processed by the Progenesis QI software for peak extraction, 
peak alignment, and other data, and the metabolites were identified based on the Progenesis QI software online 

Fig. 1  Appearance diagram of different tissue parts of pepper fruit.
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METLIN database. Then, based on the results of the total score, MS2 score, and mass Error (ppm), the metab-
olites were qualitatively determined25. The final metabolite types were determined by the artificial deletion of 
duplicate data. KEGG (http://www.genome.jp/kegg/), HMDB (https://hmdb.ca/) and Lipidmaps (https://lipid-
maps.org/) were the main databases for metabolome data comparison.

Transcriptome sequencing and gene expression level analysis.  Transcriptome sequencing is a 
mature technology, with high throughput, high resolution, wide species availability, high sensitivity, wide detec-
tion range, and dynamic monitoring of gene expression levels. Total RNA was extracted from plants using RNA 
prep Pure Plant Kit (Tiangen, Beijing, China). The purity and concentration of RNA were measured using the 
NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE), and the integrity of RNA was 
measured using the Agient2100/LabChip GX (Agilent Technologies, CA, USA) to obtain high-quality RNA. 
Sequencing libraries were generated using the Hieff NGS Ultima Dual-mode mRNA Library Prep Kit for Illumina 
(Yeasen Biotechnology (Shanghai) Co., Ltd.). Index was added to the sequence for each sample. The libraries were 
sequenced on the Illumina NovaSeq 6000 platform (San Diego) to generate a 150 bp double-terminal sequence. 
Raw data in Fastq format was first processed by Perl scripts, while referring to Ewing, et al.26 ‘s method to calculate 
base Q-score. And the Zunla pepper genome27 was used as the reference genome for follow-up analysis. After 
the original quality control through FastQC (v0.11; https://github.com/s-andrews/FastQC), the valid data were 
then compared by HISAT2 (2.0.4)28 and SAMTools (v1.12)29 to the reference genome sequence. Transcriptome 
splicing was combined using StringTie (v2.2.1)30. And the software was used to identify new transcripts to mine 
for new genes. Then, the FPKM (Fragments Per Kilobase of exon model per Million mapped fragments) was used 
to measure the level of gene expression, and the gene enrichment analysis was realized by GO (Gene Ontology).

Data statistics and graph rendering.  EXCEL2023 was utilized for data analysis and statistical processing, 
while R software was primarily employed for graph generation. Specifically, the PCA prcomp, pheatmap package, and 
corrplot package were used to create principal component analysis figures, heatmaps, and correlation analysis figures.

Data Records
In the current study, the raw data for metabolomics can be obtained in Metabolights, with the ID MTBLS10002 
(MetaboLights MTBLS)31. The original transcriptome sequencing data was stored in NCBI Sequence Read 
Archive (SRA) accession (No. PRJNA1101187)32, and the SRR numbers for 15 samples range from SRR28741309 
to SRR28741323. Meanwhile, transcriptome and metabolome expression data have been uploaded to the 
figshare database for easy download and reference33 (sdata Figshare repository https://doi.org/10.6084/
m9.figshare.27054586).

Technical Validation
Biological repetition.  In the current study, fruit samples from different pepper plants were collected for 
three biological replicates to improve the reliability of the assay results.

Verification of metabolites.  Firstly, in terms of qualitative and quantitative analysis of metabolites, the original 
data collected by MassLynx V4.2 were processed by the Progenesis QI software for peak extraction, peak align-
ment and other data processing operations. The identification was carried out based on the online METLIN 
database of Progenesis QI software, the public database and the self-built database of Biomarker, and the the-
oretical fragment identification was also carried out. The mass number deviation of the parent ion is 100 ppm, 
and the mass number deviation of the fragmention was less than 50 ppm; the samples were measured in the 
same batch to ensure the reliability of the determination results, and the relative accumulation amount was used 
as an important indicator to measure the difference between different samples. And a total of 4 879 metabolites 
with annotated information were obtained.

Secondly, when correlation analysis and principal component analysis were performed on metabolome data, 
it was found that different tissues were significantly separated, and the two principal components explained 
31.69% and 26.78% of the variation, respectively (Fig. 2a). Meanwhile, there was a strong correlation between 
the three biological replicates of the same tissue (Fig. 2b). The results of the KEGG enrichment analysis indicate 
that metabolites are significantly enriched in pathways such as “Biosynthesis of Other Secondary Metabolites”, 
suggesting that different tissues are engaged in robust metabolic activities (Fig. 2c). Thus, by conducting thor-
ough analyses, we’ve amassed a comprehensive dataset of metabolites. These results help us understand the 
metabolic basis for the formation of functional specificity in different tissues. This variation was considered to 
be closely related to tissue functional specificity.

Validation of transcriptome data.  Among the 15 tested samples, a total of 110.66 Gb of clean data was obtained, 
the percentage of Q30 bases in each sample was no less than 93.90%, and the comparison efficiency of sequence 
alignment with reference genome ranged from 91.08% to 93.89% (Table 1). Through the distribution of Mapped 
Reads across various mRNA transcripts, it was found that gene expression is relatively consistent, with no evi-
dent degradation of the mRNA present (Fig. 3a). Therefore, the amount of data obtained was sufficient and can 
meet the requirements of subsequent analysis.

A total of 35 336 genes with gene annotation information were discovered. After further analysis of the distri-
bution characteristics of FPKM data, it was found that the FPKM value of coding genes ranged from 10−2 to 104, 
and the expression levels of most genes were concentrated between 0.1 and 10 (Fig. 3b-c). Meanwhile, through 
the enrichment analysis of Gene Ontology (GO) for all genes, it was found that a greater number of expressed 
genes are enriched in the ‘Metabolic Processes’ category (Fig. 3d). This suggests that the expressed genes play 
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a crucial regulatory role in aspects such as metabolite synthesis. Principal component analysis of all expressed 
genes showed that the first two principal components were 33.12% and 22.54%, respectively (Fig. 4a). The results 
of three biological repetitive clusterings showed that the same tissue sites had good repeatability (Fig. 4b), and 

Fig. 2  Correlation analysis diagrams and enrichment analysis diagrams of all metabolites. (a) Principal 
component analysis diagram of metabolites (b) Correlation heat map of metabolites between samples to be 
tested. (c) All metabolites enrichment analysis. H, C, R, P, and S stand for stipe, calyx, pericarp, placenta, and 
seed respectively. −1, −2, −3 represent three biological repeats.

Samples Clean reads Clean bases GC Content % ≥ Q30 Total Reads Mapped Reads

C-1 22,551,490 6,747,127,828 42.46% 93.90% 45,102,980 42,348,842 (93.89%)

C-2 28,945,693 8,669,540,148 42.10% 94.73% 57,891,386 52,932,560 (91.43%)

C-3 28,158,506 8,432,974,448 42.19% 95.74% 56,317,012 51,959,069 (92.26%)

H-1 29,372,823 8,797,201,222 42.28% 94.87% 58,745,646 53,982,730 (91.89%)

H-2 24,035,322 7,198,486,554 42.35% 94.94% 48,070,644 44,170,853 (91.89%)

H-3 23,338,645 6,989,308,336 42.04% 94.59% 46,677,290 42,628,846 (91.33%)

P-1 20,751,408 6,214,208,002 41.84% 94.74% 41,502,816 37,974,734 (91.50%)

P-2 23,509,655 7,040,829,242 42.30% 95.19% 47,019,310 43,541,038 (92.60%)

P-3 22,860,560 6,846,753,962 42.08% 95.26% 45,721,120 42,320,898 (92.56%)

R-1 26,699,719 7,997,842,696 42.09% 94.82% 53,399,438 49,073,607 (91.90%)

R-2 26,022,981 7,794,024,400 42.08% 94.99% 52,045,962 48,051,203 (92.32%)

R-3 23,580,515 7,063,388,502 42.26% 95.08% 47,161,030 43,651,699 (92.56%)

S-1 23,176,819 6,941,776,842 42.23% 95.66% 46,353,638 42,364,889 (91.39%)

S-2 24,843,070 7,440,962,514 42.08% 95.60% 49,686,140 45,675,667 (91.93%)

S-3 21,644,363 6,481,613,732 42.13% 95.12% 43,288,726 39,425,635 (91.08%)

Table 1.  Transcriptome sequencing data statistics table. Note: H, C, R, P, and S stand for stipe, calyx, pericarp, 
placenta, and seed respectively. −1, −2, −3 represent three biological repeats.
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Fig. 3  Quality control and statistical chart for transcriptome data across 15 samples of five tissues. 
(a) Distribution chart of Mapped Reads on mRNA. (b) Comparison of FPKM density distribution; (c) FPKM 
container line diagram. (d) Enrichment analysis chart for all genes using Gene Ontology (GO). Different colors 
in the picture represent different samples. H, C, R, P, and S stand for stipe, calyx, pericarp, placenta, and seed 
respectively.

Fig. 4  Correlation analysis diagram of all genes (a) Principal component analysis diagram of genes (b) 
Correlation heat map of genes between samples to be tested. H, C, R, P, and S stand for stipe, calyx, pericarp, 
placenta, and seed, respectively. −1, −2, and −3 represent three biological repeats.
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there were significant differences in different tissue sites. Rich transcriptomic data offer a robust foundation for 
deciphering metabolite formation, tissue-specific expression, and related studies.

Code availability
In the current study, data processing and analysis were mainly carried out through R software (3.6.1), related 
plug-ins, and data scripts, mainly obtained from publicly published data, and all the code was publicly available. 
For PCA analysis, PCA prcomp (R base function) 3.6.1 was used, and the scale method was uv scaling. For 
heatmap analysis, the pheatmap package (1.0.2) of R software was used, and the scale mode was UV scaling. The 
corrupt package (0.73) of R software was used for the correlation heat map, and the significance threshold was 
P value ≤ 0.05. We did not use additional custom code in this study.
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