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Abstract
Background The artificial hybridization of Paphiopedilum began in 1869. With the breakthrough in
aseptic sowing techniques, the number of hybrids surged. Over 30,000 hybrids have been registered by
the Royal Horticultural Society (RHS). Hybrids derived from Paphiopedilum delenatii typically retain its
prominent characteristics: large, symmetrical petals and a magenta-purple labellum. In this study, the
hybrid of P. delenatii and P. primulinum exhibited an overall creamy-white coloration. This study focuses
on the divergence in floral coloration between the hybrid and their parental lines. Through comparative
transcriptome analysis and flavonoid metabolic profiling across three distinct Paphiopedilum, we aim to
elucidate the molecular mechanisms underlying how hybrids deviate from the red and yellow-green
phenotypes of their parents to develop a cream-colored pigmentation.

Results The labellum and dorsal sepal morphology closely resembled P. primulinum, while the petal traits
combined the wavy margins of P. primulinum and smooth surface of P. delenatii. Flavonoid metabolome
analysis of the floral tissues, a total of 29 flavanones, 93 flavones and flavonols, 13 anthocyanins, 23
isoflavonoids, six flavonoids, and four chalcones and dihydrochalcones were detected. Remarkably,
anthocyanin content is significantly higher in P. delenatii compared to P. primulinum and the hybrid.
Transcriptome analysis highlighted significant up-regulation of genes in the flavonoid biosynthesis
pathway and phenylpropanoid biosynthesis pathway when comparing hybrids to P. primulinum.
Conversely, early-stage biosynthetic genes were down-regulated in hybrid relative to P. delenatii, likely
contributing to metabolite content differences.

Conclusion This study employed multi-omics analysis to compare the floral tissues of P. delenatii and P.
primulinum, along with their hybrid progeny. It identified differences in flavonoid metabolite content
among them. By analyzing differentially expressed genes (DEGs) within the KEGG flavonoid biosynthesis
pathway, the molecular mechanism underlying the divergent floral pigmentation pattern of the hybrid
compared to both parental species was explored. Analysis of transcriptomic data, through comparison
with the non-redundant (NR) protein database, revealed a closer phylogenetic relationship between
Paphiopedilum and the genus Dendrobium, whereas morphologically Paphiopedilum is classified under
Cypripedium-related taxa. These findings provide novel insights and molecular evidence for
understanding Paphiopedilum floral coloration and phylogenetic relationships.

Introduction
Orchidaceae are the most diverse family of angiosperms, comprising 28000 species spread across 736
genera [1,2]. The Paphiopedilum genus (commonly known as " Lady's Slipper Orchid ") comprises 96-100
species globally and is primarily distributed in Southeast Asia, the Himalayan lowlands, and Southwest
China [3]. Renowned for its slipper-shaped floral morphology and vibrant color variations, this genus
holds significant horticultural value and is a prized ornamental plant in global markets [4]. China is the
country with the richest diversity of Paphiopedilum species in the world. There are 27 native species
indigenous to China, accounting for one-third of the globally recorded wild Paphiopedilum species, and
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most are distributed in Yunnan or Guangxi Province [3]. All Paphiopedilum species are included in
Convention on International Trade in Endangered Species of Wild Fauna and Flora (CITES). The natural
distribution range of Paphiopedilum delenatii Guill. (Orchidaceae) spans northern Guangxi Province and
southeastern Yunnan Province in China, as well as southern Vietnam [5]. Its floral morphology exhibits a
diameter of 6-8 cm, with the dorsal sepal and synsepal presenting a pure white coloration, while the
labellum displays a distinct pink pigmentation. This species displays notable adaptability to cultivation
under controlled horticultural conditions [3]. On the other hand, Paphiopedilum primulinum M. W. Wood &
P. Taylor is native to Sumatra and Java, Indonesia [6]. The flower has a diameter of 6.5-7 cm, with the
dorsal sepal and synsepal displaying greenish-yellow coloration, while the petals and labellum are
yellow[7]. Because of their uniqueness in flower color and morphology, they are widely sought after by
orchid lovers. Therefore, the hybrid varieties of P. delenatii or P. primulinum as their parents are also
welcomed by Paphiopedilum lovers, and have won a large number of prizes in the orchid exhibition [3].

Flowering plants typically rely on multi-sensory media, such as color, scent, and morphology, to attract
pollinators, thereby ensuring successful reproduction [8]. Although some plants increase their
attractiveness to pollinators through a combination of olfactory and visual signals [9], visual signals are
still decisive for attracting pollinators [10]. The color of flowers is determined by secondary metabolites,
including flavonoids, carotenoids, and betalains, which collectively regulate pigmentation based on their
chemical structures and cellular environment [11]. Numerous studies on floral pigmentation have shown
that flowers displaying red, purple, or blue colors exhibit high anthocyanin content, whereas pale or white
flowers primarily contain flavonols or chalcones [12, 13]. Generally, within the same species, darker
flowers colors are typically associated with higher flavonoid content, particularly anthocyanins [14], but
the effect of total flavonoid content on flower color did not show obvious correlation [15].

The flavonoid biosynthesis pathway constitutes a key branch of the phenylpropanoid pathway extended
via chalcone synthase (CHS), through which a multitude of flavonoid secondary metabolites are
generated. These metabolites are broadly categorized into six classes: flavones, flavonols, flavanones,
flavanols, anthocyanins, and isoflavones [16]. The flavonoid biosynthesis pathway is governed by a
series of critical enzymes and genes, including phenylalanine ammonia-lyase (PAL), cinnamate 4-
hydroxylase (C4H), and 4-coumarate-CoA ligase (4CL) [17]. The enzymatic pathway for flavonoid
biosynthesis as follows: 4CL generates flavanones, such as naringenin, through the catalytic actions of
chalcone synthase (CHS) and chalcone isomerase (CHI). When catalyzed by dihydroflavonol 4-reductase
(DFR) and anthocyanidin synthase (ANS), flavanone can be converted into anthocyanins; under the
catalysis of flavonol synthase (FLS) along with flavonoid 3'-hydroxylase (F3'H) or flavonoid 3',5'-
hydroxylase (F3'5'H), it generates flavonols; additionally, isoflavone synthase (IFS) and flavone synthase
(FNS) mediate the production of isoflavones and flavones respectively[17]. These enzymes are regulated
by their corresponding genes [18]. With the development of science and technology, transcriptomics has
been gradually applied to botanical research. Through RNA sequencing technology, the gene expression
pattern of plants can be comprehensively analyzed, and the regulatory mechanism of genes can be
explained [19], and the complex gene expression network can be revealed [20]. In research of orchid
plants, using metabolomics-transcriptomics combined analysis, reveal Dendrobium nobile flavonoid
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metabolite content and metabolic pathway different genes on flower color diversity impact, and obtain
regulatory gene network [21]. The three Paphiopedilum plants used in this study exhibited yellow-green,
purplish-red, and cream-white flower colors, respectively. Through integrated analysis of flavonoid
metabolomics and transcriptomics, we performed a comparative analysis of the differences in flavonoid
metabolism and gene expression between the hybrid and its parental lines. This approach revealed the
molecular mechanisms underlying the segregation phenomenon of flower coloration between the hybrid
plant and its parents.

Results
Characteristics of flavonoid metabolizing substances in Paphiopedilum L. 

The floral structure of the native species P. delenatii exhibit two broad, smooth, and glabrous white
petals. The dorsal sepal is nearly white, while both the synsepal and the labellum display a uniform
purple coloration (Fig. 1a). P. primulinum features petals with undulate margins and ciliate edges. The
labellum is yellow-green, while the dorsal sepal and synsepal are green (Fig. 1b). The hybrid combines
the broad petal morphology inherited from P. delenatii and the undulate petal margins from P.
primulinum. The synsepal is yellow-green with sparse reddish pigmentation, while the dorsal sepal,
petals, and labellum are uniformly cream-colored (Fig. 1c). Results of our determination of flavonoid
metabolic content in these three Paphiopedilum plants，a total of 29 flavanones were detected, among
which Hesperetin 5-O-glucoside, Eriocitrin, Poncirin, Naringenin and Butin were much higher in P.
delenatii than in the other two. The contents of Naringenin and Butin in the cream-colored hybrid were
higher than P. primulinum (Fig. 2A, Table S1). 93 flavones and flavonols were detected. There was no
significant difference in the content of most compounds between P. primulinum and hybrid, while some
metabolites, such as Kaempferol-3-O-rutinoside, Chrysoeriol 7-O-rutinoside, were found to be higher in P.
delenatii than in the others (Fig. 2B). Among the 13 anthocyanins detected, the content of Cyanidin in P.
delenatii was consistently higher than that in P. primulinum and the hybrid. In contrast, the concentration
of Procyanidin A2 in the hybrid significantly exceeded those in its parental species (Fig. 2C). Additionally,
23 isoflavonoids, 6 flavonoids, and 4 chalcones and dihydrochalcones were identified. Among 168
flavonoid metabolites, the hybrid exhibited 45 metabolites with significant differential abundance
compared to P. delenatii, of which 36 were down-regulated. In contrast, only 15 flavonoid metabolites
showed significant differential abundance relative to P. primulinum, with 12 being up-regulated (Table 1).

Table 1 The number of flavonoid metabolites in Paphiopedilum

Compared
Samples

Num. of Total
Ident.

Num. of Total
Sig.

Num. of Sig.
Up

Num. of Sig.
Down

Hybrid vs Pd 168 45 9 36

Hybrid vs Pp 168 15 12 3

Pd vs Pp 168 47 40 7
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Num. of Total Ident.: The number of total identified metabolites.

Num. of Total Sig.: The number of totals significantly differential metabolites.

Num. of  Sig. Up: The number of totals significantly upregulated metabolites.

Num. of Sig. Down: The number of totals significantly downregulated metabolites

Analysis of transcriptome dataset

The transcriptome data were compared with the annotation results of seven databases. 45.6 % of
unigenes could be compared to NR database, only 8.28 % could be compared to KOG database. And
more than 26% in GO, NT, PFAM and SwissProt databases, they were 26.82 %, 27.35 %, 26.82 % and
28.12 %, respectively (Fig. 3A, Table S2 ). When compared with the NR database maintained by NCBI,
20.3 % of the unigenes showed significant sequence alignment with Dendrobium catenatum, followed by
Dendrobium nobile (14.7 %) and Dendrobium chrysotoxum (12.7 %) (Fig. 3B, Table S3 ). 

Transcriptomic data from three color morphs of Paphiopedilum floral tissues were subjected to pairwise
sample comparisons to quantify differentially expressed genes (DEGs). Our analysis revealed 16,621
DEGs between P. delenatii (paternal parent) and P. primulinum (maternal parent), with comparable
numbers of up-regulated (8,842) and down-regulated (7,779) genes in the yellowish-green P. primulinum
relative to P. delenatii (Fig. 4A). The hybrid progeny exhibited 3,338 DEGs compared to P. delenatii and
4,623 DEGs relative to the P. primulinum (Fig. 4A). Obviously, the majority of DEGs in hybrid comparisons
displayed up-regulation regardless of the parental line. Intersectional analysis identified 194 shared
DEGs across all three Paphiopedilum plants (Fig. 4B).

Analysis of differential expressed genes related flavonoid biosynthesis. 

KEGG (http://www.kegg.jp/ or http://www.genome.jp/kegg/) is an integrated database resource for
biological interpretation of genome sequences and other high-throughput data. Molecular functions of
genes and proteins are associated with ortholog groups and stored in the KEGG Orthology (KO)
database [22]. Comparative analysis against the KO database revealed distinct unigene associations
with flavonoid biosynthesis pathways in the hybrid progeny relative to P. delenatii (paternal parent) and P.
primulinum (maternal parent). Specifically, 47 unigenes were annotated to the general flavonoid
biosynthesis pathway (ko00941), 3 unigenes to anthocyanin biosynthesis (ko00942), and 14 unigenes to
flavone/flavonols biosynthesis (ko00944). Notably, no unigenes correlated with isoflavonoid
biosynthesis (ko00943) were identified in either hybrid-parent comparison (Fig. 5).

Discussion
Artificial hybridization breeding in the genus Paphiopedilum commenced in the 1860s [3]. Driven by
market demand, the proliferation of artificially hybridized varieties accelerated significantly over time.
This trend is quantitatively reflected in Sander's List of Orchid Hybrids, which documents a dramatic
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increase in registered orchid hybrids from 750 species in 1946 to over 130 000 by 2019 [23, 24]. Among
numerous Paphiopedilum hybrids derived from P. delenatii as a parental species, the majority retain the
characteristic large and symmetrical petals inherited from this species. A subset of these hybrids
exhibits distinct floral features including magenta-purple labella or pure white petals, as exemplified by
Paphiopedilum Magic Lantern 'Ralph' and Paphiopedilum Joyce Hasegawa 'Ruey-Hwa' [25]. The hybrid
plant material utilized in this study was developed through artificial hybridization breeding techniques
between P. primulinum and P. delenatii. The resulting hybrid exhibits a creamy-white coloration across its
entire floral structure, with a slightly yellowish tint compared to the petals of P. delenatii. Morphological
analysis revealed that the labellum and dorsal sepal closely resembled those of P. primulinum in
morphology. Prominently, the petal morphology demonstrated an intermediate inheritance pattern: the
undulate margins characteristic of P. primulinum were preserved, combined with the large, glabrous
surface texture typical of P. delenatii (Fig. 1). This chimeric expression pattern suggests incomplete
dominance in petal trait inheritance during interspecific hybridization. Analysis of flavonoid detection in
floral tissues revealed that P. delenatii exhibited a higher abundance of flavonoid metabolites compared
to P. primulinum. Similarly, the hybrid demonstrated flavonoid metabolite levels higher than those of P.
primulinum but lower than those of P. delenatii when compared to their parental species (Fig. S2). In
numerous studies on flower color, the content of flavonoids, especially anthocyanins, in dark flowers was
higher than that in light flowers among the same species [26]. In this study, the anthocyanin content in P.
delenatii, characterized by magenta-purple labella, was found to be significantly higher than that of the
yellowish-green P. primulinum and hybrid cultivar, except for Petunidin 3-O-glucoside. Notably, Petunidin
3-O-glucoside, a compound which substantial accumulation induces deep red to purple pigmentation in
plant tissues, was also detected at elevated levels in the Zikui tea plant (Camellia sinensis cv. Zikui).
Petunidin 3-O-glucoside, alongside cyanidin glycosides, is considered to co-regulate the expression of
purple pigmentation traits in plant [27]. The Petunidin 3-O-glucoside in P. primulinum was significantly
higher than that in the other two species, but did not show purple color, which may be due to the low
content of cyanidin 3-O-glucoside. Beyond the direct chromatic effects of anthocyanins, other flavonoid
metabolites, such as flavonoids and isoflavonoids, demonstrate substantially elevated levels in dark-
pigmented floral tissues compared to lighter-colored counterparts [28], suggesting their synergistic or
regulatory roles in pigmentation intensity [29]. In the transcriptome analysis, we also found three
unigenes related to anthocyanin synthesis, 14 unigenes related to flavone and flavonol biosynthesis, and
47 unigenes related to flavonoid biosynthesis. Although it is not clear what role these genes play in the
formation of the color of the Paphiopedilum.

In this study, we performed transcriptome sequencing on the flowers of three Paphiopedilum plants, and
it can be intuitively seen from the number of DEGs that most of the differentially expressed genes were
up-regulated in the hybrid compared with its parents. In KEGG enrichment analysis, pairwise
comparisons were conducted to examine the top 20 most significantly enriched pathways of
differentially expressed genes among them. The DEGs enriched in flavonoid synthesis pathway and
phenylpropanoid biosynthesis showed particularly significant enrichment (Fig. S3). The phenylpropanoid
biosynthesis pathway and the flavonoid biosynthesis pathway share upstream pathways in
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phenylpropanoid metabolism but utilize distinct enzymes. In the flavonoid biosynthesis pathway, the
phenylpropanoid biosynthesis pathway provides essential precursor substances [30]. In comparison with
P. primulinum, the differentially expressed genes involved in the phenylpropanoid biosynthesis pathway
and flavonoid biosynthesis pathway were all highly significant in hybrids. To visually explore the
expression differences among the three Paphiopedilum plant within the flavonoid biosynthesis network,
we first examined the pathway map of KEGG pathway ko00941 (Flavonoid Biosynthesis) (Fig. S4).
Compared with P. primulinum, genes at most nodes in the flavonoid biosynthetic pathway of the hybrid
were up-regulated (Fig. S4A). In contrast, when compared with P. delenatii, although genes at some
nodes in the later stages of biosynthesis were up-regulated, the majority of genes at nodes in the early
stages of biosynthesis were down-regulated. For example, multiple genes in pathways such as EC:
2.3.1.74 (CHS) and EC: 1.14.1491 (trans-cinnamate 4-monooxygenase) exhibited this pattern (Fig. S4B).
The up-regulation and down-regulation of these genes might have influenced the differences in the final
flavonoid metabolite content.

With the application of multi-omics in botanical research, some scholars have conducted in-depth
studies on the genomics and transcriptomics of Orchidaceae plants [31]. Researchers analyzed
transcriptomic data of P. armeniacum, P. concolor, P. hirsutissimum and P. malabellumoense, revealing
three whole-genome duplication (WGD) events during the evolutionary history of Paphiopedilum, the
resultsuggested that Paphiopedilum belongs to the subfamily Cypripedioideae, which diverged from its
sister clades within the subfamily approximately 29.9 Mya (14.6–39.1 Mya) [32]. On the other hand, in
the Orchidaceae family, the earliest diverged subfamily is Apostasioideae, followed by Vanilloideae,
Cypripedioideae, Orchidoideae, and finally Epidendroideae [1].

In this study, when comparing the transcriptome data of three Paphiopedilum species with the NR
database, the results showed that 47.7% of sequences were aligned to the genus Dendrobium within the
subfamily Epidendroideae, while 7.8% and 7.6% matched sequences from the subfamilies Vanilloideae
and Apostasioideae, respectively. Noticeably, no significant matches were detected to other sister clades
within the subfamily Cypripedioideae, which may be attributed to the insufficient genomic data coverage
of Cypripedioideae plants in the NR database (Fig. 3A). On the other hand, when we aligned
Paphiopedilum transcriptomic data to six other databases, the coverage rates were all below 30% (Fig.
3B). This phenomenon may primarily be due to Paphiopedilum being a non-model organism, coupled
with a lack of molecular genetic research reports and the absence of its gene functional annotations in
databases like KEGG (Kyoto Encyclopedia of Genes and Genomes) and GO (Gene Ontology) [33].
Additionally, it is also possible that due to the uniqueness of Paphiopedilum, a large number of novel
genes or species-specific genes exist in its transcriptome, which cannot be annotated through
homology-based mapping to functional databases [34, 35]. Molecular analysis of Paphiopedilum is an
essential approach to comprehensively understand this species, and it also provides a theoretical
foundation for the conservation of Paphiopedilum populations and the breeding of new cultivars.

Conclusion and future directions
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This study analyzed flavonoid metabolites in the floral organs of diverse Paphiopedilum species and
their hybrid progeny, providing a critical foundation for understanding the molecular mechanisms
underlying floral coloration in Paphiopedilum. Integrated with transcriptomics analysis, it offers novel
insights into the regulatory mechanisms controlling the biosynthesis of color-related compounds in
Paphiopedilum plants. The hybrid exhibited cream-colored floral colour, distinct from the purple and
yellow-green phenotypes of the parental lines. In this process, anthocyanin content plays a pivotal role in
purple pigmentation. Upregulation or downregulation of genes at specific nodes within the flavonoid
biosynthesis pathway resulted in altered flavonoid accumulation, ultimately leading to the loss of
coloration in the hybrids.

Future research should further investigate the differentially expressed genes within the flavonoid
biosynthesis pathway, integrating sequences and expression of related candidate genes to identify key
regulatory genes control floral pigmentation in Paphiopedilum. Furthermore, metabolomic analysis
revealed that only a minor subset of flavonoid metabolites showed significant content differences
between the hybrid and P. primulinum. This result may be attributed to the yellow-green pigmentation of
P. primulinum correlating with non-flavonoid metabolites rather than flavonoids. Consequently, we will
extend our investigation to compare the contents of carotenoids, betalains, and chlorophyll in the floral
organ of these three Paphiopedilum plants. Paphiopedilum cultivars are highly sought after in the
floriculture market, particularly for their vibrant coloration. Breeding novel varieties with unique
ornamental traits remains a primary objective for horticulturists. This study will continue to explore the
regulatory genes associated with floral color and the dynamics of pigment-related metabolites, thereby
providing a theoretical foundation for molecular breeding strategies in Paphiopedilum.

Method and Materials
Plant Materials

The plant materials were cultivated in the tissue culture room and greenhouse located in Xingyi City,
Guizhou Province (104°54´E, 25°09´N). The tissue culture room maintained a constant temperature of
25°C, while the greenhouse temperature fluctuated between 10–30°C. The Paphiopedilum varieties
included P. delenatii, P. primulinum, and their hybrid (Fig. 1). P. delenatii plant and P. primulinum plant
were initially sown in the tissue culture room in December 2017 and transplanted to the Xingyi
greenhouse eight months later. For hybrid development, crosses were performed in April 2020 using P.
delenatii as the paternal parent and P. primulinum as the maternal parent. The hybrid seeds were sown in
tissue culture bottles in December 2020 and transplanted to the Xingyi greenhouse eight months post-
germination. Sampling of floral tissues was conducted according to the respective flowering periods: P.
delenatii plant and P. primulinum plant were sampled in April 2024, while the hybrid was sampled in May
2024.

Biochemical analysis
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Flavonoid-targeted metabolite components were sampled from petals and labella and identified and
quantified using a liquid chromatography-mass spectrometry (LC-MS) system.

De novo transcriptome assembly and annotation

RNA integrity was assessed using the Bioanalyzer 2100 system (Agilent Technologies, CA, USA). Low-
quality reads were filtered from raw sequencing data to obtain clean reads. De novo transcriptome
assembly was performed using Trinity software [36], generating unigenes with N50 and N90 values of
1205 and 393, respectively (Table S4). Transcriptome completeness was evaluated using BUSCO
(Benchmarking Universal Single-Copy Orthologs), with the Trinity assembly achieving a BUSCO
completeness score of 70.1% (Fig. S5). Gene function was annotated based on the following databases,
such as NCBI non-redundant protein sequences (Nr), NCBI nucleotide sequences (Nt), Protein family
(Pfam), Clusters of orthologous groups for eukaryotic complete genomes (KOG), Swiss-Prot, Kyoto
Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO). Coding sequences (CDS) were
predicted by aligning unigenes against the NCBI non-redundant protein database (Nr) and Swiss-Prot
database. For unigenes without hits in these databases, open reading frames (ORFs) were predicted
using TransDecoder (v3.0.1), yielding putative CDS sequences.

Analysis of differentially expressed genes

RSEM and bowtie was used for comparing and normalizing the mapping read to calculating the gene
expression levels by the fragments per kilobase of transcript per million mapped reads (FPKM).
Differential expression of the two genes was analyzed using DESeq2, and the criteria for identification of
differentially expressed genes were based on｜log2(FoldChange) |≥1 and the false discovery rate
(FDR)≤0.05. GO and KEGG pathway enrichment analysis were performed from significant DEG using
clusterProfiler R software. PPI analysis of differentially expressed genes was based on STRING database
which contains known and predicted protein-protein interactions, via diamond (version 0.9.13).
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Figures

Figure 1

Phenotypic comparison of three Paphiopedilum L. Paphiopedilum primulinum (A), Paphiopedilum
delenatii (B) and their hybrid progeny (C), Scale bars = 1cm.
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Figure 2

Relative quantitative values of flavonoid metabolites in three flowers of Paphiopedilum. The figure
shows only the relative quantification values of three flavonoid subclasses，flavanones (A), flavones and
flavonols (B) and anthocyanins (C). Pp: P. primulinum, Pd: P. delenatii,Hybrid: The hybrid progeny of P.
delenatii and P. primulinum.
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Figure 3

Comparison of transcriptome data with databases. A: Percentage of unigene numbers annotated in
seven databases, GO: Gene Ontology, KO: Kyoto Encyclopedia of Genes and Genomes (KEGG) Orthology,
KOG: Clusters of orthologous groups for eukaryotic complete genomes, Nr: NCBI non-redundant protein
sequences, Nt: NCBI nucleotide sequences, Pfam: Protein family, Swiss-Prot: Swiss-Prot Protein
Knowledgebase; B: Species distribution diagram of matched sequences in the Nr database.
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Figure 4

Statistical Quantification of Differentially Expressed Genes. A：Statistical Bar Chart of Differentially
Expressed Genes (DEGs). Compare denotes the names of comparative groups; All indicates the total
number of DEGs identified in each comparison; Up and Down represent the counts of upregulated and
downregulated DEGs, respectively. Threshold specifies the analytical software (e.g., DESeq2/edgeR); B:
Venn Diagram of DEG Overlaps, Venn diagram visualizing overlaps of DEGs among multiple comparative
groups.
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Figure 5

KEGG metabolic pathway classification statistical diagram. The x-axis represents KEGG Orthology (KO)
metabolic pathway names, while the y-axis indicates the number of genes annotated to each pathway.
Box annotations specify the KEGG pathway names corresponding to their respective KO identifiers (e.g.,
ko00940).
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