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ABSTRACT  

Deciphering the functional architecture of the transcriptome is 

essential for understanding molecular regulation and biological 

complexity, particularly in non-model plant species. Most 

transcriptomic studies rely primarily on expression-level comparisons, 

which may overlook higher-order functional organization. Here, we 

aim to identify functionally coherent transcript modules in 

Cinnamomum species using an annotation-driven unsupervised 

clustering framework. Transcripts were characterized using Gene 

Ontology (GO) terms, KEGG pathways, protein domains, and BRITE 

classifications, followed by principal component analysis (PCA) for 

dimensionality reduction and K-means clustering (k = 4). The 

resulting clusters exhibited distinct functional profiles, including 

modules enriched in stress response, signal transduction, primary 

metabolism, and secondary metabolite biosynthesis. KEGG pathway 

enrichment analysis further supported the biological relevance of 

these modules, highlighting metabolic specialization and adaptive 

strategies. Overall, this study demonstrates that annotation-based 

unsupervised clustering provides an effective alternative to 

expression-only analyses for revealing biologically meaningful 

transcript organization in Cinnamomum, with implications for plant 

functional genomics and chemical biology. 
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Cinnamomum ’da Stres Yanıtı ve Metabolik Yollarla İlişkili İşlevsel Transkript Modüllerinin 

Açıklamaya Dayalı Kümeleme ile Belirlenmesi 
 

ÖZET  

Transkriptomun işlevsel mimarisinin ortaya konması, özellikle model 

organizma olmayan bitki türlerinde moleküler düzenleme ve biyolojik 

karmaşıklığın anlaşılması açısından büyük önem taşımaktadır. Çoğu 

transkriptomik çalışma, genellikle ifade düzeyine dayalı 

karşılaştırmalara odaklanmakta olup, bu yaklaşım daha üst düzey 

işlevsel organizasyonu gözden kaçırabilmektedir. Bu çalışmanın 

amacı, ifade düzeyinden bağımsız olarak anotasyon temelli özellikler 

kullanarak Cinnamomum türlerinin transkriptomunda işlevsel 

olarak tutarlı gen modüllerini belirlemektir. Bu kapsamda 

transkriptler, Gen Ontolojisi (GO) terimleri, KEGG yolakları, protein 

domainleri ve BRITE sınıflandırmalarına dayalı olarak 

özelliklendirilmiş; ardından temel bileşen analizi (PCA) ve K-

ortalamalar yöntemi (K-means, k = 4) ile dört kümeye ayrılmıştır. 

Elde edilen kümeler stres yanıtı, sinyal iletimi, birincil metabolizma 

ve ikincil metabolit biyosentezi gibi farklı biyolojik süreçlerde belirgin 

zenginleşme desenleri sergilemiştir. KEGG yolak zenginleştirme 

analizi, bu işlevsel modüllerin biyolojik geçerliliğini desteklemiş ve 

metabolik uzmanlaşma ile adaptif stratejileri vurgulamıştır. Sonuç 

olarak, anotasyon tabanlı denetimsiz kümeleme yaklaşımı, 

Cinnamomum transkriptomunun biyolojik olarak anlamlı 

organizasyonunu ortaya koymada etkili bir yöntem sunmaktadır. 
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INTRODUCTION  

The responses of living organisms to environmental stimuli are controlled by highly complex regulatory networks 

at the molecular level. To unravel this complexity, high-throughput transcriptomic analyses have become a 

fundamental approach in recent years. RNA-Seq enables transcriptome-wide quantification of gene activity and 

facilitates functional interpretation by associating gene expression with biological processes, molecular functions, 

and cellular components (Wang et al., 2009; Conesa et al., 2016). 

Functional annotation is an indispensable step in the biological interpretation of transcriptome analyses. 

Databases such as Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) help organize and 

classify gene functions and the metabolic pathways they are linked to. However, listing these annotations alone 

may not be sufficient in complex biological systems; therefore, clustering genes based on their similar biological 

properties allows a better understanding of functional differentiation (Eisen et al., 1998). 

The genus Cinnamomum belongs to the Lauraceae family and is an economically and pharmacologically important 

plant group. Many species, especially C. verum (true cinnamon) (Ranasinghe et al., 2013; Li et al., 2020) and C. 
camphora (camphor tree), are rich in secondary metabolites. These metabolites include volatile oils, polyphenols, 

and terpene derivatives, which play a critical role in the plant's response to environmental stress (Golldack et al., 

2014; Zhao et al., 2022; Gao et al., 2023). Recently, studies on Cinnamomum species have revealed significant 

variation in expression levels across processes such as stress response, cold tolerance, terpenoid synthesis during 

fruit development, and volatile compound accumulation (Guo et al., 2022; Gao et al., 2023; Gao et al., 2024). These 

compounds not only serve ecological and physiological functions but also represent a rich source of 

pharmacologically active chemicals with broad relevance in chemical biology and phytochemistry. 

Transcriptome research in plants, including C. camphora, C. cassia, C. migao, and C. burmannii, shows that genes 

related to areas including secondary metabolism, signal transduction, hormone response, and abiotic stress are 

regulated in various ways depending on the plant's organs and growth stages (Gao et al., 2023). Moreover, excellent 

chromosome-level genome sequencing in organisms like C. chago helps to reveal their evolutionary links and 

characteristics, enabling their adaptation. 

The comprehensive assessment of functional annotation data using statistical and computational techniques 

significantly enhances the comprehension of these intricate systems. Specifically, methods such as principal 

component analysis (PCA) and unsupervised clustering (K-means) are effective for identifying inherent clusters in 

genetic data. These approaches provide more insights than conventional differential expression analysis, 

elucidating the organization and functionality of the transcriptome. By characterizing functional gene clusters 

involved in the biosynthesis and regulation of these compounds, we aim to provide deeper chemical insights into 

the metabolic plasticity and adaptive responses of Cinnamomum species. 
 

MATERIAL and METHOD   

Transcriptome Data Sources 

RNA-Seq datasets for Cinnamomum camphora and Cinnamomum verum were obtained from the NCBI Sequence 

Read Archive (SRA). The authors previously utilized and validated these datasets in a related study (Author et al., 

under review). In the present work, a reanalysis was performed to investigate functional transcript grouping. 

Unlike our related study, which primarily focused on transcriptome-level analyses, the present work adopts a 

fundamentally different strategy by constructing an annotation-derived feature matrix integrating Gene Ontology 

(GO), KEGG pathways, PFAM domains, and BRITE classifications. This framework enables unsupervised 

clustering of transcripts based on functional attributes rather than expression magnitude, allowing the 

identification of coherent functional modules that reflect higher-order biological organization. Raw data are 

available under NCBI SRA accessions SRR31477125–SRR31477127 (C. camphora) and SRR10063926–

SRR10063928 (C. verum). 
 

Construction of Functional Annotation and Feature Matrix  

Functional annotations at the transcript level were conducted via eggNOG-mapper v2 (Cantalapiedra et al., 2021), 

which yielded Gene Ontology (GO) categories, KEGG orthologs and pathways, PFAM protein domains, and BRITE 
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functional classifications. Custom Python programs were employed to parse and extract gene-level annotations 

from the output. A binary numerical feature matrix was created based on the existence or non-existence of 

annotation characteristics (GO terms, KEGG entries, PFAM domains, and BRITE categories). Non-numeric and 

redundant or non-informative columns were eliminated. The resultant matrix was normalized using the scikit-

learn Python module, and Principal Component Analysis (PCA) was employed to reduce dimensionality and 

identify the principal sources of variance. The resulting matrix consisted of 24072 rows and 4 columns, sparsity ≈ 

1.0000, and contained only binary values (0/1).  
 

Cluster Analysis  

K-means clustering was performed on the two principal components obtained from PCA in an unsupervised 

manner. The optimal number of clusters (k = 4) was determined using the elbow method and silhouette analysis. 

Each transcript was categorized into one of the four clusters according to its functional feature profile. The optimal 

number of clusters (k = 4) was validated using the elbow curve (Supplementary Figure S1) and silhouette analysis 

(silhouette score ≈ 0.653; Supplementary Figure S2).  
 

Gene Ontology and KEGG Pathway Enrichment Analysis  

Cluster-specific enrichment analysis was conducted by quantifying the occurrence of GO terms and KEGG pathway 

IDs within each cluster. Enrichment distributions were depicted with Matplotlib and Seaborn. Functional 

interpretations were derived from GO category hierarchies and KEGG pathway classifications. Enrichment was 

assessed using Fisher’s exact test (one-sided), p-values were adjusted using the Benjamini-Hochberg method 

(FDR), and the top 10 terms/pathways were ranked by lowest FDR. 
 

Data Availability  

The whole annotation matrix, cluster assignments, and enrichment tables are included in Supplementary Table 

S1 and are available upon reasonable request from the corresponding author. 
 

RESULTS  

To identify functionally distinct transcript groups, principal component analysis (PCA) was applied to annotation-

based transcript features, followed by unsupervised K-means clustering (k = 4) (Lloyd, 1982). PCA revealed a clear 

separation among transcript clusters (Figure 1), suggesting the existence of functionally specialized gene groups 

(Rousseeuw, 1987). 

 
Figure 1. Principal component analysis (PCA) with K-means clustering (k=4) of functionally annotated transcripts. PC1 

explained 99.9998% of variance, PC2 0.00024%, indicating that most variance is along PC1. 

Şekil 1. İşlevsel olarak açıklanmış transkriptlerin K-ortalama kümelemesi (k=4) ile temel bileşen analizi (PCA). PC1 varyansın 
%99,9998'ini, PC2 ise %0,00024'ünü açıklamıştır; bu da varyansın çoğunun PC1 boyunca olduğunu göstermektedir. 
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This scatter plot displays the distribution of Cinnamomum transcripts, clustered by functional annotation features 

using unsupervised K-means clustering (k=4). The first two principal components (PC1 and PC2) derived from 

PCA represent the major axes of variation. Each point corresponds to a transcript, and colors indicate cluster 

membership. The clear separation between clusters suggests the presence of distinct functional modules in the 

transcriptome. 

Cluster 2 showed significant enrichment for Gene Ontology terms associated with stress response, signal 

transduction, and stimulus perception, suggesting a coordinated functional module potentially involved in 

environmental adaptation. This enrichment pattern suggests that stress-related genes in Cinnamomum are 

organized into functionally coherent groups rather than acting as isolated transcriptional units (Figure 2–3; Table 

1). GO enrichment analysis performed for each cluster revealed divergent biological process and molecular function 

profiles (Figure 2, Table 1, Figure 3) (Ashburner et al., 2000; Cantalapiedra et al., 2021). 

 
Figure 2. Bar plot of the most frequent Gene Ontology (GO) terms identified per transcript cluster. Top 10 

terms/pathways are ranked by BH-adjusted p-value (FDR). 

Şekil 2. Transkript kümesi başına belirlenen en sık Gen Ontolojisi (GO) terimlerinin çubuk grafiği. En iyi 10 
terim/yol, BH ayarlı p-değeri (FDR) ile sıralanmıştır. 

 

This figure shows the top 10 most frequently occurring GO terms for each K-means cluster derived from annotated 

Cinnamomum transcripts. GO terms were grouped by cluster and ranked based on frequency. Clusters represent 

functionally distinct transcript groups with enriched biological processes. The bar heights indicate the number of 

transcripts associated with each GO term in the corresponding cluster. 

This bar chart summarizes the top 10 enriched GO terms for each of the four transcript clusters obtained from 

unsupervised clustering. GO terms are shown on the y-axis, while gene counts are represented on the x-axis. 

Enrichment profiles reflect distinct biological roles across clusters, including core metabolic processes, stress 

response, and signaling. 

These findings demonstrate that clustering based on functional annotation rather than solely on gene expression 

levels can provide strong biological insights into transcriptome structure (Eisen et al., 1998). 

Cluster 3 was predominantly enriched in GO terms and KEGG pathways related to secondary metabolism and 

gene regulation, including processes involved in terpenoid backbone biosynthesis and phenylpropanoid 

metabolism. The functional coherence of this cluster highlights the coordinated transcriptional regulation 

underlying specialized metabolite production in Cinnamomum species (Figure 4; Table 2). The KEGG pathway 

enrichment analysis supported these functional distinctions (Table 2, Figure 4). Notably, the following pathways 

were differentially enriched across clusters according to their biological roles: 
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Figure 3.  Top 10 Gene Ontology (GO) Terms Identified per Cluster. Top 10 terms/pathways are ranked by BH-

adjusted p-value (FDR). 

Şekil 3. Küme Başına Belirlenen İlk 10 Gen Ontolojisi (GO) Terimi. En iyi 10 terim/yol, BH ayarlı p-değeri (FDR) 
ile sıralanmıştır. 
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Table 1. The distinct biological process and molecular function profiles revealed by the GO enrichment analysis 

performed for each cluster. GO enrichment significance was assessed using Fisher’s exact test with BH-FDR 

adjustment. 

Çizelge 1. Her küme için gerçekleştirilen GO zenginleştirme analiziyle ortaya çıkarılan farklı biyolojik süreç ve 
moleküler fonksiyon profilleri. GO zenginleştirme anlamlılığı Fisher’ın kesin testi ve BH-FDR ayarlaması 
kullanılarak değerlendirilmiştir. 

Cluster Biological process and molecular function 

Cluster 0 was enriched in GO terms associated with core biological processes such as metabolic processes and 

catalytic activity. 

Cluster 1 primarily represented functions related to membrane structure and transport. 

Cluster 2 was characterized by enrichment in stress response, signal transduction, and stimulus perception. 

Cluster 3 showed a high representation of GO terms related to secondary metabolism and gene regulation. This 

cluster also included genes involved in the biosynthesis of specialized metabolites, including terpenoid 

backbone biosynthesis and phenylpropanoid pathways, highlighting their chemical diversity and 

potential bioactivity. 
 

 
Figure 4. Top 10 KEGG Pathways Enriched per Cluster. Top 10 terms/pathways are ranked by BH-adjusted p-

value (FDR). 

Şekil 4. Küme Başına Zenginleştirilmiş En İyi 10 KEGG Yolu. En iyi 10 terim/yol, BH ayarlı p-değeri (FDR) ile 
sıralanmıştır. 

 

Table 2. The KEGG pathway enrichment analysis and biological roles. KEGG enrichment significance was assessed 

using Fisher’s exact test with BH-FDR adjustment. 

Çizelge 2. KEGG yolu zenginleştirme analizi ve biyolojik roller. KEGG zenginleştirme anlamlılığı Fisher kesin 
testi ve BH-FDR ayarlaması kullanılarak değerlendirilmiştir. 

Pathway Biological Roles 

ko01100 General metabolic pathways 

ko00904 Biosynthesis of secondary metabolites 

map00260 Glycine, serine, and threonine metabolism 
 

This composite bar chart displays the top 10 enriched KEGG pathways for each of the four transcript clusters 

identified through unsupervised clustering. The y-axis shows pathway identifiers (including KO and MAP codes), 

while the x-axis indicates the number of genes associated with each pathway. Distinct pathway enrichment profiles 

across clusters reveal functional divergence, highlighting biological processes including primary metabolism, 
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secondary metabolite biosynthesis, and stress response mechanisms. 

These results indicate that annotation-based clustering is an effective strategy for interpreting biological diversity 

in Cinnamomum species (Kanehisa & Goto, 2000; Huerta-Cepas et al., 2019). 
 

DISCUSSION 

The functional clustering approach applied in this study revealed distinct transcript clusters, each with unique 

GO and KEGG enrichment profiles. These results indicate that the Cinnamomum transcriptome is organized into 

biologically meaningful functional modules (Zhao et al., 2022). 

Particularly noteworthy is the identification of clusters enriched in terms associated with secondary metabolite 

biosynthesis. The coexpression and clustering of genes involved in terpenoid and volatile oil production suggest 

tightly coordinated chemical regulatory modules, which are of particular interest in chemical biology and plant-

derived compound discovery. Members of the Cinnamomum genus are known for their rich profiles of volatile oils, 

terpenoids, and polyphenols, compounds that play crucial roles in antimicrobial activity, antioxidative defense, and 

responses to environmental stressors (Ranasinghe et al., 2013; Li et al., 2020; Guo et al., 2022). 

Similarly, the enrichment of biological processes related to signal transduction and stress responses in specific 

clusters suggests that genetic responses to abiotic stress conditions may be functionally organized. Previous studies 

in species such as C. camphora and C. kanehirae have reported the involvement of transcriptional regulators, 

including calcium-dependent protein kinases (CDPKs) and ethylene response factors (ERFs), in cold and drought 

stress tolerance (Zhang et al., 2022; Gao et al., 2023). 

These findings are also directly relevant to the concept of phenotypic plasticity, wherein plants exhibit gene 

expression-level modifications in response to environmental changes. Such adaptive responses are often associated 

with enhanced production of secondary metabolites and with stress-mitigation mechanisms (Sultan, 2000; Nicotra 

et al., 2010). 

Finally, the unsupervised clustering strategy based on PCA and K-means proved to be an effective method for 

partitioning transcriptomic data into functional modules (Eisen et al., 1998; Jolliffe, 2002). These approaches go 

beyond conventional differential expression analysis by offering a more holistic and intuitive understanding of 

biological function and specialization (Conesa et al., 2016). Such approaches not only uncover transcriptomic 

organization but also facilitate the exploration of chemical diversity and functional specialization in plant systems. 
 

CONCLUSION  

This study demonstrated the utility of unsupervised functional clustering as a powerful strategy to uncover 

biologically meaningful transcript modules in Cinnamomum species. By integrating annotation-based features 

with PCA and K-means clustering, we identified distinct gene clusters enriched in processes such as secondary 

metabolism, stress response, and signal transduction. These findings contribute to a deeper understanding of 

transcriptional organization and regulatory specialization in non-model plants. The methodology presented here 

can be applied to other species to explore adaptive responses and functional divergence, providing a valuable tool 

for comparative transcriptomics, functional genomics, and chemical biology research. 
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