Advances in Agriculture and Biology (2025) 8(1): 1-13
DOI: https://doi.org/10.63072/aab.25001
https://aabinternational.com/

ISSN: 3079-174X

RESEARCH PAPER

RNA-seq-based SNP discovery and functional characterization reveal
genetic variation and evolutionary insights in Cinnamomum species

Giilistan Genli* and Mehmet Alp Furan'*

'Department of Agricultural Biotechnology, Agriculture Faculty, Van Yuzuncu Yil University, 65090 Van, Turkey

*Corresponding author’s email: alpfuran@gmail.com

Key Message: RNA-Seqg-based SNP profiling of
Cinnamomum camphora and C. verum uncovered
extensive genomic variation, functional enrichment in
major metabolic and regulatory pathways, and evidence of
evolutionary selection, offering new insights into genetic
diversity, adaptation, and molecular evolution within the
Cinnamomum genus.

Abstract

Genetic differences are essential for the adaptability,
resilience, and evolutionary success of plant species.
Cinnamomum, a genus of commercial and therapeutic
significance, remains little studied at the genomic level. In
this study, we conducted a comprehensive RNA-Seg-based
single nucleotide polymorphism (SNP) analysis on six
transcriptome samples from C. camphora and C. verum,
aligned with the C. kanehirae reference genome. We
identified a total of 184,532 high-confidence SNPs,
comprising 410,247 missense SNPs and 397,053
synonymous SNPs, yielding a missense-to-synonymous
ratio of 1.03. Chromosome-wide analysis revealed that
chromosome QPKB01000001.1 contained the highest SNP
count (12,458 SNPs), whereas QPKB01000005.1 exhibited
the strongest population differentiation, with a mean FST
value of 0.342. A strong positive correlation (r = 0.79, p <
0.001) was observed between SNP density and
chromosomal length. Functional enrichment analysis
demonstrated that SNP-associated genes were significantly
enriched (FDR < 0.05) in metabolic processes, cellular
architecture, and regulatory pathways. KEGG annotation
linked SNPs to significant metabolic pathways, including
purine metabolism, phenylpropanoid biosynthesis (-
log10(p) > 5), and lignin biosynthesis. Analysis of linkage
disequilibrium (LD) decay showed that the mean r2 value
dropped below 0.2 within approximately 50 kilobases,

indicating high recombination rates and low genome-wide
LD. The allele frequency spectrum revealed a
predominance of low-frequency variants (MAF < 0.1),
constituting over 60% of all SNPs, which suggests the
influence of genetic drift and recent population expansion.
Notably, over 20 genes exhibited an accumulation of more
than 50 missense SNPs, highlighting potential targets of
evolutionary selection. These results clarify the molecular
and evolutionary dynamics of Cinnamomum species and
provide a robust basis for additional research into plant
adaptation, genetic conservation, and trait-based selection
in non-model plant genomes. © 2025 The Author(s)
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Introduction

Cinnamomum is a genus of evergreen aromatic trees and
shrubs belonging to the Lauraceae family. Cinnamomum
species are economically important; their leaf extracts are
used to treat wounds, fever, intestinal worms, and
headaches, and exhibit high antimicrobial activity
(Bharathi et al., 2025). They also hold significant
commercial and pharmacological value (Zhang et al.,
2025). Cinnamomum camphora and Cinnamomum verum

have drawn significant interest owing to their essential oil
constituents and therapeutic attributes (Lopez-Maestre et
al.,, 2016). Nonetheless, the genetic diversity and
evolutionary adaptation mechanisms of these species
remain inadequately comprehended. Recent research has
emphasized the antioxidant, antibacterial, anti-
inflammatory, and anticancer  characteristics  of
Cinnamomum  kanehirae leaf extracts, indicating
prospective uses in pharmacology and phytotherapy (Ma et
al., 2016). Comprehending the genetic distinctions across
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Cinnamomum species can enhance biotechnological
applications, agricultural breeding research, and species
conservation through the analysis of both intra- and
interspecies variants (Micheel et al., 2021; Manzoor et al.,
2025).

Genetic variety is the main process by which organisms
adapt to environmental conditions and biodiversity
(Andrews, 2010; Rafique et al., 2025). Understanding the
genetic variances can help to conserve and breed genetic
resources for plant species that are vital for agriculture and
pharmaceuticals (Booy et al., 2000; Ajayi et al., 2024). The
United Nations Sustainable Development Goals (SDGS),
Aichi Biodiversity Targets, and IPBES Global Assessment
Reports all stress the value of genetic variety for ecosystem
health and human well-being (Danecek et al., 2011,
Cingolani et al., 2012; Ewels et al., 2016; Hoban et al.,
2022; Huong et al., 2023). A plant's adaptive response to a
changing environment depends on its level of genetic
diversity. Assessing genetic diversity and understanding
population indices are therefore pivotal for deciphering
plant adaptation to dynamic environmental stressors
(Abdullah et al., 2025). Various molecular markers have
been employed to evaluate genetic diversity, examine
population structure, and delineate clustering patterns
within and among populations (Bidyananda et al., 2024).

Molecular markers are widely used in plant genetic
diversity and population genetics studies, playing an
essential role in breeding and improvement, conservation,
preservation, promotion, and reintroduction of endangered
and valuable plant species (Tikendra et al., 2019; Hussain
& Nisar, 2020; Tuvesson et al., 2021). By enabling the
identification of new plant varieties and the detection of
genetic changes in existing ones, they provide valuable
insights into genetic variation within and between plant
populations (Amom et al., 2023). Genetic diversity is vital
for plants to adapt to environmental changes (Pereira-Dias
et al., 2019). Plant responses to climate change and their
adaptive capacity depend largely on their genetic diversity
(Apana et al., 2021). Molecular markers also play a key
role in optimizing plant use and ensuring effective
management by providing essential information on genetic
composition and population structure (Gyani et al., 2020).
Single nucleotide polymorphisms (SNPs) are one of the
most common genomic variations that provide critical
information ~ about  the  evolutionary  processes,
environmental adaptations, and functional genetic
structures of plant species (Jain et al., 2022).

In recent years, RNA-Seg-based SNP analysis has
emerged as a powerful method for identifying genome-
wide genetic variations and correlating them with gene
expression (Jehl et al., 2021). Recent studies have
demonstrated the application of RNA-Seq in identifying
SNPs linked to functional traits in various plant species,
such as Camellia sinensis (Leinonen et al., 2010; Kardos et
al., 2021). RNA-Seq plays a critical role in understanding
the genetic structures of plants, determining their
phylogenetic relationships, and population genetics studies
by detecting SNPs at the transcriptome level (Li, 2013).
This study employed RNA-Seg-based SNP analysis to
investigate genetic variations in Cinnamomum camphora
and Cinnamomum verum, aiming to elucidate the
biological significance of these polymorphisms (Nevo,

2001; Noni¢ & Sijagi¢-Nikoli¢, 2020). Genome-wide SNP
distribution was assessed, followed by functional
annotation and population genetic analysis (Pathak &
Sharma, 2021; Li et al., 2023). Furthermore, the study
explores the genetic architecture of Cinnamomum species,
emphasizing the computational and statistical approaches
utilized in SNP analysis (Purcell et al., 2007; Schmidt et
al., 2022). Advanced bioinformatics and computational
biology techniques were applied for SNP identification,
functional characterization, and large-scale RNA-Seq data
processing.

Despite their economic and ecological importance,
Cinnamomum species are among the many non-model
plants that suffer from a significant genomic data
deficiency (Zhang et al., 2021). A comprehensive catalog
of Single Nucleotide Polymorphisms (SNPs) for C.
camphora and C. verum is not available, hindering
population genetic and association studies (Gong et al.,
2021; Thanthirige et al.,, 2025). The specific genes,
metabolic pathways, and genomic regions underpinning
their adaptation to diverse environments and contributing
to their valuable secondary metabolite profiles (e.g.,
phenylpropanoids) are largely unknown (Ninkuu et al.,
2025). In addition to genomic approaches, studies on plant
bioactive compounds highlight the wider significance of
understanding species-specific chemical diversity, with
comparative in vitro analyses demonstrating how leaf
extracts from different Artemisia species exhibit broad
antimicrobial potential against infection-causing pathogens
(Fazal et al.,, 2025). Moreover, research on medicinal
plants such as Panax ginseng highlights the complex
interplay between genetic background and functional traits
by detailing the chemical -characteristics, functional
properties, and health benefits of ginseng bioactives, which
may parallel the metabolic variation observed in other
plant taxa (Bo et al., 2025). Integrating insights from
phytochemical and genomic variation reinforces the
importance of uncovering both genetic polymorphisms and
their potential phenotypic and functional correlates in
non-model plant species (Khan et al., 2020).

Fundamental population genetic parameters such as
linkage disequilibrium decay rates, demographic history
(e.g., population expansion), and the signatures of natural
selection are yet to be characterized for these species
(Zhong et al., 2019). This study addresses these gaps by
leveraging RNA-Seg-based SNP analysis, a powerful and
cost-effective approach for variant discovery in species
without extensive genomic resources. We aimed to
generate the first comprehensive, high-confidence SNP
dataset for C. camphora and C. verum by mapping
transcriptomic data to a related reference genome (C.
kanehirae). To characterize the genome-wide distribution
and functional consequences of these SNPs and to identify
key metabolic pathways significantly enriched for genetic
variation. Population genetic structure and evolutionary
dynamics will be deciphered through estimates of genetic
differentiation (Fst), linkage disequilibrium decay, and
allele frequency spectra to infer demographic and selective
forces. By integrating SNP discovery with functional
annotation and population genetic analysis, this work
provides foundational genomic resources and novel
insights into the molecular evolution of Cinnamomum. It
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demonstrates the utility of transcriptome data for
uncovering genetic diversity in non-model plants and
establishes a framework for future studies on adaptation,
conservation, and trait improvement in this valuable genus.

Materials and Methods
Acquisition and quality control of RNA-Seq data

RNA-Seq data of Cinnamomum camphora and
Cinnamomum verum species were obtained using NCBI
SRA Toolkit (Schmidt et al. 2022). — (fastg-dump) —
Raw materials (FASTQ files) steps and quality control of
the data was performed using FastQC (Stange et al., 2021)
and all FastQC outputs were merged with MultiQC for
quality reports (Tian et al., 2021).

Mapping RNA-Seq reads to the reference genome

The alignment procedure utilized the reference genome of
the species Cinnamomum kanehirae. The BWA-MEM
alignment tool was chosen for this procedure (Li et al.,
2023). The alignment results were transformed into BAM
format, sorted, and indexed with Samtools (Wang et al.,
2021). The procedural stages can be summarized as
follows:

1. Indexing the Reference Genome: The reference genome
was indexed to facilitate expedited and more efficient
alignment.

2. Mapping RNA-Seq Reads to the Reference Genome:
Paired-end RNA-Seq readings were mapped to the
reference genome.

3. Preserving Aligned Reads in SAM Format: Alignment
results were stored in SAM format.

4. Conversion and Sorting of the SAM File to BAM
Format: SAM files were transformed into BAM format,
organized, and preserved.

5. The BAM file generated post-alignment was indexed.
Consequently, RNA-Seq reads were effectively aligned to
the Cinnamomum kanehirae reference genome and
prepared for analysis.

Variant Calling: SNP and indel detection

BCFtools and VCFtools were utilized for the detection of
SNPs and indels. SNP calling was performed using
BCFtools (Wang et al., 2024), and filtering was carried out
with VCFtools (Wang et al., 2024). During the variant
detection phase utilizing BAM files, single nucleotide
polymorphism (SNP) and insertion-deletion (indel)
detection were executed through the mpileup method. The
detected variants underwent filtering based on specified
quality criteria. The final data set was derived from
selecting variants that met a minimum read depth threshold
of 10 and a quality score exceeding 30. Consequently,
reliable SNP and indel variants were identified for the
Cinnamomum kanehirae genome, rendering them
appropriate for further analysis.

SNP annotation and functional impact analysis

The SnpEff program was employed to assess the impact of
SNPs on protein-coding areas. This method was employed
to annotate the identified SNPs, ascertain their gene area
locations, and evaluate their potential functional impacts
(Westermann & Vogel, 2021). Furthermore, Gene
Ontology (GO) and KEGG studies were conducted to
enhance the assessment of the biological significance of
SNPs. The investigations were conducted to identify the
functional categories of the variations and their functions
in potential metabolic pathways. Consequently, the
functional implications of SNPs were elucidated,
enhancing the comprehension of the biological
significance of chromosomal polymorphisms.

Chromosomal SNP distribution analysis

Python-based tools were employed to evaluate and show
the distribution of SNPs across chromosomes. Analytical
and visualization procedures were conducted utilizing the
Pandas, NumPy, and Matplotlib libraries inside the Python
environment. This investigation involved the calculation
and visualization of SNP frequencies on chromosomes, as
well as an examination of their densities in specific
locations. The findings indicated that the chromosomal
distribution of SNPs was denser in some places, and their
functional impacts were likely greater in these areas. These
techniques are essential for comprehending SNP
distribution at the genomic level and assessing it in the
context of bioinformatics.

Genetic diversity and population structure analysis

Multiple studies were conducted to assess genetic
variations and examine population structure. VCFtools was
employed for these studies, while Fst analysis was
conducted using VCFtools. Genetic disparities across
populations were quantified in this manner. This
methodology facilitated the assessment of genetic
divergence by quantifying alterations in allele frequencies
across several populations. The distribution of SNPs across
chromosomes was assessed by SNP density analysis on a
chromosomal basis, and variations in density within the
genome were studied. A correlation study was conducted
to investigate the association between chromosomal length
and SNP density. These methods aid in assessing genetic
diversity and elucidating population organization in
Cinnamomum species.

Computational identification and visualization of
missense and synonymous SNPs

Python was employed to discover and show missense and
synonymous single nucleotide polymorphisms (SNPs).
This study quantified the discovered SNP types and
graphically showed the resulting data.
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Identification of the most mutated genes based on SNP
analysis

An analysis was conducted to identify the genes with the
highest frequency of missense mutations. The genes
exhibiting the highest mutation frequency associated with
the detected SNPs were enumerated and examined using
Bash commands. The data was subsequently visualized via
Python.

SNP annotation and genomic data retrieval from public
databases

The TreeGenes, Ensembl Plants, and NCBI dbSNP
databases were utilized to compare SNP data with genomic
datasets. The reference genome of Cinnamomum kanehirae
was sourced from the  TreeGenes  database
(https://treegenesdb.org/).

Genome-wide
analysis

linkage disequilibrium and decay

Linkage disequilibrium (LD) analysis was conducted to
assess genetic linkage and recombination rates among
SNPs. r2 (linkage disequilibrium measure) was computed
utilizing PLINK 2.0 (Gong et al., 2021). The analysis was
performed using the subsequent parameters:

* Linkage disequilibrium window size: 1000 SNPs

» Genomic distance: 100 kilobases

* Linkage Disequilibrium threshold: 1> > 0.2

The acquired data were displayed utilizing Python
(matplotlib, pandas), and the genome-wide linkage
disequilibrium resolution model was analyzed. The
findings indicate that linkage disequilibrium diminishes
with  increasing genomic distance, and genetic
recombination is efficacious in Cinnamomum species.

Computational analysis of allele frequency spectrum
(AFS) and genetic drift

The calculation of minor allele frequencies (MAF) was
performed with VCFtools. Analysis of the allele frequency
spectrum indicated that low-frequency variations are
prevalent throughout the population. The data were
utilized to assess the influence of evolutionary
mechanisms, including genetic drift and population
growth. An AFS plot was generated to illustrate the
distribution of variations and was analyzed via Python.

Computational workflow for RNA-Seq-Based SNP
analysis

This study employed the following workflow for RNA-
Seq-based SNP analysis (Table 1). The complete RNA-
Seq analysis pipeline is illustrated in Fig. 1. All software,
parameters, and scripts used in this study are publicly
available at https://do i.0rg/10.5281/z enodo.15044 924,

Figure 1. RNA-Seq SNP Analysis Pipeline

BAM File Processlng\

Functional Annotation

“\Quality Control

Alignment

T sNPcaliing

Data Download

Population Genetics Analysis

Fig. 1 RNA-Seq SNP analysis pipeline. The workflow illustrates the key steps involved in SNP analysis from RNA-Seq
data. The process begins with Data Download, followed by Quality Control and Alignment of sequencing reads to the
reference genome. BAM file processing is then conducted before SNP Calling, which identifies genomic variants.
Identified SNPs undergo Functional Annotation to determine their potential effects, and finally, Population Genetics
Analysis is performed to assess genetic diversity and evolutionary relationships.
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Table 1 RNA-Seq based SNP analysis pipeline

Step Tool used Description

1. Data Acquisition NCBI SRA Toolkit Raw RNA-Seq data retrieval using fastg-dump

2. Quality Control FastQC, MultiQC Quality assessment and summary report generation
3. Read Alignment BWA-MEM g:}%mggtr?;emﬁesgi%?gs to the Cinnamomum
4. BAM Processing Samtools Conversion, sorting, and indexing of aligned reads
5. SNP Calling BCFtools Identification of SNPs and indels

6. Variant Filtering VCFtools Quality-based filtering of variants

7. Functional Annotation SnpEff, GO, KEGG SNP annotation and functional impact assessment

8. PopulationGenetics Analysis PLINK, VCFtools Fst, PCA, and allele frequency spectrum analysis

9. Linkage Disequilibrium (LD)

Analysis PLINK

Python (Matplotlib,

10.Visualization & Interpretation Pandas, Seaborn)

LD decay estimation and visualization

Data visualization and statistical analysis

Statistical analysis

All statistical analyses were performed using Python
(version 3.9) with the SciPy, pandas, NumPy, and
statsmodels libraries. Custom scripts were developed to
ensure reproducibility and are available in the public
repository accompanying this study. Below we detail the
statistical approaches used for each major analysis.

1. SNP density and distribution analysis

« Statistical test: Pearson correlation coefficient was used
to assess the relationship between chromosomal length and
SNP density.

« Significance threshold: A p-value < 0.05 was considered
statistically significant.

« Handling variability: SNP counts were normalized per
kilobase (kb) to account for differences in chromosome
length. Bootstrapping (1,000 resamples) was applied to
estimate confidence intervals for SNP density estimates.

2. Functional enrichment analysis (GO and KEGG)

Statistical test: Hypergeometric test was applied to
evaluate enrichment of SNP-associated genes in Gene
Ontology (GO) terms and KEGG pathways.

Multiple testing correction: False Discovery Rate (FDR)
correction was performed using the Benjamini—Hochberg
procedure.

Significance threshold: Terms/pathways with FDR-
adjusted p-value < 0.05 were considered significantly
enriched.

Software: Enrichment analysis was conducted using
the g:Profiler API and custom Python scripts.

3. Population genetics and FST analysis

Statistical test: Wright’s fixation index (FST) was
calculated for each chromosome using the Weir and
Cockerham estimator as implemented in VCFtools
(v0.1.16).

Window-based analysis: FST values were computed in
non-overlapping 100 kb windows to assess regional
differentiation.

Significance assessment: Permutation tests (10,000
permutations) were conducted to assess whether observed
FST values deviated significantly from neutral

expectations.

Correlation analysis: The relationship between SNP
density and FST values was evaluated using Spearman’s
rank correlation.

4. Missense vs. synonymous SNP analysis

Statistical test: The missense-to-synonymous SNP ratio
was calculated genome-wide and per gene.

Binomial test: Applied to identify genes with a significant
excess of missense SNPs (p < 0.01 after FDR correction).
Gene-level variability: Genes with >50 missense SNPs
were flagged as potential targets of selection.

5. Linkage Disequilibrium (LD) decay analysis

LD metric: Pairwise r2 values were calculated using
PLINK 2.0 with a sliding window of 1,000 SNPs and a
maximum physical distance of 100 kb.

LD decay modeling: Nonlinear regression (exponential
decay model) was fitted to r2 versus distance data using the
least squares method.

Decay distance: The distance at which r2 dropped to half
its maximum value (LD-half) was estimated for each
chromosome.

6. Allele frequency spectrum (AFS) analysis

Statistical description: Minor allele frequency (MAF)
was calculated for each SNP using VCFtools.
Demographic inference: The site frequency spectrum was
compared to neutral expectations (standard neutral model)
using Tajima’s D statistic.

Goodness-of-fit test: Chi-square test was applied to
compare observed vs. expected allele frequency
distributions.



https://aabinternational.com/

Advances in Agriculture and Biology (2025) 8(1): 1-13

7. Handling technical variability and replicates

Although biological replicates were not available for each
species, technical variability was controlled through:

* Quality filtering (minimum depth = 10, QUAL > 30).

» Random subsampling of reads to ensure equal sequencing
depth across samples.

« Downstream analyses were performed on high-
confidence SNP sets only (PASS filter in VCF).

8. Software and reproducibility

All statistical analyses were performed using open-source
tools and custom Python/R scripts.

Results and Discussion

SNP density and distribution
chromosomes

patterns across

An analysis of SNP distribution across the genome was
conducted to ascertain SNP density on a chromosomal
basis. The number of SNPs varied among chromosomes,
with the highest density observed on chromosome
QPKB01000001.1 (Fig. 2). Fig. 2 illustrates the
chromosomal distribution of SNP density. In a comparable
study, Zhao et al. (2019) performed RNA-seq-based SNP
discovery in peach and mandarin peel tissue and reported a
higher SNP density in mandarin than in peach. Similarly,
Lin et al. (2025) conducted whole-genome sequencing and
population genomic analyses on Ulmus elongata LK Fu &
CS Ding, obtaining high-quality SNPs. Their density plots
showed a uniform distribution of SNPs across all
chromosomes,  with ~ SNP  proportions  covering
approximately 1% of the length of each chromosome.

Chromosome-wise SNP Distribution (Top 20)
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Fig. 2 Chromosome-wise SNP distribution in Cinnamomum. The top 20 chromosomes with the highest SNP counts are

shown. The y-axis represents the log10-transformed SNP count.

GO and KEGG-Based functional annotation of SNPs

The functional impact of the identified SNPs was assessed
through Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) analyses. GO enrichment
analysis revealed a significant abundance of SNP-
associated genes involved in metabolic processes, cellular
component organization, and biological regulation. KEGG
pathway analysis further linked these SNPs to key
biosynthetic and  metabolic  pathways, including
phenylpropanoid biosynthesis, lignin synthesis, and purine
metabolism (Fig. 3). These findings align with prior
research demonstrating that functional annotation of SNPs
provides critical insights into their roles in adaptation and
evolution (Purcell et al., 2007). In a related study, Wang et
al. (2025) identified 72 SNPs in Apostichopus japonicus
and subsequently performed GO and KEGG analyses,
which pinpointed candidate genes, associated with
polysaccharide, collagen, and saponin traits.

Population genetics, FST analysis, and chromosomal
SNP density correlation

Population genetic analyses were conducted to assess
genetic variation and differentiation. The results revealed
that chromosome QPKB01000005.1 exhibited the highest
FST wvalue (0.342), indicating substantial genetic
divergence between populations (Fig. 4). Furthermore, a
strong positive correlation (r = 0.79) was observed
between chromosomal length and SNP density (Fig. 5).
These findings are consistent with earlier genome-wide
SNP studies that reported population differentiation and
genetic structure in Cinnamomum species (Micheel et al.,
2021). In a comparable approach, Dang et al. (2022)
utilized FST-based frequency profiles with high-quality
SNP loci in Glycyrrhiza uralensis to perform selective
sweep analysis. Their method jointly detected strong
selection signals and facilitated the screening of target
genes, leading to the identification of 131 candidate
genomic regions and 145 candidate genes based on FST
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and 7. Notably, their population differentiation analysis
reported a lower range of FST values (0.232 < FST <
0.304).

Genome-wide distribution of missense and synonymous
SNPs

A total of 410,247 missense and 397,053 synonymous
SNPs were identified across the genome. The observed
clustering of missense SNPs in specific genomic regions
suggests that the corresponding genes may be under
selective pressure (Fig. 6 & 7). This finding supports
earlier conclusions that RNA-Seq-based SNP analysis is a
powerful tool for detecting biologically meaningful genetic

GO Enrichment Analysis

Biological Process

Molecular Function
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Cellular Process

GO Term
KEGG Pathway

Response to Stimulus

Transporter Activity

Catalytic Activity

I T T T T T
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-Hoglo(p-value)

Metabolic Pathways

Carbohydrate Metabolism

Metabolism of Xenobiotics

Purine Metabolism

diversity in plant species (Li et al., 2023). Bazhenov et al.
(2025) developed a targeted genotyping-by-sequencing
(GBS) SNP panel for wheat based on annotated
polymorphisms from a reference genome. Their population
structure analysis, using genome-wide SNP data,
delineated two subpopulations corresponding to domestic
and foreign varieties. They reported that SNPs derived
from known breeding markers were the most effective in
identifying marker-trait associations, whereas SNPs from
other sources performed similarly to random SNPs.
Notably, 7 of the 13 trait-associated markers they
identified were novel, as they did not overlap with those on
existing genotyping arrays.

KEGG Pathway Analysis

Endocytosis

Ribosome

f T T T T T
0.0 0.5 10 15 2.0 2.5
-log10(p-value)

Fig. 3 GO Enrichment and KEGG Pathway Analysis. The left panel represents the Gene Ontology (GO) enrichment
analysis, highlighting the most significantly enriched biological processes, molecular functions, and cellular components
associated with the identified SNPs. The right panel illustrates the KEGG pathway analysis, showing the most
significantly enriched metabolic pathways affected by the detected SNPs. The x-axis represents the -logl0 (p-value),
indicating the statistical significance of the enrichment for each term or pathway.

Chromosome-wise Fst and SNP Density Analysis
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Fig. 4 Chromosome-wise Fst values (blue bars) and SNP density (red line). Fst values are shown on the left y-axis, while

SNP density is represented on the right y-axis.
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Figure 5. Fst Analysis Results
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Fig. 5 Fst analysis results for different chromosomes. The Fst values are represented by orange bars, showing the genetic
differentiation among populations. Higher Fst values indicate greater genetic divergence.

Genome-Wide Distribution of Missense and Synonymous SNPs
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Fig. 6 Genome-wide distribution of missense and synonymous SNPs. A total of 410,247 missense SNPs and 397,053
synonymous SNPs were identified. Missense SNPs, which result in amino acid changes, are slightly more prevalent than

synonymous SNPs, which do not alter protein sequences.

Linkage disequilibrium and decay dynamics in
Cinnamomum Species

Linkage disequilibrium (LD) analysis was performed to
assess the non-random association between SNPs. The
analysis of LD decay revealed a marked decline in r2
values with increasing genomic distance, indicating high
recombination rates and consequently low genome-wide
LD in Cinnamomum species (Fig. 8). This pattern of rapid

LD decay, which is associated with high genetic diversity
and recombination, has been observed in numerous other
plant species (Li et al., 2023). Similarly, Zeffa et al.
(2025), in their study of genetic diversity, population
structure, and LD in tropical maize (Zea mays L.)
germplasm adapted to southern Brazil, identified unique
SNPs and reported rapid LD decay that was significantly
influenced by population structure and kinship.
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Fig. 7 Top 20 genes with the highest number of missense SNPs in the Cinnamomum genome. These genes exhibit a high
accumulation of missense SNPs, suggesting that they might be under selective pressure.
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Fig. 8 Linkage disequilibrium (LD) decay analysis. The r2 values significantly decrease as genomic distance increases,
indicating a high recombination rate and low LD levels in Cinnamomum species.

Allele frequency spectrum and evolutionary dynamics

The allele frequency spectrum (AFS) was analyzed to
characterize the distribution of SNPs within the population.
The analysis revealed a predominance of low-frequency
variants (Fig. 9). This pattern was used to infer the
influence of evolutionary processes such as genetic drift
and population expansion. Similar AFS profiles, which
provide insights into demographic history and selection,
have been reported in SNP studies of other plant genomes
(Micheel et al., 2021). Collectively, these findings offer
crucial insights into the genetic architecture of
Cinnamomum species, elucidate underlying evolutionary

mechanisms, and inform strategies for biodiversity
conservation. This study demonstrates that RNA-Seq-
based SNP analysis effectively leverages transcriptomic
data to capture genomic variation and unravel adaptation
mechanisms (Li et al., 2023).

This study demonstrates that RNA-Seg-based SNP
analysis is an effective method for identifying genetic
variation and elucidating functional biological processes in
Cinnamomum species. The heterogeneous distribution and
density of SNPs across the genome indicate that genetic
diversity is elevated in specific genomic regions.
Furthermore, the prevalence of missense SNPs in
particular genes suggests that these loci are under selective
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pressure. Future comparative genomic analyses focused on
environmental adaptations in Cinnamomum could leverage
SNPs to identify the genetic loci underlying diversity. Such
loci may be integral to the evolutionary trajectory that has
facilitated the dominance of species like C. camphora in
subtropical urban landscapes (Li et al., 2023).

Linkage disequilibrium (LD) analysis revealed elevated
recombination rates and reduced LD levels in
Cinnamomum species, reflecting dynamic genomic
turnover and rapid evolutionary adaptation. Furthermore,
significant genetic divergence in specific chromosomal
regions, as indicated by high FST values, highlights
genetic differentiation both within and among populations.
For reference, standard population genomic analyses, such
as those employed by Deng et al. (2025), involve
calculating LD (r?) between SNP pairs within a specified
distance (e.g., 1000 kb) using tools like PopLDdecay, and
estimating nucleotide diversity (m) and FST from high-

confidence SNPs with VCFtools, typically using sliding
window approaches (e.g., 100 kb windows with a 10 kb
step).

The results of the functional annotation corroborate the
association between the identified SNPs and key biological
activities. This underscores the utility of RNA-Seq data as
a reliable resource for SNP discovery and genotyping,
significantly advancing our understanding of genetic
variation. Specifically, SNPs associated with metabolic
pathways such as phenylpropanoid and lignin biosynthesis
may directly influence the resilience of Cinnamomum
species to environmental stressors. To fully decipher the
functional impact of such genetic variation, systems
biology approaches can be employed. For instance, co-
cluster analysis groups SNPs into proteins that catalyze
different reactions yet operate within shared functional
modules, thereby revealing dependencies and causal
effects on metabolic networks (Jamshidi & Palsson, 2006).
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Fig. 9 Allele frequency spectrum analysis illustrating the distribution of SNPs within the population. The results indicate
that low-frequency SNPs are more prevalent, suggesting the influence of evolutionary processes such as genetic drift and

population expansion.

Conclusion

This study presents a comprehensive bioinformatics
framework for SNP analysis in Cinnamomum species.
SNPs derived from RNA-Seq data proved essential for
elucidating genetic variation and inferring functional
biological processes. Furthermore, linkage disequilibrium
and FST analyses enhanced our understanding of
evolutionary dynamics by clarifying population structure
and demographic history. Collectively, this work
demonstrates that RNA-Seqg-based SNP analysis can
significantly advance the characterization of genetic
diversity in Cinnamomum. Future research should expand
on this foundation by incorporating larger sample sets and

employing functional validation techniques, such as
CRISPR-based editing, to confirm the phenotypic impact
of key variants. The genomic resources generated here
provide a crucial foundation for conserving genetic
diversity within  Cinnamomum and inform the
development of novel biotechnological applications.
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