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1. Introduction

Cinnamomum species, members of the Lauraceae family, are widely valued for their medicinal,
aromatic, and commercial importance, largely due to their rich repertoire of secondary metabolites.
These compounds, including phenylpropanoids, terpenoids, and flavonoids, contribute to diverse
biological activities such as antimicrobial, antioxidant, anti-inflammatory, and anticancer effects
(Ranasinghe et al., 2013; Sharifi-Rad et al., 2021). The pronounced phytochemical diversity of
Cinnamomum species underpins their significance in pharmaceutical and food-related applications and
highlights the need for detailed molecular investigations to elucidate the regulatory mechanisms
governing metabolite biosynthesis (Lopez et al., 2005; Jayaprakasha et al., 2011; Shari et al., 2025).
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Plants are frequently exposed to environmental stressors such as drought, salinity, temperature
extremes, and pathogen pressure, which impose significant constraints on growth and productivity. To
cope with these challenges, plants have evolved complex physiological and molecular mechanisms that
maintain cellular homeostasis and ensure survival. Central to these adaptive responses is the regulation
of gene expression, which coordinates stress perception, signal transduction, defense responses, and the
production of stress-related secondary metabolites (Zhu, 2016). Consequently, stress-induced
transcriptional reprogramming often leads to large-scale shifts in both primary and specialized metabolic
pathways.

RNA sequencing (RNA-Seq) has emerged as a powerful and widely adopted approach for
capturing genome-wide transcriptional responses to environmental stress. This technology enables high-
resolution analysis of transcriptome dynamics and has proven particularly valuable for non-model and
woody plant species, where genomic resources are often limited (Wang et al., 2009; Love et al., 2014).
Integration of RNA-Seq data with functional annotation frameworks such as Gene Ontology and KEGG
pathway analysis facilitates systematic interpretation of differentially expressed genes and their roles in
stress physiology and metabolic adaptation (Ashburner et al., 2000; Kanehisa and Goto, 2000).

In this context, the present study employs a transcriptome-based approach to investigate stress-
responsive gene expression dynamics in Cinnamomum verum and C. camphora. Differential expression
analysis was conducted to identify genes exhibiting significant transcriptional changes under stress
conditions, followed by functional annotation to elucidate their involvement in key biological processes,
including phenylpropanoid biosynthesis, MAPK signaling, and plant—pathogen interaction pathways.
By elucidating the molecular basis of stress adaptation, this study aims to advance our understanding of
how Cinnamomum species modulate physiological and metabolic processes in response to
environmental challenges and to provide a foundation for future molecular breeding and bioengineering
efforts targeting stress resilience in these economically important plants (Zhao et al., 2022).

2. Materials and Methods

2.1. RNA-Seq dataset and quality assessment

Publicly available RNA-Seq datasets of Cinnamomum verum (BioProject: PRINAS559058) and
C. camphora (BioProject: PRINA913600) were retrieved from the NCBI Sequence Read Archive
(SRA). Each dataset comprised three biological replicates representing control and stress-treated
conditions, with samples derived from bark tissue in C. verum and mature leaf tissue in C. camphora,
as reported in the original studies.

Raw sequencing reads were initially assessed for quality using FastQC (Andrews, 2010),
including evaluation of per-base sequence quality, GC content, read length distribution, and potential
adapter contamination. Adapter trimming and quality filtering were performed using Trimmomatic
(Bolger et al., 2014). Illumina adapter sequences were removed, and low-quality bases were trimmed
using a sliding window approach. Reads with an average Phred quality score below 20 and reads shorter
than 50 bp after trimming were discarded. Only high-quality reads passing all quality control criteria
were retained for subsequent transcriptomic analyses.

Although detailed RNA extraction protocols were not fully described in the original studies, the
overall sequencing quality metrics and post-filtering read characteristics indicated that the datasets were
suitable for downstream differential expression and functional enrichment analyses.

2.2. Transcriptome mapping and gene expression analysis

Following quality filtering, high-quality reads were used for transcriptome-based expression
analysis. Transcript quantification was performed using publicly available reference transcriptomes
corresponding to Cinnamomum verum and C. camphora, obtained from the NCBI database.

Given the non-model status of Cinnamomum species and the absence of fully annotated
reference genomes, a transcriptome-based strategy was adopted as an appropriate and widely accepted
approach for RNA-Seq expression analysis in these species. Quality-filtered reads were quantified
against the reference transcriptomes using Salmon, a lightweight and alignment-free method for
transcript abundance estimation (Patro et al., 2017). Transcript-level abundance estimates were imported
into R and summarized to gene-level count matrices using the tximport framework to ensure
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compatibility with downstream differential expression analysis. Differential gene expression analysis
between control and stress-treated samples was performed using DESeq2 (Love et al., 2014). Gene-level
counts were normalized to account for differences in sequencing depth and dispersion, and statistical
significance was assessed using adjusted p-values based on the Benjamini—-Hochberg correction. Genes
with an adjusted p-value < 0.05 and an absolute log: fold change greater than 1 were considered
significantly differentially expressed.

2.3. Functional annotation

Functional annotation of differentially expressed genes (DEGs) was conducted using eggNOG-
mapper v2, which enables orthology assignment and functional classification based on evolutionary
relationships (Cantalapiedra et al., 2021). Gene Ontology (GO) terms and KEGG Orthology (KO)
identifiers obtained from eggNOG-mapper outputs were used for functional categorization and pathway
analysis. KEGG pathway mapping was performed using KEGG Mapper to identify metabolic and
signaling pathways associated with stress responses and secondary metabolite biosynthesis (Kanehisa
et al., 2023).

2.4. Visualization

All statistical analyses and visualizations were performed using R (version 4.3.0). Principal
component analysis (PCA) was applied to normalized gene expression data to explore global
transcriptional patterns. Heatmaps of selected DEGs were generated using the ComplexHeatmap
package, while volcano plots, GO term barplots, and KEGG pathway summaries were created using
appropriate R-based visualization tools.

3. Results

3.1. RNA-Seq data quality overview

Quality control analysis confirmed high base quality scores and consistent GC content across
all samples. After trimming, all datasets retained sufficient read depth and quality for transcriptomic
analysis.

3.2. Differential gene expression

A total of 15116 differentially expressed genes were identified between control and stress-
treated samples.
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Volcano Plot of Differentially Expressed Genes
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Upregulated (red) and downregulated (blue) genes in response to stress conditions are displayed with log2FC > 1 and adjusted p-
value < 0.05.

Figure 1. Volcano plot of differentially expressed genes (DEGs).

This large number of DEGs reflects extensive transcriptional reprogramming, consistent with
genome-wide stress responses reported in woody and non-model plant species. Such extensive
differential expression is consistent with severe stress-induced transcriptome remodeling and has been
reported in non-model woody species lacking fully curated reference genomes.

3.3. Principal component analysis and heatmap clustering

Principal component analysis revealed clear separation between control and stress-treated
samples.
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Principal component analysis (PCA) was performed using normalized gene expression values to examine global transcriptional patterns under
control and stress conditions. The PCA plot shows clear separation between control and stress-treated samples along the principal
components, indicating distinct stress-responsive transcriptional profiles. PC1 and PC2 explain 99.9998% and 0.0002% of the total
variance, respectively, reflecting a dominant axis of transcriptional variation associated with stress treatment rather than species-
specific differences.

Figure 2. Principal component analysis (PCA) of RNA-Seq samples.

PC1 accounted for 99.9998% of the total variance, indicating a dominant axis of stress-
associated transcriptional change, while PC2 explained 0.0002% of the variance. Heatmap clustering of
the top differentially expressed genes showed coherent grouping of replicates and condition-specific
expression patterns.
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Top 50 Differentially Expressed Genes
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Gene expression profiles across samples show clustering of upregulated (red) and downregulated (blue) DEGs.

Figure 3. Heatmap of the top 50 differentially expressed genes.
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Table 1. Representative differentially expressed genes associated with stress response and secondary

metabolism
Gene ID Seed Ortholog Description KEGG KO KEGG Pathway PFAM
. map00905,
29584-33185 17  3988.XP_002540303.1 Cytochrome P450  KOK09588, map01100, p450
- - k0:K09590
map01110
ko0:K09587, map00905,
29584-33185 23  GSMUA_Achr3P08890 001 Eﬁ‘i}fhrizzin P450 4 0:K09588, map01100, p450
yp ko0:K09590 map01110
. map00905,
29584-33185 25  XP_008233747.1 Cytochrome P450  KOK09588, map01100, p450
— - k0:K09590
map01110
. map00905,
29584-33185 27  Gorai.011G286100.1 Cytochrome ~ P450  ko:K09588, map01100, p450
= family protein ko0:K09590
map01110
map00905,
29584-33185 28 AOA087GK63 Cytochrome P430 4 .y 17637 map01100, p450
= family protein
map01110
. map00905,
29584-33185 31  XP_008233747.1 Cytochrome P450  KOK09588, map01100, p450
— - k0:K09590
map01110
. map00905,
29584-33185 32 XP_010031233.1 Cytochrome  P450  ko:K09588, map01100, p450
= - family protein ko0:K09590
map01110
. map00905,
31322-31577.2  XP_008233747.1 Cytochrome P450  KOK09588, map01100, p450
— - k0:K09590
map01110
ko0:K09587, map00905,
31722-31872_1 GSMUA_Achr3P08890 001 Eﬁ‘i}fhrizzin P450 4 0:K09588, map01100, p450
yp ko0:K09590 map01110
. map00905,
32660-33185 7  XP_002540303.1 Cytochrome P450  KOK09588, map01100, p450
k0:K09590
map01110
119394- Oxidoreductase 20G-Fell_Oxy,
139575 125 XP_008361413.1 activity - DIOX N
430247-440504 1 VIT_08s0007g02980.t01 GMC - GMC_oxred N
- - oxidoreductase - -

This table presents annotation information for representative significantly differentially expressed genes associated with stress response and
secondary metabolite biosynthesis, identified through differential expression analysis and eggNOG-mapper annotation.
Corresponding KEGG Orthology (KO) identifiers, associated metabolic pathways, and PFAM domain annotations are provided.

4. Discussion

Transcriptome-wide analyses revealed extensive reprogramming of gene expression in
Cinnamomum species in response to environmental stress, highlighting coordinated regulation of stress-
responsive signaling pathways and secondary metabolite biosynthesis. The high frequency of enriched
biological process (BP) terms identified through Gene Ontology (GO) analysis underscores the dynamic
modulation of metabolic, biosynthetic, and defense-related processes under stress conditions.
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Top 20 GO Terms by Namespace
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Most frequently enriched GO terms from biological process, molecular function, and cellular component domains are visualized.

Figure 4. Distribution of the top 20 GO terms across categories.

GO Term Namespace Distribution
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Proportional distribution of GO terms across biological process (BP), molecular function (MF), and cellular component (CC) domains among
DEGs.

Figure 5. Pie chart of GO annotation categories.
In particular, the enrichment of oxidoreductase and hydrolase activities suggests enhanced redox

regulation and detoxification mechanisms, which are essential for mitigating oxidative damage and
maintaining cellular homeostasis during stress exposure (Zhu, 2016).
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The results of KEGG pathway enrichment analysis further support these observations, revealing
substantial activation of secondary metabolite biosynthetic pathways, including phenylpropanoid,
flavonoid, and terpenoid metabolism.



YYU JAGR SCI (1): 1734973
Furan and Genli / Transcriptomic Insights into Stress Physiology and Metabolic Adaptation in Cinnamomum Species

I MONOTERPENOID BIOSYNTHESISI Terpenoid backbone
biosynthesis

Geranyl-PP VI'

] 111_]

[36.162] [317.11][3.173] [42325] [42315] [423.26] [42320] [423119] [423120] [423.10] [42311] [4231c8][423111] [423116] [423117] [423107] [55.18]
Geraniol ¥ R l l l l l

Geran 'IO?L 42112770 Myrcene ©Q (-)-Linalool it o o o ¥ a-Terpincol S b & ()-Bornyl

phosphate | T (-)-u-Pinene (-)-p-Pinene i;)-‘?ndo— Sabinene (+)-Camphene (-)-Camphene (+)-Car-3-ene diphosphate
{ [t141424] [t141431] [1141424] [L1a1499] [1141451] [1141452] [t141453] : enchol  hydrate 423108
I A trans. ¥ ¥ y
I (R)-Ipsdienol O fomaritenol 9 O Fataciodl 1,8-Cineole (+)-Borneol

Perillyl alcohol

e

Ipsdienone O (-)-Iso- [e] O 6-endo- {+)-Camphor
piperitenone _Carv Hydroxvcineol:
8-Hydroxylinalool (+HS)-Carvone ydroxycineole T
e I
|
1141484] O (+)-cis-Isopul 3 i
I - Limonene . (Pinene degradntion) 6-Oxocincole 6
io
O 8-Oxolinalool v = 14 Campheor degradation
cis-trans-Nepetalactol QO (+)-Pul < 6-Trimethyl-

N Y
 7-dioxabicyclo-
[13.1381] |114i4148| |IA3.*1.81| T[3.__'fr’-(§n::2§-gne

O O
(+)-Menthoft (+)-1 T

{-)-Menthone O
4,5-Dihydro-5,5-dimethyl-4-(3-
| 111 2U7| |1 1120 | | 11413105' oxobutyl)furan-2(3H)-onehexanoate
Iridotrial O—{11414161 i ¢ i
|
v O O O (4R,7S)-7-Isopropyl-
7-Deoxyloganetin ? ? 7-Deoxyloganetate (-)-Menthol  (+)-Neomenthol 4-methyloxepan-2-one
[241324] [24137]
7-Deoxyloganin ? 7-Deoxyloganate
[1141485] [L141425]
. Loganate 10-Deoxy-
Loganin === geniposidic acid
[1141962] [L1a1962] |
Gentiopicrin '| R
— O Geniposidic
S°°°1°E‘\ni"| — Secologanate T acid
¥
o
Asperuloside

00902 3/6/23
(c) Kanehisa Laboratories

Differentially expressed genes associated with monoterpene production—compounds relevant to aroma and essential oils—are visualized.

Figure 6. KEGG pathway for monoterpenoid biosynthesis.

10



YYU JAGR SCI (1): 1734973
Furan and Genli / Transcriptomic Insights into Stress Physiology and Metabolic Adaptation in Cinnamomum Species

SESQUITERPENOID AND TRITERPENOID BIOSYNTHESIS |

Famesyl-PP Presqualene-PP Squalene e

— »O Tt =
EO 25121 % 25121 Y 1141417 ‘?— 3y
|
|

| | |
| | |
Sesquiterpenoid Triterpenoid Triterpenoid Steroid biosynthesis

P i hair-chair-chair-boat i hair-boat-chair-boat
»
>
o
o
Sesquiterpenold hair-chair-chair-ch:
Hopene and Tetrahymanol
Acyelic sesquiterpenoid Germacren-type
[4211B}%0 Tetrahymanol
) Farmesal (B Famesal Germcene s SO Germgerene
! arnesal -trien-12-ol aci ‘ostunolide H 2201
— 42323} —»0—{1141405—»0—{[1141405]—wO-{114141T) o fa21.1} i
e 5499170 Ho
p-22(29)-ene
[42371}#0 Germacrene B
42346[—®O (EE)a-Famesene 5499370 Dammara-20,24-diene
2236010 Germacrene C
423470 (EE)-p-Famesene [s23.60} T
[42328}—0 (,E)-Nerolidol EHER[—+O () Gemmacrene D Protosteryl-type
Germacradienol Sasomlwo (iRt
O] 50 (R,6E) Nerolidol 423.22}—»0—{4199.16}—*O Geosmin i e apo
== i Aristolochene 5499330 Cucurbitadienol
Bisabolene-type 4239 [®O——————®O PR-toxin
’ (Y5 Epai- 54904710 Parkeol
epi-lsozizacne __ Albaflavenol -wc-_..
O O
22331 —»O0—{114155}»O—{114153}*O Albaflavenone 41D Capsidiol Dammarenyl-type

O 8.cpi-Cedrol Halmome: FrAmyrn o 24-Hydroxy-
epi-Cedro [assml>o—fmum—»o i

Vetispiradiene____ Solavelivol
E]PO (epiaBissbol 42321 F-»O—[ 114115 |—»O—{ 1 TAMIS—»O Solayetivone SA5a—O aAmyrin
O bsuli
423330 (E)-a-Bisabolene 42366 P-Selinene 5499410 Lupeol
(S)--Bisabolene [0 (o-sei
42355 ®O—{55117#O (S}f-Macrocarpene O (4} Selinene 42118}#0 Lupan-3p.20-diol
B oy 4238610 7-cpi-u-Selinene T3115—»0 Damma.renediol Il
42340 (Z)-y-Bisabolene
13355#0 (E)yBissbolene 42390®0 5.cpi-aSelinene 5499540 Germanicol
Trichodiene
4236 | »O—————— »0 Nivalenol O Patchoulol 249935 #O Taraxerol
- O Isomultiflorenol
O Amorpha-4,11-diene 4239610 Avermitilol
O e-seco-Amyrin
O (+)-a-Santalene Humulene-type
O -seco-Amyrin
4236910 (+)-a-Barbatene 4235710 p-Caryophyllene
aryophy
(+}p-Caryophyllene Tirucalla-7,24-dien-3f-ol
42378 O (+)-p-Chamigrene 42389 O—{421.138 O (+)-Caryolan-1-ol
O Baruol
42379 —#O (+)-Thujopsene 223137®O (E)-2-cpi-p-Caryophyllene
42353]#O Longifolene 5499310 Thalianol
y-Humulene 54998 =0 Camelliol C
ST o Humilene 4211240 Arabidiol
Pentalenene 549980 Achilleol B

4237 O—L141532 O Pentalen-13-al
5499.53 O Marneral

Cadinyl-type

3-Cadinene

42313—#0——————#O Gossypol
423670 cis-Muurola-3,5-diene

00909 9/9/22
(¢) Kanehisa Laboratories

Genes linked to the production of medically relevant secondary metabolites are highlighted.

Figure 7. KEGG pathway of sesquiterpenoid and triterpenoid biosynthesis.
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Figure 8. KEGG pathway for diterpenoid biosynthesis.

12



YYU J AGR SCI (1): 1734973

Furan and Genli / Transcriptomic Insights into Stress Physiology and Metabolic Adaptation in Cinnamomum Species

| PHENYLPROPANOID BIOSYNTHESIS |

Flavonoid biosynthesis )

111195
Stilbenoid,diarylheptanoid and]

111195

C

111195
gingerol biosynthesis

p-Coumaryl alcohol

Caffeyl- Coniferyl-

Spermidine
Phenylalanine,tyrosine =
) 3 : NI.N5,N10- NI.NS.N10- NIN5NI10- NINS5N10-Tri- NI.NS5-
(:md tiyptophan 'bmsymhesns)_ Tricoumaroyl- Tricaffeoyl- Triferuloyl- (hydroxyferuloyl)- Di(hydroxyferuloyl)-
I spermidine spermidine spermidine spermidine N10-sinapoyl-spermidine
i —_— 1.1413- »O O O
Phenylalanine
3-(2-Carboxyethenyl)-
1LBUDR O cis(.cis-muco%ate Y
L 1-O-Sinapoyl-
. R A A . - S-Hydroxyferulic acid Sinapi id B-D-glucose
p-Coumaric acid Caffeic acid Ferulic acid 2 7 INapic act g
{11413-} 2.1.168 o 21168
Sinapoyl-
4-Hydroxystyrene malate
1.102 O 41.1.102 O .
3.4-Dihydroxy- O Sinapoyl-
styrene cholineé
231133]-"0—{1.1414% 23.1.133
p-Coumaroyl Caffeoyl
shikimic acid shikimic acid Caffeoyl- Feruloyl-
CoA
[114a1=_} P :
- C - |——b S yI-CoA
p-Coumaroyl-CoA L1413, 211104 S-H\rdroxz\.rl.-“m‘ inapoyl-Lo.
feruloyl-CoA
p-Coumaroyl (12168] [12168]
quinic aci
231133 »0—{1.1414% E@
Caffeoyl
quinic acid Conife&\'l- S.H'\‘r_dro]x‘f'-h 4
p-Coumaraldehyde Ildehvd W aldehyde coniferaldehyde
b4 I {11413} e P18
Cinnamaldehyde 47‘5

O Sinapaldehyde

Methyleugenol Isomethyleugenol

00940 12/10/21 i
(c) Kanehisa Laboratories

contiery dicohol
alcohol™ coniferyl alcoho! Sinapyl alcohol
O » Salcohdl i TeR O——— FsH ™ 21168
p-Coumaryl acetate Coniferyl acetate
Qe crar | S CFAT 321126 321126
111318 111319 111318 [FRTRE] FETREN| [FRTRE] | FEETRE 1.11.1.7][111.1.21]
241111 241111 241111
. . Isoeugenol
O Chavicol O Isochavicol L Eugenol o L 4 L r
(o] (o] (o] O o
p-Hydroxy-  4-Hydroxycinnamyl- |2.1 1 .145] |2.1 1 .145”2.1 1 2'39' Guaiacyl lignin Coniferin  5-Hydroxy- Syringyl lignin Syringin
phenyl lignin  alcohol 4-D-glucoside v guaiacyl lignin
O O O
Methylchavicol Anethole

Genes involved in synthesizing lignin and phenolic compounds are annotated, reflecting their role in plant defense and structure.

Figure 9. KEGG pathway for phenylpropanoid biosynthesis.
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Figure 10. KEGG pathway of flavonoid biosynthesis.
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Figure 11. KEGG overview of secondary metabolite biosynthesis.
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Figure 12. KEGG map of primary metabolic pathways.
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These pathways are well known for their roles in structural reinforcement, antioxidative defense,
and chemical protection against environmental challenges. Increased transcriptional activity within
these pathways likely reflects an adaptive strategy that enables Cinnamomum species to balance growth,
defense, and metabolic demands under adverse conditions. Similar transcriptome-based studies have
demonstrated that stress-induced activation of specialized metabolism represents a key molecular
component of plant stress tolerance and ecological adaptation (Zhao et al., 2022).

In addition to metabolic pathways, the significant enrichment of MAPK signaling and plant—
pathogen interaction pathways highlights the integration of biotic and abiotic stress responses within
interconnected transcriptional networks.

MAPK cascades function as central hubs for stress signal transduction, coordinating
downstream transcriptional responses that regulate defense-related genes and metabolic pathways. The
concurrent activation of plant—pathogen interaction pathways suggests that Cinnamomum species
employ overlapping molecular strategies to cope with diverse stressors, reflecting a multifaceted and
cohesive stress-response architecture.

The identification of differentially expressed genes associated with these pathways provides a
valuable foundation for understanding the molecular mechanisms underlying stress adaptation and
secondary metabolism in Cinnamomum species. Notably, the enrichment of gene families involved in
detoxification, redox balance, and specialized metabolite biosynthesis supports the notion that
transcriptomic reprogramming plays a central role in enabling physiological flexibility under fluctuating
environmental conditions. Such coordinated gene regulation contributes to phenotypic plasticity,
allowing plants to dynamically adjust their metabolic and defensive strategies in response to stress.

Importantly, this study demonstrates the feasibility of obtaining high-resolution functional
genomic insights in non-model plant species that lack fully annotated reference genomes. The
integration of RNA-Seq data with functional annotation frameworks such as GO and KEGG enables
systematic interpretation of complex transcriptomic responses, even in species with limited genomic
resources (Wang et al., 2009; Ashburner et al., 2000; Kanehisa and Goto, 2000; Love et al., 2014).
Collectively, these findings highlight the utility of transcriptome-based approaches for advancing our
understanding of plant stress physiology and metabolic adaptation in economically and ecologically
important non-model species.

Conclusion

This study provides a comprehensive transcriptomic assessment of stress adaptation and
metabolic regulation in Cinnamomum verum and C. camphora using publicly available RNA-Seq data.
Functional enrichment analyses based on Gene Ontology and KEGG pathways revealed substantial
activation of secondary metabolite biosynthetic routes, including phenylpropanoid, flavonoid, and
terpenoid pathways, which are closely associated with chemical defense and stress tolerance. The
coordinated regulation of these pathways underscores the capacity of Cinnamomum species to initiate
effective molecular defense mechanisms while maintaining metabolic balance under adverse
environmental conditions.

The findings contribute to fundamental plant stress biology by demonstrating how large-scale
transcriptome reprogramming supports phenotypic plasticity in Cinnamomum species. Such plasticity
enables flexible adjustment of metabolic and defense-related processes in response to fluctuating
environmental stressors. The observed enhancement of secondary metabolism further highlights the
potential of these species to produce bioactive compounds of pharmaceutical and ecological relevance
under stress conditions.

Importantly, the identification of stress-responsive and metabolism-related genes provides a
valuable genetic resource for future functional and comparative studies. These transcriptome-derived
insights may support downstream applications such as molecular breeding strategies, functional
characterization of candidate genes, and metabolic engineering aimed at improving stress resilience in
Cinnamomum and other non-model plant species.

Finally, this study demonstrates the feasibility of conducting high-resolution functional genomic
analyses in plant species lacking fully annotated reference genomes. The integration of RNA-Seq data
with functional annotation frameworks offers a robust and transferable approach for investigating stress
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physiology and genetic adaptability in non-model and woody plants, thereby broadening the scope of
transcriptome-based research in plant science.
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