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Abstract 
Plants must continuously adjust to changing environmental light conditions, including exposure 

to ultraviolet (UV, 280 - 315 nm) radiation and variations in visible light intensity. This study 

aimed to identify transcriptional patterns and genetic regulators involved in light acclimation, 

using Arabidopsis thaliana accessions with differing sensitivities to UV radiation. By integrating 

transcriptomic and genomic datasets, gene expression responses and genetic variation across 

three accessions (Arabidopsis thaliana, C24, Col-0, and Ga2) subjected to UV radiation were 

explored under two different intensities of photosynthetically active radiation (PAR) (400 - 700 

nm). These treatments allowed comparison of plant responses to high and low UV: PAR ratios and 

to different PAR light intensities. 

RNA-seq-based differential gene expression analysis revealed accession-specific transcriptional 

responses, with principal component analysis (PCA) showing clear separation between 

accessions but limited clustering by treatment. Gene Ontology Enrichment Analysis (GOEA) 

highlighted condition-specific biological responses, most notably under high UV:PAR ratio in Col-

0, where genes associated with RNA biosynthesis, transcriptional regulation, and stress 

adaptation were significantly enriched. In contrast, only high light intensity induced weaker 

responses, mainly involving modest activation of ribosome biogenesis and RNA processing 

pathways. 

To explore the genetic basis of these differences, whole-genome sequencing data from 63 

Arabidopsis thaliana C24 accessions were processed to identify high-impact single nucleotide 

polymorphisms (SNPs) and indels. Over 7,000 high-impact mutations were mapped to 3,213 

unique gene regions. Genes carrying high-impact mutations were then intersected with 

differentially expressed genes across treatment conditions to identify overlapping candidate 

genes. GO enrichment on these overlapping sets revealed meaningful results only in Arabidopsis 

thaliana Col-0 under high UV: PAR and high light intensity, and in gene sets shared between 

Arabidopsis thaliana Col-0 and C24 accessions under UV-related conditions. 

The findings of this work demonstrate accession-specific patterns of gene expression in 

Arabidopsis thaliana plants exposed to UV radiation. Furthermore, transcriptional responses to 

UV were modulated by the levels of visible light to which plants were exposed. The identification 

of condition-specific gene regulation patterns and mutation-linked expression changes provides 

insight into the molecular basis of UV acclimation in Arabidopsis and suggests candidate genes for 

future functional validation and crop improvement strategies aimed at enhancing stress 

resilience.   



 
 

Popular scientific summary 
Plants can't escape harsh conditions but instead, they must adapt to changes in their environment, 

such as light, temperature, and water. However, climate change and human activity are making 

climatic conditions more stressful for plants. Climate change may alter light environments by 

increasing ultraviolet (UV) radiation through stratospheric ozone depletion and by modifying 

sunlight intensity and duration due to changes in cloud cover and atmospheric 

composition(Stanhill & Cohen, 2001) . Light, in particular, is a key signal for plants, not just as an 

energy source for photosynthesis, but also as a cue to control growth and development. 

Plants sense light through special proteins called photoreceptors. One of these, UVR8, helps plants 

detect UV-B radiation, which can damage DNA and create harmful molecules called reactive 

oxygen species (ROS). In response to harmful UV radiation, plants activate protective genes and 

produce UV-absorbing compounds like flavonoids. Flavonoid concentration, which helps protect 

plants from UV-B radiation, is influenced also by visible light (PAR) intensity.  

This study focused on understanding how plants respond at the molecular level to different 

combinations of UV and visible light. Although previous scientific research has advanced the 

understanding of how plants react to UV and PAR separately, it is still don't fully understood how 

these two environmental factors interact. To explore this, this study used three Arabidopsis 

thaliana accessions, C24, Col-0, and Ga2 that vary in their UV sensitivity. Plants were grown under 

specific light treatments, and their gene activity analyzed using RNA sequencing and 

bioinformatics tools.  

The results showed that the different accessions responded in distinct ways to UV and high light 

conditions. One accession, Arabidopsis thaliana Col-0, showed a more targeted and controlled 

response to high UV: PAR light, turning on genes involved in RNA processing, DNA repair, and 

flavonoid production, suggesting it has strong internal mechanisms for UV protection. In contrast, 

Arabidopsis thaliana C24 activated a broader set of genes, including those related to chromosome 

organization and lipid metabolism, indicating a more flexible but possibly less focused strategy 

for dealing with stress. 

These findings highlight how natural genetic variation affects plant stress responses. Even when 

exposed to the same environment, different plant varieties can activate different genetic 

strategies. Understanding these strategies can help identify key genes that boost stress tolerance. 

In the future, tools like CRISPR could target these genes to develop crops that are more resistant 

to UV damage or harsh sunlight. From an agricultural point of view, this research helps identify 

naturally UV-tolerant traits, like those found in Arabidopsis thaliana Col-0, that could be used in 

breeding or engineering more strong crops. As climate change leads to more intense sunlight and 

UV exposure, these insights become increasingly valuable for securing future food production. 
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Abbreviations 
BES1 BRI1-EMS-Suppressor 1 

BQB Base Quality Bias 

BR Brassinosteroid 

Col-0 Columbia-0  

COP1 Constitutively Photomorphogenic 1 

CRISPR/Cas9 Clustered Regularly Interspaced Short Palindromic Repeats / CRISPR-

associated protein 9 

CRY Cryptochrome 

DEGs Differentially Expressed Genes 

FKF Flavin-binding Kelch repeat F-box 

GO Gene Ontology 

GOEA Gene Ontology Enrichment Analysis 

HY5 Elongated Hypocotyl 5 

IR Infrared Radiation 

JGI Joint Genome Institute 

LKP2 LOV Kelch repeat protein 2 

Log2FC / LogFC Log2 Fold Change 

NCBI National Center for Biotechnology Information 

org.At.tair.db Arabidopsis gene annotation database 

PAR Photosynthetically Active Radiation 

PCA Principal Component Analysis 

PHOT Phototropin 

qPCR Quantitative Polymerase Chain Reaction 

RNA-seq RNA Sequencing 

ROS Reactive Oxygen Species 

RT-qPCR Reverse Transcription Quantitative PCR 

RUP1 Repressor of UV-B Photomorphogenesis 1 

RUP2 Repressor of UV-B Photomorphogenesis 2 

SNP Single Nucleotide Polymorphism 

SnpEff SNP Effect Predictor 

SRA Sequence Read Archive 

TF Transcription Factor 

UV Ultraviolet Radiation 

UVR2 UV Resistance 2 

UVR3 UV Resistance 3 

UVR8 UV Resistance Locus 8 

WRKY36 WRKY DNA-binding Protein 36 

ZTL Zeitlupe 

  



2 
 

Introduction 
As sessile organisms, plants cannot move to more favourable conditions in search of optimal 

conditions for growth and survival. Instead, they must adapt and complete their life cycle within 

the limitations of their immediate surroundings. To do so, plants are highly responsive to 

environmental cues, adjusting their growth and development based on factors such as light, 

temperature, nutrient availability, water, and humidity. While these elements are important for 

proper plant function, global warming is increasingly disrupting climate patterns across the globe. 

These shifts in climatic conditions can significantly impact plant growth, often inducing stress 

responses that affect their biological processes, metabolism, and gene expression (Mittler, 2006; 

Peng & Zhang, 2009). 

Light is an important environmental factor that impacts plant growth and development. It 

influences plant responses through its quality, intensity, direction, and duration (Hart, 2012). 

Global warming affects how plants and light interact by altering atmospheric composition, and 

seasonal patterns, which can lead to changes in light intensity and quality. Solar radiation, as the 

primary light source for plants in nature, not only provides energy for photosynthesis but also 

signals the time of day and season, regulating and activating important signaling pathways and 

developmental processes related to photomorphogenesis, which allow plants to fine-tune their 

growth and acclimation to the environment (Cerdán & Chory, 2003; Chen et al., 2014). 

Solar radiation, which includes ultraviolet radiation (UV, 100-400 nm), photosynthetically active 

radiation (PAR, 400-700 nm) (Ross, 1975), and infrared (IR, 700 nm-1 mm) can change based on 

daily and seasonal cycles as well as atmospheric conditions like cloud coverage and air pollution. 

Changes in quality or duration of different light qualities can induce different biological or stress 

responses in plants, potentially causing positive or negative impacts on their life cycle. The UV 

radiation that penetrates the Earth's atmosphere, after being filtered by the ozone layer, is limited 

to only 5% of the total solar radiation at the Earth's surface and is categorized into three ranges: 

UV-A (315–400 nm), UV-B (280–315 nm), and UV-C (100–280 nm). Of these wavebands, UV-A 

constitutes 90%, UV-B comprises 5–10%, and UV-C is completely absent (Madronich, 1993). 

UV radiation is a key environmental factor influencing multiple photomorphogenic processes and 

acclimation in plants (Jenkins, 2009). However, high-energy UV-B radiation has the potential to 

interact with different macromolecules in the cell such as DNA, proteins, and lipids, and induce 

damage through generating reactive oxygen species (ROS), cellular damage(Foyer et al., 1994), 

and compromising DNA (Landry et al., 1997; Ulm et al., 2004). The extent of these damages and 

the plant's response to them can be influenced by several factors, including the background 

Photosynthetically Active Radiation (PAR). PAR, also known as visible light, refers to the 

wavelength range utilized by photosynthetic organisms during photosynthesis, which includes 

blue-violet (400-490 nm), green (490-560 nm), yellow (560-590 nm), and orange-red (590-700 

nm) light. The intensity and duration of PAR exposure are crucial in shaping plant morphology, 

such as leaf size, stem length, stress tolerance, and flowering time, etc. (Yavari et al., 2021). 

Although optimal exposure to PAR is essential for plant growth and productivity, high PAR 

intensity can play an important role in the production of photoprotective agents that reduce 

damage from UV-B radiation. However, excessive levels of PAR can lead to photoinhibition, 

resulting in damage to the plant (Pazuki et al., 2017). A higher PAR to UV-B ratio can improve the 

plant’s ability to produce protective compounds that help for environmental stress defense 

mechanisms (Wang et al., 2022), although the response pathways are complex. 
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Plant responses to light 

Plants detect different light qualities through photoreceptors including phytochromes for red/far-

red light (600-750 nm), phototropins (PHOTs), cryptochromes (CRYs), the Zeitlupe family 

including Zeitlupes (ZTL), flavin-binding Kelch repeat F-box (FKF), and LOV Kelch repeat protein 

2 (LKP2) for blue/ UV-A radiation, and UV RESISTANCE LOCUS 8 (UVR8) for UV-B radiation 

(Brown et al., 2005; Casal, 2000; Cashmore et al., 1999). Other significant pigments that help 

plants respond to light include chlorophylls (chlorophyll a-f) and carotenoids (alpha and beta 

carotenoids, zeaxanthin, etc.), which absorb within the PAR spectrum (Brown & French, 1959; 

Vershinin, 1999), while flavonoids (flavonols, flavanones and others) are capable of absorbing UV 

radiation (Beggs & Wellmann, 1994; Sisa et al., 2010). 

Plant responses to UV-B radiation are complex and influenced by the specific characteristics of 

UV-B radiation treatments, as well as their adaptation and acclimation to UV-B radiation. This 

includes physiological, biochemical, morphological, and molecular changes that help plants 

protect themselves from potential damage caused by UV-B radiation exposure (Biswas & Jansen, 

2012). Plants react to UV-B exposure primarily by producing UV-absorbing compounds and 

repairing DNA damage (Jansen et al., 1998; Tuteja et al., 2001). UV-B radiation stimulates the 

production of various secondary metabolites, such as flavonoids and carotenoids. Flavonoids can 

filter harmful UV-B radiation and effectively neutralize ROS generated under stressful conditions, 

thus preventing the oxidation of essential biomolecules (Agati & Tattini, 2010; Ferreyra et al., 

2021). Carotenoid pigments harvest light, absorb its energy, and transfer it to chlorophyll 

molecules. They neutralize both hydroxyl and superoxide radicals, reduce singlet oxygen, and 

consequently prevent lipid peroxidation and protein oxidation (Stahl & Sies, 2002; Telfer, 2005). 

In recent years, our understanding of how plants respond to UV-B radiation has significantly 

improved, particularly through the perception of UV-B radiation via the UVR8 protein (Podolec et 

al., 2021). Most research demonstrating varied physiological responses to UV-B radiation has 

been performed on Arabidopsis thaliana (Arabidopsis) (Piofczyk et al., 2015; Rao et al., 1996; 

Schulz et al., 2021), a model plant species widely used to study molecular mechanisms in plant-

environment interactions (Van Norman & Benfey, 2009). Arabidopsis is especially valuable for 

genetic and molecular studies due to its extensive genetic variation across different populations. 

Additionally, it offers numerous benefits for genomic analysis, including a short generation time 

of just 6–8 weeks and a relatively small nuclear genome (Brendel et al., 2002). Since genetic 

diversity among different Arabidopsis accessions leads to varied responses to UV-B radiation 

including sensitivity, tolerance, and intermediate reactions, using these accessions as sample 

plants for UV-B related studies is both essential and beneficial (Tossi et al., 2019). 

UVR8 signaling pathway  

In Arabidopsis, UVR8 is a UV-B sensing protein that is normally found in the cytoplasm as a dimer. 

When the plant is exposed to UV-B, these dimers split into monomers and move to the nucleus. 

This relocation is important because it starts a series of protective mechanisms, including changes 

in transcriptional regulation of genes induced in UV-B stress responses (Figure 1). These 

responses involve synthesizing UV absorbing compounds, activating DNA repair mechanisms, and 

adjusting growth patterns to minimize damage. Consequently, the UVR8 pathway significantly 

helps plant's acclimation to UV-B radiation stress (Jenkins, 2014; Shi & Liu, 2021). 

CONSTITUTIVELY PHOTOMORPHOGENIC 1(COP1), a protein which is found in both the 

cytoplasm and the nucleus of cells, is essential for UVR8 nuclear accumulation. In the absence of 
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light (in dark), COP1 is mostly in the nucleus to induce the breakdown of proteins that would 

otherwise promote plant growth in response to light. When the plant is exposed to light, COP1 

moves to the cytoplasm, which reduces its activity in the nucleus, and allows the light-responsive 

proteins to build up and promote the plant growth (Kim et al., 2017; Ponnu & Hoecker, 2021). As 

an associate to primary signaling, COP1 acts as a positive regulator of UV-B radiation responses. 

Protein-protein interaction of UVR8 and COP1 leads to the stabilization of ELONGATED 

HYPOCOTYL 5 (HY5) (Favory et al., 2009; Liu et al., 2024). HY5 is a master transcription factor 

(TF) regulator involved in photomorphogenesis in plants and can regulate gene expression that 

is responsive to UV-B radiation stress tolerance. HY5 activates genes such as REPRESSOR OF UV-

B PHOTOMORPHOGENESIS 1 (RUP1) and REPRESSOR OF UV-B PHOTOMORPHOGENESIS 2 

(RUP2), which regulate UVR8. It also activates UV RESISTANCE 2 (UVR2) and UV RESISTANCE 3 

(UVR3), which are involved in repairing DNA damage caused by UV-B radiation, as well as 

flavonoid biosynthesis genes that help produce flavonoids, acting as natural sunscreens to protect 

the plant from UV-B radiation damage (Brown & Jenkins, 2008; Rai et al., 2020). 

Another key TF that helps manage their responses to different stresses and developmental stages 

is WRKY DNA-BINDING PROTEIN 36 (WRKY36). By binding to the W-box in the HY5 promoter, 

WRKY36 inhibits the expression of HY5. When the plant is exposed to UV-B radiation, the UVR8 

protein interacts with WRKY36 in the nucleus. This interaction prevents WRKY36 from binding 

to the HY5 promoter, allowing the HY5 gene to be transcribed and expressed (Yang et al., 2018). 

 

Figure 1.  Simplified scheme of the UVR8 pathway in Arabidopsis. The UVR8 photoreceptor exists as an 

inactive dimer. Upon absorbing UV-B radiation, UVR8 dissociates into active monomers, initiating the UV-B 

signaling pathway. These monomers interact with COP1 and WRKY36 to activate genes responsible for UV-

B response, regulation, and acclimation. Other key regulators of UVR8 signaling such as BES1 which 

mediates growth are not included here to maintain the focus on UV acclimation.  

BRI1-EMS-SUPPRESSOR1 (BES1) is a crucial TF in the brassinosteroid (BR) signaling pathway in 

plants. BRs are essential phytohormones that modulate various aspects of plant growth and 
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development. When these hormones are present, they activate BES1, which allows BES1 to move 

to the nucleus, where it can bind to DNA and activate specific genes. These genes are involved in 

various processes, such as promoting cell growth, division, and differentiation (Cao et al., 2024). 

When it comes to UV-B radiation, BES1 has a special role. Normally, BES1 involves growth 

regulation by controlling genes that suppress the production of flavonoids that protect plants 

from UV-B radiation damage. Dephosphorylated BES1 can bind to UVR8 and the interaction 

between BES1 and UVR8 is crucial for balanced growth and stress responses. When UV-B 

radiation is detected, UVR8 helps initiate the production of protective compounds, while the 

reduction in BES1 activity allows for an increase in flavonoid production. This coordinated 

response ensures that the plant can protect itself from UV-B radiation damage while managing its 

growth processes effectively (Liang et al., 2018; Liu & Jenkins, 2024). Exposure to UV-B radiation 

can cause specific alterations in the carotenoid profile, increasing levels of specific carotenoids 

such as antheraxanthin, neoxanthin, violaxanthin, and lutein in Arabidopsis. Although these 

changes occur due to UV-B exposure, they happen independently of functional UVR8 and 

surprisingly are not part of UV-B damage protective mechanisms. While the functional 

significance of this response is unknown, it may be related to protection against high PAR intensity 

(Badmus et al., 2022). The concentration of flavonoids, which act as photoprotective agents 

against high UV-B radiation and help reduce and prevent damage, is significantly influenced by 

high PAR intensity or a higher PAR to UV-B ratio (Jadidi et al., 2023; Krizek, 2004). 

During recent years there has been significant progress in understanding plant responses to UV 

radiation at the molecular and physiological level (Hideg et al., 2013; Jansen et al., 1998; Ulm & 

Jenkins, 2015). However, there remains a substantial gap in knowledge regarding how different 

light signaling pathways within PAR modulate plant responses to UV radiation. This gap is 

particularly evident in the context of how plants acclimate to UV radiation through the UVR8 

signaling pathway and other associated molecular players. Furthermore, the molecular 

mechanisms integrating light signaling between the UV and visible part of the spectrum also 

remain elusive. The natural genetic diversity present in Arabidopsis accessions offers the 

possibility to dissect novel mechanisms involved in UV and PAR responses and thus address these 

gaps in knowledge . 

Aim 
The aim of this study is to identify patterns of gene expression that could help identify novel 

regulators that mediate plant acclimation to UV radiation and visible light, utilizing Arabidopsis 

accessions with varying sensitivities to UV radiation. To achieve this, the study will analyze 

patterns of gene expression in different Arabidopsis accessions when exposed to UV and visible 

light. It is expected to discover new genes or regulatory elements that play a crucial role in plant 

acclimation, enhancing our understanding of plant stress responses and potentially leading to the 

development of crops with improved resilience to UV radiation. 

Additionally, the study will identify genetic features in candidate genes that could explain the 

observed differences in gene expression patterns among the accessions. Understanding these 

genetic features could explain the variability in sensitivity to UV radiation and contribute to 

targeted genetic modifications. Furthermore, the study will explore the potential roles of these 

selected candidate genes in the plant's responses to UV and visible light. Determining these roles 

could reveal potential pathways and mechanisms through which plants manage UV-induced 

stress, aiding in the development of UV-resistant plant varieties. 
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Overall, the study is expected to contribute significantly to the field of plant biology by uncovering 

novel regulators and mechanisms of UV acclimation. The findings could have practical 

implications in agriculture, particularly in breeding crops that are more resilient to environmental 

stresses. 

Materials and Methods 

1. Sample Preparation (Summary) 

(Note: the plant growth and sequencing were performed before the thesis project started) 

Plant growth, UV/light treatments, and RNA sequencing were performed prior to the thesis 

project. Arabidopsis plants from three accessions (C24, Col-0, Ga2) were grown under controlled 

conditions and exposed to different UV-B and light intensities. RNA was extracted from ground 

frozen leaf for RNA-Seq analysis. 

Full experimental details are provided in Appendix A. 

2. Bioinformatics Analysis 

a. RNA sequencing (RNA-seq) analysis  

The quality of the raw paired-end RNA-seq data was measured using FastQC v0.11.2 (Andrews, 

2010).To eliminate adapters, barcodes, and low-quality bases from both ends of each sequence, 

and reads shorter than 25 base pairs (LEADING:20, TRAILING:20, MINLEN:25, -phred33), 

Trimmomatic v0.33 was applied in paired-end mode (Bolger et al., 2014). Orphan reads and 

paired-end reads, separated during preprocessing by Trimmomatic, were mapped independently 

using kallisto quant single (options: --single, -l 200, -s 20, -b 4000) for orphan reads and paired-

end (option: -b 4000) modes for paired-end reads. The raw count data from Kallisto were 

imported into R for both orphan reads and paired-end count tables using the tximport package 

v1.18.0 with default settings (Soneson et al., 2015). The orphan reads and paired-end counts were 

combined to create a unified count table for each dataset. Differential gene expression analysis 

was performed using DESeq2 (Love et al., 2014). Differentially expressed genes (DEGs) tables 

were filtered using adjusted p-value (FDR) ≤ 0.05.  

The total transcript abundance data were analyzed using R (version 4.5.0) (R Core Team, 

2025).Principal Component Analysis (PCA) was performed using the FactoMineR package (Lê et 

al., 2008). Separate PCA analyses were conducted for the entire dataset, as well as for subsets 

corresponding to the high and low PAR ratio treatments. 

b. Downstream analysis of differentially expressed genes 

To identify unique genes based on the Gene Ontology (GO) enrichment and Log2 Fold Change 

(Log2FC) in expression, several R packages were utilized. For Data Preparation, the raw data was 

processed and filtered using the dplyr package (version 1.1.4) to ensure the quality and relevance 

of the data points. The clusterProfiler package (version 4.16.0) (Yu, 2024), was employed to 

perform GO enrichment analysis (GOEA). This package facilitated the identification of significant 

GO terms associated with the gene lists. Gene annotations were retrieved using the org.At.tair.db 

package (version 3.21.0), which provides comprehensive annotation data for Arabidopsis. The 

plyr package (version 1.8.9) was used to aggregate and summarize the results, ensuring that the 

data was organized and interpretable. The “Uniq.Abandance” function was used to identify genes 



7 
 

with positive or negative log2FC greater than or less than 0.5. Significant GO terms were selected 

based on a false discovery rate (FDR) threshold of 0.05, to adjust the p-values. The results, 

including differentially expressed genes (DEg) and GO enrichment, were exported to Excel files 

using the writexl package (version 1.5.4), and the enriched results were visualized using bar plots 

and dot plots to illustrate the top 20 categories of enriched genes. A Venn diagram (Yang et al., 

2024) was used to demonstrate that the unique genes identified are truly unique, with no shared 

genes according to the diagram. 

c. Genomic analysis 

To find SNPs in the C24 genome compared to the reference genome Col-0, a total of 63 different 

DNA sequences related to the C24 wild type were downloaded from publicly available NCBI's 

(National Center for Biotechnology Information) using unique Sequence Read Archive (SRA). The 

Col-0 genome was used as the reference and was obtained from Araport11 (version 11) and 

Phytozome v12, a comprehensive online resource provided by the Joint Genome Institute (JGI).  

For quality control and trimming, AdapterRemoval (Schubert et al., 2016) was used to trim 

adapters and filter low-quality reads from both single-end and paired-end sequence files. 

Trimmed reads were aligned to the indexed reference genome using STAR (Spliced Transcripts 

Alignment to a Reference) (Dobin et al., 2013). The alignment process included specific settings 

for introns and splice junctions, such as a sjdbOverhang of 150 ( to improve the accuracy of splice 

junction mapping by defining the length of the sequence around splice junctions), alignIntronMin 

of 10, alignSJoverhangMin of 5, and alignSJDBoverhangMin of 3. Additionally, the process utilized 

30 threads and generated BAM files and unmapped reads.  

For starting the SNP calling process, read group information was added to each BAM file using 

samtools (1.10) (Li et al., 2009) addreplacerg. This step included tags for read group identifier, 

library identifier, platform (Illumina), platform unit, and sample identifier to ensure proper 

identification and tracking of each sample. The BAM files with added read group information were 

indexed using samtools index to allow efficient querying and processing during downstream 

analyses. Duplicate reads were marked using Picard's MarkDuplicates tool (3.3.0) to identify and 

mark duplicate reads, which can arise from PCR amplification, to avoid biases in variant calling, 

and the BAM files were indexed again to ensure efficient access during variant calling. Variants 

were called using bcftools mpileup (1.10.2) (Li, 2011) to generate pileup files, followed by bcftools 

call to produce VCF files for each sample. After quality control, variants were filtered based on 

quality and depth, retaining only high-quality variants with a quality score greater than 30 and a 

depth greater than 10 to ensure that only reliable variants are included in the final analysis. SNPs 

and indels were extracted from the filtered VCF files using bcftools view, and final VCF files 

containing SNPs and indels were analyzed. 

SnpEff (SNP Effect Predictor) (version 5.2f) (Cingolani et al., 2012) was used to annotate SNPs and 

indels from VCF files, adding detailed effects on genes and proteins. The output VCF contained 

annotated variants with information on amino acid changes, coding effects, and various quality 

metrics such as Read Position Bias (RPB), Mapping Quality Bias (MQB), and Base Quality Bias 

(BQB), all assessed using the Mann-Whitney U test. To validate the presence and distribution of 

SNPs, the genomic region corresponding to the ADR2 gene (AT1G56510) was selected and 

visualized using the Arabidopsis 1001 Genomes Genome Browser 

(http://signal.salk.edu/atg1001/). Based on SnpEff's criteria, high-impact mutations likely 

http://signal.salk.edu/atg1001/
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causing protein disruption, loss of function, or triggering nonsense-mediated decay were selected 

for further analysis under each light treatment condition. 

To begin the transcriptomic analysis, a Venn diagram (Cingolani et al., 2012) was used to visualize 

all genes with high-impact mutations under different light treatment conditions. 

d. Interlinking transcriptomic and genomic analyses 

Gene enrichment analysis for high-impact mutated genes from the shared area of different Venn 

diagrams was performed in R based on genes with high-impact mutations and LogFC in different 

light conditions. The gene list was processed by removing missing values and sorting the genes in 

decreasing order of log2 fold change. Gene enrichment analysis was performed using the 

clusterProfiler package (version 4.16.0). The analysis utilized the Arabidopsis thaliana database 

(org.At.tair.db) (version 3.21.0), with the key type set to TAIR (The Arabidopsis Information 

Resource). The analysis focused on biological processes (BP) and adjusted p-values using the 

Benjamini-Hochberg (BH) method to control for multiple testing. The p-value cutoff was set to 

0.05, and the q-value cutoff was set to 0.2. The enriched results were visualized using dot plots 

and bar plots for the top 20 categories of enriched genes. 

Results 

Accession dependent patterns of gene expression under different UVB:PAR ratios 

a.  C24 Displays the Most Distinct Transcriptional Profile Among Accessions 

PCA analysis was first used as a multivariate technique to explore whole transcriptome data. The 

PCA of the entire RNA-seq dataset revealed distinct clustering patterns among the different 

Arabidopsis accessions. The first two principal components (Dim1 and Dim2) explained 18.18% 

and 15.37% of the total variance, respectively (Figure 2).  

Figure 2. Principal component analysis (PCA) of the transcriptome data with three Arabidopsis accessions 

(C24, Col-0, and Ga2) under different light treatment conditions. In the plot, "ctrl-300" represents high light 

intensity, "UV-150" indicates a high UV:PAR ratio, and "UV-300" corresponds to a low UV:PAR ratio. 
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There was a clear separation of C24 from Col-0 and Ga2, however the patterns of expression 

detected in Col-0 and Ga2 under the light treatments tested are very similar since there is no clear 

separation between these two accessions (Figure 2). The distinct clustering of C24 may reflect 

inherent genetic or epigenetic differences affecting photoreception or stress signaling pathways 

compared to Col-0 and Ga2. There was no visible separation of accessions based on the different 

light treatments including high and low PAR ratio and high light intensity. This suggests that the 

gene expression changes due to light treatments were not distinct enough to create separate 

clusters in the PCA plot. 

b. High UV:PAR Ratio Triggers the Strongest Transcriptional Changes Across All 

Accessions 

To investigate how Arabidopsis accessions respond at the transcriptional level to different light 

conditions, differential gene expression analysis was performed on RNA-seq data obtained from 

plants subjected to high and low UV:PAR ratios and high light intensity. Genes showing significant 

upregulation or downregulation (log2 fold change > 0.5 or < –0.5) were identified, and unique 

gene lists were generated for each accession and treatment. To gain insights into the biological 

functions associated with these gene expression changes, Gene Ontology Enrichment Analysis 

(GOEA) was conducted. This analysis identified the most significantly enriched biological 

processes, molecular functions, and cellular components represented in the differentially 

expressed gene sets. The results were visualized using bar plots highlighting the top 20 enriched 

GO terms for each accession and treatment condition (Figure 3). 

For the C24, genes related to RNA modification and chromosome segregation were predominantly 

upregulated in response to high UV:PAR ratio light treatment (Figure 3A). Under low UV:PAR 

ratio, upregulated genes were mainly associated with lipid metabolic processes, amino sugar 

metabolism, RNA splicing, and peptidyl-prolyl cis-trans isomerase activity. In contrast, genes 

involved in monocarboxylic acid processes were primarily upregulated under high light intensity 

treatment. 

For Col-0, a significant enrichment of upregulated genes was observed only under the high 

UV:PAR ratio treatment, with most genes related to RNA modification (Figure 3B). This suggests 

that Col-0 may have a more targeted transcriptional response focused on maintaining or 

enhancing RNA regulatory processes under UV stress, compared to the broader functional 

responses observed in C24. For the Ga2 accession, GOEA was possible only for two light 

treatments: high and low UV:PAR ratio (Appendix, Figure B1). For high light intensity treatment, 

the distance between genes was too great, making GOEA impractical. 

To explore the overlap and uniqueness of gene expression responses to different light treatments, 

Venn diagrams were used to visualize the number of upregulated and downregulated genes 

across three Arabidopsis accessions: C24, Col-0, and Ga2. These diagrams help assess how many 

differentially expressed genes (DEGs) were shared or unique under high UV:PAR, low UV:PAR, 

and high light intensity conditions (Appendix Figures C1–C3). 

In C24 130 genes were uniquely upregulated across the treatments (LogFC > 0.5). Of these, a 

majority (98 genes) were specific to the high UV:PAR ratio, while 24 were associated with the low 

UV:PAR ratio, and 8 with high light intensity. Similarly, 137 genes were uniquely downregulated 

(logFC < –0.5), with the largest portion (118 genes) also responding to the high UV:PAR ratio, 

followed by 11 in the low UV:PAR ratio and 8 under high light (Appendix, Figure C1). In Col-0, a 
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total of 71 upregulated genes were identified, mostly under the high UV:PAR ratio (55 genes), with 

smaller responses under low UV:PAR (7 genes) and high light (9 genes). A total of 87 genes were 

downregulated, with 64 responding to high UV:PAR, 8 to low UV:PAR, and 15 to high light 

intensity (Appendix, Figure C2). For Ga2, 127 genes were upregulated overall, including 75 genes 

specific to high UV:PAR, 40 to high light, and 12 to low UV:PAR. 107 genes were downregulated in 

Ga2, with the largest number (61 genes) under high UV:PAR, 38 under high light, and only 8 under 

low UV:PAR (Appendix, Figure C3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Bar plot of GOEA terms for unique genes in the C24 accession (A) and Col-0 (B). The plots display 

the top 20 terms from Biological Process, Molecular Function, and Cellular Component categories, based on 

gene counts associated with different light treatment conditions. The color gradient represents the adjusted 

p-values. The x-axis scales differ across panels due to varying gene counts from separate enrichment 

analyses. Each count represents the number of genes associated with a GO term. 

These results highlight that the high UV:PAR ratio consistently triggered the most extensive 

transcriptional changes across all three accessions, both in terms of upregulation and 

downregulation, while responses to low UV:PAR and high light were more moderate or accession 

specific. 

A 
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Genomic Variation May Underlie Transcriptional Differences in UV Sensitivity 

To understand whether genetic variation could explain differential gene expression responses to 

the light treatments, SNP and indel analysis were conducted using publicly available whole-

genome sequencing data of the C24 accession. By comparing high-impact genomic variants with 

expression patterns under different light treatments, this analysis aimed to identify mutations 

that may influence transcriptional regulation or stress response pathways. Integrating genomic 

and transcriptomic data could reveal potential candidate genes responsible for phenotypic 

differences in UV sensitivity between accessions. 

For the paired end reads, a total of 689,575 SNPs, 73,446 insertions, and 36,057 deletions were 

identified. Among these, 7,669 variants (0.18%) were classified as high-impact mutations 

(Appendix, Figure D1). In comparison, the single end reads yielded 471,580 SNPs, 28,650 

insertions, and 15,782 deletions, with 3,612 variants (0.14%) identified as having a high 

functional impact (Appendix, Figure D2). 

Gene regions containing high-impact mutations were identified from paired-end read data, 

resulting in 7,669 variants mapped to 3,212 unique gene regions. These regions were selected for 

downstream analyses, including GOEA and comparisons with genes differentially expressed 

under different light treatment conditions (Appendix, Figure E1). 

For the high UV:PAR ratio light treatment, Venn diagram analysis revealed 248 overlapping genes 

in the C24 and 160 in Col-0, respectively. Additionally, 5,994 genes were shared between both 

accessions, with 567 genes overlapping between the high-impact mutation set and the 

differentially expressed genes (Appendix, Figure E1A). Under low UV:PAR ratio light treatment, 

281 commonly affected genes were identified in C24 and 54 in Col-0. A total of 2,366 genes were 

shared between the accessions, with 220 genes overlapping between the mutation and expression 

datasets (Appendix, Figure E1B). 

In the high light intensity condition, a similar analysis identified 110 shared genes in C24 and 108 

in Col-0. In this case, 1,692 genes were common to both accessions, with 154 genes overlapping 

between the high-impact mutation set and the differentially expressed genes (Appendix, Figure 

E1C). Visualization of the ADR2 gene region using the 1001 Genomes Genome Browser confirmed 

the presence of SNPs consistent with those reported by Piofczyk et al. (2015) (Figure 4). 

Alignment of the identified SNPs with reference accessions available in the browser supported the 

accuracy of the variant calling and revealed both conserved and variable loci within the gene. 

Notably, high-impact mutations were also identified in AT1G56510, AT1G47900, and AT1G47890, 

including changes such as the loss or gain of stop codons, conservative in-frame insertions 

affecting stop codons, and frameshift variants. These types of mutations are likely to have 

significant functional consequences, potentially disrupting gene function or altering protein 

output. 

 
 
 

 

 
Figure 4. The genomic segment of the ADR2 gene (AT1G56510) in the C24 accession, displayed using the 

Arabidopsis 1001 Genomes Genome Browser (http://signal.salk.edu/atg1001/). SNPs relative to the Col-0 

reference are indicated by vertical-colored markers along the sequence. 

http://signal.salk.edu/atg1001/
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Integration of Genomic and Transcriptomic Data 

GOEA was conducted on selected genes from overlapping regions between high-impact mutations 

and DEGs, identified across different accessions and light treatment conditions using LogFC values 

derived from RNA-seq data. Among all tested conditions, only the gene sets overlapping with 

those from Col-0 under high UV:PAR ratio and high light intensity, as well as gene sets shared 

between both accessions under both high and low UV:PAR ratio conditions (Figure 5), produced 

meaningful GOEA results. In contrast, gene sets from other conditions were either too small or too 

fragmented, rendering the GOEA results from those comparisons unreliable. 

 

 

 

Figure 5. GOEA of genes with high-impact mutations and differential expression under selected light 

treatment conditions. Gene names have been omitted for confidentiality purposes, as they are unique and 

cannot be disclosed in this work. Each panel represents GO enrichment results for gene sets from high-

impact mutated genes across different accessions and light treatment conditions:(A) Col-0 under high 

UV:PAR ratio, (B) Col-0 under high light intensity, (C) shared gene set between C24 and Col-0 under low 

UV:PAR ratio, (D) shared gene set between C24 and Col-0 under high UV:PAR ratio. Bar plots represent 

log2FC, where positive values indicate upregulation and negative values indicate downregulation. Only 

significantly enriched GO terms (adjusted p-value < 0.05, using the Benjamini-Hochberg correction) are 

shown, grouped by biological process. These were the only conditions where sufficient gene overlap 

enabled reliable GOEA results. 

In Col-0 under high UV:PAR ratio conditions, genes associated with transcriptional repression 

were downregulated, including those involved in regulation of transcription elongation by RNA 

polymerase II and mRNA processing, suggesting a suppression of certain co-transcriptional 

regulatory mechanisms (Figure 5A). Conversely, a strong upregulation was observed in genes 

related to positive regulation of RNA metabolic processes, RNA biosynthetic processes, and 

nucleobase-containing compound metabolism. Additional enriched terms such as positive 

regulation of DNA-templated transcription elongation and macromolecule biosynthetic processes 

further point toward a transcriptionally active cellular state. This contrast implies a 

A B 

C D 
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reprogramming of gene expression machinery, likely as an adaptive response to increased light 

stress, enabling more robust RNA production and processing under high UV:PAR conditions. 

In Col-0 under high light intensity conditions only a single gene associated with syncytium 

function showed low upregulation, suggesting limited activation of this process (Figure 5B). While 

the two GO terms exhibited downregulation, one with high magnitude, the majority of 

significantly enriched terms, including rRNA processing, rRNA metabolic processing, ribosome 

biogenesis, and ribonucleoprotein complex biogenesis, were weakly upregulated. These findings 

indicate a subtle increase in the expression of genes involved in ribosomal function and RNA 

machinery, potentially supporting enhanced protein synthesis under high light intensity. 

However, the overall scale of regulation was lower compared to the response observed under high 

UV:PAR conditions, suggesting that the plant’s transcriptional adjustment to high light is less 

pronounced or more targeted. 

Overall, the integration of genomic and transcriptomic data revealed that only specific light 

conditions, particularly high UV:PAR ratio and high light intensity in Col-0, transcriptional 

changes, that overlapped with regions of high-impact genomic variation. These conditions 

resulted in distinct GO enrichment patterns, with high UV:PAR exposure driving a broad activation 

of transcriptional and biosynthetic processes, and high light intensity inducing more subtle 

changes primarily in ribosome-related pathways. In contrast, other treatment conditions across 

the three accessions failed to produce enriched GO terms, likely due to limited gene overlaps or 

weaker transcriptional responses. These findings suggest that plant responses to UV at the 

transcription level are highly dependent on the visible background, capable of triggering more 

extensive transcriptional reprogramming, particularly in Col-0, compared to light intensity alone 

or lower UV exposure. 

Discussion 

This study investigated the transcriptional responses of three Arabidopsis thaliana accessions to 

varying light conditions by analyzing their gene expression profiles alongside genomic variations. 

By integrating transcriptomic and genetic data, we examined how natural genetic diversity shapes 

plant responses to light-related cues, with a particular emphasis on differential reactions to 

changes in UV:PAR ratios and high light intensity. 

The PCA analysis showed that the C24 accession is grouped separately from Col-0 and Ga2, 

indicating that it has a different overall gene expression pattern or responds differently to changes 

in light conditions. This difference is likely due to natural genetic variation, especially in genes 

related to light sensing or stress response. This variation supports earlier findings that natural 

accessions respond differently to stress due to genetic differences (Kliebenstein et al., 2001; 

Piofczyk et al., 2015). Interestingly, Col-0 and Ga2 showed similar gene expression patterns, which 

may reflect shared signaling pathways or a common history of adaptation (Richards et al., 2012). 

These similarities in gene expression may also explain their relative high tolerance to UV radiation 

reported in previous studies (Piofczyk et al., 2015). 

Among the light treatments tested, the high UV:PAR ratio caused the strongest changes in gene 

expression across all Arabidopsis accessions. In Col-0, genes related to RNA processing, gene 

regulation, and stress response were especially active, suggesting a well-developed UV defense 

system potentially mediated by UVR8 photoreceptor activity, which initiates signaling cascades 

activating genes involved in photoprotection and DNA repair, including those regulating flavonoid 
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biosynthesis (Morales et al., 2013). The targeted transcriptional response observed in Col-0, 

where only specific GO terms were enriched suggests, a strategy involving post-transcriptional 

regulation to moderate UV-induced damage without inducing extensive metabolic shifts (Brown 

& Jenkins, 2008), while C24 activated a wider range of genes, including those related to 

chromosome division and lipid metabolism. This broader response may reflect a more flexible 

way of dealing with stress, as previous studies have shown that gene expression linked to lipid 

metabolism can change depending on surroundings factors (Hsiao et al., 2014; Zhao et al., 2021). 

While Col-0 exhibited a targeted UV-response involving transcriptional control and flavonoid 

biosynthesis, C24 activated broader gene sets related to chromosomal organization and lipid 

metabolism, indicating a more general stress response strategy. 

The overlap between genomic variations and differentially expressed genes under high UV:PAR 

reflects the connection between genetic architecture and stress-responsive transcriptional 

changes. The differential patterns in transcriptional activity between accessions suggest that 

while all three genotypes recognize and respond to UV:PAR stimuli, the molecular pathways 

engaged, and their specificity vary depending on underlying genetic architecture (Mahalingam et 

al., 2003; Virgen et al., 2025).  

Changes in visible light intensity (e.g 150 vs 300 μmol m-2 s-1) induced more moderate 

transcriptomic changes, with Col-0 showing only slight upregulation in genes related to rRNA 

processing and ribosome biogenesis, implying a role for translational control in adapting to 

increased light load. Although high light is known to enhance photosynthetic activity and the 

production of ROS, the limited gene expression changes observed suggest reliance on post-

translational mechanisms or antioxidant systems rather than large-scale transcriptional 

remodeling (Alboresi et al., 2011). This relatively muted response in Col-0 could indicate that, 

under the tested conditions, light intensity is not perceived as a major stressor compared to the 

high UV:PAR ratio, or that photoregulatory feedback systems buffer its effects (Frohnmeyer & 

Staiger, 2003; Piofczyk et al., 2015). 

Integrating high-impact SNP/indel data with differentially expressed genes revealed functional 

overlaps that were particularly evident under high UV:PAR conditions. Genes exhibiting both 

genomic variation and differential expression under UV stress were enriched in functions related 

to transcription, RNA metabolism, and biosynthetic process (Favory et al., 2009; Jenkins, 2014). 

This overlap suggests that some of the changes in gene expression are partly caused by genetic 

differences and polymorphisms in genes related to regulation and metabolism, indicating that 

genetic background plays a key role in shaping how plants modulate gene expression under stress 

(Kang et al., 2023; Virgen et al., 2025). For instance, high-impact mutations in AT1G56510 (ADR2), 

a gene implicated in abiotic stress signaling, were identified in C24 (Piofczyk et al., 2015). These 

mutations may influence not only baseline expression levels but also inducibility under stress, 

offering a potential explanation for the heightened sensitivity and broader transcriptional 

reprogramming observed in C24 (Aboul‐Soud et al., 2009).  

In addition, identified high-impact mutations in AT1G47900 and AT1G47890 (RLP7), may also 

affect how plants respond to stress (Fan et al., 2024; Maruta et al., 2012). These mutations could 

change how certain stress-related genes are turned on or off, or how stable their RNA transcripts 

are. This means that different Arabidopsis accessions, like Col-0 and C24, might use different gene 

networks to respond to the same environmental challenge, depending on their genetic makeup 

(Kliebenstein et al., 2001). 
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Overall, these results show that natural genetic variation plays a key role in how plants sense and 

respond to stress. The overlap between gene expression changes and high-impact mutations 

under high UV:PAR suggests that both genetic background and environmental signals work 

together to shape stress responses. This helps explain why different accessions can show different 

levels of stress sensitivity and adaptation. These findings emphasize that the observed 

transcriptional differences between Col-0 and C24 are not only treatment-specific but also 

genetically encoded. The overlap between genomic variation and transcriptional responses under 

high UV:PAR conditions indicates that genetic background fundamentally shapes how each 

accession responds to UV stress. This supports the view that genetic variation drives the 

differential engagement of regulatory pathways, highlighting that even within a single species, 

accessions can activate distinct transcriptional networks in response to the same environmental 

stimulus (Kawakatsu et al., 2016; Mitchell-Olds & Schmitt, 2006). 

Among the various light treatment conditions tested, only high UV:PAR ratio and high light 

intensity revealed distinct transcriptional responses in Col-0 accession resulted in sufficient 

differential gene expression to yield GOEA between high-impact mutations and DEGs. The high 

UV:PAR treatment triggered a pronounced reorganization of gene expression, with clear 

activation of transcription- and biosynthesis-related processes. Specifically, Col-0 upregulated 

genes involved in RNA metabolism and DNA-templated transcription elongation (Van Lijsebettens 

& Grasser, 2014), while downregulating transcriptional repressors and co-transcriptional 

regulators, such as elongation factors and RNA polymerase II modulators (Grasser, 2024). This 

expression pattern suggests that the plant is adjusting its gene regulation to respond quickly, even 

if it means being less precise (Szádeczky-Kardoss et al., 2022). At the same time, the increased 

activity in genes related to building large molecules and nucleotides indicates that the plant is 

focusing on producing protective compounds, such as antioxidants and secondary metabolites 

like flavonoids, to cope with UV stress (Hayami et al., 2015; Neugart et al., 2019). 

In contrast to the broad response seen under high UV:PAR, high light intensity triggered a much 

milder change in gene expression. In Col-0, this response was mostly limited to a slight increase 

in genes related to ribosome production and RNA processing, with little involvement of wider 

regulatory pathways (Cheong et al., 2021). This suggests that Col-0 recognizes high UV:PAR and 

high light as distinct type of stress signals and responds accordingly. The strong response to UV 

likely reflects its damaging effects, while high light alone may not be intense enough to cross the 

stress threshold required for transcriptional remodeling of stress pathways, possibly due to 

regulatory moderation by light-sensing photoreceptors such as cryptochromes and phototropins 

(Christie, 2007; Morales et al., 2025; Serrano et al., 2021). It’s also possible that light-sensing 

proteins like phototropins and cryptochromes help to control and limit the response to high light. 

These differences show that plants can distinguish between similar light signals and respond in 

specific ways, demonstrating the complexity of how they sense and adapt to different light 

conditions (Cunningham et al., 2024; Smith et al., 2024). 

Overall, the high UV:PAR treatment consistently triggered the most extensive changes in gene 

expression across accessions, revealing its strong impact on plant transcriptional regulation. This 

observation supports the idea that UV-B radiation functions as a potent environmental signal 

capable of triggering extensive transcriptional reprogramming (Qian et al., 2020; Ulm et al., 2004).  

The observation that different accessions use different genes to regulate the same pathways, 

showing that plants can adapt to stress by switching between alternative genes with similar 

functions. For instance, under various light conditions, the C24 accession shows changes in genes 
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related to RNA modification, chromosome segregation, and metabolism, whereas Col-0 primarily 

activates RNA modification pathways under high UV:PAR. This indicates that each accession 

employs alternative genetic routes to achieve similar adaptive outcomes. This kind of overlap in 

gene function means that different genes can do the same job. If one gene is lost or changes, 

another can still carry out the task, helping the plant keep important processes running despite 

genetic differences (Chen et al., 2005; Van Veen et al., 2016). 

Conclusion 

The broader implications of these findings highlight the role of natural genetic variation in 

shaping gene regulation and stress responses. Understanding how different genotypes respond to 

environmental challenges is essential for predicting plant behavior in fluctuating environments, 

especially under climate change scenarios that may involve increased UV radiation or variable 

light conditions (Heijde & Ulm, 2012).  

From an agricultural and crop improvement perspective, identifying stress tolerant genetic 

variants, can help breed or engineer crops with better protection against UV damage. These 

naturally resilient alleles or regulatory elements may improve plant performance under harsh 

light conditions. The way genetic variation overlaps with changes in gene activity, especially 

under high UV:PAR, also points to specific genes that could be targeted using genome editing tools 

like CRISPR/Cas9. Editing these stress-related genes could fine-tune how crops respond to UV 

stress, improving their ability to maintain growth and function under challenging environmental 

conditions (Bortesi & Fischer, 2015; Scheben et al., 2017; Zhang et al., 2019). 

Limitations and Considerations 

While this study provides meaningful insights into the transcriptional and genomic responses of 

Arabidopsis accessions under different light conditions, several limitations should be 

acknowledged. First, the transcriptomic analysis was based on RNA-seq data obtained from a 

single time point following light treatment. As gene expressions are dynamic and responsive to 

stress over time, this approach may have missed transient or delayed regulatory events critical to 

the acclimation process. Time-course experiments would provide a more comprehensive view of 

gene activation patterns. Second, while GOEA helped identify functional categories enriched 

among differentially expressed or mutated genes, it does not offer direct evidence of causal 

relationships or regulatory interactions. GO terms are statistically inferred annotations and 

should be interpreted as indicators of potential biological relevance, rather than confirmation of 

gene function. Experimental validation, such as mutant phenotyping or functional assays, will be 

necessary to establish the roles of candidate genes in UV or light stress responses. 

Ethical aspects, and impact on society 
This research exclusively involves working with plants. Since plants lack sentience and the 

capacity to experience suffering, the ethical considerations typically required for animal research 

are not applicable. However, it is important to consider the broader societal impact of this work. 

Understanding how different UV radiation exposures affect plant growth and development could 

lead to improved agricultural practices that improve food security and benefit society. If we know 

how to trigger the molecular mechanisms mediating plant responses to UV, we could optimize 

light systems in horticultural settings to improve plant quality. This also implies that we could use 

radiation treatments that are more efficient, eco-friendly, and less harmful to human health. UV is 

highly energetic and imbalance UV exposure could induce undesirable damaging effects. 
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Therefore, one potential ethical consideration is the environmental impact of using different UV 

radiation exposures. While UV radiation is a natural spectrum of sunlight, artificially manipulating 

UV exposure levels could have unintended effects on the plants and surrounding environment. It 

is crucial to ensure that these methods are applied responsibly and do not cause harm to the 

ecosystem. Furthermore, the insights gained from this research could play a crucial role in 

ensuring food security in the face of global challenges such as changing weather patterns and 

increasing population demands. Beyond agriculture, promoting plant health and growth can 

improve air quality and reduce urban heat islands. 

Future perspectives 
Building upon the current findings, future work will focus on refining and validating the candidate 

genes identified through transcriptomic and genomic integration. A key next step involves a more 

detailed comparative analysis between the set of uniquely differentially expressed genes from 

RNA-seq and those harboring high-impact mutations, with the goal of identifying overlapping 

candidates that are both transcriptionally responsive and structurally altered. These overlapping 

genes represent strong candidates for functional regulators of light stress acclimation. 

Selected genes from this intersection set will be prioritized for functional validation through 

phenotypic screening. Seeds carrying natural or engineered mutations (e.g., T-DNA insertion lines, 

CRISPR/Cas9-induced edits) in these candidate genes will be germinated and grown under 

controlled high UV:PAR and high light intensity conditions. Phenotypic assessments will include 

growth rate, leaf morphology, chlorophyll content, and stress markers to determine whether 

these mutations result in altered stress sensitivity or acclimation capacity. 

In parallel, further genomic analysis will be conducted to explore the distribution and impact of 

SNPs across the Arabidopsis genome in greater detail. This includes mapping SNPs to specific 

genomic regions such as promoters, untranslated regions (UTRs), introns, and exons to assess 

their potential regulatory or coding consequences. Special attention will be given to SNPs located 

in transcription factor binding sites or splicing motifs, as these may affect gene regulation or 

transcript stability even if not classified as high-impact mutations by current annotation tools. 

Through this expanded approach, the study aims to build a more comprehensive picture of the 

genetic architecture underlying plant responses to UV and visible light stress. These insights will 

not only advance our understanding of Arabidopsis acclimation mechanisms but may also inform 

targeted breeding strategies or genetic engineering approaches to enhance UV resilience in 

economically important crops. 
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Appendix 

Appendix A  

Sample preparation 

a. Plant growth and light treatment conditions 

This study used three Arabidopsis thaliana accessions: C24, Col-0, and Ga2 (Table 1). The 
sensitivity to UV radiation of each accession was previously described based on the ratio of leaf 
area to mock treatment under UV exposure. The classifications were: sensitive (below 40%), 
intermediate (40%-60%), and tolerant (above 60%) (Schulz et al., 2021). 

Table 1. Arabidopsis accessions, their origins, and classifications. 

Arabidopsis accession Classification Country 

C24 Sensitive Portugal 

Col-0 Intermediate Columbia 

Ga2 Tolerant Germany 

 

Seeds from each accession were sown in plastic pots (8 x 8 cm) containing a 1:1 mixture of peat 

and vermiculite and kept in darkness at 4°C for three days. Subsequently, pots were and 

transferred to a controlled environment growth chamber and kept for seven days at 23°C/19°C 

(day/night) with 70/90% relative humidity under a 12-hour photoperiod, and 100 μmol m⁻² s⁻¹ 

of white light irradiance. Thereafter, five seedlings from each genotype were transplanted into 

individual 8 x 8 cm pots with the same substrate and placed on custom-built 2-meter-high trolleys 

equipped with individual light treatments created with multi-channel DYNA lamps (Heliospectra 

AB, Gothenburg). The spectra and irradiance for all light treatments were measured using a LI-80 

spectrometer (LI-COR Bioscience) and a spectroradiometer (OL756, Optronics, USA). The trolleys 

were placed in an acclimated room at 21°C devoid of natural sunlight and were covered with black 

curtains to avoid light contamination between light treatments. Plants were grown for fourteen 

days under visible light devoid of UV radiation on a 12-hour photoperiod (08:00 to 20:00) at 130-

150 μmol m-2 s-1 or 300 μmol m-2 s-1 PAR irradiance. These two light conditions were used to assess 

the impact of increased visible light intensity, and the comparison between 150 and 300 μmol m⁻² 

s⁻¹ PAR is referred to throughout the study as the high light intensity treatment. After two weeks 

plants were exposed for four hours to UV-B narrowband 4.6 μmol m-2 s-1 provided by Philips 

TL20W/01RS narrowband tubes. The UV-B exposure took place from 10:00 till 14:00. This 

exposure was combined with either the moderate or high PAR treatments, thereby creating two 

distinct UV:PAR ratio conditions: low UV:PAR ratio (4.6 μmol m⁻² s⁻¹ UV-B : 300 μmol m⁻² s⁻¹ 

PAR) and high UV:PAR ratio (4.6 μmol m⁻² s⁻¹ UV-B : 150 μmol m⁻² s⁻¹ PAR). These ratios allowed 

comparison of transcriptional responses to both increasing light intensity and increasing relative 

UV-B exposure. After UV-B exposure rosette of five plants were pooled in aluminum foils in liquid 

nitrogen and stored at -80°C until use.  

b. RNA purification and RNAseq library construction 

Total RNA extraction was performed from ground frozen leaf using Thermo Scientific GeneJET 

Plant RNA Purification Mini Kit following the kit´s instructions. RNA concentration and quality 

were determined with a NanoDrop spectrophotometer ND100 (Thermo Fisher Scientific) at 260 
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nm. 1 μg of total RNA was treated with DNase I (Thermo Fisher Scientific) in 20 μl reactions at 

37°C for 30 min. To inactivate DNase I, 2 μl of 50 mM EDTA was added to the reactions, followed 

by incubation at 65°C for 10 min. RevertAid Reverse Transcriptase (Thermo Fisher Scientific) and 

dNTPs in a 30 μl reaction volume were used to reverse transcribe the DNase-treated RNA. The 

cDNA reactions were incubated in a gradient thermal cycler (Eppendorf) at 50°C for 2 hours, and 

cDNA was stored at -20°C. 

1 μg of total RNA per sample were sent to Beijin Genomics Institute (BGI, Hong Kong), and their 

quality and concentration were re-checked using bioanalyzer. cDNA library preparation followed 

Eukaryotic Strand-specific mRNA and sequencing protocols for paired-end reads of 100 bp. 1 μg 

of total RNA was treated with DNase I (Thermo Fisher Scientific) in 20 μl reactions at 37°C for 30 

min. To inactivate DNase I, 2 μl of 50 mM EDTA was added to the reactions, followed by incubation 

at 65°C for 10 min. RevertAid Reverse Transcriptase (Thermo Fisher Scientific) and dNTPs in a 30 

μl reaction volume were used to reverse transcribe the DNase-treated RNA. The cDNA reactions 

were incubated in a gradient thermal cycler (Eppendorf) at 50°C for 2 hours, and cDNA was stored 

at -20°C. 

 A total of 25 M clean reads per sample were produced using the DNA NanoBall Technology (DNB-

Seq™). After sequencing, raw reads were filtered by the BGI to reach a Phred+33 fastq quality 

score. 

Appendix B  

 

 

 

 

 

 

 

 

 

 

Figure B1. Bar plot of GOEA terms for unique genes in the Ga2 accession. The plot highlights a strong 
enrichment of upregulated genes involved in inorganic cation transmembrane transport and inorganic ion 
transmembrane transport under the low UV:PAR ratio light treatment. 
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Appendix C  

 

Figure C1. Venn diagram shows the distribution of unique genes from the C24 accession that were either 

upregulated or downregulated (LogFC > +0.5 or < -0.5) under three different light treatment conditions: 

high UV:PAR ratio, low UV:PAR ratio, and high light intensity. Based on LogFC values and GO term analysis, 

no shared genes were identified between the three light treatments. 

 

Figure C2. Venn diagram shows the distribution of unique genes from the Col-0 accession that were either 

upregulated or downregulated (LogFC > +0.5 or < -0.5) under three different light treatment conditions: 
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high UV:PAR ratio, low UV:PAR ratio, and high light intensity. Based on LogFC values and GO term analysis, 

no shared genes were identified between the three light treatments. 

 

Figure C3. Venn diagram shows the distribution of unique genes from the Ga2 accession that were either 

upregulated or downregulated (LogFC > +0.5 or < -0.5) under three different light treatment conditions: 

high UV:PAR ratio, low UV:PAR ratio, and high light intensity. Based on LogFC values and GO term analysis, 

no shared genes were identified between the three light treatments. 
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Appendix D 

 

Figure D1. Summary of SNP and indel detection in 36 paired-end C24 wild-type DNA sequences, using the 

Arabidopsis thaliana Col-0 reference genome. The figure presents the results of variant calling, including the 

total number of SNPs, insertions, and deletions identified. 
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Figure D2. Summary of SNP and indel detection in 26 single-end C24 wild-type DNA sequences, using the 

Arabidopsis thaliana Col-0 reference genome. The figure presents the results of variant calling, including the 

total number of SNPs, insertions, and deletions identified. 
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Appendix E 

 

Figure E1. Venn diagrams illustrate the overlap between high-impact mutated genes and differentially 

expressed genes under high UV:PAR light conditions (A), low UV:PAR light conditions (B) and high light 

intensity (C) in C24 and Col-0 accessions. The analysis highlights shared and unique gene sets, including 

those common to both accessions and those overlapping with high-impact mutations. 

 


