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“I'm gonna live a life 
Where I am proud to say  
That I followed my joy  
I followed my heart  
I lived this one wild life,  
I ripped it apart  
I pushed through the corners  
with no apologies  
And finally I can say  
I know the way  
I'll say that I love  
the way that I spent  
My days” 

 

-Joy Woods, “My Days”  

(The Notebook The Musical)
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Summary 
 

Acclimation is essential for plant survival and productivity, enabling them to 

respond effectively to environmental stressors such as high light intensity, extreme 

temperatures, drought, or nutrient fluctuations. To adapt to these changing 

environments, plants develop specialized mechanisms, including the accumulation 

of anthocyanins, which help mitigate damage and maintain metabolic balance.  

Through a forward genetic screen aimed at identifying new factors involved in 

anthocyanin biosynthesis, Increased Level of Polyploidy1 (ILP1), a previously 

elusive protein that functions upstream of this pathway, was isolated. Despite its 

potential significance, only a handful of studies had characterized ILP1, leaving its 

role in acclimation and metabolism largely unknown.  

To bridge this knowledge gap, a multidisciplinary approach incorporating extensive 

genetics, transcriptomics, metabolomics, cell biology, and physiological assays was 

employed. A time-resolved transcriptomic analysis during high light exposure 

revealed that starch and sugar metabolism are disrupted in the ilp1-1 mutant. 

Biochemical quantification of starch, cytosolic sugars (sucrose, fructose, and 

glucose), and phosphorylated sugars (such as trehalose-6-phosphate and sucrose-

6-phosphate) in ilp1-1 showed significant accumulation during high light conditions.  

Moreover, a time-resolved metabolic map of ilp1-1 under high light exposure 

demonstrated that most amino acids exhibited reduced levels during acclimation. 

This suggests a striking imbalance in carbon-to-nitrogen pools, given the concurrent 

increase in sugar levels and decrease in amino acid content.  

To further investigate ILP1’s function, overexpression and genetic 

complementation lines of ILP1 were generated. Interestingly, ILP1 overexpression 

suppressed soluble sugar production under high light, indicating a regulatory role 

in sugar metabolism. Stable truncation mutants of ILP1 were also established and 

characterized to dissect the functional roles of its different domains. The results 

revealed that ILP1, particularly its GC-rich DNA-binding domain, represses sugar 

accumulation, highlighting a key molecular mechanism in metabolic regulation. 



   

 xvi 

Given ILP1’s additional implications in spliceosomal function and microRNA 

biogenesis, a systematic screen was conducted on other mutants within this complex 

and from different stages of the splicing cycle, including NTC-RELATED PROTEIN1 

(NTR1), PLEIOTROPIC REGULATORY LOCUS1 (PRL1), and PRE-mRNA 

PROCESSING8 (PRP8), and SERRATE1 (SE1) from miRNA processing. Notably, 

NTR1, PRL1, and PRP8 mutants, but not SE1, exhibited similar acclimation 

phenotypes to ilp1-1, characterized by anthocyanin overaccumulation, increased 

cytosolic sugars, and reduced amino acid levels under high light conditions. This 

indicates that these spliceosomal mutants are indispensable in the metabolic 

regulation of acclimation response. 

Taken together, this dissertation further expands the current knowledge on ILP1’s 

role beyond transcriptional repression, providing unprecedented insights on its 

broader function in metabolic homeostasis during acclimation response. 

Additionally, this study clearly provides an initial framework and a fundamental 

understanding of how spliceosomal components, or to a larger extent, the whole 

spliceosome, act as acclimation markers and regulate adaptive responses in plants 

during high light.  
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Zussamenfassung 

Die Akklimatisierung ist entscheidend für das Überleben und die Produktivität von 

Pflanzen, da sie ihnen ermöglicht, effektiv auf Umweltstressoren wie hohe 

Lichtintensität, extreme Temperaturen, Trockenheit und Nährstoffschwankungen 

zu reagieren. Um sich anzupassen, entwickeln Pflanzen spezielle Mechanismen, 

darunter die Akkumulation von Anthocyanen, die helfen, Schäden zu minimieren 

und das metabolische Gleichgewicht aufrechtzuerhalten. 

Durch einen forward-genetischen Screen zur Identifizierung neuer Faktoren in der 

Anthocyan-Biosynthese konnte Increased Level of Polyploidy1 (ILP1) isoliert 

werden – ein bisher wenig charakterisiertes Protein, das stromaufwärts dieses 

Signalwegs agiert. Trotz seines potenziellen Einflusses wurden nur wenige Studien 

zu ILP1 durchgeführt, wodurch seine Rolle in der Akklimatisierung und im 

Stoffwechsel weitgehend unbekannt blieb. 

Um diese Wissenslücke zu schließen, wurde ein multidisziplinärer Ansatz 

angewandt, der umfassende genetische, transkriptomische, metabolische, 

zellbiologische und physiologische Analysen kombinierte. Eine zeitaufgelöste 

Transkriptomanalyse unter hoher Lichtintensität zeigte, dass der Stärke- und 

Zuckermetabolismus in der ilp1-1-Mutante gestört ist. Die biochemische 

Quantifizierung von Stärke, zytosolischen Zuckern (Saccharose, Fruktose und 

Glukose) sowie phosphorylierten Zuckern (wie Trehalose-6-phosphat und 

Saccharose-6-phosphat) in ilp1-1 zeigte eine signifikante Akkumulation unter hoher 

Lichtintensität. 

Darüber hinaus zeigte eine zeitaufgelöste metabolische Kartierung von ilp1-1 unter 

hoher Lichtintensität, dass die meisten Aminosäuren während der Akklimatisierung 

in verringerten Mengen vorlagen. Dies deutet auf ein erhebliches Ungleichgewicht 

zwischen Kohlenstoff- und Stickstoffpools hin, da gleichzeitig die 

Zuckerkonzentration anstieg und der Aminosäuregehalt sank. 

Um die Funktion von ILP1 weiter zu untersuchen, erzeugte ich Überexpressions- 

und komplementäre Zur weiteren Untersuchung der ILP1-Funktion wurden 

Überexpressions- und genetische Komplementationslinien von ILP1 generiert. 

Interessanterweise unterdrückte die Überexpression von ILP1 die Produktion 
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löslicher Zucker unter hoher Lichtintensität, was auf eine regulatorische Rolle im 

Zuckerstoffwechsel hinweist. Zusätzlich wurden stabile ILP1 

Trunkierungsmutanten erzeugt und charakterisiert, um die funktionellen Rollen der 

einzelnen Domänen zu untersuchen. Die Ergebnisse zeigten, dass ILP1, 

insbesondere seine GC-reiche DNA-Bindedomäne, die Zuckerakkumulation 

unterdrückt und somit einen zentralen molekularen Mechanismus in der 

metabolischen Regulation darstellt. 

Angesichts der zusätzlichen Rolle von ILP1 in der Funktion des Spleißosoms und 

der MikroRNA-Biogenese wurde eine systematische Untersuchung anderer 

Mutanten innerhalb dieses Komplexes sowie aus verschiedenen Phasen des 

Spleißzyklus durchgeführt. Dazu gehörten NTC-RELATED PROTEIN1 (NTR1), 

PLEIOTROPIC REGULATORY LOCUS1 (PRL1) und PRE-mRNA PROCESSING8 

(PRP8) sowie SERRATE1 (SE1), das in der miRNA-Prozessierung eine Rolle spielt. 

Auffällig war, dass die Mutanten von NTR1, PRL1 und PRP8, jedoch nicht SE1, 

ähnliche Akklimatisierungsphänotypen wie ilp1-1 zeigten. Diese waren 

gekennzeichnet durch eine übermäßige Anthocyanin-Akkumulation, erhöhte 

zytosolische Zuckerwerte und verringerte Aminosäuregehalte unter 

Hochlichtbedingungen. Dies deutet darauf hin, dass diese Spleißosomen-Mutanten 

eine unverzichtbare Rolle in der metabolischen Regulation der 

Akklimatisierungsreaktion spielen. 

Zusammenfassend erweitert diese Dissertation das aktuelle Wissen über die Rolle 

von ILP1 über die transkriptionelle Repression hinaus und liefert neuartige 

Einblicke in seine umfassendere Funktion bei der metabolischen Homöostase 

während der Akklimatisierungsreaktion. Darüber hinaus stellt diese Studie ein 

grundlegendes Konzept bereit und schafft eine fundamentale Grundlage für das 

Verständnis, wie Spleißosomen-Komponenten, oder in größerem Umfang das 

gesamte Spleißosom, als Akklimatisierungsmarker fungieren und adaptive 

Reaktionen in Pflanzen unter Hochlichtbedingungen regulieren. 

 

 



   

 xix 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

 xx 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

 xxi 

 

 

 

 

 

This dissertation is dedicated to my beloved grandmother, Maria, who 

passed away in 2012, and my mom, Madeline, both of whom have been my 

greatest heroes. This is a tribute to their sacrifices, their dreams, and the 

boundless love they poured into me. 

 

 

 

 

 

 

 



   

 xxii 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

 xxiii 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

 xxiv 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

 xxv 

 

Table of Contents 

 

Erklärung der Eigenständigkeit        i 

Publications          iii 

Awards          v 

Grants           v 

Acknowledgements         ix 

Summary          xv 

Zussamenfassung         xvii 

1 Introduction          1 
1.1 Plant acclimation        1 

1.1.1 Morphological changes     1 
1.1.2 Physiological and biochemical changes    2 

1.2 Anthocyanin Biosynthesis      2 
1.2.1 Early biosynthetic genes     3 
1.2.2  Late biosynthetic genes     4 
1.2.3  Other factors involved     4 

1.3 Carbon:nitrogen balance       5 
1.4 The spliceosomal complex      6 
1.5 microRNAs        7 
1.6 gunn5 and suppressor screening      8 
1.7 Background, aims, and scope of this work    8 

 
2 Materials and methods        10 

2.1 Cloning and related techniques      10 
                  2.1.1  Polymerase Chain Reaction (PCR)    11 
                  2.1.2  Gel electrophoresis      11 

            2.1.3  Restriction digests      11 
            2.1.4  Transformation of competent cells    12 
            2.1.5  Colony PCR       12 
            2.1.6  Isolation of plasmid DNA     13 
  2.2 Plant Materials        14 

                 2.2.1  Plant growth conditions     14 
           2.2.2  High light treatment      15 
           2.2.3  Harvesting of samples     16 
           2.2.4  Plasmid construction      16 
           2.2.5  Virus-induced gene silencing    17 
           2.2.6 Anthocyanin quantification     18 



   

 xxvi 

2.3 RNA Extraction and quantitative PCR     18 
                2.3.1 cDNA synthesis      18 

          2.3.2 RNA sequencing      19 
2.4 Starch and Sugar Analysis       20 

               2.4.1 Starch extraction and quantification   20 
         2.4.2 Cytosolic sugar quantification     21 
         2.4.3 Sugar-phosphate extraction and analysis    21 
2.5 In vivo transcriptional activity and subcellular localization 22 
2.6 ROS staining        22 
2.7 Metabolite quantification      23 
2.8 PAM measurement        23 
2.9 Light response curves      24 
2.10 Western blot and protein quantification    24 
2.11 Chlorophyll extraction      26 
 

3 Results         27 
3.1 Increased Level of Polyploidy1 mutants     27 

                3.1.1 ilp1 characterization      27 
          3.1.2 Anthocyanin production in ilp1-1    29 
          3.1.3 ilp1-1 transcriptome      30 
          3.1.4 Disrupted carbon metabolism in ilp1 mutants  31 
          3.1.5 DCMU treatment      36 
          3.1.6 Metabolic and transcriptomic architectures  38 
3.2 Overexpression and complementation lines    40 
3.3 ILP1 localization and repressor activity    43 
3.4 ILP1 truncated variants      44 
3.5 Double point mutant of the PrD, Q318,319A    47 
3.6 ILP1 and miRNA processing     49 
3.7 Splicing anomalies in ilp1-1      49 
3.8 Spliceosomal complex components      51 
          3.8.1 ILP1 and NTR1      52 
          3.8.2 ILP1 and PRL1      54 
          3.8.3 ILP1 and PRP8       56 
3.9 Virus-induced gene silencing lines     59 
3.10 Nitrogen metabolism in spliceosome mutants   61 

 
4 Discussion         66 
      4.1 The multifaceted role of ILP1     66 
       4.1.1 ILP1 is a gatekeeper of anthocyanin biosynthesis  66 
        4.1.2 ILP1 links carbon and nitrogen pools   67 
      4.1.3 ILP1 is a negative regulator of sugar metabolism  69 
      4.2 ILP1 variants and their functional implications   70 
      4.3 ILP1 and its prion-like domain     71 
      4.4 ILP1 independence from miRNA pathways   72 
      4.5 ilp1-1 and its splicing defects      73 
      4.6 Spliceosomal components as acclimation markers   74 
      4.7 Impaired nitrogen metabolism in spliceosome mutants  76 

 



   

 xxvii 

5 Conclusions and outlook       77 
Appendix A: Supplementary Information    80 
Appendix B 

List of Abbreviations       106 
List of Figures       109 
List of Tables        111 

Curriculum Vitae        112 
        

References         120 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



   

 xxviii 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



   

 xxix 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
  
 

 



   

 xxx 

 



 

1 

 

1 Introduction 

 

1.1 Plant acclimation 

Plants are one of the most vulnerable organisms when faced with harsh 

environmental challenges like light and temperature stresses. To survive and thrive 

under these fluctuating conditions, they have developed a remarkable ability to 

acclimate. This plant acclimation response involves intricate physiological, 

morphological, and molecular adjustments that enable plants to maintain 

homeostasis and optimize their growth and reproduction even under stress (Garcia-

Molina et al., 2020; Kleine et al., 2021).  

 

1.1.1 Morphological changes 

To cope with immediate and short-term environmental changes, plants undergo 

morphological changes as part of their acclimation strategy (Alpert and Simms, 

2002; Freschet et al., 2018; Rozendaal et al., 2006). Leaf structure is highly 

adaptable such that when plants are in high light environments, they often develop 

smaller, thicker leaves to reduce water loss and prevent damage from excessive 

sunlight (Leigh et al., 2017). Conversely, shade-tolerant plants might have larger, 

thinner leaves to capture more light (Zhang et al., 2007; Wang et al., 2024b). These 

morphological adaptations are not only crucial for individual survival but also affect 

plant competition and community dynamics. Plants with more efficient acclimation 

strategies often outcompete others, influencing the composition and structure of 

plant communities (Craine and Dybzinski, 2013). 
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1.1.2 Physiological and biochemical changes 

One of the primary ways plants acclimate is through physiological and biochemical 

adjustments. Photosynthesis, the process by which plants convert light energy into 

chemical energy, is highly sensitive to environmental changes. In low light 

conditions, plants may increase chlorophyll concentration to maximize light 

absorption (Chen et al., 2021), while in high light conditions, they can increase the 

efficiency of their photosynthetic machinery to avoid photoinhibition and dissipate 

excessive excitation energy (Goss and Lepetit, 2015; Mittler et al., 2022). Similarly, 

plants adjust their respiration rates to balance energy production and consumption, 

ensuring that cellular functions are maintained even under stress conditions (Zhang 

et al., 2020). 

 

1.2 Anthocyanin Biosynthesis 

One of the key responses to light acclimation is the biosynthesis of anthocyanins 

(Figure 1), a group of flavonoid pigments responsible for red, purple, and blue 

colors in plants. Anthocyanins are not merely for aesthetic purposes. They play 

several roles in plants, including attracting pollinators, deterring herbivores, and 

providing protection as antioxidants against various environmental stresses (Agati 

et al., 2020, 2021; Gould et al., 2018). Its biosynthesis involves a complex pathway 

regulated by genetic and environmental factors but serves multiple functional roles, 

particularly in plant stress responses.  

 

Figure 1. Basic chemical structure of anthocyanins. 
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1.2.1 Early Biosynthetic Genes (EBGs) 

The first steps of the anthocyanin biosynthetic pathway start with the 

phenylpropanoid Early Biosynthetic Genes (EBGs). It is comprised of the 

phenylpropanoid pathway, leading to the production of flavonoid precursors, and 

the first parts of the flavonoid pathway (Figure 2). Chloroplast-derived 

phenylalanine is converted to cinnamic acid by phenylalanine ammonium lyase 

(PAL). Subsequently, cinnamic acid is synthesized to p-coumaric acid by 

cinnamate-4-hydroxylase (C4H) which is then converted to p-coumaroyl-CoA by 

4-coumarate CoA ligase (4CL). The latter step is an important step of the 

phenylpropanoid pathway because it provides the flavan backbone needed for 

flavonoid biosynthesis.   

 

Figure 2. The anthocyanin biosynthetic pathway. 

 

The p-coumaroyl-CoA is directed to the flavonoid biosynthetic pathway and is 

converted to naringenin chalcone by chalcone synthase (CHS), the first member of 

the EBGs. Then chalcone isomerase (CHI) synthesizes naringenin from naringenin 

chalcone. Subsequently, naringenin is converted to dihydroflavonols by flavanone 
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3-hydroxylase (F3H). Dihydroflavonols. are an essential pool of metabolites that 

serve as precursor for the biosynthesis of flavonols or leucoanthocyanidins that is 

catalyzed by flavonol synthase (FLS) or dihydroflavonol reductase (DFR), 

respectively. These EBGs are tightly regulated by transcription factors namely, 

MYB11, MYB12, and MYB111 (Stracke et al., 2007). 

 

1.2.2 Late Biosynthetic Genes (LBGs) 

The synthesis of leucoanthocyanidins by DFR, the first member of the LBGs, is the 

key and limiting step in the production of anthocyanins. This step is succeeded by 

converting leucoanthocyanidins into anthocyanidins by the action of leucocyanidin 

dioxygenase (LDOX). But because anthocyanidins are naturally unstable, they 

immediately undergo modifications such as glycosylation, methylation, and 

acylation by different transferases before they get transported to the vacuole for 

storage (Yonekura-Sakakibara et al., 2009).  

Unlike the EBGs, the LBGs are controlled by a complex called MBW 

[Myeloblastosis (MYB), basic helix-loop-helix (bHLH), WD40]. The WD40 

variant, TRANSPARENT TESTA GLABRA 1 (TTG1), together with bHLH TFs, 

TRANSPARENT TESTA 8 (TT8), GLABRA 3 (GL3), and ENHANCER OF 

GL3 (EGL3), act in concert with MYB TFs such as MYB75, also known as 

PRODUCTION OF ANTHOCYANIN PIGMENT 1 (PAP1), MYB90 (PAP2), 

MYB113, and MYB114 (Borevitz et al., 2000; Gonzalez et al., 2008; Lloyd et al., 

2017). MBW complex activity is repressed by MYBL2 functioning as repressor of 

anthocyanin biosynthesis (Dubos et al., 2008; Matsui et al., 2008). 

 

1.2.3 Other factors involved 

Aside from the aforementioned genes and proteins, previous studies have shown the 

direct and indirect involvement of other factors in the production of anthocyanins 

(as reviewed by Araguirang and Richter, 2022). For example, reactive oxygen 

species and phytohormones were previously found to influence anthocyanin levels. 

Expression levels of the LBGs and components of the MBW complex were 

upregulated upon ROS application (Xu et al., 2017; Shi et al., 2018). Plant 



  1. Introduction 

 5 

hormones like cytokinin (Das et al., 2012; Wang et al., 2019), auxin (Liu et al., 2014; 

Wang et al., 2019), abscisic acid (Loreti et al., 2008; Shen et al., 2014; An et al., 

2018; An et al., 2021b), and jasmonic acid (Loreti et al., 2008; Qi et al., 2011; Xie et 

al., 2016; Li et al., 2020; An et al., 2021a) also impact anthocyanin accumulation. 

The SNF1-related kinase1 (SnRK1) that is highly evolutionary conserved in 

controlling more than a thousand genes for metabolism, growth and development 

(Baena-Gonzalez et al., 2007) also works upstream of the anthocyanin biosynthetic 

pathway (Broucke et al., 2023; Zirngibl et al., 2022). When sugar accumulates, 

particularly trioses exported out of the chloroplast by triose phosphate/phosphate 

translocator (TPT) under high light conditions, SnRK1 is inactivated to trigger HL-

induced anthocyanin accumulation (Zirngibl et al., 2022). Under normal 

conditions, SnRK1 inhibits the production of anthocyanins both at the 

transcriptional and post-translational level, specifically by repressing the MBW 

activity through its dissociation, initiating PAP1 degradation, directly 

phosphorylating many MBW components, and directly/indirectly promoting the 

expression of MYBL2 (Broucke et al., 2023). 

 

1.3 Carbon : nitrogen balance 

It is well-recognized that when the internal carbon pool increases because of a high 

photosynthetic activity, anthocyanin accumulates (Zirngibl et al., 2022). This is 

because the increase in carbon assimilation also provides more substrates to 

produce anthocyanins. Moreover, many sugar molecules such as trehalose-6-

phosphate (T6P) can act as signaling molecules, to inactivate SnRK1 or activate 

transcription factors that upregulate anthocyanin biosynthetic genes.  

In the same vein, the lack of nitrogen availability, a critical element for amino acid 

and protein synthesis, also affects anthocyanin levels (Lea et al., 2007; Liang and 

He, 2018; Liao et al., 2022). When nitrogen is abundant, resources are diverted 

towards primary metabolism, reducing the flux towards secondary metabolism, 

including anthocyanin biosynthesis (Nunes-Nesi et al., 2010). These previous 

studies support the notions that (1) carbon:nitrogen (C:N) balance should be tightly 

coordinated to maintain proper metabolism and (2) C:N interplay is mediated 
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through complex signaling pathways and gene regulatory mechanisms for optimal 

growth and development in response to environmental and nutritional cues. 

 

1.4 The spliceosomal complex 

The intricate process of anthocyanin biosynthesis is stringently regulated at the level 

of gene expression to allow plants to respond dynamically to internal and external 

stimuli. One important master regulator of gene expression is the spliceosome. The 

spliceosome is a highly conserved multi-megadalton complex and dynamic 

molecular machinery essential for gene expression in eukaryotic cells. It is 

responsible for the removal of non-coding sequences (introns) from precursor 

messenger RNA (pre-mRNA) and the precise joining of coding sequences (exons) 

to produce mature messenger RNA (mRNA) (Black, 2003; Wahl et al., 2009). This 

process, known as RNA splicing, is a crucial step in the post-transcriptional 

modification of RNA, ensuring that the resulting mRNA can be correctly translated 

into functional proteins (Lee and Rio, 2015). 

The spliceosome undergoes at least seven sequential states throughout the splicing 

process, including the pre-catalytic, activated, step I catalytically activated, catalytic 

step I, step II catalytically activated, post-catalytic, and intron lariat spliceosome 

(ILS) stages (Wan et al., 2017). During the final phase of the canonical splicing 

cycle, the ILS is dismantled, allowing splicing factors to be recycled and intron 

lariats to be degraded (Arenas & Abelson, 1997). Disruptions in two key 

components of the ILS disassembly complex, INCREASED LEVEL OF 

POLYPLOIDY 1 (ILP1) and NTC-RELATED PROTEIN 1/SPLICEOSOMAL 

TIMEKEEPER LOCUS 1 (NTR1/STIPL1), have been linked to disturbances in 

important cellular processes like the circadian clock, cell cycle regulation, and heat 

stress tolerance, primarily due to alternative splicing (Cecchini et al., 2022; Dolata 

et al., 2015; He et al., 2023; Jones et al., 2012; Wang et al., 2019; Yoshizumi et al., 

2006).  

One of the most significant aspects of the spliceosome's function is its role in 

alternative splicing. Alternative splicing allows a single gene to produce multiple 

mRNA variants, leading to the generation of different protein isoforms (Brett et al., 
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2002; Kan et al., 2001). This increases the diversity of the proteome and enables 

cells to adapt to various functional needs and environmental conditions (Syed et al., 

2012). Hence, how mature mRNAs are accurately spliced is important for cellular 

process and also depends on different external cues such as light and temperature 

(Calixto et al., 2018; Fu et al., 2009; John et al., 2021; Martín et al., 2021). This is 

also why some mutants of the spliceosomal complex show pleiotropic phenotypes 

primarily because of differential splicing of many mRNA variants and secondly, a 

decrease in microRNA (miRNA) levels (Dolata et al., 2015; Wang et al., 2019). 

 

1.5 microRNAs (miRNAs) 

microRNAs (miRNAs) are small, non-coding RNAs that regulate gene expression 

post-transcriptionally. They bind to complementary sequences in target mRNAs, 

leading to translational repression or mRNA degradation (Lee & Ambros, 2001; 

Ruvkun, 2001). The biogenesis of miRNAs involves the transcription of primary 

miRNAs (pri-miRNAs), their processing into precursor miRNAs (pre-miRNAs), 

and finally the generation of mature miRNAs that are incorporated into the RNA-

induced silencing complex (RISC). 

miRNAs can fine-tune the expression levels of these genes, thereby modulating the 

production of anthocyanins in response to developmental cues and environmental 

stimuli (Chen et al., 2020; Li et al., 2019; Wang et al., 2020). In plants, the miR156 

family is known to target SPL (SQUAMOSA Promoter Binding Protein-Like) 

transcription factors, which are key regulators of developmental timing and floral 

transition (Wang et al., 2020). SPL proteins have been shown to influence the 

expression of anthocyanin biosynthesis genes indirectly. By modulating SPL levels, 

miR156 can affect anthocyanin accumulation during different stages of plant 

development (Wang et al., 2020). Moreover, miR828 and miR858 target certain 

MYB transcription factors that act as repressors of anthocyanin biosynthesis 

(Tirumalai et al., 2019). The cleavage of these MYB mRNAs by miR828 can lead 

to the derepression of anthocyanin biosynthetic genes and therefore promoting 

pigment production. 
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1.6 gun5 and suppressor screening 

As it turned out that anthocyanin production is a result of chloroplast-to-nucleus-

communication, mutants of this signaling process is also noteworthy to study. It was 

recently found that a mutant of the Genomes Uncoupled5 (GUN5), an essential protein 

of the magnesium chelatase necessary for chlorophyll production, accumulated 

lower anthocyanin levels than WT during seedling development after norflurazon 

treatment (Richter et al., 2020). This observation suggested that gun5 mutant either 

accumulates a repressor of the anthocyanin biosynthetic pathway or lacks an 

inducer of anthocyanin production after norflurazon application. To better 

understand this mechanism and discover novel factors that might be involved in 

anthocyanin biosynthesis, a forward genetic screening in gun5 to induce single 

nucleotide polymorphisms (SNPs) using ethyl methanesulfonate (EMS) was 

employed. Second site mutations were identified in the gun5 mutant which showed 

overaccumulation of anthocyanins (Araguirang et al., 2024). These mutants were 

later called as restored anthocyanin accumulation (raa) mutants. 

After screening thousands of seedlings, six raa mutants, namely raa7, raa8, raa10, 

raa13, raa14, and raa20 were isolated. After whole genome sequencing analysis, the 

exact SNPs from 3 out of the 6 raa mutants were identified, specifically the SNPs 

in raa7, raa14, and raa20. Raa7 and raa14 are allelic mutants of Pleiotropic Regulatory 

Locus1 (PRL1) while raa20 is a SNP mutant of Increased Level of Polyploidy1 (ILP1). 

The mutants were backcrossed to Col-0 to get rid of the gun5 background.  

 

1.7 Background, aims, and scope of this work 

High light acclimation response allows plants to adapt to unfavorable conditions in 

an appropriate and timely manner. This process involves complex regulatory 

networks that control gene expression and protein activity. From a forward genetic 

screen for new factors important in HL acclimation response, ILP1 was identified 

as an essential element upstream of the anthocyanin biosynthetic pathway. 

Currently, there are only a handful of studies that have explored the diverse roles 

of ILP1, including its function as (1) a transcriptional repressor in vitro and in vivo 
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(Yoshizumi et al., 2006), (2) a protein factor needed for an efficient alternative 

splicing (Dolata et al., 2015), (3) a component of the spliceosomal complex involved 

in miRNA biogenesis (Wang et al., 2019), and (4) a destabilizer of the U6 nuclear 

small RNA (snRNA) level (Wu et al., 2024). However, how ILP1 functions during 

acclimation response remains largely unknown. To address this research gap, this 

dissertation aimed to integrate the known functions of ILP1 within the framework 

of HL acclimation. Specifically, a multifaceted approach was employed with the 

following objectives: 

1. To unravel the molecular mechanism of how ILP1 regulates the 

transcriptional landscape of anthocyanin accumulation during HL; 

2. To disentangle how ILP1 drives metabolic reprogramming under HL 

exposure; 

3. To resolve the functionality of the different ILP1 domains in the context 

of acclimation response; and 

4. To understand how ILP1, as part of the spliceosomal complex, maintains 

transcriptional and metabolic equilibrium during HL acclimation. 

Experiments involving extensive genetics, transcriptomics, metabolomics, cell 

biology, and physiological assays were designed and conducted to explore ILP1 

functions during acclimation response. Results from this research uncover a crucial 

link between carbon and nitrogen metabolism and further highlight the key roles of 

spliceosomal complex components in maintaining a timely transcriptional activation 

of necessary genes and proper metabolic homeostasis during HL exposure. 
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2 Materials & Methods 
 

This chapter contains all buffers, reaction mixtures, mutant plants, techniques, and 
other materials used in the presented work. Additionally, it also outlines protocols 
for all the work presented in this dissertation. 

 

Some parts of this section were published in: 

 

Araguirang, G.E., Venn, B., Kelber, N.M., Feil, R., Lunn, J., Kleine, T., Leister, 
D., Mühlhaus, T., and Richter, A.S. (2024). Spliceosomal complex components are 
critical for adjusting the C:N balance during high-light acclimation. Plant J 119, 
153-175 https://doi.org/10.1111/tpj.16751 

 
 
 

2.1 Cloning and related techniques 
 

2.1.1 Polymerase Chain Reaction (PCR) 

Polymerase chain reactions were carried out either with Q5® High-Fidelity DNA 

Polymerase (New England Biolabs) in 25 µL reactions for cloning or DreamTaq 

Green DNA-Polymerase (Fisher Scientific) in 20 µL reactions for colony PCR and 

genotyping. Primer annealing temperatures were calculated with Thermofischer 

Tm Calculator and designed to have an annealing temperature of 60°C. The 

following reaction scheme was used: 

Table 1. Q5 cloning reaction mixture. 

Component Volume (µL) 

5X Q5 Reaction Buffer 5 
10mM dNTPs 0.5 
10 µM Forward Primer 1.25 
10 µM Reverse Primer 1.25 
Q5 Polymerase 0.25 
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H2O to 25 
DNA < 1000 ng 

 

 

These two PCR reactions were run using the following programs: 

Table 2. Q5 cloning PCR condition. 

Temp in  Time Loop 

98°C 30 sec   
98°C 5-10 sec   
50-72°C 10-30 sec   

72°C 20-30 sec/kb 
Back to step 2, Loop 
34× 

72°C 2 min   
4°C ∞   

 

 

2.1.2 Electrophoretic separation of DNA using agarose gels 

Agarose gel electrophoresis was performed to separate DNA products. The gel 

contained 1% (w/v) agarose, 1X TAE buffer and ethidium bromide (EtBr). Based 

on the sample number, appropriate combs were chosen. DNA samples were loaded 

on the gel with a size marker (1 kb DNA ladder, NEB). The gel was subsequently 

run in 1X TAE buffer at 100V until satisfactory separation of the DNA was 

achieved. Gel visualization was achieved using a gel imaging system. 

 

2.1.3 Restriction digests 

Restriction digests were performed to (1) clone a particular construct into another 

plasmid vector, (2) open a target vector via its multiple cloning site (MCS), or (3) 

initially check for correct cloning prior to sequencing. The following reaction 

scheme was used and was incubated in an appropriate temperature: 
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Table 3. Restriction digest reaction mixture. 

Component Volume (µL) 

10X Cutsmart Buffer 2 
Restriction Enzyme 0.1 
DNA 2 
H2O Vol. up to 20 

 

 

2.1.4 Transformation of chemically competent cells 

To transform cloned plasmid constructs into chemically competent cells (DH5a, 

GV3101), 5 µL of plasmid DNA was transferred into 75 µL of competent cells. The 

mixture was placed on ice for 20 minutes prior to heat shock at 42°C for 90 seconds 

or 5 minutes for DH5a or GV3101, respectively. The samples were placed on ice 

immediately for 2 minutes before incubation with 300 µL LB or YEB medium for 1 

hr at 37°C. 

 

2.1.5 Colony PCR 

Grown colonies were picked for colony PCR using the following reaction mixture 
and program:  

 

Table 4. Colony PCR reaction mixture. 

Component Volume (µL) 

5X DreamTaq Reaaction Buffer 2 
10mM dNTPs 0.8 
10 µM Forward Primer 0.4 
10 µM Reverse Primer 0.4 
Q5 Polymerase 0.1 
H2O 16.3 
DNA - 
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Table 5. Colony PCR DreamTaq program. 

Temp in  Time Loop 

95°C 1-3 min   
95°C 30 sec   
50-72°C 30 sec   

72°C 1 min 
Back to step 2, Loop 
34× 

72°C 5-15 min   
4°C ∞   

 

 

2.1.6 Isolation of plasmid DNA 

First, to isolate plasmid DNA, 3 mL of liquid cultures with the appropriate 

antibiotics were incubated overnight. From these cultures, 2 mL was transferred to 

2 mL Eppendorf tubes. The samples were centrifuged at a maximum speed for 30 

seconds at room temperature (RT). The supernatant was discarded, and the pellet 

was dissolved with 300 µL of P1. Then 300 µL of P2 was added into the mixture 

and was incubated for 5 minutes at RT. Consequently, 300 µL of P3 was added into 

the solution and was kept on ice for 10 minutes. The samples were centrifuged at 

4°C for 10 minutes at maximum speed. The supernatant was transferred into 1.5 

mL eppi tubes and added with 700 µL isopropanol. The samples were centrifuged 

4°C for 15 minutes at maximum speed. Then the supernatant was discarded and 

800 µL of 70% ethanol (EtOH) was added to wash the pellet. The tubes were 

centrifuged at 4°C for 5 minutes at maximum speed then the supernatant was 

discarded. The pellets were air dried for 10 minutes at RT. Lastly, 25 µL ddH2O 

was added to the tubes to dissolve the dried pellet. The aforementioned buffers were 

prepared using the following components: 

Table 6. Buffer compositions used in plasmid isolation. 

Buffers Composition 

P1 (Resuspension Buffer) 50 mM Tris-HCl pH 8.0, 10 mM EDTA, 100 
µg/mL RNase A 

P2 (Lysis Buffer) 200 mM NaOH, 1% SDS (w/v) 
P3 (Neutralization Buffer) 3 M Potassium Acetate pH 5.5 
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2.2 Plant Materials 
The following mutants were obtained from NASC seed stock centre: ilp1-1 

(SALK_030650C), ilp1-2 (SALK_135563C), ntr1-1 (SALK_073187), prl1-2 

(SALK_008466C), pap1-D (Borevitz et al., 2000) and serrate1 (Ori et al., 2000; 

Prigge and Wagner, 2001). Homozygous plants were isolated by PCR-based 

genotyping with gene-specific primers and T-DNA-specific primers. For se-1 

mutants, DNAs were sent for sequencing to check for the 7bp deletion in the 

SERRATE genomic sequence (Figure S21C).  

 

2.2.1 Plant growth conditions 

Arabidopsis thaliana plants (Columbia-0 ecotype) were always grown under short-

day conditions (10h light/14h dark regime) at 22°C, unless otherwise stated. For 

plant culture, Murashige and Skoog medium (Duchefa, M0222.0050) was used at 

1/2 concentration (Murashige and Skoog, 1962). For both root and hypocotyl 

length experiments, seeds were sterilized with 70% ethanol and subsequently 

stratified at 4°C in the dark for 2−4 d before plating. For root length experiments, 

all plates were kept vertically until the desired day. On the other hand, for hypocotyl 

experiments, plates were also kept vertically after 6 hours of light induction but 

were kept in a dark place for 4 days. Roots and hypocotyls were photographed and 

measured manually with ImageJ. For plant media with and without nitrogen, the 

following modified concentrations were used: 

 

Table 7. Modified MS media without nitrogen. 

Concentration (mg/L) Reagent 

6.2 Boric Acid 
332.2 Calcium Chloride, Anhydrous 
0.025 Cobalt Chloride•6H2O 
0.025 Cupric Sulfate•5H2O 
37.26 Na2EDTA•2H2O 
27.8 Ferrous Sulfate•7H2O 
180.7 Magnesium Sulfate, Anhydrous 
16.9 Manganese Sulfate•H2O 
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0.25 
Molybdic Acid (Sodium 
Salt)•2H2O 

0.83 Potassium Iodide 
170 Potassium Phosphate, Monobasic 
8.6 Zinc Sulfate•7H2O 

 

 

Table 8. Modified MS media with nitrogen. 

Concentration (mg/L) Reagent 

6.2 Boric Acid 
332.2 Calcium Chloride, Anhydrous 
0.025 Cobalt Chloride•6H2O 
0.025 Cupric Sulfate•5H2O 
37.26 Na2EDTA•2H2O 
27.8 Ferrous Sulfate•7H2O 
180.7 Magnesium Sulfate, Anhydrous 
16.9 Manganese Sulfate•H2O 
0.25 Molybdic Acid (Sodium Salt)•2H2O 
0.83 Potassium Iodide 
170 Potassium Phosphate, Monobasic 
8.6 Zinc Sulfate•7H2O 

101.1 Potassium Nitrate 
80.04 Ammonium Nitrate 

 

 

2.2.2 High light treatment 

Two hours after light initiation, plants were exposed to continuous light at an 

intensity of 500 µmol photons m⁻² s⁻¹ for 24 hours under a constant temperature of 

22°C in a Conviron GEN1000 (Canada) growth chamber equipped with a white 

LED light source. To inhibit photosynthesis, a 200 µM solution of DCMU (3-(3,4-

dichlorophenyl)-1,1-dimethylurea) in water was applied to the leaves using a 

paintbrush. For the cold treatment, 4-week-old plants were maintained at 4°C for 

one week, with treatment beginning five hours after light onset. Sampling was 

conducted at midday on the seventh day of cold exposure. 
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2.2.3 Harvesting of samples 

Experiments were conducted with up to four replicates, each containing material 

from three individual 4- to 5-week-old plants grown in separate pots. Samples were 

promptly frozen in liquid nitrogen and subsequently lyophilized for further 

processing. Unless specified otherwise, dried, finely ground leaf material was used 

for downstream analyses. 

 

2.2.4 Plasmid construction and transgenic plant production 

For ProILP1:ILP1 ilp1, a 6641 bp fragment of the ILP1 genomic region was amplified 

by PCR using primers GA16 and GA17. This fragment included 1499 bp upstream 

of the start codon (containing the endogenous promoter) and 840 bp downstream 

of the stop codon. The amplified sequence was cloned into the pCambia3301 vector 

at SmaI restriction sites.  

For Pro35S:ILP1-HA, a 2724 bp coding sequence (CDS) of ILP1 was amplified using 

primers GA18 and GA90, then cloned into the SmaI site of the pCambiaStrep 

plasmid vector. The resulting vectors were introduced into ilp1-1 and Col-0 plants 

via Agrobacterium tumefaciens-mediated transformation (floral dipping). T1 

transformants were selected by Basta resistance, and resistant plants were 

genotyped for the ilp1-1 background (LP = GA13, RP = GA14, LB = GA01) and 

endogenous ILP1 (GA38 and GA344). The presence of the transgene was verified 

using primers GA44 and GA26. Selection and genotyping were repeated for the T2 

generation. Expression levels of ILP1 in knockout mutant alleles, genomic 

complementation, and overexpression lines were assessed using primers GA47 and 

GA48. Overexpression lines were designated as OE #1 and OE #12 while genetic 

complementation lines were designated as ILP #2, ILP1 #3, ILP #5, and ILP #6. The 

following floral dip solution was used: 
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Table 9. Composition of the flora dip solution. 

Concentration Reagent 

0.5X 
Murashige & Skoog 
Medium 

5% Sucrose 
0.05% Silwet L-77 

 

All oligonucleotides used in this study can be found in Table S1.  

 

2.2.5 Virus-Induced Gene Silencing  

Double mutant of ntr1-1 and a suppressed ILP1 was generated by Virus-Induced 

Gene Silencing (VIGS) (Burch-Smith et al., 2006; Liu et al., 2002). To silence the 

expression of ILP1, the whole GC-rich DNA binding domain of ILP1 was amplified 

using primers GA166 and GA90. The amplicon was digested with NruI and cloned 

into the TRV2-vector (Burch-Smith et al., 2006). Both TRV1 and TRV2 vectors 

were transformed into Agrobacterium tumefaciens (GV3310). Then liquid cultures of 

the transformed agrobacteria were grown overnight and centrifuged at 3000 rpm 

for 15 min. Pellets were dissolved in 2 ml infiltration buffer (10 mM MgCl2, 10 mM 

MES) and OD600 was adjusted to 1.5. After 4 h incubation (dark, RT), cells were 

mixed 1:1 with TRV1 and TRV2-ILP1 and used to infiltrate 14-day-old ntr1-1 plants. 

Small syringes without a needle were used with the opening pressed against the 

underside of the first true leaves. TRV2-GFP was used as a control. Primers GAA39 

and GA40 were used to verify the suppression of ILP1. The following VIGS 

infiltration medium was used: 

 

Table 10. The VIGS infiltration medium. 

Concentration Reagent 

10 mM MgCl2 
10 mM MES pH 5.5 
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2.2.6 Anthocyanin quantification 

Anthocyanins were extracted from leaf material using 1 ml of anthocyanin 

extraction buffer, consisting of 18% 1-propanol and 1% hydrochloric acid in water. 

The mixture was thoroughly mixed and incubated in darkness at room temperature 

for 2 hours. Following incubation, the samples were centrifuged at maximum speed 

for 15 minutes at 4°C. The supernatants were then transferred to cuvettes, and 

absorbance was measured at 537, 650, and 720 nm. Anthocyanin absorption was 

calculated using the formula: (A537−A720) − 0.25×(A650−A720). Finally, the 

results were normalized based on the fresh weight (fw) or dry weight (dw) of the 

samples. 

 

2.3 RNA Extraction and quantitative PCR 

RNA was extracted from ground leaf material by adding 300 µl of cell lysis buffer 

containing 2% SDS, 68 mM sodium citrate, 132 mM citric acid, and 1 mM EDTA. 

Next, 100 µl of a DNA/protein precipitation solution (4 M NaCl, 16 mM sodium 

citrate, and 32 mM citric acid) was added. The samples were vortexed, kept on ice 

for 10 minutes, and then centrifuged at 4°C for 10 minutes at maximum speed. To 

precipitate the RNA, 300 µl of the supernatant was mixed with an equal volume 

(300 µl) of 2-propanol. The mixture was centrifuged at room temperature for 5 

minutes at maximum speed, and the resulting RNA pellets were washed with 800 

µl of 75% ethanol, centrifuged again, and air-dried. Finally, the RNA was dissolved 

in 25 µl of RNase-free water and stored at -80°C for future use. 

 

2.3.1 cDNA Synthesis 

To synthesize cDNA from RNA, the following reaction mixture was prepared: 

Table 11. cDNA synthesis reaction mixture. 

Volume Reagent 

0.5 µL 100 µM Oligo dT 
2 µL  5X Reaction Buffer 
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0.75 µL water 
1 µL dNTPs 
0.25 µL Ribolock Inhibitor 
0.5 µL Reverse Transcriptase 

 

 

A master mix containing 0.5 µL DNase and 0.5 µL DNase Buffer was added to 1.5 

µg of RNA in 4 µL and incubated at 37°C for 30 minutes. To inactivate DNase, 1 

µL of 25 mM EDTA was added, and the mixture was incubated at 65°C for 10 

minutes. Subsequently, 5 µL of the reaction mixture was added to each tube and 

reverse transcribed at 42°C for 1 hour. The reverse transcriptase was then degraded 

at 70°C. The resulting cDNA was diluted with 40 µL of ddH₂O (1:5) and stored at 

-20°C for later use.  

For quantitative polymerase chain reaction (qPCR) analysis, reactions were 

conducted using a CFX96-C1000 96-well plate thermocycler (Bio-Rad) with 

ChamQ Universal SYBR qPCR Master Mix (Absource Diagnostics, Germany). 

Relative gene expression was calculated using the 2−ΔΔC(t) method, with SAND 

(AT2G28390) serving as the reference gene.  

For RNA sequencing (RNA-seq), the isolated RNA was treated with 2 µL (2 units) 

of DNase I and 3 µL of 10X DNase buffer, followed by incubation at 37°C for 30 

minutes. To precipitate RNA, 70 µL of ddH₂O, 50 µL of 7.5 M ammonium acetate, 

and 400 µL of 100% ethanol were added. The mixture was centrifuged at 4°C for 

20 minutes, and the pellet was washed with 800 µL of 70% ethanol. The RNA was 

then resuspended in 20 µL of ddH₂O and either stored at -80°C for future use or 

shipped on dry ice. 

 

2.3.2 RNA Sequencing 

Messenger RNA was isolated from total RNA using poly-T oligo-attached magnetic 

beads for PolyA-enrichment. Following fragmentation, first-strand cDNA was 

synthesized using random hexamer primers, followed by the synthesis of the second 

strand. The library was evaluated using Qubit and real-time PCR for quantification, 
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while a bioanalyzer was used to assess size distribution. The quantified libraries 

were sequenced on Illumina platforms (NovaSeq, paired-end, 150 bp), based on the 

effective library concentration and required data output (4GB raw reads). Raw 

sequencing data in FASTQ format underwent quality control using in-house Perl 

scripts, ensuring clean data (clean reads) by filtering out sequences containing 

adapters, poly-N regions, and low-quality reads. Additionally, Q20, Q30, and GC 

content were calculated for the clean data. The paired-end clean reads were then 

mapped to the reference genome using Hisat2 v2.0.5. Reference genome and gene 

model annotation files of the TAIR10 release were used 

(ensemblplants_arabidopsis_thaliana_tair10_gca_000001735_1). FeatureCounts 

v1.5.0-p3 was used to quantify the number of reads mapped to each gene. The 

FPKM (Fragments Per Kilobase of transcript per Million mapped reads) value for 

each gene was determined based on its length and the number of mapped reads. 

RNA-seq analysis was performed using two biological replicates of Col-0 and ilp1-

1, with a total of six plants per time point. 

 

2.4 Starch and sugar analysis 

2.4.1 Starch extraction and quantification 

Starch was extracted from dried, finely ground leaf material using 80% (v/v) 

ethanol supplemented with 1 µL of 20 mg/mL Ribitol and incubated at 80°C for 30 

minutes. The samples were then centrifuged at room temperature (RT) for 10 

minutes at maximum speed, and the supernatant was collected for soluble sugar 

quantification. The remaining pellet was resuspended in 750 µL of 0.5 M NaOH 

and incubated at 95°C for 30 minutes. Following this, 750 µL of 1 M CH₃COOH 

was added.  

Starch digestion was performed by mixing 100 µL of the starch suspension with 100 

µL of amyloglucosidase solution (1 mg/mL in 200 mM CH₃COOH and 100 mM 

NaOH) and incubating for 2 hours at 55°C with shaking at 1000 rpm. Next, 100 

µL of the starch digest was combined with 200 µL of glucose oxidase reagent 

(containing 1 mg glucose oxidase, 1.5 mg horseradish peroxidase [HRP], 5 mg 

dianisidine/HCl in 50 mL of 0.5 M Tris/HCl [pH 7.0], and 40% [v/v] glycerol).  
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To create the glucose standard curve, glucose standards of 0, 100, 250, 500, and 750 

µM were mixed with 200 µL of glucose oxidase reagent. Both the standards and 

samples were incubated at 30°C for 30 minutes, and the reaction was stopped by 

adding 400 µL of 5 M HCl. After brief centrifugation, absorbance was measured at 

540 and 720 nm using a 96-well plate reader (SpectraMax M2, Molecular Devices, 

USA). The starch content was expressed as glucose equivalents, and the glucose 

concentration was determined using the standard curve.  

To visualize starch content in situ, chlorophyll pigments were first removed by 

incubating leaves in 80% (v/v) ethanol at 80°C for at least 20 minutes until they 

became transparent or chlorophyll-free. The rosette leaves were then treated with 

Lugol’s iodine solution for 1 hour, followed by destaining with H₂O. 

 

2.4.2 Cytosolic sugar quantification 

To the dried supernatant from starch extraction, 65 µL of a pyridine/methoxylamine 

solution (containing 20 mg methoxylamine per 1 mL pyridine; Sigma) was added. 

The samples were incubated at 30°C with shaking for 90 minutes, followed by brief 

centrifugation. Next, 35 µL of N-Methyl-N-trimethylsilyl-trifluoroacetamide 

(MSTFA) was introduced, and the mixture was incubated at 65°C for 90 minutes 

before another brief centrifugation. Quantification of glucose, fructose, and sucrose 

was performed using Gas Chromatography/Mass Spectrometry (GC/MS) (Agilent 

Technologies, USA). Ribitol served as the internal standard, and the sugar peak 

areas were normalized to the dry weight of the samples. Data analysis was 

conducted using the Agilent GC ChemStation software package (USA). 

 

2.4.3 Sugar-phosphate extraction and analysis 

Trehalose-6-Phosphate and other phosphorylated intermediates were extracted 

using a chloroform-methanol solution and quantified through high-performance 

anion-exchange chromatography combined with tandem mass spectrometry, 

following the method described by Lunn et al. (2006) with modifications from 

Figueroa et al. (2016). 
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2.5 In vivo transcriptional activity and sub-cellular 

localization  

Transient transformation of leaves from Nicotiana benthamiana with Agrobacterium 

suspension was performed. The Agrobacterium cultures with an OD600 ~0.1 were 

harvested and resuspended in infiltration buffer (10 mM magnesium chloride, 10 

mM MES pH 5.7, 100 µΜ acetosyringone). After 2 h incubation, the suspension 

was injected into the lower side of the leaves. The leaves were analyzed at the 3rd 

and 4th days after infiltration using a Zeiss LSM800 with Airyscan (Zeiss, Jena, 

Germany). The detection settings were chosen according to the fluorophores. 

Excitation of GFP was at 488 nm, and for chlorophyll, was at 640 nm.  

For the in vivo quantitative luciferase assays, 4 days post-infiltration, the leaves 

were infiltrated with 1 mM luciferin (diluted in infiltration media) and waited for 

20 minutes before analysis. The signals were detected using Clarity Western ECL 

substrate (Bio-Rad, Germany) and an ECL Chemostar CCD camera (Intas, 

Germany) and were quantified using imageJ. 

 

2.6 ROS staining 

The presence of superoxide radicals was detected using nitro blue tetrazolium 

chloride (NBT, Sigma-Aldrich [USA], 93862). Single leaves or entire rosettes from 

4-week-old plants were immersed in an NBT staining solution (25 mM 

HEPES/KOH, 1 mg/mL NBT, pH 7.5). The leaves underwent vacuum infiltration 

for 15–30 minutes, followed by incubation in darkness at room temperature (RT) 

for 2 hours. Chlorophyll was then removed by treating the leaves with 80% (v/v) 

ethanol at 80°C in a water bath for 20 minutes.  

Hydrogen peroxide accumulation was visualized using 3,3′-diaminobenzidine 

(DAB, Merck-Millipore [USA], D8001). The DAB staining solution (20 mM 

Tris/acetate, 1 mg/mL DAB [Sigma-Aldrich], pH 5.0) was prepared one hour 

before staining. Leaves were vacuum infiltrated with this solution for 30 minutes, 

then incubated in darkness at RT for 24 hours. Chlorophyll was subsequently 
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removed by treating the leaves with 80% (v/v) ethanol at 80°C in a water bath for 

20 minutes. 

 

2.7 Metabolite quantification 

Metabolite quantification was performed using liquid chromatography coupled 

with tandem mass spectrometry (LC-MS/MS) on the LCMS-8050 system 

(Shimadzu, Japan). Approximately 2–3 mg of dried and ground leaf material was 

mixed with 100 µL of LC-MS buffer (150 µL chloroform, 350 µL methanol, and 1 

µL of 1 mg/mL morpholinoethanesulfonic acid (MES) as an internal standard), 

followed by the addition of 400 µL of ice-cold LC-MS grade H₂O. After thorough 

mixing, the samples were incubated at -20°C for 2 hours. They were then 

centrifuged at maximum speed for 10 minutes at room temperature (RT), and the 

aqueous phase was transferred to fresh tubes. The remaining pellet was re-extracted 

with 400 µL of ice-cold LC-MS grade H₂O, vortexed, and centrifuged for 5 minutes 

at maximum speed. The aqueous phase was combined with the initial supernatant 

and dried overnight in a Speed-Vac (Eppendorf Concentrator plus™).  

Metabolites were quantified using multiple reaction monitoring (MRM) based on 

the parameters defined in the LC-MS/MS method and the LabSolutions software 

package (Shimadzu, Japan). Calibration was conducted using authentic amino acid 

standards (Merck, Germany), and peak areas were normalized to the internal 

standard (MES). Data analysis was carried out using the LabSolutions software 

package (Shimadzu, Japan). 

 

2.8 PAM measurement 

Four-week-old plants (four plants per pot) were dark-adapted for 20 minutes prior 

to PAM measurement (Imaging PAM, Walz, Effeltrich, Germany). Plants were 

exposed to a pulsed, blue measuring beam (1 Hz, intensity 4, gain 1, damping 1) to 

obtain the basal chlorophyll (Chl) fluorescence (F) in darkness and a saturating 

light flash (intensity 10) was applied to determine the maximum Chl (F) in the dark-
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adapted state (Fm) used for calculation of Fv/Fm. The PSII quantum yield 

[Y(II)=(Fm′−F)/Fm′], NPQ [NPQ=(Fm−Fm′)/Fm′], non-regulated energy 

dissipation Y(NO), and photochemical quenching (qP) were measured at 286 µmol 

photons m−2 s−1 of a blue LED light source. 

 

2.9 Light response curves 

Fluorescence light response curves (0, 25, 50, 100, 250, 500, 750, 1000, 1500 µmol 

m−2 s−1) to measure photosynthetic rates before (T0) and after HL (T24) were 

measured using a Li-Cor-6400 gas exchange system (LI-COR, Lincoln, NE, USA) 

using fully expanded leaved from 7-week-old plants. The following conditions were 

set: block temperature = 25°C; CO2 concentration = 400 ppm; flow rate = 300 µmol 

s−1; and relative humidity = 60 to 70%.  

 

2.10 Western blot and total protein quantification 

Total leaf proteins were extracted from finely ground leaf material using a protein 

extraction buffer (PEB). Following resuspension in PEB, samples were incubated 

at 70°C for 20 minutes, then centrifuged at maximum speed for 10 minutes at room 

temperature (RT). The resulting protein extracts were transferred to fresh tubes 

and separated using 8% or 12% polyacrylamide-SDS gels before being blotted onto 

a nitrocellulose membrane.  

Membranes were blocked for 1 hour with a 4% milk solution in TBS-T (50 mM 

Tris/HCl, 150 mM NaCl, pH 7.5, 0.1% (v/v) Tween 20), followed by overnight 

incubation at 4°C with primary antibodies in a 1% milk solution in TBS. The next 

day, membranes were washed and incubated with a secondary antibody (goat anti-

rabbit immunoglobulin G [IgG] conjugated with HRP, 1:10,000 in 1% milk 

solution, TBS) for 1.5 hours at RT. Protein signals were visualized using Clarity 

Western ECL substrate (Bio-Rad, Germany) and an ECL Chemostar CCD camera 

(Intas, Germany). Antibodies were sourced from Agrisera (Sweden) and Bio-Rad 

(Germany). The following protein extraction buffer was prepared: 
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Table 12. Protein extraction buffer composition. 

Concentration Reagent 

56 mM Na2CO3 

56 mM DTT 
2% (w/v) SDS 
12% (w/v) Sucrose 
2 mM EDTA 

 

 

 

Table 13. SDS-PAGE and western blot buffer compositions. 

Buffers and Reagents Composition 

10X TBS Buffer 500 mM Tris, 150 mM NaCl, pH 7.5 

10X Stock SDS/WB 
Solution (1 L) 

30 g Tris, 144 g Glycin 

Ponceau Staining Solution 
(500 mL) 

50 mL Acetic Acid, 10 g Ponceau S 

Coomassie Blue Staining 
Solution (1 L) 

450 mL Methanol, 450 mL H2O, 100 mL Acetic Acid, 
1 g Coomassie Brilliant Blue R-250 

Destaining Solution for 
Coomasie Blue (1 L) 

450 mL Methanol, 450 mL H2O, 100 mL Acetic Acid 
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2.11 Chlorophyll extraction 

For chlorophyll extraction and quantification analysis, 1 ml of 80% acetone with 10 

µM KOH in water was added to 1-5 mg of dry weight of samples. Samples were 

vortexed and incubated for 1 hr at -20°C, then centrifuged for 15 min (maximum 

speed) at 4°C. The supernatants were transferred to a new tube and absorbance 

was analyzed at 646, 663 and 720nm. Chlorophyll a and b were calculated using the 

formula: 

Chl a (µg ml-1) = 12.25 (A663nm-A720nm) – 2.79 (A645nm-A720nm) 

Chl b (µg ml-1) = 21.50 (A645nm-A720nm) – 5.10 (A663nm-A720nm).
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3 Results 

 
Some parts of this section were published in: 

 

Araguirang, G.E., Venn, B., Kelber, N.M., Feil, R., Lunn, J., Kleine, T., Leister, 
D., Mühlhaus, T., and Richter, A.S. (2024). Spliceosomal complex components are 
critical for adjusting the C:N balance during high-light acclimation. Plant J 119, 
153-175 https://doi.org/10.1111/tpj.16751 

 

 

3.1 INCREASED LEVEL OF POLYPLOIDY1 (ILP1) 
mutants  

 
3.1.1 ilp1 characterization 

From a forward genetic screen in a gun5 mutant, a single nucleotide polymorphism 

(SNP) in raa20 was identified by whole genome sequencing in position 2767004 of 

chromosome 5, which is the first nucleotide of intron 4 (C>T), causing a retention 

of intron 4 in the ILP1 mRNA (AT5G08550) (Figure S1A). Here the ilp1 mutants, 

namely the knockout mutants, ilp1-1 and ilp1-2 (Figure S1D, S1E), and a new 

mutant allele, ilp1 SNP, with an intron 4 retention (Figure 3A, S1B-S1C) were 

further characterized. Results from the high light shift experiments showed that all 

ilp1 mutants accumulated more anthocyanins compared to Col-0 and gun5-1 mutant, 

indicating that this phenotype is independent of gun5 (Figure 3B).  

Previous studies on ILP1 knockout mutants reported short root and hypocotyl, and 

late flowering phenotype (Yoshizumi et al., 2006; Wang et al., 2019). To reconfirm 

these observations, further phenotypic characterization of ilp1 SNP along with the 

ilp1 knockout mutants was performed. The results revealed similarities in root and 

hypocotyl length, flowering time, rosette phenotype, and anthocyanin 
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accumulation, suggesting that intron retention caused ILP1 to resemble a knockout 

mutant at the post-translational level (Figure 3B-3F). Hence, using one T-DNA 

knockout mutant allele of ilp1 in further downstream experiments would be 

representative already of the three mutants.  

 

Figure 3. Phenotypic characterizations of the isolated ilp1 mutants. (A) Locations of 
the T-DNA insertions and their corresponding ILP1 relative expressions, (B) root 
lengths of 6DAG seedlings, (C) hypocotyl lengths of 4DAG dark-grown seedlings, (D) 
rosette, (E) flowering, and (F) anthocyanin content phenotypes of the ilp1 mutants. For 
A and F, data are mean ± SD (n = 4). The red lines inside the violins show the median 
of values and the white lines the quartiles. Different letters indicate significance groups 
at P < 0.05 by Šidák's and Tukey's multiple comparison tests, respectively, as 
determined by two-way ANOVA. 
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3.1.2 Anthocyanin production in ilp1-1 

To better understand the timing and factors influencing anthocyanin accumulation 

in ilp1-1 mutant during HL shift, a kinetic analysis of anthocyanin production was 

conducted. The rate of anthocyanin biosynthesis in ilp1-1 remained similar to Col-0 

before HL (T0) and up to 12 hrs of continuous HL (Figure 4C). However, after 12 

hrs, anthocyanins exponentially accumulated in ilp1-1 mutant and continued to 

increase until 24 hrs of HL (Figure 4C). Anthocyanin production plateaued upon 

returning to normal light conditions for recovery. Kinetic analysis of mRNA 

transcripts involved in anthocyanin biosynthesis showed upregulation a few hours 

after the onset of HL. PAP1 mRNA transcripts in ilp1-1 exponentially increased and 

were significantly higher than WT after 4 hrs of HL while its target gene, DFR, was 

significantly upregulated at 12 hrs of HL (Figure 4A, 4B). This clearly displayed a 

proof of concept of a cascade of signaling process involving ILP1 in anthocyanin 

production during HL acclimation. 

Figure 4. Kinetic analysis of mRNA transcripts and anthocyanin production in ilp1-1. 
Relative expressions of (A) PAP1 and (B) DFR, and (C) anthocyanin accumulation during 
a 24-hr high light exposure and 6 hrs of recovery time. Asterisks indicate significance 
(P<0.05). 
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3.1.3 ilp1-1 transcriptome 

 To examine global gene expression dynamics during HL exposure, a time-resolved 

RNA sequencing analysis was employed. Firstly, in the absence of ILP1, many genes 

were already upregulated and downregulated even before HL (T0) (Figure S2A). 

The highest peak of differentially upregulated genes occurred at 8 hrs of HL, while 

the highest number of differentially downregulated genes was observed during the 

recovery phase (T30) (Figure S2A). Targeted RNA-seq analysis of genes involved 

in anthocyanin biosynthesis revealed differential expression of multiple genes in 

ilp1-1 across various time points. In particular, 4CL3, PAP2, and MYBL2 were already 

differentially expressed in ilp1-1 even before HL, suggesting that their expressions 

are not dependent on HL, but on the absence or presence of a functional ILP1 

(Figure 5A, 5B). Secondly, the average of log2 fold changes (FC) of different 

segments of the anthocyanin biosynthetic pathway showed that the most significant 

change happened at 4 hrs after HL (T4) within the flavonoid pathway (Figure 5D), 

indicating that this pathway plays a key role in driving the rapid anthocyanin 

production in ilp1-1 during HL exposure (Figure 5C-5E). 

Figure 5. Targeted transcriptome analysis of genes directly involved in anthocyanin 
biosynthesis. (A) Log2 fold change (FC) of genes involved in the whole anthocyanin 
production across all time points measured, (B) Log2 FC of 4CL3, PAP2, and MYBL2 
which are differentially expressed at T0, and Log2 FC average of genes that are 
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involved in the Phenylpropanoid biosynthesis (C), Flavonoid biosynthesis (D), and 
exclusively in the anthocyanin biosynthesis (E). Different letters indicate significance 
groups at P < 0.05 by Šidák's and Tukey's multiple comparison tests, respectively, as 
determined by two-way ANOVA. "•” in the heatmap indicates significance. 

 

Further analysis of differentially upregulated KEGG pathways at T0 and T4 

revealed significant enrichment of primary metabolism-related pathways. At T0, 

starch and sucrose metabolism showed one of the highest differentially expressed 

gene counts along with carbon metabolism and protein processing (Figure S2B). 

On the other hand, at T4, photosynthesis and other flavonoid-related pathways are 

more significantly enriched (Figure S2C), suggesting that ILP1 may directly or 

indirectly affect a multitude of primary and secondary pathways to regulate gene 

transcription. 

 

3.1.4 Disrupted carbon metabolism in ilp1 mutants 

To identify which specific signal is responsible for the initiation of the anthocyanin 

biosynthetic pathway, ROS production and phytohormone biosynthesis were 

analyzed (Figure S3). Transcripts of ROS-induced chloroplastic GLUTATHIONE 

PEROXIDASE7 (GPX7) increased significantly after 4 hrs of HL while cytosolic 

ASCORBATE PEROXIDASE1 (APX1) exhibited a WT-like response until 12 hrs of 

HL in ilp1-1 (Figure S3A, S3B). Superoxide and H₂O₂ staining of ilp1-1 using NBT 

and DAB, respectively, under normal light and HL, revealed a WT-like phenotype, 

suggesting that ROS production is not the primary trigger of anthocyanin 

production in ilp1-1 (Figure S3C, S3D). 

Then, log2 FC average of genes involved in hormone biosynthesis during HL was 

calculated. Interestingly, no significant changes in expression profiles of genes 

involved in hormone biosynthesis were observed in ilp1-1 during HL (Figure S3E). 

Even different hormone supplementation at increasing concentrations did not 

restore the ilp1-1 root phenotype (Figure S3F). These findings imply that disrupted 

hormone production is not the causative factor for the elevated anthocyanin levels 

in ilp1-1.  

A recent study showed that sugar molecules exported out of the chloroplast are the 

primary signals that initiate anthocyanin biosynthesis during HL (Zirngibl et al, 
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2022). The analyzed transcriptomic data indicated significant effects on carbon 

metabolism, particularly on starch and sugar metabolism, in ilp1-1 (Figure S2B, 

S2C), prompting a detailed examination of these pathways. A transcriptomic 

landscape of sugar and starch metabolism during HL was mapped (Figure S4), 

revealing various constitutively and differentially expressed genes, including GPT2, 

one of the two glucose-6-phosphate/phosphate translocators in the chloroplast 

(Figure 6A). This observation is supported by the increase of both neutral (glucose, 

fructose, sucrose) and phosphorylated sugars (trehalose-6-phosphate, sucrose-6-

phosphate) after 8 hrs of HL exposure (Figure 6D-6H).  

Quantification and visualization of starch content using Lugol’s staining in ilp1-1 

mutants showed higher starch levels at the end of the night (EoN), before HL (T0), 

and after HL exposure (T24) (Figure 6B-6C). Even under normal day/night cycles, 

ilp1-1 accumulated more starch than Col-0 (Figure S5A). Starch synthesis and 

degradation rates were also analyzed, revealing no substantial differences between 

WT and ilp1-1 (Figure S5B, S5C). These results suggest that increased starch levels 

in ilp1-1 may be a result of either a gradual accumulation during its development or 

a sudden burst at a specific growth stage. 

To check whether the increased starch and cytosolic sugar accumulation in ilp1-1 is 

a direct consequence of an elevated photosynthetic rate, gas exchange parameters 

were analyzed, focusing on net CO₂ uptake rates before and after HL exposure. 

Measurements revealed that ilp1-1 exhibited significantly higher photosynthetic 

rates than WT, both under normal light conditions (T0) and following HL exposure 

(Figure S6A, S6B). This enhanced CO₂ assimilation efficiency provides a 

mechanistic explanation for the greater starch reserves and elevated cytosolic sugar 

levels observed in ilp1-1, as increased carbon fixation would lead to an abundance 

of photosynthetic assimilates. 
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Figure 6. Imbalance in carbon metabolism in the ilp1-1 mutant. (A) Differential expression 
of GPT2 across timepoints, (B) Lugol’s staining of and (C) starch content in ilp1-1 mutant 
at the end of the night (EoN), before and after HL, (D) Fructose, (E) Glucose, (F) Sucrose, 
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(G) Trehalose-6-Phosphate, and (H) Sucrose-6-Phosphate levels before and after 8 hrs of 
HL. Data are mean ± SD (n = 4). Asterisks indicate statistical significance compared to Col-
0 by Student's t-test (*P <0.05, **P <0.01, ***P <0.001). "•” in the heatmap indicates 
significance. 

 

To assess potential changes in photosynthetic machinery, steady-state levels of 

selected photosynthetic proteins were also analyzed under HL conditions. The 

analysis revealed that LHCA1, a core component of Photosystem I (PSI) (Wientjes 

et al., 2011), was more abundant in ilp1-1 than in WT after 8 hours of HL exposure 

(Figure S6C). This suggests a possible reprogramming and remodeling of PSI 

composition, potentially to compensate for HL-induced stress and optimize light 

capture and energy distribution. 

Conversely, D1, a key subunit of PSII reaction centers (Russell et al., 1995), 

exhibited a decline in protein abundance during HL exposure compared to T0 

across all genotypes. This reduction aligns with the natural turnover and 

degradation of D1, which is known to occur under HL conditions due to 

photodamage and repair cycles in PSII (Greenberg et al., 1987; Salter et al., 1992. 

Kato et al., 2012). 

Similarly, LHCB6, a member of the light-harvesting complex of PSII (LHCII), 

exhibited a gradual decrease in protein levels across WT and ilp1-1, supporting a 

previous study that LHCII components are downregulated under HL stress in a 

protease-dependent hydrolysis (Luciński et al., 2011). In contrast, CP43 (another 

PSII core protein) and petA (a cytochrome f subunit of the cytochrome b6f 

complex) displayed unchanging protein levels at all time points, indicating stable 

expression of these components during HL exposure.  

Transcriptomic analysis revealed contrasting regulatory patterns between nuclear-

encoded and chloroplast-encoded photosynthetic genes in ilp1-1 in response to HL 

exposure. Nuclear-encoded photosynthetic genes exhibited transcriptional 

repression during HL treatment (Figure S7A), while chloroplast-encoded genes, 

such as psbA, were upregulated in ilp1-1 (Figure S7B). These findings align with 

the well-established concept that elevated carbohydrate levels suppress the 

expression of nuclear-encoded photosynthetic genes (Rolland et al., 2002; Figure 

S7A). In contrast, chloroplast-encoded genes like psbA are upregulated in response 
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to increasing light intensity as part of a photoprotective repair mechanism, ensuring 

the replacement of damaged PSII reaction centers (Chotewutmontri and Barkan, 

2018; Schuster et al., 2020). This differential regulation of nuclear- and chloroplast-

encoded genes highlights a possible function of ILP1 in coordinating proper long-

term HL response. While nuclear gene repression likely prevents the 

overproduction of photosynthetic components to avoid excess energy accumulation, 

chloroplast gene upregulation prioritizes photoprotection and repair processes, 

ensuring photosynthetic stability under HL stress. 

Ruban et al. (2016) previously demonstrated that photosynthetic efficiency is 

influenced by multiple factors, including chlorophyll content, expression of 

photosynthetic genes, non-photochemical quenching (NPQ), and other 

photoprotective mechanisms. To determine how these parameters correlate with 

photosynthetic rate, chlorophyll levels were first quantified under both normal and 

HL conditions. Analysis revealed no significant difference in chlorophyll content 

between WT and ilp1-1, both before HL exposure and after 8 and 24 hrs of HL 

treatment (Figure S7C). These findings indicate that chlorophyll content alone does 

not account for the higher photosynthetic rate observed in ilp1-1 under HL 

conditions. 

To assess in more detail the photosynthetic performance of ilp1-1 under HL 

conditions, multiple photosynthetic parameters were measured, including variable 

to maximal fluorescence (Fv/Fm), photochemical quenching (qP), non-

photochemical quenching (NPQ), effective quantum yield of PSII (Y(II)), and 

non-regulated energy dissipation (Y(NO)) (Figure S8). 

Before and 8 hrs after HL exposure, Fv/Fm, a key indicator of photosynthetic 

efficiency, was higher in WT compared to ilp1-1. However, after 24 hrs of HL 

exposure, photosynthetic efficiency in WT declined, whereas ilp1-1 exhibited an 

increase in Fv/Fm, suggesting a differential acclimation response between the two 

genotypes. Other photosynthetic parameters exhibited distinct regulatory patterns 

where NPQ/4, Y(NPQ) (regulated energy dissipation), qP, and Y(II) were higher 

in ilp1-1 after 8 hrs of HL and remained relatively stable even after 24 hrs of HL 

exposure (Figure S8). The sustained high levels of NPQ and Y(NPQ) in ilp1-1 

suggest that the absence of ILP1 enhances the efficiency of both light-dependent 
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and light-independent photosynthetic processes under HL conditions. In particular, 

it indicates that in ilp1-1, there is (1) a strong photoprotective mechanism, allowing 

the plants to dissipate excess light energy efficiently, and thereby reducing 

photoinhibition and potential oxidative damage, and (2) more active carbon fixation 

processes, including Rubisco activity and metabolic flux through the Calvin-Benson 

cycle, potentially contributing to the observed increase in carbon assimilation and 

sugar accumulation under HL conditions. 

  

3.1.5 DCMU treatment inhibits anthocyanin production 

To further verify that sugars produced during photosynthesis drive anthocyanin 

biosynthesis during HL in ilp1-1, plants were treated with 3-(3,4-dichlorophenyl)-

1,1-dimethylurea (DCMU), a specific and competitive inhibitor that blocks the 

plastoquinone binding site of photosystem II, thereby inhibiting photosynthetic 

activity. Inhibiting photosynthesis in ilp1-1 suppressed anthocyanin accumulation 

during HL (Figure 7). Transcripts involved in anthocyanin biosynthesis like PAP1, 

PAP2, and DFR were suppressed in the DCMU-treated plants after 8 hrs of HL 

(Figure 7B-7E). Interestingly, MYBL2 showed significant upregulation during HL 

when photosynthesis was blocked (Figure 7F), suggesting that the absence of sugar 

production during HL may have triggered the transcription of this repressor.  

Analysis of DARK INDUCIBLE1 (DIN1), DIN10, and DIN6, which are marker genes 

regulated by SnRK1 and dependent on trehalose-6-phosphate (Baena-González et 

al., 2007), revealed transcript upregulation in DCMU-treated plants during HL 

(Figure 7F, 7G, S9H). Venn diagram analysis of genes that are significantly 

downregulated in ilp1-1 and significantly upregulated by KIN10, a catalytic subunit 

of SnRK1 (Baena-González et al., 2007), identified 52 common genes (Figure S9F), 

two of which were DIN1 and MYBL2. This observation implies that MYBL2 may also 

be regulated by SnRK1, further supporting recent findings indicating that MYBL2 

expression is directly or indirectly influenced by SnRK1 (Brocke et al., 2023).  

Quantification of starch and neutral sugar levels after 24 hrs of HL revealed that 

both Col-0 and ilp1-1 exhibited nearly negligible starch levels and suppression of 

cytosolic sugars like fructose, glucose, and sucrose (Figure S9A-S9D), validating 

previous notions that DCMU inhibits carbon metabolism. Conversely, levels of 
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essential amino acids such as phenylalanine and methionine were already elevated 

before DCMU treatment but declined afterward (Figure S9E), potentially limiting 

the availability of carbon skeletons required for amino acid synthesis. Interestingly, 

GLUCOSE-6-PHOSPHATE/PHOSPHATE TRANSLOCATOR2 (GPT2), a transcript 

differentially expressed across all time points, maintained high transcript levels in 

ilp1-1 compared to WT even after DCMU treatment (Figure S9G). 

Figure 7. Phenotypic and transcriptomic changes in 4-week-old ilp-1 after DCMU 
treatment during HL. (A) Anthocyanin levels before and after HL, and relative expressions 
of (B) PAP1, (C) PAP2, (D) DFR, (E) MYBL2, (F) DIN10, and (G) DIN1 before and after 8 
hrs of HL. Data are mean ± SD (n = 4). Asterisks indicate statistical significance compared 
to Col-0 by Student's t-test (*P <0.05, **P <0.01, ***P <0.001).  
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3.1.6 Convergence of metabolic and transcriptomic architectures 

To understand how a non-functional ILP1 affected the metabolic response during 

HL, metabolite levels were quantified before and after HL exposure, and a 

metabolic map was constructed (Figure 8). The metabolic map generated provided 

a comprehensive overview of how ILP1 loss-of-function influences key metabolic 

pathways during HL acclimation. Metabolite such as 3-Phosphoglyceric acid (3-

PGA), a biochemically important intermediate for glucose production, showed 

higher levels before HL and during the first 8 hrs of HL exposure in ilp1-1 (Figure 

8), suggesting a possible disruption of glycolysis and Calvin-Benson cycle. 

Most metabolites associated with amino acid biosynthesis, the tricarboxylic acid 

(TCA) cycle, and the urea cycle showed no significant differences in ilp1-1 before 

HL exposure. However, following HL treatment, a pronounced decline in amino 

acid levels was observed in ilp1-1 mutant compared to WT. Even metabolites like 

arginine, ornithine, and citrulline, which are key components of the urea cycle, also 

exhibited reduced levels during HL. Supplementing with exogenous ornithine or 

sodium nitroprusside, a nitric oxide donor, also did not complement the root and 

anthocyanin accumulation phenotype of ilp1-1 (Figure S10B, S10C, S10E). This 

reduction of amino acid levels and metabolites of the urea cycle highlights a 

potential role of ILP1 in regulating amino acid homeostasis and nitrogen 

metabolism under stress conditions. 

 In contrast, succinate, which is a key intermediate in the TCA cycle and a crucial 

component of cellular metabolism and energy production, maintained consistently 

high levels during HL (Figure 8). This accumulation may have acted as a bottleneck 

in the conversion to fumarate and malate, leading to their reduced levels during HL 

and the subsequent recovery phase.    
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Figure 8. Metabolic map of quantified metabolites in WT and ilp1-1 before, during, and 
after HL exposure. "•” in the heatmap indicates significance. 
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Analyzing the transcriptomic data of the genes involved in the TCA cycle showed 

differential expressions of four genes during HL, namely MITOCHONDRIAL 

LIPOAMIDE DEHYDROGENASE1 (mtLPD1), SUCCINATE DEHYDROGENASE2 

(SDH2), FUMARASE2 (FUM2), and PHOSPHOENOLPYRUVATE 

CARBOXYKINASE2 (PCK2) (Figure S10A). Since FUM2, which encodes a crucial 

mitochondrial enzyme responsible for the reversible hydration of fumarate to 

malate, exhibited consistent downregulation across all time points, this suggests that 

ilp1-1 had inherently low fumarate levels from the outset. To verify this, exogenous 

fumarate was supplemented to ilp1-1. However, no rescue of the anthocyanin 

phenotype was observed after 24 hrs of HL (Figure S10E). 

Moreover, SDH2, which encodes a subunit of the succinate dehydrogenase (SDH) 

complex (Complex II) of the electron transport chain (ETC) and plays a dual role 

in the TCA and ETC during cellular respiration, displayed elevated levels during 

HL. To examine how the absence of SDH2 affects acclimation response, a knockout 

mutant allele, sdhaf2 (Huang et al., 2013), was exposed to HL for 24 hrs. 

Quantification of anthocyanin levels revealed WT-like phenotype of the sdhaf2, 

contrasting with the pronounced anthocyanin accumulation observed in ilp1-1 

(Figure S10D).  

Another striking observation is the transient accumulation of glutamate within the 

first 12 hrs of HL exposure, after which it reverted to WT-like level. As a precursor 

for amino acid biosynthesis like glutamine and a key nitrogen donor in 

transamination and the urea cycle, the initial rise in glutamate corresponded with a 

decline in glutamine levels during HL exposure. This early glutamate surge after 

the onset of HL suggests that it initially acts as a nitrogen buffer or a nitrogen sink 

before being rapidly utilized in biosynthetic processes that fail to sustain amino acid 

pools under prolonged HL exposure.  

 

3.2 Overexpression and complementation lines  

Since knocking out ILP1 resulted in overaccumulation of anthocyanins during HL, 

it was necessary to determine whether ILP1 overexpression could suppress the 

accumulation of these metabolites. To investigate this, overexpression (OE1 and 
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OE12) and genetic complementation constructs (ILP1 #2, ILP1 #3, ILP1 #5, and ILP1 

#6) were generated in the ilp1-1 background (Figure S11A, S11B). 

Both OE and complementation lines exhibited a WT-like phenotype under normal 

conditions, including root, rosette, and flowering traits (Figure S11C-S11E). After 

24 hrs of HL, neither the OE nor the complementation constructs suppressed 

anthocyanin accumulation (Figure 9A). Transcript analysis revealed that key genes 

in the early biosynthetic (EBG) and late biosynthetic (LBG) pathways, including 

4CL3 and DFR, along with FLS1, displayed WT-like mRNA accumulation both 

before and during HL exposure in the OE and complementation lines (Figure 9B-

9D). This pattern likely explains why anthocyanin levels in OE and 

complementation lines remained similar to Col-0 after 24 hrs of HL. 

Similarly, when OE and genetic complementation lines were exposed to cold 

conditions (4°C) for 7 days, anthocyanin accumulation remained at WT-like levels 

(Figure S11F). Additionally, metabolic analysis revealed that OE and 

complementation lines already exhibited WT-like metabolite profiles (Figure S12). 

The accumulation of metabolites such as phenylalanine and glutamine was no 

longer repressed in OE and complementation lines, unlike in ilp1-1 during HL, 

indicating that ILP1 overexpression resulted in a metabolic response similar to Col-

0 (Figure 9E, 9F). 

Quantification of starch content also revealed that OE and complementation lines 

maintained WT-like levels before and during HL. However, analysis of cytosolic 

sugar contents showed lower levels of glucose, fructose, and sucrose levels during 

HL acclimation in the OE and complementation lines compared to WT and ilp1-1 

(Figure 9H-9J). This pattern suggests that ILP1 may regulate carbon metabolism 

by acting as a repressor, aligning with previous findings that ILP1 is a 

transcriptional repressor in vivo (Yoshizumi et al., 2006). 
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Figure 9. Phenotypic, transcriptomic, and metabolic analyses of the overexpression and 
genetic complementation lines. (A) Anthocyanin levels of 4-week-old plants after 24 
hrs HL, relative expression levels of (B) 4CL3, (C) DFR, and (D) FLS1 after 8 hrs of 
HL, changes in metabolites like (E) phenylalanine and (F) glutamine before and after 
8 hrs of HL, and (G) starch, (H) glucose, (I) sucrose, and (J) fructose levels before 
and after 8 hrs of HL exposure. Data are mean ± SD (n = 4). For B-D, different letters 
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indicate significance groups at P < 0.05 by Šidák's and Tukey's multiple comparison 
tests, respectively, as determined by two-way ANOVA. For E-J, asterisks indicate 
statistical significance compared to Col-0 by Student's t-test (*P <0.05, **P <0.01, ***P 
<0.001).  

 

To test this speculation, the expression of GPT2, a notable gene that is differentially 

expressed in all timepoints in ilp1-1 (Figure 6A, S4, S9G) was analyzed in more 

detail. Because the expression of GPT2 has been reported before to be sugar-

dependent, its levels were examined during EoN of a normal day-night cycle, a time 

when plants experience carbon starvation due to depleted starch and soluble sugars. 

At EoN, GPT2 transcript levels in ilp1-1 were 15-fold higher than in WT and were 

still significantly elevated after 2 hrs in normal light (NL) (Figure S13A). 

Interestingly, during HL exposure, GPT2 expression was significantly repressed at 

all time points in both OE and complementation lines (Figure S13B), further 

reinforcing that GPT2 expression depends on cellular sugar levels. 

 

3.3 ILP1 localization and repressor activity 

Yoshizumi et al. (2006) demonstrated that ILP1 contains a nuclear localization 

sequence that directs it to the nucleus and that the GC-rich DNA binding domain 

in the C-terminal region of ILP1 functions as a transcriptional repressor in vitro 

and in vivo. To reconfirm this localization, ILP1-GFP was generated under the 

control of the 35S promoter and transiently expressed in tobacco leaves (Figure 

S14). ILP1-GFP was observed in the nucleus (red arrows) (Figure S14C). 

Additionally, partial colocalization was detected with the ER marker (HDEL-

mCherry) and the plasma membrane marker (CBL1-OFP) (Figure S14A, S14B). 

Notably, a Z-stack projection of 10 different slices revealed net-like structures of 

ILP1 (yellow arrows) (Figure S14C), resembling cytoskeleton-localized proteins 

(Hackbusch et al., 2005; Cao, et al., 2016; Zang et al., 2021). These observations 

suggest that ILP1 may localize not only to the nucleus but also to other subcellular 

compartments, potentially performing functions other than splicing. 

ILP1's function as a transcriptional repressor was also examined using a 

quantitative in vivo assay (Figure S15). In the absence of ILP1, proPAP1:LUC 
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exhibited a strong luminescent signal, with an intensity twice that of proDFR:LUC. 

However, in the presence of ILP1, both signals showed a slight reduction, 

suggesting a repressive effect on transcriptional activity. Based on the targeted 

transcriptomic and kinetic analysis of the anthocyanin biosynthetic pathway, PAP1 

and DFR were not differentially expressed at T0 in ilp1-1, indicating that there was 

no immediate effect of ILP1 on their transcription. However, differential expression 

was observed at later time points in ilp1-1, with PAP1 becoming differentially 

expressed at T4 and DFR at T12 (Figure 4A, 4B, 5A). This temporal shift in gene 

expression suggests that ILP1 may exert its repressive effects in a time-dependent 

manner, most likely through indirect regulatory mechanisms. These results further 

underscores ILP1’s function as a transcriptional repressor in vivo and suggest that 

it plays a role in modulating the expression of late biosynthetic genes in response to 

HL exposure, possibly through other transcriptional regulators such as MYBL2. 

 

3.4 ILP1 truncated variants 

 To investigate the functions of the different ILP1 domains in greater detail, two 

independent lines of HA-tagged truncated ILP1 variants were generated (Figure 

10A, S16A-S16B). Analysis of phenotypic traits revealed that No-N (without N-

terminal domain) and No-GC (without GC-rich DNA binding domain) mutants, 

both containing a nuclear localization sequence (NLS), exhibited WT-like root 

length and rosette development (Figure S16C, S16D). In contrast, Only-GC 

mutants (with only GC-rich DNA binding domain), which lacks NLS, retained the 

ilp1-1 mutant phenotype, indicating that the GC-rich DNA binding domain alone is 

insufficient to fully restore ILP1 function and suggests that nuclear localization is 

necessary for ILP1 to regulate developmental processes effectively. 

Given that ILP1 loss-of-function leads to overaccumulation of anthocyanins under 

HL exposure, the truncated variants were further examined to determine their role 

in anthocyanin regulation. After 24 hrs of HL, No-N accumulated anthocyanin 

levels comparable to WT (Figure 10B), indicating that this truncation does not 

disrupt ILP1-mediated regulation of anthocyanin biosynthesis. However, both No-

GC and Only-GC mutants exhibited significantly higher anthocyanin accumulation 

than Col-0 and ilp1-1, suggesting that the GC-rich domain is essential for regulating 
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anthocyanin production. The elevated accumulation of anthocyanins in both No-

GC and Only-GC mutants further implies that ILP1 nuclear localization is required 

for proper anthocyanin regulation and that its absence leads to deregulation of the 

pathway. 

 

Figure 10. Comparative analysis of the truncated versions of ILP1. (A) Schematic diagram 
of the different truncations, (B) Anthocyanin levels 4-week-old plants after 24 hrs of HL, 
relative expressions of (C) PAP1, (D) DFR, and (E) GPT2 before and after 8 hrs of HL, 
levels of (F) glucose, (G) fructose, and (H) sucrose before and after 8 hrs of HL, (I) splicing 
analysis of CCA1, and (J) log2FC of quantified amino acids before and after 8 hrs and 24 
hrs of HL. Data are mean ± SD (n = 4). Asterisks indicate statistical significance compared 
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to Col-0 by Student's t-test (*P <0.05, **P <0.01, ***P <0.001). "•” in the heatmap indicates 
significance. 

 

To decipher the molecular basis of anthocyanin overaccumulation in No-GC and 

Only-GC mutants, the core mRNA transcripts involved in anthocyanin 

biosynthesis such as DFR and PAP1 were analyzed. Both truncated versions of ILP1 

had higher relative expression levels of PAP1 and DFR after 8 hrs of HL, closely 

resembling the expression profile observed in the ilp1-1 mutant (Figure 10C, 10D). 

This pattern suggests that the GC-rich binding domain of ILP1 is essential for 

regulating the transcription of genes involved in anthocyanin biosynthetic pathway.  

Additionally, GPT2, which has been identified as a sugar-dependent gene linked to 

carbon metabolism, exhibited an expression pattern in No-GC and Only-GC 

mutants similar to that in ilp1-1 before and after 8 hrs of HL (Figure 10E). This 

observation reveals that both the GC-rich DNA binding domain of ILP1 and its 

nuclear localization might be integral in maintaining proper carbon metabolism. 

To elucidate more in detail how the different domains of ILP1 contribute to its 

overall function in maintaining proper metabolic equilibrium during HL, both 

carbon and nitrogen pools during HL exposure were analyzed. Cytosolic sugars of 

No-GC and Only-GC mutants had similar levels compared to ilp1-1 before and 

during HL while No-N mutant resembled the WT (Figure 10F-10H). The similar 

expression patterns of anthocyanin-related mRNA transcripts (PAP1 and DFR) and 

the similar sugar levels in the No-GC and Only-GC mutants compared to ilp1-1, 

support the hypothesis that nuclear-localized ILP1 GC-rich domain represses 

transcriptional activation and sugar production, influencing carbon metabolism 

during HL. 

Further analysis of log2 FC of quantified amino acids of both No-GC and Only-GC 

mutants displayed similar patterns of change like ilp1-1, especially after 8 hrs of HL 

(Figure 10J). Several amino acids, including phenylalanine, arginine, and 

glutamine, remained at lower levels in ilp1-1 compared to WT, whereas glutamate 

exhibited a marked accumulation after 8 hrs of HL. These results collectively 

demonstrate the importance of the nuclear ILP1, specifically a functional GC-rich 
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DNA binding domain, in metabolic adjustment and anthocyanin biosynthesis 

during HL exposure. 

 

3.5 Double point mutant of the PrD, Q318,319A 

Because there is still scarcity on the available knowledge about ILP1, its structural 

properties and biochemical behavior were analyzed using various bioinformatic 

tools. Using Alphafold (Jumper et al., 2021) and PONDR (Predictor Of Naturally 

Disordered Regions) algorithms (Xue et al., 2010), ILP1 was identified as an 

intrinsically disordered protein (IDP, 61.89% disordered) with three disordered 

regions (Figure S17A, S17B).  

Aside from the previously characterized N- and C-terminal domains and NLS 

(Yoshizumi et al., 2006), further structural analysis using the Prion-Like Amino 

Acid Composition (PLAAC) algorithm (Lancaster et al., 2014) predicted the 

presence of a Prion-Like Domain (PrD) within the second intrinsically disordered 

region (IDR) (Figure S17B, S17C). The presence of PrDs in protein structures, 

particularly poly-glutamine (poly-Q) residues, has been shown to play an important 

role in driving liquid-liquid phase separation (LLPS) and regulating growth and 

development in plants (Jung et al., 2020). 

To bring light how the PrD in ILP1 affects its overall function, two independent 

double mutant lines of HA-tagged residues Q318A and Q319A (referred to as 

Q318,319A hereafter) in the ilp1-1 background (S17D, S17E) were generated. Based 

on the bioinformatic analysis, these point mutations were sufficient already to 

disrupt the PrD in ILP1 (Figure S17C). Phenotypic characterization of the mutants 

displayed WT-like root length, and rosette and flowering phenotypes (Figure S17F, 

S17G), indicating that this PrD is not required for normal growth and 

developmental processes. This also suggests that ILP1’s role in these physiological 

aspects is independent of its prion-like characteristics. 

To check if the poly-Q also plays a role in acclimation plasticity, anthocyanin 

accumulation was quantified in the Q318,319A point mutants following HL exposure. 

The analysis revealed that these mutants exhibited anthocyanin levels comparable 
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to WT (Figure S18A), suggesting that the poly-Q region is not required for 

anthocyanin regulation under HL conditions.  

Relative expressions of genes involved in anthocyanin biosynthesis (DFR, PAP1, and 

PAP2) also showed WT-like increase after 8 hrs of HL in the poly-Q mutants 

(Figure S18B-S18D), indicating that the ILP1 PrD is not required for its 

transcriptional control over anthocyanin-related genes. 

 DELAY OF GERMINATION1 (DOG1) and CIRCADIAN CLOCK ASSOCIATED1 

(CCA1) which are misspliced in ilp1-1 (Dolata et al., 2015) were also not misspliced 

in the Q318,319A mutants (Figure S18E, S18F), suggesting that this PrD does not 

play a significant role in ILP1-mediated gene regulatory mechanisms during 

acclimation response. 

To determine whether mutating the PrD of ILP1 also disrupts metabolic 

equilibrium during HL response, the levels of starch and neutral sugars (fructose, 

glucose, sucrose) were quantified. In ilp1-1, starch content was higher before HL 

exposure, whereas cytosolic sugar levels increased after 8 hrs of HL (Figure S18G-

S18J). In contrast, the Q318,319A mutants exhibited WT-like levels of starch and 

soluble sugars both before and during HL exposure (Figure S18G-S18J), 

suggesting that the PrD mutation does not affect carbon storage or sugar dynamics 

under HL conditions. 

Analysis of amino acid content in Q318,319A mutants revealed a distinct pattern. 

Before HL exposure, amino acid levels closely resembled those observed in ilp1-1, 

but after 8 hrs of HL, they returned to WT-like levels (Figure S18K). This 

discrepancy indicates that while carbon metabolism remains unaffected, amino acid 

biosynthesis is perturbed in the absence of an intact PrD, particularly under normal 

conditions. These observations denote that the PrD is still an important ILP1 

domain and that Q318 and Q319 are essential amino acid residues that play a role 

in maintaining proper amino acid production under normal conditions. 
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3.6 ILP1 and miRNA processing  

ILP1 has been identified as a component of the non-canonical spliceosomal complex 

and has been implicated in miRNA biogenesis (Wang et al., 2019). To check 

whether miRNAs are also involved in HL acclimation response, a mutant of 

SERRATE1 (se1), a core component of miRNA processing (Laubinger et al., 2008; 

Lobbes et al., 2006), was analyzed and its growth and acclimation responses were 

compared with those of ilp1-1 under HL exposure.  

Phenotypic analysis of se1 revealed a distinct serrated rosette phenotype (Figure 

S19C) and a short hypocotyl length, similar to ilp1-1 (Figure S19B). However, root 

length in se1 remained comparable to WT (Figure S19A), indicating that 

SERRATE1 mutation affects shoot development but does not significantly alter root 

growth. 

Exposure of se1 mutants to 24 hrs of HL revealed a markedly different acclimation 

response compared to ilp1-1 (Figure S19C). Unlike ilp1-1, se1 mutants exhibited 

WT-like anthocyanin accumulation (Figure S19C). The se1 mutants also displayed 

WT-like transcript levels of key anthocyanin biosynthetic genes (Figure S19D-

S19F) and normal amino acid profiles during HL acclimation (Figure S19G). These 

findings suggest that based on the analyzed parameters, miRNAs only play a minor 

role in ILP1-mediated acclimation responses, and that ILP1’s function in HL 

acclimation may be more dependent on its regulatory role in alternative splicing, 

transcriptional repression, or metabolic reprogramming rather than direct 

involvement in miRNA-mediated pathways. 

 

3.7 Splicing anomalies in ilp1-1 

Previous studies by Dolata et al. (2015) demonstrated that knocking out ILP1 leads 

to the missplicing of over a hundred genes, suggesting a significant role in pre-

mRNA processing. To validate whether these reported misspliced transcripts are 

consistently affected and differentially regulated, CCA1 was selected as a 

representative gene for further analysis.  
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CCA1 contains an intron retention event in intron 6 (Dolata et al., 2015), making it 

an ideal candidate for assessing ILP1’s impact on splicing fidelity. To detect 

potential splicing defects, primers were designed to span exon 6 and intron 6, where 

ILP1-dependent missplicing was previously reported. Expression analysis revealed 

that the ilp1-1 mutant, along with the truncated No-GC and Only-GC mutants, 

exhibited significantly higher expression levels of CCA1 compared to WT (Figure 

10I). This increased expression indicates that intron 6 retention occurs in these 

mutants, further confirming that ILP1 is required for proper splicing of CCA1 pre-

mRNA. 

To determine the extent of missplicing in ilp1-1 during HL acclimation, various 

types of alternative splicing (AS) events were analyzed (Figure S20). Among the 

different classes of alternative splicing, intron retention (RI) was the most prevalent 

form of missplicing, with a substantial number of differentially spliced transcripts 

detected before and during HL exposure, and throughout the recovery phase 

(Figure S20A). The persistent accumulation of transcripts with retained introns 

suggests a widespread splicing defect in ilp1-1, potentially affecting multiple 

biological pathways critical for HL acclimation. 

In addition to RI, other types of splicing anomalies were also detected. Exon 

skipping (SE) accounted for approximately 500 misspliced transcripts before HL 

exposure, further indicating that ILP1 deficiency disrupts normal exon recognition 

and processing. Additionally, alternative 3' and 5' splice site selection (A3S and 

A5S, respectively) contributed to splicing defects, though to a lesser extent than RI 

and SE. 

Since RI events were the most dominant and widespread variant of missplicing 

across all timepoints, further analysis was conducted to identify genes consistently 

affected by this splicing anomaly. Comparative analysis revealed a set of 45 common 

genes exhibiting persistent intron retention throughout HL acclimation and 

recovery phase (Figure S20B). Among these is REVEILLE8 (RVE8), a MYB-like 

transcription factor similar to CCA1 that regulates the circadian clock by modulating 

the pattern of histone 3 (H3) acetylation (Farinas and Paloma, 2011). The presence 

of intron retention in both RVE8 and CCA1 transcripts suggests that ILP1 

dysfunction impairs proper splicing of circadian clock-associated genes, possibly 
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disrupting clock-controlled metabolic and developmental processes such as 

flowering time. This splicing defect may also contribute to the late flowering 

phenotype observed in ilp1-1 (Figure 3E), highlighting the essential role of ILP1 in 

coordinating circadian-controlled developmental transitions. 

Recent findings have indicated a lack of correlation between gene expression levels 

and alternative splicing events in ilp1-1 at a global scale during HL acclimation 

(Araguirang et al., 2024). To further investigate the functional significance of ILP1-

mediated alternative splicing, GO-term enrichment analysis was performed at T0 

and T8, focusing specifically on transcripts exhibiting intron retention. At T0, a 

substantial proportion of mRNA transcripts with retained introns were associated 

with RNA splicing regulation, spliceosome-mediated mRNA splicing, mRNA 

metabolic processes, and both primary and specialized metabolism (Figure S20C). 

These findings suggest that, under normal conditions, ILP1 plays a critical role in 

maintaining the fidelity of splicing events, particularly for transcripts involved in 

RNA processing and metabolic regulation. 

After 8 hrs of HL exposure, the majority of transcripts exhibiting intron retention 

were enriched for biological processes related to primary metabolism, mRNA 

stability, and mRNA-related metabolic functions (Figure S20D). This shift in 

functional enrichment indicates that HL acclimation influences the spectrum of 

misspliced transcripts, with ILP1 loss-of-function affecting genes crucial for 

metabolic adaptation and mRNA homeostasis. 

Taken together, these results reveal that ILP1 deficiency broadly disrupts pre-

mRNA processing and suggest that ILP1 is integral for maintaining splicing 

accuracy, not only under normal conditions but also in response to HL exposure 

and subsequent recovery phase. Its loss of function also leads to the accumulation 

of improperly processed transcripts, which contribute to broader physiological and 

metabolic defects observed in HL acclimation responses. 

 

3.8 Spliceosomal complex components 

The splicing analysis revealed a significant enrichment of transcripts associated with 

mRNA splicing via the spliceosome (Figure S20C). This finding suggests that 
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spliceosome-mediated regulation plays a crucial role in transcriptome dynamics, 

particularly under HL conditions. To uncover whether deficiencies of other 

spliceosome components influence the ability of plants to adapt to HL exposure, 

mutants of various spliceosome-associated proteins were examined. 

 

3.8.1 ILP1 and NTR1 

NTR1 has been reported to physically and directly interact with ILP1 in the nucleus 

as components of the intron lariat spliceosome (ILS) (Wang et al., 2019), suggesting 

a potential functional link between these two proteins during HL acclimation. To 

further investigate this relationship, the growth phenotypes of ilp1-1 and a knockout 

mutant allele of NTR, ntr1-1 (Figure S21A) were analyzed. Both mutants exhibited 

short root and hypocotyl phenotypes, indicating a shared role in developmental 

regulation (Figure 11A, 11B). As an additional control to rule out the impact of 

anthocyanin biosynthesis induction on sugar content in the spliceosome mutants, 

pap1-D, a mutant with constitutive anthocyanin accumulation, was also included in 

the analysis (Figure 11D). 

Upon HL exposure, both ilp1-1 and ntr1-1 accumulated significantly higher levels 

of anthocyanins than WT (Figure 11D), correlating with an increase in the 

transcript levels of key anthocyanin biosynthetic genes (DFR, PAP1, and FLS1) after 

8 hrs of HL (Figure 11I-11K). This parallel response suggests that ILP1 and NTR1 

function in a common pathway regulating anthocyanin biosynthesis under HL 

conditions. 

In addition to their similar anthocyanin accumulation patterns, ilp1-1 and ntr1-1 

mutants also exhibited identical metabolic responses, particularly in terms of starch 

and cytosolic sugar dynamics (Figure 11E-11H) and amino acid production during 

HL (Figure 11C). Both mutants displayed a significant increase in fructose, glucose, 

and sucrose after 8 hrs of HL, along with high levels of glutamic acid, while most 

other amino acids decreased (Figure 11C). These findings suggest that ILP1 and 

NTR1 collectively influence carbon and nitrogen metabolism during HL. 

Interestingly, unlike ilp1-1 and ntr1-1, the pap1-D mutant, despite accumulating high 

levels of anthocyanins, exhibited a WT-like metabolic profiles at the carbon and 
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nitrogen level, resembling Col-0 rather than ilp1-1 and ntr1-1 (Figure 11C, 11F-

11H). This distinction suggests that excessive anthocyanin accumulation alone is 

not responsible for the metabolic imbalance observed in ilp1-1 and ntr1-1. Instead, 

the perturbations in carbon and nitrogen metabolism are likely a consequence of 

ILP1 and NTR1 mutation, emphasizing their broader role beyond anthocyanin 

biosynthesis, potentially in metabolic regulation and HL acclimation. 

 

Figure 11. ntr1-1 mutant resembles the phenotypes of ilp1-1. (A) Root lengths of 6DAG 
seedlings, (B) hypocotyl lengths of 4DAG dark-grown seedlings, (C) log2 FC of amino 
acid contents at different timepoints, (D) anthocyanin levels of 4-week-old plants after HL 
exposure, (E) starch contents and (F) glucose, (G) fructose, and (H) sucrose levels before 



  3. Results  

 54 

and after 8 hrs of HL, and relative expressions of (I) DFR, (J) PAP1, and (K) FLS1 after 8 
hrs of HL. For D-K, data are mean ± SD (n = 4). The red lines inside the violins show the 
median of values and the white lines the quartiles. Different letters indicate significance 
groups at P < 0.05 by Šidák's and Tukey's multiple comparison tests, respectively, as 
determined by two-way ANOVA. "•” in the heatmap indicates significance. 

 

3.8.2 ILP1 and PRL1 

Isolation of the different raa mutants led to the identification of raa7 and raa14 as 

allelic mutants of another spliceosomal component called Pleiotropic Regulatory Locus1 

(PRL1). PRL1 has also been shown to maintain cortical actin integrity for root 

development (Wang et al., 2024a) and positively regulate the accumulation of small 

RNAs, including miRNAs and siRNAs (Zhang et al., 2014a). To examine how a 

non-functional allele of PRL1 affects the ability of plants to acclimate during HL, 

the prl1-2 mutant (Figure S21B) was compared with ilp1-1 and ntr1-1. 

Phenotypic characterization revealed that prl1-2 exhibited shorter root and 

hypocotyl growth compared to WT and were even shorter than ilp1-1 and ntr1-1, 

indicating a more severe developmental impairment (Figure 12A, 12B). Beyond its 

stunted growth, prl1-2 also accumulated higher anthocyanin levels than ilp1-1 after 

24 hrs of HL exposure (Figure 12C). The expression of key anthocyanin 

biosynthetic genes, including DFR (Figure 12H) and PAP1 (Figure 12I), showed 

more than a 20% increase in mRNA levels compared to the WT, suggesting an 

enhanced transcriptional activation of the anthocyanin pathway. 

Sugar metabolism was also disrupted in prl1-2, mirroring the starch and cytosolic 

sugar profiles observed in ilp1-1 (Figure 12D-12G). After 8 hrs of HL exposure, 

both ilp1-1 and prl1-2 also exhibited similar metabolic responses, characterized by 

the accumulation of high levels of amino acids such as aspartic acid and proline, 

alongside a reduction in histidine and arginine levels (Figure 12J). 

Taken together, these results indicate that PRL1, like ILP1 and NTR1, is also 

essential in maintaining metabolic equilibrium during HL acclimation. The shared 

metabolic and transcriptomic responses among these mutants highlight the global 

function of the spliceosomal complex in the regulation of anthocyanin biosynthesis 

and carbon-nitrogen balance during HL exposure.  
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Figure 12. Mutation in PRL1 also shows defective acclimation response. (A) Root lengths 
of 7 DAG seedlings, (B) hypocotyl of 4 DAG dark-grown seedlings, (C) anthocyanin levels 
of 4-week-old plants after 24 hrs of HL, levels of (D) starch, (E) sucrose, (F) glucose, and 
(G) fructose before and after 8 hrs of HL, relative expressions of (H) DFR and (I) PAP1 
before and after 8 hrs of HL, and (J) log2 FC of quantified amino acids before and after 8 
hrs of amino acids. For C-I, data are mean ± SD (n = 4). The red lines inside the violins 
show the median of values and the white lines the quartiles. Asterisks indicate statistical 
significance compared to Col-0 by Student's t-test (*P <0.05, **P <0.01, ***P <0.001). "•” 
in the heatmap indicates significance. 
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3.8.3 ILP1 and PRP8 

After recognizing that mutants of PRL1, ILP1, and NTR1 shared similar acclimation 

responses, a broader screening of multiple spliceosomal mutants involved in 

different stages of the splicing cycle was further conducted. This analysis identified 

two allelic mutants, prp8-7 and prp8-12, of Pre-mRNA-Processing 8 (PRP8) showed a 

contrasting phenotypic response during HL exposure.  

PRP8, a 275-kDa protein, is the largest and most highly conserved protein 

component that homes at the very core of the spliceosomal complex (Kuhn et al., 

2002; Grainger and Beggs, 2005; Figure S22A). Both prp8-7 and prp8-12 are point 

mutants of the same amino acid (G1820), which resides at its catalytic core (Figure 

S22B). The GGA-to-AGA mutation in prp8-7 led to a missense mutation, changing 

glycine to glutamic acid (G1820E) while GGA-to-GAA mutation in prp8-12 

replaced glycine with arginine (G1820R) (Figure S22C), substitutions that are 

oppositely charged with each other.  

To elaborate in greater detail whether the charge-dependent conformational 

changes in PRP8 influence acclimation responses, a comparative analysis was 

conducted among WT, prp8-7, prp8-12, and ilp1-1. Phenotypic evaluation revealed 

that both prp8-7 and prp8-12 exhibited a shorter root phenotype than WT, although 

root length remained slightly longer than that of ilp1-1 (Figure 13A). Additionally, 

rosette size in both prp8 mutants was comparable to ilp1-1, further indicating that 

these mutations affect vegetative development (Figure 13B). However, flowering 

time remained WT-like in both prp8-7 and prp8-12, distinguishing them from the 

delayed flowering phenotype observed in ilp1-1 (Figure S22D). 

After 24 hrs of HL exposure, prp8-12 exhibited anthocyanin accumulation levels 

comparable to ilp1-1, whereas prp8-7 displayed a markedly repressed anthocyanin 

response (Figure 13B). This contrast in anthocyanin accumulation suggests that the 

G1820R (prp8-12) and G1820E (prp8-7) substitutions differentially impact 

spliceosome-mediated HL acclimation, with prp8-12 mirroring ilp1-1 response and 

prp8-7 exhibiting an attenuated response. 
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Figure 13. Two different mutant alleles of PRP8 displayed different responses to high light. 
(A) Root lengths of 7DAG seedlings, (B) anthocyanin content phenotype after 24 hrs of 
HL, relative expressions of anthocyanin biosynthetic genes (C) DFR, (D) PAP1, and (E) 
PAP2 and relative expressions of genes that are misspliced in ilp1-1 (F) CCA1 and (G) 
DOG1, contents of (H) starch, (I) fructose, (J) glucose, (K) sucrose before and after 8 hrs 
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and 24 hrs of HL, and log2 FC of quantified amino acids before and after 8 hrs and 24 hrs 
of HL. For B-K, data are mean ± SD (n = 4). The red lines inside the violins show the 
median of values and the white lines the quartiles. Asterisks indicate statistical significance 
compared to Col-0 by Student's t-test (*P <0.05, **P <0.01, ***P <0.001). "•” in the 
heatmap indicates significance. 

 

Further analysis of anthocyanin biosynthetic gene expression revealed that DFR, 

PAP1, and PAP2 transcript levels in prp8-12 closely resembled those of ilp1-1, 

reinforcing the observation that the prp8-12 mutant follows a similar regulatory 

trajectory as ilp1-1 in HL-induced anthocyanin production (Figure 13C-13E). In 

contrast, prp8-7 displayed more repressed gene expression than WT, aligning with 

its lower anthocyanin accumulation after HL exposure. These findings indicate that 

the specific charge introduced by the G1820 mutation within PRP8’s catalytic site 

plays a key role in determining the extent of anthocyanin biosynthesis activation 

during HL acclimation. 

To examine if the misspliced variants in ilp1-1 were also misspliced in the prp8 

mutants, CCA1 and DOG1 transcripts were analyzed. Compared to ilp1-1, analysis 

of CCA1 and DOG1 revealed that splicing defects were absent in both prp8 mutants 

(Figure 13F, 13G). This observation supports previous studies that missense alleles 

in prp8 can restore splicing of a subset of misspliced mRNAs and increase splicing 

fidelity by reducing the use of novel splice sites (Cabezas-Fuster et al., 2022; Llinas 

et al., 2022).  

To determine the impact of prp8 mutations in primary metabolism during HL, 

starch, cytosolic sugars, and amino acids were quantified. The prp8-12 mutant 

exhibited starch accumulation levels similar to ilp1-1, along with elevated cytosolic 

sugar content (Figure 13H-13K). This suggests that PRP8 mutations impact sugar 

partitioning and storage dynamics, most likely through alterations in the regulation 

of transcripts involved in metabolic pathways.  

Amino acid profiling further revealed that at T0, both prp8 mutants exhibited higher 

total amino acid content than ilp1-1, with prp8-7 displaying the most elevated levels 

(Figure 13L). However, the prp8 mutants also displayed altered amino acid 

homeostasis during HL, with levels progressively decreasing at 8 hrs of HL 

exposure, indicating that PRP8 mutations alter the balance among amino acid 

synthesis, degradation, and redistribution during HL acclimation. The observed 
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metabolic patterns also imply that PRP8 plays a role in maintaining nitrogen 

metabolism, not only during HL stress responses but also under non-stress 

conditions, ensuring proper regulation of amino acid pools for metabolic flexibility. 

Taken together, these results suggest that structural modifications in PRP8 due to 

missense mutations can significantly impact nitrogen metabolism, further 

reinforcing the critical role of spliceosomal regulation in metabolic adaptation 

during HL acclimation. 

 

3.9 Virus-Induced Gene Silencing lines 

Wang et al. (2009) further showed that the double knockout mutant ilp1-1 ntr1-1 is 

embryonic lethal, highlighting the essential role of these genes in embryonic 

development. To shed light on how the simultaneous loss of ILP1 and NTR1 affects 

growth and development, an alternative approach was employed using Virus-

Induced Gene Silencing (VIGS) (Burch-Smith et al., 2006; Liu et al., 2002). This 

method allowed the targeted suppression of ILP1 expression in the ntr1-1 knockout 

background, circumventing the lethality associated with the double knockout 

mutation.  

Successfully silenced ntr1-1 plants infected with TRV2-ILP1 exhibited severe growth 

defects, characterized by stunted development and curling of younger leaves 

(Figure 14A). Expression analysis confirmed the effective downregulation of ILP1 

in these VIGS mutants (Figure S23A), suggesting that simultaneous disruption of 

ILP1 and NTR1 results in additive developmental abnormalities. 

Given that both ilp1-1 and ntr1-1 mutants exhibited anthocyanin overaccumulation 

after 24 hrs of HL exposure, further analysis was conducted to determine whether 

the VIGS mutants would display a similar or enhanced response. Surprisingly, these 

mutants showed a three-fold suppression of anthocyanin accumulation after 24 hrs 

of HL exposure compared to the single mutants (Figure 14B). To understand the 

underlying physiological mechanisms, anthocyanin biosynthetic gene expression 

was examined before and during HL acclimation. Expression levels of key 

regulatory genes such as PAP1 and DFR remained comparable to WT levels both 

before and after 8 hours of HL exposure (Figure S23B, S23C). These results 
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suggest that ILP1 and NTR1 together play a critical role in activating anthocyanin 

biosynthesis under HL stress, and their simultaneous suppression disrupts the 

ability to upregulate anthocyanin-related transcriptional networks during HL 

exposure. 

 

Figure 14. Phenotypes of the silenced plants before and after HL exposure. (A) Rosette 
phenotypes of 6-week-old plants showing the curling of the younger leaves and (B) 
anthocyanin phenotypes after 24 hrs of HL. Data are mean ± SD (n = 4). Asterisks indicate 
statistical significance compared to Col-0 by Student's t-test (*P <0.05, **P <0.01, ***P 
<0.001). 

 

Metabolite quantification further revealed that amino acid levels in ilp1-1, ntr1-1, 

and VIGS mutants were already lower than WT levels even before HL exposure. 

Notably, after 8 hrs of HL, amino acid levels in VIGS mutants remained suppressed, 

while certain metabolites in ilp1-1 and ntr1-1 started to recover. This suggests that 

the absence of both ILP1 and NTR1 leads to a prolonged disruption in amino acid 
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homeostasis, impairing the plant’s ability to restore normal metabolic functions after 

HL exposure. 

These findings collectively demonstrate that loss or reduced functionality of both 

ILP1 and NTR1 causes severe developmental abnormalities, suppression of HL-

induced acclimation responses, and prolonged metabolic imbalance. The 

unexpected repression of anthocyanin accumulation in VIGS mutants, despite the 

individual overaccumulation phenotypes of ilp1-1 and ntr1-1, suggests that ILP1 and 

NTR1 interact in a complex regulatory network that governs HL acclimation 

responses at multiple levels, including transcriptional regulation, alternative 

splicing, and metabolic coordination. 

 

3.10 Nitrogen metabolism in spliceosome mutants 

The consistently observed lower amino acid levels in ilp1-1 suggested a potential 

limitation in nitrogen transport or metabolism, raising the possibility that knocking 

out ILP1 affects nitrogen homeostasis during both growth and HL acclimation. To 

test this hypothesis, the impact of nitrogen availability on root development and 

overall growth was assessed in ilp1-1, along with ntr1-1 and prl1-2 mutants. Growth 

responses were compared across media containing no nitrogen (No N) and 

increasing nitrogen concentrations (10%, 50%, and 100% of the nitrogen content in 

commercial MS media) (Figure 15A). 

In the No N media, WT, ilp1-1, and ntr1-1 displayed early chlorosis or yellowing of 

the leaves, a typical hallmark of nitrogen deprivation. Additionally, root growth in 

WT was significantly reduced in the No N media, showing no difference compared 

to ilp1-1 and ntr1-1 (Figure 15A), suggesting that nitrogen limitation affects root 

elongation across genotypes.  

On the other hand, a strikingly different response was observed in prl1-2, where no 

root growth occurred under nitrogen-free conditions, indicating that nitrogen is 

essential for root initiation in this mutant. This severe phenotype suggests that 

PRL1 plays a critical role in nitrogen-dependent root development, possibly by 

regulating the splicing or expression of genes involved in nitrogen assimilation and 

root meristem activity. 
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Figure 15. Growth and acclimation responses in the presence or absence of nitrogen. (A) 
Root lengths of 7DAG seedlings in the presence of increasing concentration of nitrogen, 
(B) hypocotyl lengths 4DAG dark-grown seedlings in the presence of increasing 
concentration of nitrogen, (C) anthocyanin contents of 7DAG seedlings grown in MS, and 
with or without nitrogen, and (D) anthocyanin contents of 4-week-old plants grown with 
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or without nitrogen (0.2 N g L−1 fertilizer). For C and D, data are mean ± SD (n = 4). The 
red lines inside the violins show the median of values and the white lines the quartiles. Asterisks 
indicate statistical significance compared to Col-0 by Student's t-test (*P <0.05, **P <0.01, ***P 
<0.001). 

 

At 10% nitrogen concentration, WT root growth was fully restored, highlighting 

that a minimal nitrogen supply is sufficient to resume normal development (Figure 

15A). Similarly, in prl1-2 mutants, 10% nitrogen was also sufficient for root growth 

initiation (Figure 15A), confirming that the absence of PRL1-dependent processes 

can be partially compensated by an external nitrogen source. However, unlike WT 

and prl1-2, ilp1-1 and ntr1-1 mutants exhibited no improvement in root growth nor 

elongation, regardless of nitrogen availability (Figure 15A), suggesting that the lack 

of nitrogen is not the causative factor for the short root phenotype of both ilp1-1 and 

ntr1-1. 

Similar to root growth, hypocotyl lengths of WT, ilp1-1, ntr1-1, and prl1-2 in the 0% 

nitrogen showed a decrease in the average length after 4 days of incubation in the 

dark (Figure 15B). But unlike roots of prl1-2 that were not able to initiate growth 

and elongation in the No N media, hypocotyl elongation was observed partially 

among the pool of prl1-2 seedlings. This suggests that shoot elongation mechanisms 

remain partially functional in prl1-2, despite severe nitrogen limitations affecting 

root initiation. 

Increasing the concentration of nitrogen to at least 10% already reverted the 

hypocotyl lengths of all genotypes back to measured lengths in MS-grown 

seedlings. This response indicates that even minimal nitrogen availability is 

sufficient to restore normal hypocotyl elongation, underpinning the necessity of 

nitrogen for coordinated seedling development. 

Additionally, these root and hypocotyl experiments with increasing nitrogen 

concentrations highlight two key observations that (1) despite nitrogen deprivation, 

prl1-2 seedlings can still undergo skotomorphogenesis, demonstrating that 

hypocotyl elongation mechanisms remain partially independent of nitrogen 

availability and (2) nitrogen is essential for proper root initiation and sustained 

hypocotyl elongation, signifying that distinct nitrogen-dependent regulatory 

pathways govern shoot and root development. 
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Previous studies showed that nitrogen deprivation can trigger anthocyanin 

accumulation (Lea et al., 2007; Liang and He, 2018; Liao et al., 2022). To determine 

whether nitrogen deficiency is responsible for the elevated anthocyanin levels 

observed in ilp-1 and ntr1-1 during HL acclimation, exogenous nitrogen was 

supplied to both seedlings and mature plants throughout developmental stages 

before HL exposure. Despite the continuous availability of nitrogen, ilp1-1 and ntr1-

1 seedlings exhibited elevated anthocyanin accumulation across all conditions, 

including without nitrogen (-N), nitrogen-supplemented (+N), and MS media 

(Figure 15C). These results indicate that anthocyanin overaccumulation in ilp1-1 

and ntr1-1 seedlings is not a consequence of nitrogen limitation. Instead, the high 

anthocyanin levels observed in these mutants likely result from defects in alternative 

regulatory mechanisms, such as transcriptional or post-transcriptional control of 

anthocyanin biosynthesis and metabolic imbalances, rather than nutrient 

availability. 

In mature plants, a similar trend for the untreated and nitrogen-supplemented trays 

(0.02% nitrogen) was observed. Both ilp1-1 and ntr1-1 accumulated higher levels of 

anthocyanins in the two set-ups compared to WT after 24 hrs of HL exposure 

(Figure 15D). Further analysis of nitrogen, carbon, and sulfur content (Figure 

S24F), along with total protein levels in WT, ilp1-1, and ntr1-1 (Figure S24F), 

revealed no significant differences among genotypes, suggesting that even in later 

developmental stages, nitrogen deficiency is not the underlying factor driving 

excessive anthocyanin accumulation in ilp1-1 and ntr1-1 during HL acclimation. 

Given the apparent abnormalities in amino acid biosynthesis, pyridoxal-5'-

phosphate (PLP) was hypothesized to be involved, as it serves as a key cofactor for 

multiple aminotransferases essential in amino acid metabolism (Eliot and Kirsch, 

2004). To check this possibility, the expression levels of enzymes involved in PLP 

biosynthesis and aminotransferases responsible for amino acid production were 

analyzed. Among all the genes observed, PS2 or PYROPHOSPHATE-SPECIFIC 

PHOSPHATE1 from PLP biosynthesis showed significant upregulation across all 

time points (Figure S24C, S24D). This indicates that PLP biosynthesis may be 

disrupted, potentially leading to imbalanced cofactor availability, which could 

impact aminotransferase activity and amino acid homeostasis.  
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To determine whether PLP availability influences growth phenotypes, increasing 

concentrations of exogenous PLP were supplied to ilp1-1, ntr1-1, and prl1-2 mutants. 

However, PLP supplementation in MS media failed to restore root phenotypes 

(Figure S24A). Root lengths of ilp1-1, ntr1-1, and prl1-2 remained relatively 

unchanged across all PLP concentrations, suggesting that deficiencies in PLP-

dependent enzymatic activity do not directly contribute to the short-root phenotype 

of these mutants. 

Similarly, hypocotyl elongation in WT, ilp1-1, ntr1-1, and prl1-2 showed no 

significant differences between the mock treatment and PLP-supplemented 

conditions. After four days of dark incubation, hypocotyls of ilp1-1, ntr1-1, and prl1-

2 remained shorter than WT, with prl1-2 exhibiting the most severe reduction in 

hypocotyl length (Figure S24B). These results indicate that PLP supplementation 

does not rescue the hypocotyl elongation defects, further suggesting that the root 

and hypocotyl growth impairments are not directly caused by PLP deficiency. 

To resolve whether PLP deficiency contributes to anthocyanin overaccumulation in 

ilp1-1, ntr1-1, and prl1-2 during HL exposure, exogenous PLP was supplemented to 

these mutants. After 24 hrs of HL exposure, ilp1-1, ntr1-1, and prl1-2 continued to 

exhibit elevated anthocyanin levels compared to WT, regardless of PLP availability 

(Figure S24G), indicating that PLP deficiency is not the causative factor driving 

excessive anthocyanin biosynthesis in these mutants. 
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4 Discussion 

4.1 The multifaceted role of ILP1 

During acclimation response, ILP1 emerges as a critical regulatory node 

influencing multiple physiological processes. From anthocyanin biosynthesis to 

sugar metabolism and amino acid production, ILP1 appears to act as a key 

modulator in how plants manage energy allocation and stress responses. The 

identification of the raa20 mutation (a SNP at chromosome 5, position 2767004), 

leading to intron retention in ILP1 mRNA (Figure S1), is particularly striking 

because it provides genetic and functional evidence that ILP1’s loss-of-function 

results in widespread physiological changes. The resemblance between ILP1 intron 

retention mutant (ilp1 SNP) and complete knockouts (ilp1-1 and ilp1-2) (Figure 3) 

suggests that splicing regulation plays a pivotal role in ILP1’s functionality, adding 

another layer of post-transcriptional control to its regulatory mechanism. But what 

makes ILP1 so intriguing is not just its molecular function but also the cascade of 

metabolic shifts that arise in its absence. 

 

4.1.1 ILP1 is a gatekeeper of anthocyanin biosynthesis 

One of the most visually noticeable phenotypes of ILP1 mutants is the dramatic 

increase in anthocyanin accumulation, particularly under HL exposure (Figure 3F). 

Anthocyanins serve multiple ecological and physiological roles, acting as UV 

shields, antioxidants, and stress-responsive pigments (Agati et al., 2020; Araguirang 

and Richter, 2022). Temporal analysis of anthocyanin accumulation revealed a 

kinetic pattern where anthocyanin accumulation in ilp1-1 remains comparable to 

WT in early timepoints. Then, it increased exponentially between 16 and 24 hours 

(Figure 4C). This suggests a delayed metabolic shift, wherein ilp1 mutants initially 

cope with HL stress normally, but eventually, a secondary compensatory response 

such as anthocyanin biosynthesis is triggered.  
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The transcriptomic analysis validates this hypothesis, showing that PAP1 and DFR 

are only significantly upregulated after 4 and 12 hours of HL exposure, respectively 

(Figure 4A, 4B). This time lag aligns with the idea that a metabolic checkpoint, 

possibly governed by sugar signaling and energy balance, is involved and this 

metabolic signal drives anthocyanin accumulation in ilp1-1 mutants. This further 

infers that ILP1 normally suppresses anthocyanin biosynthesis until sugar levels 

reach a certain threshold. Hence, ILP1 is a metabolic gatekeeper, ensuring that 

anthocyanin biosynthesis is only induced when necessary. 

 

4.1.2 ILP1 links carbon and nitrogen pools 

ILP1’s non-functionality reprograms sugar metabolism to favor long-term carbon 

storage while simultaneously increasing sugar export from plastids. Because ILP1 

acts as a metabolic “brake”, it prevents excessive sugar accumulation under normal 

conditions. The observed high cytosolic sugars and starch contents in ilp1-1 (Figure 

6) suggests that mutating ILP1 alters carbon partitioning in response to HL, leading 

to excessive starch storage. In the absence of a functional ILP1, sugars build up, 

inadvertently triggering anthocyanin biosynthesis via sugar-related pathways. This 

connection between sugar levels and anthocyanin biosynthesis in ilp1-1 mutants also 

suggests a broader trade-off between primary and specialized metabolism during 

HL acclimation response. 

The DCMU treatment experiment also provides the most convincing piece of 

evidence supporting the sugar-driven anthocyanin accumulation model. DCMU is 

a photosynthesis inhibitor that blocks electron transport in photosystem II, 

effectively halting sugar production from CO₂ fixation. In the DCMU-treated 

plants, anthocyanin levels were repressed during HL exposure (Figure 7A). PAP1, 

PAP2, and DFR expressions declined in both WT and ilp1-1, reinforcing the sugar-

dependent regulation of these genes (Figure 7B-7D). On the other hand, MYBL2 

was upregulated in both genotypes (Figure 7E), suggesting that sugar depletion 

reactivates MYBL2 to suppress flavonoid biosynthesis. These observations further 

cement the role of sugar as the primary driver of anthocyanin accumulation in ilp1-

1 mutants. during HL. This also suggests that anthocyanin production in ilp1-1 is 

not a direct response to stress, but rather a metabolic adaptation to excess sugar 
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levels, serving as a carbon overflow mechanism during HL exposure. So when ilp1-

1 plants accumulate too much sugar during HL exposure, they divert some of it into 

anthocyanin production as a way to regulate cellular homeostasis.  

The persistence of higher photosynthetic activity even after HL exposure (Figures 

S6, S7, S8) suggests that ilp1-1 maintains efficient carbon fixation despite prolonged 

light stress, possibly through enhanced photoprotection and photosynthetic 

resilience, optimized energy dissipation, or modifications in carbon partitioning 

(Nico et al., 2019; Sharma et al., 2023). This also implicates that ILP1 regulates 

photosystem balance between light-harvesting efficiency and photoprotection, 

ensuring that energy capture is neither excessive (causing oxidative stress) nor 

insufficient (limiting carbon fixation). This further underscores a distinct 

physiological trait in ilp1-1, where elevated photosynthetic performance contributes 

to altered carbon metabolism, leading to higher carbohydrate accumulation during 

HL. The accumulation of high starch and cytosolic sugars in ilp1-1 may also 

contribute to the suppression of specific photosynthetic genes and protein 

adjustments (Figure S6C, S7A, S7B), potentially as parts of a feedback regulatory 

mechanism to balance energy production and metabolic demand under HL 

acclimation. Overall, the differential regulation observed in ilp1-1 suggests that 

ILP1 might coordinate nuclear-chloroplast communication, regulating energy 

allocation, repair cycles, and metabolic flux during HL conditions.  

The prominent elevated levels of 3-PGA before HL and during the first 8 hrs of 

exposure aligns with previous findings (Figure 8) (Balcke et al., 2023) and may also 

be a reason for the observed high levels of sugars in ilp1-1 during HL. It is also 

possible that this 3-PGA accumulation indicates a bottleneck in downstream carbon 

metabolism, likely due to impaired integration with nitrogen assimilation pathways. 

Given that glutamate contributes 88% of cellular nitrogen and serves as a critical 

donor for amino acid biosynthesis (Reitzer, 2003), the temporal spike of glutamate 

between 4 and 12 hrs of HL suggests that ILP1 may facilitate a rapid nitrogen 

assimilation response during the early timepoints of HL. This also emphasizes 

glutamate’s centrality in nitrogen assimilation and redistribution during HL 

acclimation response. The subsequent depletion of glutamate and the decline of 

metabolites in the urea cycle during HL also suggests an impaired capacity for 
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nitrogen recycling, which may compromise polyamine biosynthesis (Alcázar et al., 

2006; Groppa and Benavides, 2008), nitric oxide signaling (Mur et al., 2013; Graska 

et al., 2023), and overall stress adaptation. This observation further supports the 

idea that ILP1 is crucial for sustaining nitrogen balance beyond the initial stress 

response. The shift in metabolic balance, particularly the observed high levels of 

starch and cytosolic sugars before and after HL exposure and the decrease in amino 

acid contents during HL, suggest a compensatory shift towards alternative carbon 

partitioning strategies. This further highlights the hypothesis that ILP1 also 

functions in modulating and coordinating carbon-to-nitrogen fluxes during 

acclimation response. 

 

4.1.3 ILP1 is a negative regulator of sugar metabolism 

The generation of overexpression (OE) and complementation lines of ILP1 aimed 

to assess whether ILP1 level influences anthocyanin production or metabolic 

reprogramming under HL exposure. Interestingly, while OE and complementation 

lines restored WT-like growth phenotypes under normal conditions, they failed to 

suppress anthocyanin accumulation under HL, indicating that ILP1 overexpression 

does not override the transcriptional circuitry governing anthocyanin biosynthesis 

(Figure 9A). This also implies that anthocyanin production is tightly regulated by 

upstream signaling pathways independent of ILP1 protein levels. 

Transcriptomic analyses revealed that key anthocyanin biosynthesis genes (4CL3, 

DFR, and FLS1) exhibited WT-like mRNA accumulation in OE lines (Figure 9B-

9D), which likely explains their similarity to WT in terms of anthocyanin levels. 

The unchanged expression pattern of these genes provides a mechanistic 

explanation for why anthocyanin levels remained comparable to WT, despite ILP1 

overexpression. This suggests that ILP1 does not act as a direct repressor of 

anthocyanin biosynthesis genes but may instead function as a modulator of 

upstream regulatory networks influencing metabolic adaptation under HL 

conditions. 

Notably, OE lines also displayed normal amino acid profiles (Figure S11), further 

underpinning the idea that ILP1 is a key regulator of metabolic homeostasis under 
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HL stress. However, the repression of cytosolic sugars in OE lines during HL 

exposure, which was also mirrored in the pronounced repression of GPT2 

expression (Figure S12B), suggests an inhibitory role of ILP1 in carbon 

metabolism, particularly cytosolic sugar production. These findings further support 

ILP1’s role as a negative regulator of carbohydrate metabolism, potentially 

influencing sugar-dependent stress signaling pathways that integrate 

photosynthetic activity, energy availability, and secondary metabolite production 

during HL exposure. 

 

4.2 ILP1 variants and their functional implications 

The nuclear localization sequence (NLS) directs ILP1 to the nucleus while its GC-

rich DNA-binding domain is essential for transcriptional repression (Yoshizumi et 

al., 2006). The dissection of ILP1’s domain architecture provided critical insights 

into the functional domains required for its regulatory role while the transient 

expression assays revealed its nuclear localization and potential interactions in 

different subcellular compartments. The partial colocalization of ILP1 with ER and 

plasma membrane markers suggests that it might engage in membrane-associated 

processes aside from its nuclear role (Figure S13A, S13B). On the other hand, the 

presence of net-like structures in Z-stack projections, reminiscent of cytoskeletal-

associated proteins (Cao, et al., 2016; Zang et al., 2021), raises intriguing 

possibilities that ILP1 might also modulate cellular architecture in addition to its 

transcriptional function (Figure S13C).  

Truncation analyses further delineated the functional contributions of ILP1’s 

distinct domains, revealing that nuclear localization is a key determinant of ILP1 

function. Notably, the absence of the N-terminal domain did not impair ILP1’s 

ability to restore WT-like growth and metabolic phenotypes in ilp1-1 mutants, as 

long as the protein retained its nuclear localization (Figure 10). This finding 

indicates that the N-terminal part of ILP1 is not the main domain regulating proper 

growth and metabolic homeostasis in both normal and HL conditions.  

In contrast, the GC-rich DNA-binding domain alone, without the nuclear 

localization signal (NLS), failed to restore WT-like phenotypes in ilp1-1, suggesting 
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that proper nuclear targeting is crucial for ILP1 function (Figure 10). These results 

emphasize that while the GC-rich domain is important for ILP1 activity, its 

effectiveness is highly dependent on nuclear localization, reinforcing the notion that 

ILP1 primarily exerts its regulatory functions within the nucleus.  

Truncated ILP1 variants lacking the GC-rich DNA-binding domain but still 

capable of nuclear localization failed to restore WT-like acclimation phenotypes, 

instead retaining the ilp1-1-like anthocyanin overaccumulation and metabolic 

imbalance. This reinforces the critical role of ILP1’s C-terminal domain in 

regulating metabolic homeostasis and anthocyanin biosynthesis during HL 

acclimation. The requirement for the GC-rich DNA binding domain in anthocyanin 

repression and metabolic homeostasis further suggests that this region mediates 

additional regulatory interactions beyond transcriptional repression, such as 

modulation of metabolic rewiring and stress acclimation under HL conditions. 

Taken together, these insights collectively provide strong evidence that ILP1 

functions as a metabolic switch, through its GC-rich DNA binding domain, 

ensuring a balanced allocation of carbon and nitrogen resources during HL 

acclimation. Future studies focusing on a nuclear-localized ILP1 variant (with only 

GC-rich DNA binding domain) will help uncover the precise molecular 

mechanisms underlying ILP1’s role in stress adaptation and metabolic homeostasis. 

 

4.3 ILP1 and its prion-like domain 

Prion-like domains (PrDs) in plants have been implicated in various biological 

processes such as thermosensing (Jung et al., 2020), seed germination and water 

sensing (Dorone et al., 2021), and cold acclimation (Legen et al., 2024), 

demonstrating their diverse roles in environmental adaptation and developmental 

pathways. A defining characteristic of PrDs is their ability to undergo liquid-liquid 

phase separation (LLPS), a property crucial for dynamic cellular organization and 

biomolecular condensate formation (Banani et al., 2017). The deletion of PrDs has 

been shown to prevent phase separation, resulting in loss-of-function phenotypes 

(Dorone et al., 2021).  



  4. Discussion 

 72 

Bioinformatic analysis identified a PrD near the N-terminal domain of ILP1 (Figure 

S17B, S17C), suggesting possible undiscovered regulatory functions during HL 

acclimation. However, mutating the two glutamine (Q) residues (Q318,319A) within 

the ILP1 PrD and transforming the mutant construct into the ilp1-1 background 

resulted in WT-like morphology, splicing, and sugar production under normal 

conditions and during HL acclimation (Figure S18). These findings indicate that, 

at least under HL conditions, the PrD of ILP1 is not essential for HL acclimation, 

splicing fidelity, nor carbohydrate metabolism, as starch and cytosolic sugar levels 

in Q318,319A mutants remained similar with WT before and after HL exposure 

(Figure S18E, S18F). 

Surprisingly, despite exhibiting a WT-like phenotype during HL acclimation, the 

Q318,319A mutants displayed an amino acid profile that closely resembled the ilp1-1 

mutant rather than WT under normal conditions (Figure S18K). This finding 

suggests that the ILP1 PrD plays a specific role in amino acid metabolism under 

non-stress conditions, expanding the functional repertoire of PrDs beyond stress 

adaptation and biomolecular condensate formation. Given that the ILP1 PrD is 

embedded within an intrinsically disordered region (Figure S17B), which provides 

structural flexibility, it is likely that this domain functions as a molecular scaffold, 

facilitating interactions with key metabolic enzymes or RNA-binding proteins 

involved in amino acid biosynthesis. 

 

4.4 ILP1 independence from miRNA pathways 

Previous studies across multiple plant species, including Arabidopsis (Gou et al., 

2011), sweet potato (He et al., 2019), poplar (Wang et al., 2020), potato tubers (Wu 

et al., 2022), and kiwifruit (Li et al., 2020), have established a strong link between 

miRNA regulation and anthocyanin biosynthesis. Given this broad regulatory role 

of miRNAs in anthocyanin biosynthesis, the involvement of ILP1 in miRNA 

biogenesis could also possibly influence HL acclimation through miRNA-mediated 

pathways. However, experimental findings using the SERRATE1 mutant (se1) and 

ilp1-1 strongly contradict this assumption (Figure S19). Under normal conditions, 

se1 resembled WT-like developmental phenotypes such as root and hypocotyl 

lengths (Figure S19A, S19B). The stark contrast between the WT-like anthocyanin 
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accumulation and transcript levels of biosynthetic genes in se1 and the 

overaccumulation of anthocyanins in ilp1-1 compared to the WT (Figure S19C-

S19F) indicate that ILP1-mediated HL acclimation is largely independent of 

miRNA biogenesis, despite ILP1 being implicated in miRNA processing (Wang et 

al., 2019).  

While the results suggest that ILP1-driven HL acclimation is not miRNA-

dependent (or it only plays a minor role), there may still be indirect regulatory 

interactions between ILP1 regulation and miRNA networks. For instance, ILP1-

mediated regulation may influence transcripts encoding miRNA-processing factors, 

such as DICER-LIKE1 (DCL1) (Kurihara and Watanabe, 2004; Kim et al., 2009; Wei 

et al., 2021) or ARGONAUTE (AGO) (Zhang et al., 2014b; Liu et al., 2018) proteins, 

thereby affecting miRNA activity under certain conditions. To fully understand this 

regulatory network, future research should explore whether ILP1 affects miRNAs 

directly during HL exposure or engages with transcription factors regulated by 

miRNAs in response to stress conditions. 

 

4.5 ilp1-1 and its splicing defects 

A comprehensive analysis of alternative splicing (AS) events in ilp1-1 during HL 

exposure identified intron retention (RI) as the most prevalent splicing anomaly, 

persisting from normal conditions through HL exposure and the subsequent 

recovery phase (Figure S20). Additional splicing defects, including exon skipping 

(SE) and alternative 3' and 5' splice site selection (A3S and A5S), further 

demonstrate ILP1’s role in regulating precise splicing events across multiple 

biological pathways. Before HL exposure (Figure S20C), the accumulation of 

transcripts with intron retention enriched in RNA splicing, spliceosome-mediated 

mRNA processing, and metabolic pathways suggests that ILP1 serves as a core 

regulator of RNA processing fidelity and metabolic transcript stability under 

normal growth conditions. The shift in functional enrichment patterns under HL 

exposure to intron-containing transcripts predominantly enriched in primary 

metabolism, mRNA stability, and metabolic adaptation-related processes (Figure 

S20D) indicates that ILP1 is essential for maintaining transcriptome integrity 
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during HL exposure. This reinforces ILP1’s role as a critical regulator of alternative 

splicing, particularly in metabolic homeostasis and HL acclimation. Although no 

correlation was found between gene expression levels and splicing fidelity in ilp1-1 

(Araguirang et al., 2024), ILP1 deficiency still leads to widespread splicing defects 

of key metabolic and stress-responsive transcripts, thereby affecting growth and 

stress acclimation response. These insights further establish ILP1 as a central 

molecular integrator, bridging transcriptional and post-transcriptional regulation 

and metabolic adaptation, with broader implications for plant development and 

environmental responses.  

 

4.6 Spliceosomal components as acclimation markers 

The parallel developmental, metabolic, and transcriptional responses observed in 

ilp1-1 and ntr1-1 mutants (Figure 11) support the idea that ILP1 and NTR1, which 

are both components of the spliceosomal ILS (Wang et al., 2019), operate within a 

shared regulatory pathway that governs growth, metabolic equilibrium, and stress 

responses under HL conditions. The embryonic lethality of ilp1-1 ntr1-1 double 

homozygous mutants posed a challenge for genetic analysis. To circumvent this 

limitation, Virus-Induced Gene Silencing (VIGS) was employed as an alternative 

functional genomics approach (Burch-Smith et al., 2006; Liu et al., 2002). This 

strategy allowed for transient knockdown of ILP1 in the ntr1-1 background, 

enabling the investigation of their combined functional effects without the 

constraints of lethality. The persistent metabolic imbalance in the VIGS mutants of 

ilp1-1 ntr1-1 highlights the critical role of ILP1 and NTR1 in maintaining 

homeostasis under both normal and HL conditions. The involvement of ILP1 and 

NTR1 in diverse biological processes, including precise RNA splicing (Dolata et 

al., 2015), miRNA biogenesis (Wang et al., 2019), and C:N flux in HL acclimation 

(Araguirang et al., 2024), suggests that these genes function not as independent 

regulators, but rather as integral components of a spliceosome-dependent 

regulatory network. This network likely serves as a key integration point for 

developmental and environmental signals, coordinating gene expression and 

metabolic responses to ensure cellular homeostasis and adaptive plasticity under 

changing conditions. Future investigations focusing on the molecular mechanisms 
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underlying ILP1 and NTR1 co-regulation will provide deeper insights into how 

plants modulate gene expression and metabolism in response to HL conditions. 

The inclusion of prl1-2 (Figure 12), a mutant of PRL1 which is another component 

of the spliceosome, strengthens the role of the spliceosomal complex in the 

regulation of anthocyanin biosynthesis and C:N homeostasis during HL 

acclimation. The metabolic shifts observed in prl1-2, ilp1-1, and ntr1-1 indicate that 

these spliceosomal complex components collectively regulate C:N fluxes, suggesting 

that the spliceosomal complex acts as a central regulatory hub, integrating light 

stress responses, metabolic pathways, and gene expression regulation during HL 

exposure. 

Additionally, the presence of contrasting mutations at the same critical catalytic site 

of PRP8 (Figure S22C) suggests that spliceosome-mediated HL acclimation may 

be influenced by charge-dependent structural modifications in this core splicing 

factor. The divergence in anthocyanin accumulation, biosynthetic gene expressions, 

and metabolic profiles between prp8-7 and prp8-12 (Figure 13) indicate that 

structural alterations in PRP8 may also affect spliceosome efficiency or specificity 

in processing stress-responsive transcripts and coordinating metabolic equilibrium 

during HL acclimation. Further investigation into how these mutations 

differentially impact RNA processing and metabolic adaptation will provide deeper 

insights into the functional diversity of spliceosomal components in plant stress 

responses. 

The identification of ILP1, NTR1, PRL1, and PRP8 as key regulatory factors 

influencing anthocyanin accumulation in response to HL exposure underscores the 

crucial role of spliceosomal components in orchestrating transcriptomic and 

metabolomic reprogramming during HL acclimation. These results highlight how 

the spliceosomal machinery emerges as a fundamental component in the plant’s 

adaptive responses to HL conditions. More importantly, the spliceosome mutants 

represent valuable genetic markers for studying HL acclimation, providing 

powerful tools for future research aimed at unraveling the interplay between RNA 

processing, metabolic regulation, and acclimation response. 
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4.7 Impaired nitrogen metabolism of spliceosome mutants 

The inability of ilp1-1 and ntr1-1 seedlings to respond to nitrogen supplementation 

suggests that these spliceosomal components may regulate the expression or 

processing of transcripts essential for root elongation and nutrient assimilation 

(Figure 15). It also implies that spliceosomal components possibly regulate distinct 

aspects of nitrogen metabolism. However, the persistence of anthocyanin 

overaccumulation despite nitrogen supplementation suggests that regulatory 

defects in anthocyanin biosynthesis pathways, rather than nutrient limitations, are 

responsible for the observed phenotype (Figure 15D).  

The failure of exogenous PLP to complement the short-root and hypocotyl 

phenotypes in ilp1-1, ntr1-1, and prl1-2 suggests that (1) ilp1-1, ntr1-1, and prl1-2 are 

not PLP-deficient and thus, external PLP supplementation did not restore normal 

growth and anthocyanin accumulation and (2) there is an excessive PLP 

accumulation that leads to negative feedback inhibition, suppressing root and 

hypocotyl elongation by altering the regulation of PLP-dependent pathways 

involved in growth and metabolism.  

The consistent anthocyanin overaccumulation in the spliceosomal mutants, even 

after exogenous PLP supplementation (Figure S24G), indicates that ILP1, NTR1, 

and PRL1 regulate anthocyanin metabolism through mechanisms independent of 

PLP-dependent enzymatic pathways. This further suggests that anthocyanin 

accumulation in ilp1-1, ntr1-1, and prl1-2 is not a direct consequence of PLP 

limitation, but rather a compensatory response to metabolic or transcriptional 

deregulation. These findings further imply that PLP metabolism and anthocyanin 

biosynthesis function within distinct regulatory networks, with ILP1, NTR1, and 

PRL1 acting as upstream modulators of gene expression and metabolic 

reprogramming rather than direct cofactors in PLP-dependent enzymatic reactions. 
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5 Conclusions & Outlook 

For decades, there has been a long-standing debate on which among the proposed 

factors (hormones, ROS, sugars) trigger anthocyanin biosynthesis. The recently 

published study on how sugars exported out of the chloroplast inactivate the 

SnRK1 complex to induce anthocyanin accumulation provided direct pieces of 

evidence that sugars are the key molecules of anthocyanin production, particularly 

during HL acclimation (Zirngibl et al., 2022). Results from this research further 

support this notion and also present a new understanding on how spliceosomal 

complex components like ILP1, NTR1, PRL1, and PRP8, or to an extent the whole 

spliceosome, maintain normal carbon and nitrogen fluxes during HL acclimation 

response. 

Mapping of the starch and sugar metabolism based on the analyzed RNA-seq data 

provided a stronger support on ILP1 as a regulator of carbon metabolism. Mutation 

in ILP1 showed disruption of expression profiles of genes involved in starch and 

sugar synthesis. The ilp1-1 mutant also exhibited elevated levels of starch and 

cytosolic sugars during HL exposure. ILP1 overexpression and genetic 

complementation lines displayed repression of neutral sugars, adding a new layer of 

knowledge that ILP1 is not only a repressor of cell cycle genes (Yoshizumi et al., 

2006), but also a possible regulator of carbon metabolism in vivo.  

Truncation and point mutation analyses of ILP1 have provided significant insights 

into the structural and functional requirements of this spliceosomal component. 

These analyses revealed that the nuclear-localized GC-rich DNA binding domain 

is indispensable for ILP1 function, particularly in maintaining splicing fidelity and 

metabolic homeostasis under HL stress. Variants lacking this domain exhibited 

splicing defects, deregulation of anthocyanin biosynthetic transcripts, and 

metabolic imbalances, resembling ilp1-1 mutants. These findings establish this 

domain as a key regulatory element, enabling ILP1 to integrate spliceosomal 

activity, transcriptional regulation, and metabolic equilibrium to ensure an effective 

acclimation response under HL conditions.  
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Comprehensive metabolic profiling of ilp1-1, ntr1-1, prl1-1, and prp8 mutants 

revealed a significant reduction in most amino acids, including phenylalanine and 

glutamine, during HL exposure, compared to WT. In contrast, other amino acids 

like glutamate exhibited a marked accumulation after 8 hrs of HL. The increase in 

carbon metabolism-related products and the subsequent decline in amino acid 

contents suggests a tight link between C:N homeostasis and HL acclimation. 

ILP1, NTR1, PRL1, and PRP8 are proposed to play a regulatory role in directing 

carbon skeleton influx from nitrogen metabolism during HL acclimation. To 

validate this hypothesis, stable isotope labeling experiments using C-labeled tracers 

should be conducted to track carbon flux dynamics under HL conditions. Such an 

approach would provide quantitative insights into metabolic reconfiguration and 

confirm whether these spliceosomal components actively influence carbon 

partitioning and metabolic homeostasis during HL acclimation. It is also highly 

possible that the observed abnormalities in the carbon and nitrogen metabolism 

during HL are two independent pleiotropic effects of spliceosomal mutants. Thus, 

the interplay among spliceosome-mediated gene regulation, C:N fluxes, and 

specialized metabolism warrants further investigation to uncover how these 

spliceosomal components integrate metabolic and stress-responsive pathways 

during HL acclimation. 

Overall, this research proposes the use of mutants of ILP1, NTR1, PRL1 and PRP8 

as acclimation markers because of their indispensable roles in modulating 

transcriptomic and metabolomic reprogramming during HL acclimation. These 

factors are crucial for the regulation of gene expression and metabolic profiles, 

ensuring a balanced distribution of metabolites when plants are exposed to HL 

stress.  

By elucidating the interaction among spliceosomal functions, gene regulation, and 

metabolic adaptation, the findings presented herein also offer valuable and 

unprecedented insights into the fundamental mechanisms underlying plant 

environmental responses and resilience. The time-resolved transcriptomic and 

metabolomic datasets generated in this dissertation serve as valuable resources for 

understanding HL acclimation dynamics, providing a comprehensive view of how 

plants reprogram gene expression and metabolism in response to HL stress. More 
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importantly, this study further opens new avenues for research, particularly on (1) 

the importance of the spliceosomal complex during HL acclimation, (2) how the 

ratio of C:N affects plant acclimation plasticity, and (3) potential novel functions of 

ILP1, NTR1, PRL1, and PRP8 as metabolic regulators, possibly uncovering their 

involvement in emerging biochemical phenomena such as liquid-liquid phase 

separation (LLPS) and other stress-adaptive mechanisms. 
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Appendix A: Supplementary Information 

 
 

 

 

Figure S1. Validation of the SNP/intron retention and T-DNA insertions in the ilp1 
mutants. (A) Schematic diagram of the position of the intron retention in ilp1 SNP, (B) band 
size difference when retained intron was amplified, (C) relative expression of the retained 
intron in different plants, and genotyping of ilp1-1 (D) and ilp1-2 (E) knockout mutants. 
Data are mean ± SD (n = 3).
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Figure S2. Transcriptome analysis of DEGs during high light exposure. (A) Total number 
of genes that are differentially upregulated and downregulated, and KEGG pathway 
analysis of differentially expressed genes (DEGs) at T0 (B) and T4 (C). Bubble plots 
showing the significant pathways for up- and downregulated DEGs. Larger bubbles 
indicate higher number of genes. The color of each bubble reflects significance (p-value).  
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Figure S3. Analysis of other known factors affecting anthocyanin production in Col-0 and 
ilp1-1. Time-course analysis of (A) GPX7 and (B) APX1 relative expressions, (C) DAB 
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staining and (D) NBT staining before and after 4 hrs of HL, (E) Log2 FC average of all 
the genes involved in each hormone biosynthesis, and (F) root length complementation 
assays of 6-DAG seedlings using different concentrations of exogenous hormones. For A-
B, data are mean ± SD (n = 4). Asterisks indicate statistical significance compared to Col-0 by 
Student's t-test (*P <0.05, **P <0.01, ***P <0.001). GA, gibberellic acid; IAA, indole-3-acetic 
acid; 2,4-D, 2,4-dichlorophenoxyacetic acid; ABA, abscisic acid; and BAP, 6-
benzylaminopurine. 

 

 

 

 

 

Figure S4. Transcriptomic landscape of starch and sugar metabolism in ilp1-1 during HL 
exposure. "•” in the heatmap indicates significance. 
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Figure S5. Starch analysis in ilp1-1 and Col-0 plants during a normal day/night cycle. 
(A) Starch contents in 4-week-old plants from End of Day1 (EoD1) to End of Day2 
(EoD2). (B) Starch degradation and (C) starch synthesis rates in ilp1-1 under a normal 
day/night cycle. Data are mean ± SD (n = 4). Asterisks indicate statistical significance 
compared to Col-0 by Student's t-test (*P <0.05, **P <0.01, ***P <0.001). 
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Figure S6. ilp1-1 mutants have higher photosynthetic rates. (A) Net photosynthetic 
CO2 uptake rates of 7-week-old Col-0 and ilp1-1 (n ≥ 12) in response to increasing light 
intensities (0, 25, 50, 100, 250, 500, 750, 1000, and 1500 µmol photons m−2 sec−1) before 
(T0) and (B) after (24 hrs) HL exposure. Data are mean ± SD. Asterisks indicate 
statistical significance compared to WT by Student's t-test (*P < 0.05). (C) Steady-state 
levels of photosynthetic proteins in Col-0, ilp1-1, and ntr1-1 before and during HL (8 
and 24 hrs). 
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Figure S7. Expression analysis (Log2 FC) of (A) nuclear-encoded genes and (B) 
chloroplast-encoded genes of known photosynthetic proteins. (C) Total chlorophyll 
contents of 4-week-old Col-0 and ilp1-1 at T0, T8, and T24. Data are mean ± SD 
(n = 4). "•” in the heatmap indicates significance. 
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Figure S8. Measurements of different photosynthetic parameters in ilp1-1 during HL. 
Fv/Fm, coefficients of photochemical quenching (qP), non-photochemical quenching 
(NPQ, qN), non-regulated energy dissipation Y (NO), and PSII quantum yield 
(Y(II)) of Col-0 and ilp1-1 at T0, T8, and T24 of high light using an Imaging-PAM 
system (Walz) and are displayed on a rainbow colour scale. Right panel: Quantitative 
analyses from six plants per genotype and six leaves (n = 36) were analysed at 286 µmol 
photons m−2 sec−1. Data are mean ± SD. Asterisks indicate statistical significance 
compared to Col-0 by Student's t-test (*P < 0.05). The red lines inside the violins show 
the median of values and the white lines the quartiles. Different letters indicate 
significance groups at P < 0.05 by Šidák's and Tukey's multiple comparison tests, 
respectively, as determined by two-way ANOVA. 
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Figure S9. Metabolic changes in the ilp1-1 mutant after DCMU treatment during HL. 
Contents of (A) starch, (B) fructose, (C) glucose, and (D) sucrose, (E) log2 FC of the 
quantified amino acids before and after treatment of DCMU, (F) venn diagram analysis 
showing the shared genes between differentially downregulated genes in ilp1-1 and 
differentially upregulated by KIN10, and relative expressions of (G) GPT2 and (H) DIN6 
before and after 8 hrs of HL exposure. Data are mean ± SD. The venn diagram was 
constructed using https://www.interactivenn.net/ (Heberle et al., 2015). "•” in the 
heatmap indicates significance. Asterisks indicate statistical significance compared to Col-
0 by Student's t-test (*P < 0.05; **P< 0.01, ***P < 0.001). 

https://www.interactivenn.net/
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Figure S10. Disruption of TCA cycle-related profiles. (A) Expression profiles of genes 
involved in the TCA cycle, root lengths after exogenous supplementation with increasing 
concentrations of (B) sodium nitroprusside (a Nitric Oxide-derivative) and (C) ornithine, 
(D) anthocyanin levels in the sdhaf2 mutant compared to WT and ilp1-1, and (D) 
anthocyanin levels in ilp1-1 and WT seedlings after exogenous supplementation with 100 
µM ornithine and malate. Data are mean ± SD. Asterisks indicate statistical significance 
compared to Col-0 by Student's t-test (*P < 0.05; **P< 0.01, ***P < 0.001). "•” in the 
heatmap indicates significance. 
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Figure S11. Generation, validation, and phenotypic characterization of the overexpression 
(OE) and genetic complementation lines of ilp1-1. (A) Western blot to check the presence 
of ILP1-HA in 4-week-old Col-0, ilp1-1, and OE lines and genetic complementation lines, 
(B) relative expression of ILP1 in all lines, (C) flowering time after 11 weeks in short day 
conditions, (D) root lengths of 7DAG seedlings, (E) hypocotyl lengths of 4DAG dark-
grown seedlings, and (F) anthocyanin phenotype after 7 days in the cold. Data are 
mean ± SD. Different letters indicate significance groups at P < 0.05 by Tukey's multiple 
comparison test as determined by one-way ANOVA. The red lines inside the violins show 
the median of values and the white lines the quartiles. 
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Figure S12. Representative metabolites showing WT-like levels in the OE and genetic 
complementation lines compared to ilp1-1. Data are mean ± SD. Asterisks indicate 
statistical significance compared to Col-0 by Student's t-test (*P < 0.05; ***P < 0.001). 
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Figure S13. Relative expressions of GPT2. Transcript levels of GPT2 in (A) 4-week-old 
plants during a normal day/night cycle at the End of Night (EoN) and 2 hours after normal 
light (NL) and (B) in 4-week-old OE and genetic complementation lines during HL 
exposure. Data are mean ± SD (n = 4). Asterisks indicate statistical significance compared 
to Col-0 by Student's t-test (*P < 0.05, ** P < 0.01, ***P < 0.001). 
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Figure S14. Subcellular localization of ILP1-GFP by transient expression in tobacco 
leaves. (A) Co-expression of ILP1-GFP and an ER marker (HDEL-mCherry), (B) co-
expression of ILP1-GFP and a plasma membrane marker (CBL1-OFP), and (C) a Z-stack 
projection from 10 different slices. 
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Figure S15. Quantitative in vivo transcriptional assay in tobacco leaves. Partial 
transcriptional repression of (A) proPAP1:LUC and (B) proDFR:LUC expressions in the 
presence of ILP1. The red lines inside the violins show the median of values and the 
white lines the quartiles. Different letters indicate significance groups at P < 0.05 by 
Šidák's and Tukey's multiple comparison tests, respectively, as determined by one-way 
ANOVA. 
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Figure S16. Generation and characterization of the truncated versions of ILP1. (A) 
Western blot of the different truncated constructs showing their specific sizes, (B) 
relative expression levels of the truncated versions, (C) rosette phenotypes of 4-week-
old plants, and (D) root lengths of 7DAG seedlings. Data are mean ± SD. Asterisks 
indicate statistical significance compared to Col-0 by Student's t-test (***P < 0.001). 
The red lines inside the violins show the median of values and the white lines the 
quartiles. Different letters indicate significance groups at P < 0.05 by Šidák's and 
Tukey's multiple comparison tests, respectively, as determined by two-way ANOVA. 
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Figure S17. ILP1 is an intrinsically disorder protein. (A) Alphafold predicted structure of 
ILP1 in Arabidopsis (Jumper et al., 2021), (B) PONDR score showing the three 
disordered regions of ILP1, (C) double point mutation of the two adjacent glutamine (Q) 
disrupted the prion-like domain, (D) relative expressions and (E) western blot of the 
generated mutant lines in the ilp1-1 background, and (F) root lengths of 7DAG seedlings 
and (G) their flowering times after 13 weeks under SD. Data are mean Data are 
mean ± SD. The red lines inside the violins show the median of values and the white lines 
the quartiles. Different letters indicate significance groups at P < 0.05 by Šidák's and 
Tukey's multiple comparison tests, respectively, as determined by two-way ANOVA. 
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Figure S18. Acclimation response behavior of Q318,319A during high light exposure. (A) 
Anthocyanin contents, relative expressions of (B) DFR, (C) PAP1, (D) PAP2, (E) DOG1, 
(F) CCA1, (G) starch contents, (H) fructose, (I) sucrose, (J), and glucose levels, and (K) 
log2 FC of amino acids during HL. Data are mean ± SD. Asterisks indicate statistical 
significance compared to Col-0 by Student's t-test (*P < 0.05; **P < 0.01; ***P < 0.001). "•” 
in the heatmap indicates significance. 
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Figure S19. se1, a core mutant of miRNA biogenesis, shows a different response to 
acclimation. (A) Root lengths of 7 DAG seedlings, (B) hypocotyl lengths of 4DAG dark-
grown seedlings, (C) anthocyanin accumulation after 24 hrs of HL, relative expressions of 
CHS (D), DFR (E), and PAP1 (F) before and after 8 hrs of HL, and (G) log2 FC of amino 
acids during HL exposure. Data are mean ± SD. The red lines inside the violins show the 
median of values and the white lines the quartiles. Asterisks indicate statistical significance 
compared to Col-0 by Student's t-test (*P < 0.05; **P < 0.01; ***P < 0.001). "•” in the 
heatmap indicates significance. 
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Figure S20. Differential splicing in ilp1-1 during HL acclimation. (A) Gene count of 
differentially misspliced transcripts across various types of alternative splicing at different 
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time points, (B) venn diagram of genes with intron retention at different timepoints, and 
GO-term enrichment of differentially spliced transcripts with intron retention at (C) T0 
and (D) T8. GO-term enrichment analysis was performed using https://geneontology.org/ 
and the venn diagram was constructed using https://www.interactivenn.net/ (Heberle et al., 
2015). 

 

Figure S21. Genotyping of different mutants used in this study. (A) ntr1-1, (B) prl1-2, and 
(C) serrate1. Data are mean ± SD. 

https://geneontology.org/
https://www.interactivenn.net/
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Figure S22. PRP8 mutations. (A) Alphafold predicted structure of PRP8 in Arabidopsis 
(Jumper et al., 2021; Maradi et al., 2024), (B) positions of the point mutations in the 2 
mutant alleles of prp8, (C) modeling of the amino acid changes in G1820 using PyMol 
(DeLano, 2002), and (D) flowering time of the prp8 mutants. 
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Figure S23. VIGS transcripts and metabolome. (A) mRNA transcripts of ILP1 in the 
different VIGS constructs to confirm ILP1 silencing, relative expressions of (B) PAP1 and 
(C) DFR after 8 hrs of HL, and (D) log2 FC of quantified amino acids during HL exposure. 
Data are mean ± SD. Asterisks indicate statistical significance compared to Col-0 by 
Student's t-test (*P < 0.05, ** P < 0.01, ***P < 0.001). "•” in the heatmap indicates 
significance. 
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Figure S24. Effects of exogenous PLP on the spliceosomal mutants. (A) Root lengths of 
7DAG seedlings with increasing concentration of PLP, (B) hypocotyl lengths of 4DAG 
dark-grown seedlings with increasing concentration of PLP, (C) enzymes involved in PLP 
biosynthesis and (D) aminotransferases and gene products involved in N-assimilation , (E) 
total protein content in Col-0, ilp1-1, and ntr1-1, (F) %content of nitrogen (N), carbon (C), 
and sulfur (S) in Col-0 and ilp1-1, and (G) effects of increasing concentration of PLP on 
anthocyanin levels in the spliceosomal mutants. Data are mean ± SD. Asterisks indicate 
statistical significance compared to Col-0 by Student's t-test (*P < 0.05, ** P < 0.01, ***P < 
0.001). The red lines inside the violins show the median of values and the white lines the 
quartiles. "•” in the heatmap indicates significance. 
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Table S1. List of all oligonucleotides used in this study. 

Code/Name Sequence (5'->3') Purpose 
GA01 ATTTTGCCGATTTCGGAAC LB; genotyping 

GA13 TATTCTCCAGGTTCCGACAT
G ilp1-1 LP; genotyping 

GA14 GATGAGCCTTTGCTGGTACA
G  ilp1-1 and ilp1-2 RP; genotyping 

GA15 ATGTTTCTGCTTCGAGTGAG
G  ilp1-2 LP; genotyping 

GA16 TCGCGACAAGCTTTCATCGC
TAG pILP1:ILP1 cloning 

GA17 TCGCGACAACAGCTTCCTGA
CTTC  pILP11:ILP1 cloning 

GA18 TCGCGAATGGGAAGTAACCG
TCC p35S:ILP1 cloning 

GA90 TCGCGAAACTGCCTCCTTAA
GATTG p35S1:ILP1 cloning 

GA26 CATCTTCATGCTGCTCTTCTT
CCCC  ILP1 transgene genotyping 

GA44 CCACTGACGTAAGGGATGAC
GC ILP1 transgene genotyping 

GA38 GGGAATCTCATTCGTCTTAG
ACC endogenous ILP1 genotyping 

GA344 GTCCGGTAGTGATGAAAATG
CAAGGC endogenous ILP1 genotyping 

GA47 GGACAGGACCAAGCGTCACA
C  qPCR ILP1 mRNA levels 

GA48 GCGTGGTCATGTTCATGGAG
C  qPCR ILP1 mRNA levels 

GA103 GGAAGTATTTGCGCAAGAGC
AG qPCR NTR1 mRNA levels 

GA104 CCAACCGCCATCTTTCTGAG
C qPCR NTR1 mRNA levels 

GA107 CATAAGGTTGGCCAAGAGTC
C ntr1-1 LP, genotyping 

GA108 ACTGCCTTCCTCACCTTCTTC ntr1-1 RP, genotyping 
GA109 GAAGGTAGCGGGAGAGGTG SERRATE1 for sequencing 

GA110 GGTCACTTCTTCCTCTGGAG
C SERRATE1 for sequencing 

GA113 GGGACTGGAAGAGTGGTCA
CA qPCR PRL1 mRNA levels 

GA114 CGTCTTATCAGCCTCGCATG
T qPCR PRL1 mRNA levels 

GA117 GACCTTCAAATGCTCTTTCC
C prl1-2 RP, genotyping 

GA118 CTGCTTCTACAATCGCCAAA
G prl1-2 LP, genotyping 

GA149 GGACATGACAACACCGTTTG
TTCTG raa7 and raa14 SNP sequencing 

GA168 
GCATTCTAAACAGCAGACAC
TGCCAGCACAGCAACCGCAG
ATGTATGCTTATC 

prion Q318A 

GA245 CAGACACTGCCAGCAGCGCA
ACCGCAGATGTATG Q319A_new_F prion Q318,319A 

GA246 CATACATCTGCGGTTGCGCT
GCTGGCAGTGTCTG Q319A_new_R prion Q318,319A 

GA308 TCGCGATACATATCACTAGA
TGGTGGTA no start_no N-terminal Domain 
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GA309 TCGCGACTTTCAAAGGTGAA
GGC no start_only GC rich 

GA310 TCGCGAGGAAGTAACCGTCC
TAAG no start_no GC rich 

GA419 GTGTAATGATTGGGCTTGAT
CTGGCATAC prp8-12_F 

GA420 GGAGAGATCGCACAAGTGCA
GC prp8-12_R 

GA421 CCAATCCGGCTCTATATGTG
TTGAGAG prp8-12 sequencing 

GA422 CCATCTCCAACAGGTGTAAT
GATTGGG prp8-7 F 

GA423 CCATCTGCGGTTCTGTAGCC
TTC prp8-7 R 

GA424 CCTGCATTCTGCCTTTGGTA
ATTGG prp8-7 sequencing 

SAND AACTCTATGCAGCATTTGAT
CCACT qPCR (F) 

SAND TGATTGCATATCTTTATCGC
CATC qPCR (R)  

PAP1 GGCACCAAGTTCCTGTAAGA
G qPCR (F) 

PAP1 CCTATGAAGGCGAAGAAGAA
GA qPCR (R)  

DFR CGCCAAGACGCTACTCACT qPCR (F) 

DFR CGGCTTTATCACTTCGTTCT
CA qPCR (R)  

CHS GGTCTCACCTTCCATCTCCT qPCR (F) 
CHS AGTATGAAGAGAACGCACGC qPCR (R)  
FLS1 AGTATATTCCCTCCGCCGT qPCR (F) 
FLS1 CTCTTTATCCACCGTCGTCC qPCR (R)  

APX1 TCGAGAAATACGCTGCTGAT
G qPCR (F) 

APX1 ACACAGAGCATACGTCACAG qPCR (R)  
DOG1_Exon2

_F 
CAAGGAGCGGATTTCTTGCT
CGC qPCR / targeted splicing analysis 

DOG1_Intron
2_R 

CTACTTTCCTTCCTCTCCTCC
GGC qPCR / targeted splicing analysis 

CCA1_Exon6_
F 

GCCGCAGTAGAATCAGCTCC
AA qPCR / targeted splicing analysis 

CCA1_Intron6
_R 

GGAAGTTGATCTTTAGTCCA
AGTAAG qPCR / targeted splicing analysis 

 

 

 



 

106 

 

Appendix B: List of Abbreviations 

 
2,4-D   2,4-Dichlorophenoxyacetic acid 
µL   microLiter 
µM   micromolar 
4CL   4-Coumarate:CoA Ligase 
A3S   Alternative 3’ splice site 
A5S   Alternative 5’ splice site 
A. tumefaciens    Agrobacterium tumefaciens 
ABA   abscisic acid 
At   Arabidopsis thaliana 
ATP   adenosine triphosphate 
BAP   6-Benzylaminopurine 
bHLH      Basic Helix-Loop-Helix 
bp   base pair 
BR   Brassinosteroids 
C4H   Cinnamic acid 4-Hydroxylase 
CCA1   Circadian Clock Associated 1 
cDNA   complementary DNA 
CDS   Coding sequence 
CHI   Chalcone Isomerase 
CHS   Chalcone Synthase 
CK   Cytokinin 
Col-0   wild-type Arabidopsis ecotype Columbia-0 
DAB   3,3'-diaminobenzidine 
DCMU  3-(3,4-dichlorophenyl)-1,1-dimethylurea 
DEG   Differentially Expressed Gene 
DFR   Dihydroflavonol 4-Reductase 
DMSO    Dimethyl sulfoxide 
DOG1   Delay of Germination1 
DTT   Dithiothreitol 
E. coli    Escherichia coli 
EBGs    Early Biosynthetic Genes 
EDTA     Ethylenediaminetetraacetic Acid 
EMS   Ethylmethanesulfonate 
F3H   Flavanone 3-Hydroxylase 
FC   Fold Change 
FLS1   Flavonol Synthase1 
GA   Gibberellic acid 
GC/MS   Gas Chromatography/Mass Spectrometry 
GFP   Green Fluorescent Protein 
GL3   Glabra3 
GO-term  Gene Ontology-term 
GST26   Glutathione S-transferase26 
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GUN5    Genomes Uncoupled5 
GPT2   Glucose-6-Phosphate/Phosphate Translocator2 
HL   High Light 
HCl   hydrochloric acid 
hr/s   hour/hours 
IAA   Indole-3-acetic acid 
IDP   Intrinsically Disordered Protein 
IDR   Intrinsically Disordered Region 
ILP1   Increased Level of Polyploidy1 
ILS   Intron Lariat Spliceosome 
JA   Jasmonic Acid 
kb   kilobase pair/s 
LB   Luria Broth 
LBGs   Late Biosynthetic Genes 
LDOX    Leucoannthocyanidin Dioxygenase 
LC/MS    Liquid Chromatography/Mass Spectrometry 
MBW   MYB-bHLH-WD40 
miRNA   microRNA 
mRNA   messenger RNA 
MYB   Myeloblastosis 
MYBL2  MYB-Related Protein2 
NBT   Nitroblue tetrazolium chloride 
NLS   Nuclear Localization Sequence 
nm   nanometer 
nM   nanomolar 
NTR1   NTC-related Protein1 
PAL1   Phenylalanine Ammonia Lyase1 
PAP1   Production of Anthocyanin Pigment1 
PAP2   Production of Anthocyanin Pigment2 
PRL1   Pleiotropic Regulatory Locus1 
PRP8   pre-mRNA Processing8 
PCR   Polymerase Chain Reaction 
qPCR   quantitative real-time PCR 
RAA   Restored Anthocyanin Accumulation 
RI   Retained Intron/Intron Retention 
ROS   reactive oxygen species 
RT   Root Temperature 
SA   Salicylic acid 
SE   Skipping Exon 
Se1   Serrate1 
S.D.   standard deviation 
SDM   Site Directed Mutagenesis 
SDS   sodium dodecyl sulfate 
SNP   Single Nucleotide Polymorphism 
SnRK1   SNF1-related Kinase1 
TCA   Tricarboxylic Acid  
T6P   Trehalose-6-Phosphate 
TPT   Triose Phosphate Translocator 
TTG1   Transparent Testa Glabra1 
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UF3GT   UDP-glucose:flavonoid 3-o-glucosyltransferase 
VIGS   Virus-Induced Gene Silencing 
v/v   volume per volume 
WT   Wild Type/Col-0 
w/v   weight per volume 
Vol   Volume 
YEB   Yeast Extract Beef Broth 
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