Elongator complex differentially regulates transcription and translation in cotyledons and hypocotyls during early light-dependent Arabidopsis development
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Abstract
[bookmark: _Hlk174562265]Background During photomorphogenesis in Arabidopsis seedlings, light regulates cotyledon and hypocotyl development differentially, promoting cotyledon expansion while and inhibiting hypocotyl elongation. This process involves extensive transcriptomic reprogramming, controlled by various factors, including the Elongator complex, which regulates gene expression during transcription and translation via epigenetic and tRNA modifications, respectively. 
Results The elo3-6 mutant, lacking Elongator activity, exhibits photomorphogenic defects, including less open and hyponastic cotyledons and an elongated hypocotyl. Separate for elo3-6 cotyledons and hypocotyls, RNA-Seq and miRNA-Seq experiments revealed distinct deregulated gene sets for elo3-6 cotyledons and hypocotyls. In hypocotyls, Elongator is required for the expression of genes involved in chloroplast physiology, circadian regulation and auxin responses. Impaired chloroplast biogenesis appears to trigger retrograde signaling and induce a hypoxia-like state, preventing a complete inhibition of hypocotyl elongation. In mutated cotyledons, photomorphogenesis-related genes were less affected in number and expression level, implying that defective development resulted from the compromised tRNA modification by Elongator. This was confirmed by similar morphological defects in elo3-6 and urm11urm12 (URM1-like proteins 11, 12) mutants, both lacking different enzymatic activities required for modifying the same tRNA uridine. Additionally, elo3-6 and urm11urm12 showed increased tolerance to translation inhibitors. Decreased The narrower cotyledon opening in elo3-6 was compensated by hygromycin B, indicating suggesting that strong codon-anticodon interactions dependent on Elongator are crucial for cotyledon development. Reduced expression of genes enriched in codons corresponding recognized toby tRNA anticodons modified by Elongator points to a feedback mechanism repressing the inefficiently translated mRNAs in elo3-6. 
Conclusions Our findings in Arabidopsis thaliana reveal that Elongator regulates hypocotyl growth via its transcriptional activity, whereas cotyledon growth appears to be governed by the translational activity of Elongator.
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Background
Plants, as sessile organisms, strongly depend on environmental factors, with light playing a pivotal role in their life cycle. In young seedlings, light perception triggers organ-specific transcriptome reprogramming, leading to morphological and physiological changes. Seedlings germinating in darkness undergo skotomorphogenesis, characterized by closed cotyledons and elongated hypocotyls. Light exposure initiates photomorphogenesis, inducing distinct developmental changes in hypocotyls, which stop to elongate, and cotyledons, which open and enlarge [1]. The two alternative morphogenesis pathways are driven by opposing cell proliferation and elongation patterns in these organs. In darkness, cell expansion is enhanced in the hypocotyl while inhibited in cotyledons. Upon light exposure, this pattern reverses, which is underpinned by severe transcriptome reprogramming [2], highlighting organ-specific gene expression in response to light stimuli [3–5]. Cotyledons, being the primary photosynthetic organs in seedlings, exhibit a pronounced light-induced upregulation of genes associated with chloroplast development and photosynthesis [6]. However, hypocotyls are also photosynthetically active, but their chloroplasts exhibit higher oxygen evolution rates and a greater capacity for synthesis of photoprotective zeaxanthin, similar to guard cells and coleoptiles, but distinct from mesophyll tissue [7]. The transition from skoto- to photomorphogenesis is regulated by phytochrome-associated transcription factors. Positive regulators like ELONGATED HYPOCOTYL 5 (HY5) and its homolog HYH, promote photomorphogenesis by repressing hypocotyl elongation [8, 9]. In contrast, phytochrome interacting factors (PIFs) accumulate in darkness to maintain skotomorphogenesis. Light triggers PIFs degradation, whereas HY5 and HYH are degraded in darkness [10, 11]. The interplay between positive and negative factors ensures proper seedling morphology in response to light.
Compared to the well-established transcriptional regulation of photomorphogenesis, its translational control remains less understood. mRNA translation is dynamically modulated by light and can be enhanced upon light exposure, independently of transcript levels [12]. Translational control, together with transcriptional changes, impacts many genes activated during photomorphogenesis [13, 14]. Some genes are preferentially or exclusively regulated at the translational level, with their transcript accumulation remaining largely unchanged during the transition from darkness to light. The increased translation of such mRNAs at the onset of photomorphogenesis occurs when they are released from cytoplasmic processing bodies that sequester transcripts during skotomorphogenesis [14].
The Elongator complex, composed of six subunits, is essential for normal plant development. Plants harboring mutations in genes encoding any of its subunits, known as elo mutants, exhibit defective growth during skoto- and photomorphogenesis [15]. Elonagtor was initially identified in yeast [16], and subsequently it has been isolated from Arabidopsis thaliana [17]. The structural organization of Elongator is conserved amongst eukaryotes with enzymatic activity residing in the Elp3 subunit, which harbors an N-terminal radical S-adenosylmethionine domain (SAM) and a C-terminal lysine (K) acetyltransferase (KAT) domain [18]. In plants, the complex is located in both cytoplasm and the cell nucleus [19]. Cytoplasmic function of Elongator was supported by research showing its role in fine-tuning protein translation through tRNA wobble uridine modification, first demonstrated in yeast [20–23]. Later, it was found  that it is required for endoreduplication cycling during leaf development, and proper auxin responses in plants [24–27]. During tRNA modification, the N-terminal domain of Elp3 binds and cleaves SAM leading to the attachment of carboxymethyl group to the 5th position of the wobble uridine, which results in forming 5-carboxymethyluridine – cm5U34 [28]. Following this modification, the wobble uridine may be converted into ncm5U34 or further methylated and thiolated to create mcm5s2U34, wherein a sulfur atom is incorporated at the 2nd position of the uridine. Thiolation is catalyzed by different enzymes, including ubiquitin-related protein modifier 1 (URM1)-like proteins URM11 and 12. ELP3-deficient plants lack the mcm and sulfur modification of the tRNA wobble uridine [24, 25]. In yeast, Elongator modifies 11 tRNAs [23, 28, 29], including three tRNAs that are additionally thiolated: tRNAGluUUC, tRNAGlnUUG, and tRNALysUUU. In Arabidopsis, three tRNAs with the mcm modification and thiolation have been confirmed to be targeted by Elongator [24, 25]. Nuclear function of Elongator was supported by its role in DNA replication and transcription [19, 30–32]. In view of the enzymatic domains of Elp3 and experimental evidence, which shows altered epigenetic marks in genes downregulated in the elo mutants, plant Elongator is considered to regulate gene expression through modulation of DNA methylation and/or acetylation of histones in the coding sequences, which activates elongation phase of transcription. Altered cytosine methylation was observed in genes associated with plant defense and cell cycle, while moderately lowered histone acetylation was detected in elo mutants in genes implicated in growth, root development, defense, circadian rhythms and photomorphogenesis [15, 32–37]. Auxin responses are regulated by Elongator at both transcriptional and translational levels. Notably, the histone acetylation activity of the Elongator complex targets the auxin repressor gene INDOLE-3-ACETIC ACID INDUCIBLE 3 (IAA3) and auxin influx carrier gene LIKE AUXIN RESISTANT 2 (LAX2) [19], whereas Elongator’s translational activity is required for the synthesis of the ARABIDOPSIS PIN-FORMED (PIN) auxin transport proteins [25]. Additionally, Elongator is known to regulate transcription and biogenesis of microRNAs (miRNAs) [38] pointing to yet another possible mechanism, which may be used by the complex to shape the transcriptome in plants.
[bookmark: _Hlk178757162]Previously, we demonstrated that Elongator regulates skotomorphogenesis, as darkness-grown elo3-6 seedlings have shorter hypocotyls compared to the wild-type (WT), while cotyledons and apical hooks remain unaffected [15]. Double-mutant analysis demonstrated that Elongator is required for hypocotyl elongation under rapid growth conditions, such as darkness or the absence of active phytochrome A or B. Transcriptome analysis of darkness-grown elo3-6 revealed a pathogen-response like profile [39], resulting in growth deceleration. Indeed, downregulated genes in elo3-6 clustered into Gene Ontology (GO) categories, forming a growth-controlling network with four main hubs: circadian clock, regulators of skoto- and photomorphogenesis, diverse hormone response pathways, and primary and secondary cell wall biogenesis. Three downregulated genes - LATE ELONGATED HYPOCOTYL (LHY), homolog of ELONGATED HYPOCOTYL 5 (HYH) and LONG HYPOCOTYL IN FAR-RED 1 (HFR1) - were identified as Elongator targets for histone acetylation [15]. Additionally, elo mutants showed a reduced de-etiolation under red, far-red, or blue light, but only hypocotyl elongation was quantified [15]. Here, we present a detailed analysis of photomorphogenesis defects in elo3-6 seedlings and their correlation with gene expression changes.
Photomorphogenesis is driven by massive transcriptome rearrangements resulting in opposite morphological changes in hypocotyls and cotyledons. Given the distinct transcriptomes in these two organs, we investigated how protein-coding and miRNA gene expression is affected in elo3-6 cotyledon and hypocotyls during early light-induced seedling development. The rationale behind this research was a well-supported function of Elongator in the regulation of transcription in plants, including skotomorphogenesis [15], and the elo3-6 seedlings phenotype indicating defective photomorphogenesis. Apart from Elongator-dependent regulation of transcription, we investigated its translational activity in cotyledons and hypocotyls by analyzing the frequency of codons corresponding to tRNA anticodons modified by Elongator, as well as assessing the sensitivity of elo3-6 and urm11urm12 mutants to translation inhibitors.
Material and Methods
Plant material
This study included the elo3-6 mutant (GABI-KAT collection code GABI555_H06) [19] and the urm11urm12 double mutant, obtained from urm11-1 (SALK_024513.19.30.x) and urm12-2 (SALK_070672.47.90.x) single mutants. Columbia-0 served as WT control. The GFP-ELO3/elo3-6 transgenic line was obtained by transforming elo3-6 with a GFP-ELO3 construct, enabling ELO3 protein expression fused to the green fluorescent protein (GFP) tag under the 35S promoter [19].
Growth conditions
[bookmark: _Hlk182839244]Seeds were rinsed in 70% (v/v) ethanol for 2 min, sterilized in 5% (v/v) bleach containing 0.05% (v/v) Tween 20 for 8 minutes and washed five times with sterile water. Sterile seeds were sown on basal-solid half-strength Murashige and Skoog (MS) medium [40] without sucrose. Seeds were stratified at 4°C for 72 h, and then grown vertically in PHCbi Versatile Environmental Test Chamber Model No. MLR-352H-PE with Panasonic FL40SS ENW/37 bulbs. Growth conditions included constant white light at 45 µmol m-2s-1, 85% humidity and 21°C.
Phenotypic analysis
Hypocotyl length and cotyledon opening angle were measured for five days (hypocotyls) and five or six days (cotyledons) after germination in 20-30 vertically grown seedlings, transferred from 0.5 MS medium to a 1% agarose and photographed. Cotyledon length and width were measured using ImageJ software on 40-60 cotyledons dissected from seedlings with a scalpel, placed on a chilled slide, covered with a second slide, and photographed daily for five or six days.
Seedling responses on translation inhibitors
WT, elo3-6 and urm11urm12 seedlings were germinated and grown on basal medium supplemented with antibiotics known to inhibit translation: cycloheximide (CHX) (0.2 μM), spectinomycin (SPEC) (5 μg/ml), puromycin (PMN) (10 μg/ml), hygromycin B (HYG B) (6 μg/ml), and erythromycin (ERY) (5 μg/ml). The antibiotic concentration in the media was determined experimentally by testing a range of doses and based on literature data [41–43]. Mock treatments included seedlings grown under identical conditions, but the 0.5 MS medium did not contain inhibitors. Since HYG B and ERY were dissolved in phosphate-buffered saline (PBS) and ethanol (EtOH), respectively, equivalent concentrations of PBS and EtOH were added to the 0.5 MS medium. Phenotypic analyses were performed according to the above section.
[bookmark: _Hlk191303828]RNA-Seq
[bookmark: _Hlk174979362]RNA was extracted separately from cotyledons and hypocotyls of four-day-old seedlings using the RNeasy Plant Mini Kit (Qiagen) with slight modifications: incubation of samples with the RLT buffer at 56°C for 1 minute, two additional washes of the columns with 500 μl and 300 μl with the RPE buffer, and DNase I treatment. Three technical replicates of the elo3-6 mutant and WT were included. The isolated RNAs were used for the construction of RNA-Seq libraries by Eurofins company. Library preparation consisted of purification of poly-A containing mRNA molecules, mRNA fragmentation, random primed cDNA synthesis, adapter ligation and PCR amplification. A 150-bp paired-end sequencing run was performed with guaranteed 5 million read pairs (10 million reads) per package on Illumina platform. Bioinformatic pipeline is described in detail in Methods S1. Differentially expressed genes between elo3-6 and WT were identified using the False Discovery Rate (FDR) adjusted p-value cutoff of 0.05 and a log2 fold change threshold above 0.5 for upregulated genes and below -0.5 for downregulated genes as well as assuming the mean counts at least 100. Ontological analysis was conducted using Dicots PLAZA 5.0 version. The significance of GO terms enrichment was determined at a p-value cutoff of 0.05 with Bonferroni correction for Biological Process and Cell Component types. Filtered hierarchy option was applied to minimize redundancy. The expression of selected genes was verified by the quantitative PCR (Table S1, Methods S2).
The pipeline used to compare transcriptomic data between cotyledons and hypocotyls within elo3-6 and WT lines is described in detail in Methods S1. Differentially expressed genes between cotyledons and hypocotyls were identified using the FDR adjusted p-value cutoff of 0.05 and a log2 fold change threshold above 1 for upregulated genes and below -1 for downregulated genes.
Transmission electron microscopy
For thin section electron microscopy cotyledons and hypocotyls of six-day-old seedlings were collected and stored in 2.5% glutaraldehyde. Prior to dehydration, samples were rinsed in 0.2M sodium cacodylate (pH 7.2) and fixed in 2% aqueous osmium tetroxide for 2 h. After that, samples were washed in distilled water, dehydrated through an ethanol series (30%, 50%, 70%, 90%, 96% and 99,8%), and embedded and polymerized for 24 h at 60°C in Agar 100 epoxy resin (Agar Scientific). Ultra-thin (60–80 nm) sections were cut with diamond knives on Leica ultramicrotome EM UC7. For electron microscopy, sections were stained with 2% uranyl acetate and examined in a JEOL 1200EX transmission electron microscope operated at 80 kV [44, 45]. We obtained between 35 to 130 images per tissue.
[bookmark: _Hlk191304579]miRNA-Seq
RNA, including small RNAs, was extracted separately from cotyledons and hypocotyls of four-day-old seedlings using miRNeasy Mini Plant (Qiagen) according to the original protocol. Three technical replicates of the elo3-6 mutant and WT were included. Small RNA fractions were used for the construction of libraries by Genomed S. A. company. A 50-bp single-end sequencing run was performed with guaranteed 20 million reads per sample on Illumina platform. Bioinformatic pipeline is described in detail in Methods S3. Differentially expressed miRNA genes were identified with the FDR adjusted p-value of 0.05 cutoff. During the analysis, we focused only on miRNAs that have been experimentally validated in the miRBase. The targets of differentially expressed miRNAs predicted with the use of the miRanda were compared with DEGs identified through the whole-genome RNA-Seq. However, the literature-documented targets of miRNAs served as the prime reference for our analysis.
Analyses of codon frequency
For protein-coding sequences annotated in the assembly of GCF_000001735.4_TAIR10.1, we calculated various parameters for codons recognized by tRNAs whose wobble uridine in anticodon is modified by Elongator. These codons include: TTA (Leu), GTA (Val), TCA (Ser), ACA (Thr), GCA (Ala), CCA (Pro) with ncm5U34, GGA (Gly), AGA (Arg) with mcm5U34 and CAA (Gln), GAA (Glu), AAA (Lys) with mcm5s2U34. Following parameters for these codons were calculated: the total frequency among all codons (FT), the mean frequency among synonymous codons (FS), the fraction of at least two (F2), three (F3) or four (F4) codons appearing consecutively and the mean distance between them expressed in codons (D). The parameters were compared between DEGs. Using codon parameters, we also ranked all genes in ascending order and selected various percent of genes (percentile), from both the top and bottom of the ranking, for comparison based on log₂ fold change. Additionally, gene expression in cotyledons and hypocotyls was considered in the analyses.
Statistical analyses
[bookmark: _Hlk181355742]The results of phenotypic features measurements in WT and mutants were checked for consistency with a normal distribution using the Shapiro–Wilk test. If the data were normally distributed, the ANOVA test was performed, followed by a post hoc NIR test to verify any differences between the groups. Otherwise, the nonparametric Kruskal–Wallis test was applied. A significance level of p<0.05 was used to assess statistical significance. Statistical tests were performed in Statistica software. 
The following statistical procedure was applied to test gene expression changes between organs and codon parameters for various data sets as well as for the comparison of phenotypic features in antibiotic experiments. Shapiro-Wilk test (up to 5000 cases) or Anderson-Darling test (more than 5000 cases) were applied to verify if the analyzed variables follow the normal distribution. If the assumption on the normality of distribution was fulfilled, two groups were compared using Welch’s t-test. Otherwise, its non-parametric counterpart, i.e. Wilcoxon-Mann-Whitney test was applied. When many hypotheses were tested, the Benjamini–Hochberg correction of p-values was applied to control the False Discovery Rate. The analyses were performed in R software 4.3.3 [46].
Results
Elongator complex is required for normal seedling growth during photomorphogenesis
To comprehensively assess the effect of a non-functional Elongator on photomorphogenesis, we conducted a detailed comparison of phenotypes between elo3-6 and WT seedlings grown under constant white light. To confirm that the observed morphological defects in the mutant are indeed caused by the Elongator malfunction rather than an unrelated effect, we included the complemented line of elo3-6 (GFP-ELO3/elo3-6) expressing the ELO3 gene together with the GFP gene in the elo3-6 background [19].
[bookmark: _Hlk173970443]In the course of phenotypic analysis (Fig. 1a), elo3-6 exhibited significantly longer hypocotyls compared to GFP-ELO3/elo3-6 and WT from the 2nd to the 5th day after germination (Fig. 1b). No significant difference in hypocotyl length was observed between GFP-ELO3/elo3-6 and WT, which indicates full restoration of photomorphogenesis response in the hypocotyl. The cotyledon opening angle in elo3-6 was significantly lower than in GFP-ELO3/elo3-6 and WT throughout the experiment, except on day one when the mutant’s cotyledons remained closed (Fig. 1c). Although the cotyledon opening angle in GFP-ELO3/elo3-6 was lower than in WT, the difference was relatively small indicating that the expression of the GFP-ELO3 fusion protein compensates to some extent for the cotyledon opening defect in elo3-6. The results lead to the conclusion that the Elongator complex controls hypocotyl length by suppressing hypocotyl elongation during early photomorphogenesis and is required for normal cotyledon opening.
[bookmark: _heading=h.gjdgxs]The elo3-6 cotyledons were significantly longer (Fig. S1a) and, from the 2nd day to the 5th day, narrower than in WT (Fig. S1b). The expression of the GFP-ELO3 construct compensated for the disturbed cotyledon length and width (Fig. S1). The disrupted cotyledon development in elo3-6, as evidenced by the significantly higher length/width ratio compared to WT and GFP-ELO3/elo3-6 (Fig. 1d), highlights the important role of the Elongator complex in maintaining proper cotyledon development.
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Fig. 1 Phenotypic analysis of WT, GFP-ELO3/elo3-6, and elo3-6 seedlings grown under constant white light (45 µmol m-2s-1). Three representative seedlings grown in vitro in a vertical position from each line are displayed (a). Bar charts show mean measurements of phenotypic features (b-d). Schematic representation shows the method applied to measure the cotyledon opening angle (c). The letters a, b, and c indicate a statistically significant difference between each genotype. Whiskers indicate standard deviation.
The Elongator complex regulates separate gene sets with greater expression changes in hypocotyls than cotyledons
To assess Elongator’s role in regulation of photomorphogenesis, we first examined its function as a transcription regulator, given the extensive transcriptome reprogramming involved in photomorphogenesis initiation. We performed a genome-wide RNA-Seq using three biological replicates of samples isolated from four-day-old elo3-6 and WT seedlings grown under constant white light. RNA was isolated separately from cotyledons and hypocotyls to identify Elongator-regulated genes essential for photomorphogenesis in each organ.
In elo3-6 hypocotyls, a total of 1448 differentially expressed genes (DEGs) were identified, including 555 downregulated and 893 upregulated genes (Fig. 2a). In cotyledons, 1547 DEGs were detected, including 714 downregulated and 833 upregulated genes (Fig. 2b). Most down- or upregulated DEGs in elo3-6 were exclusive to a single organ. In hypocotyls, 440 out of 555 downregulated genes, and 728 out of 893 upregulated genes were differentially expressed only in this organ. In cotyledons, 567 out of 714 downregulated genes, and 700 from 833 upregulated genes displayed a differential expression unique to this organ (Fig. 2c). In conclusion, the comparative analysis of DEGs in elo3-6 hypocotyls and cotyledons revealed that these two gene sets are mostly separate.
Given the total number of 2995 DEGs in elo3-6 hypocotyls (1448) and cotyledons (1547), the overlap of 280 DEGs between the two organs is notably low. Moreover, the expression of only 70 genes (25%) changes in the same direction in both organs (Fig. 2c). Only 26 genes are commonly downregulated. Despite the limited number, these genes form a concise group associated with circadian rhythms and photosystems (Table S2). The entire NIGHT LIGHT-INDUCIBLE AND CLOCK-REGULATED GENE family, LNK1-4, encoding key factors linking light-dependent gene expression with circadian rhythms and three light-harvesting complex (LHC) genes LHCB2.1, LHCB2.2, and LHCB3, are downregulated in both organs. Lastly, the expression of the auxin repressor gene IAA3, a target of Elongator-dependent histone acetylation [19], is decreased in both hypocotyls and cotyledons.
Most genes from the intersection of DEGs identified in elo3-6 hypocotyl and cotyledon show opposite direction of expression changes. There are 121 genes concurrently upregulated in hypocotyls and downregulated in cotyledons (Fig. 2c), including key circadian clock genes, PSEUDO-RESPONSE REGULATOR 5 (APRR5), LUX ARRHYTHMO, and GIGANTEA (GI) (Table S2). The group of 89 genes, upregulated in cotyledons and downregulated in hypocotyls (Fig. 2c), cluster into the response to light stimulus (BP GO:0009416), photosynthesis (BP GO:0015979) and chloroplast organization (BP GO:0009658) GO terms (Table S2).
To assess how the absence of the active Elongator affects cotyledon and hypocotyl gene expression regardless of the direction of changes, we compared the absolute values of their log₂ fold change, i.e. |LFC| in elo3-6 versus WT. The comparison showed that the median of |LFC| of hypocotyl genes is 15% to 107% statistically significantly higher than that in cotyledon genes (Fig. 2d, Table S3). This tendency was observed in all combinations of gene sets in the two organs: genes with expression changed only in both organs (common genes) or including also organ-specific genes, genes regulated oppositely in the two organs or in the same direction, as well as genes with significant or insignificant LFC. The significantly higher expression levels of hypocotyl genes compared to those in cotyledons indicate that Elongator has a greater impact on transcription regulation in hypocotyls than in cotyledons.
[image: Obraz zawierający tekst, diagram, Czcionka, numer
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Fig. 2 Expression analysis of DEGs in the elo3-6 mutant. Distribution of DEGs in elo3-6 identified in hypocotyls (a) and cotyledons (b). Intersections between DEGs identified in hypocotyls and cotyledons (c). Comparison of |LFC| in all and common genes between elo3-6 and WT in two organs. The thick line indicates the median, the box shows the quartile range and the whiskers denote the range without outliers (d). Scatter plots depict significantly enriched GO terms in the Biological Process domain for the downregulated DEGs (e) and upregulated DEGs (f) in hypocotyls, as well as for the downregulated DEGs (g) and upregulated DEGs (h) in cotyledons. Plots include non-redundant GO terms, with a number of terms in the scatter plots (e and g) limited to 40. The color gradient from green to red indicates statistical significance, represented by -log10(p-value), where green corresponds to lower p-values and red corresponds to higher p-values. Representative genes of significantly enriched GO terms are listed in the Supplementary List.
Elongator in hypocotyls is required for chloroplast biogenesis, circadian regulation and response to auxin while its absence initiates response to hypoxia
The GO analysis of genes downregulated in elo3-6 hypocotyls revealed that enriched categories are assigned to three main clusters related to chloroplasts functioning, circadian rhythms, and response to auxins (Fig. 2e; Fig. S2a).
Nearly half of DEGs downregulated in elo3-6 hypocotyls (264) are associated with the structural organization and metabolic functions of plastids. Genes encoding proteins required for thylakoid membrane biogenesis and genes encoding crucial constituents of the thylakoid membrane, PsaA and B of photosystem I, and PsbA and C of photosystem II, are downregulated in elo3-6 (Fig. 3). Each photosystem’s reaction center is surrounded by light-harvesting complexes, and in elo3-6 hypocotyls the expression of both LHCA and LHCB genes is decreased, as well as the expression of some regulators of the proper functioning of photosystems (Fig. S3a; Table S4). Additionally, the expression of genes associated with the formation and activity of the chloroplast NAD(P)H dehydrogenase complex in the photosynthetic electron transport chain is decreased (Table S4). Following this, the downregulated genes were classified to GO terms related to photosynthesis (BP GO:0015979) and response to light stimulus (BP GO:0009416). Water homeostasis (BP GO:0030104) is the most enriched group, and while this term covers versatile processes, many genes in this group are also associated with photosystems fulfilling functions as light receptors.
Downregulated genes assigned to the chlorophyll biosynthetic process (BP GO:0015995) category (Fig. 3) encode nearly a complete set of enzymes catalyzing chlorophyll biosynthesis (Table S4). This includes catalytic and regulatory subunits of Mg-chelatase, which also participates in retrograde signaling transmitting the developmental and functional status of plastids to the nucleus [47].
Genes located in plastids are transcribed by the bacterial-type plastid-encoded RNA polymerase PEP surrounded by PEP-associated proteins (PAPs) [48], and guided by sigma-like factors SIGs recognizing promoters and initiating transcription [49, 50]. In elo3-6 hypocotyls, the expression of six out of twelve Arabidopsis PAPs, SIG1 and 5, as well as genes encoding other factors necessary for PEP-dependent gene expression, is decreased (Fig. 3; Table S4).
Furthermore, the enrichment of “protein targeting to chloroplast” (BP GO:0045036) and “establishment of plastid localization” (BP GO:0051667) categories suggests a disturbance in protein import to chloroplasts and their movements.
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Fig. 3 Schematic representation of the Elongator complex’s function linked to chloroplast functioning within the nucleus of hypocotyl cells. In hypocotyls, Elongator promotes the expression of genes encoding proteins of photosystems and enzymes involved in chlorophyll biosynthesis, as well as genes involved in regulation of the transcription machinery in chloroplasts.
In elo3-6 hypocotyls, 17 downregulated DEGs are assigned to the “circadian rhythm” category (BP GO:0007623) with spectacularly downregulated central oscillator factors LHY (tenfold), CCA1 (nearly eightfold), and all four LNK family members, including LNK1 and 2 involved in repression of hypocotyl growth [51] and linking light-dependent gene expression with circadian rhythms.
Eighteen downregulated genes in the cellular response to the auxin stimulus cluster (BP GO:0071365) include two already known targets of Elongator-dependent histone acetylation, namely IAA3 and LAX2 [19]. This cluster also includes PIN3 encoding auxin transporter PIN-FORMED 3 which is known to be dependent on the tRNA modification catalyzed by the Elongator complex during translation [25]. The decreased expression of PIN3, Gretchen Hagen 3.6 and 3.17 (GH3.6; 3.17), and LOPPED1 could cause an incorrect auxin accumulation in the hypocotyl and promote cell expansion (Table S4).
Downregulated genes in elo3-6 hypocotyls clustered into categories associated with cytoskeleton: microtubule (CC GO:0005874) and microtubule-based movement (BP GO:0007018) (Table S4). Decreased expression of these genes can lead to disorganization of microtubules involved in the deposition of cellulose in the cell wall [52, 53], and hypocotyl elongation [54].
We also analyzed elo3-6 upregulated genes as a secondary effect of the functional Elongator absence. Unlike the downregulated genes in elo3-6 hypocotyls, the upregulated genes formed a dispersed and multithreaded network of Biological Process (BP) GOs (Fig. 2f). However, the Cellular Component (CC) domain pinpointed specific localizations of the proteins encoded by 882 upregulated genes: 567 genes clustered into cytoplasm category (CC GO:0005737), and 180 DEGs clustered into the “plasma membrane” category (CC GO:0005886) (Fig. S2b).
The most enriched GO groups were indole-containing compound catabolic process (BP GO:0042436) and indole glucosinolate metabolic process (BP GO:0042343), which is in agreement with previous studies of the elo3-6 mutant [19].
The “cellular response to hypoxia” category (BP GO:0071456) is one with the highest enrichment folds and statistical significance. Moreover, many upregulated genes cluster into GO categories reflecting changes in the cellular metabolism occurring during hypoxia: increased ethylene (BP GO:0009873) and the level of fatty acids (BP GO:0070542), accumulation of reactive oxygen species (BP GO:0000302), and activated fermentation leading to accumulation of toxic metabolites (BP GO:0009636) [55, 56] (Table S5). Ethylene (BP GO:0009873) and lipids (fatty acids BP GO:0070542) act as signaling molecules, while regulation of metabolic adaptation to hypoxia is achieved by hormone action, activation of transcription factors (regulation of transcription, DNA template BP GO:0006355), and protein kinases. Several upregulated genes encode proteins involved in hypocotyl elongation, growth and phototropism, and their increased expression can cause the observed elongated hypocotyls in elo3-6 (Table S5). One of these genes encodes PIF3 transcription factor which promotes the expression of MDP60 to modulate hypocotyl cell elongation in response to light and ethylene signaling [57]. PIF3 is also required for submergence-induced and ethylene-dependent underwater hypocotyl elongation [58].
To conclude, ontological analysis of hypocotyl transcriptome demonstrates that the absence of a functional Elongator complex leads to the downregulation of a substantial number of genes associated with chloroplast biogenesis and photosynthesis. The potential defective functioning of chloroplasts and photosynthesis with impaired oxygen evolution, appears to induce a hypoxia-like state evidenced by the upregulation of numerous genes responding to hypoxia, including transcription factors that activate adaptive mechanisms to counteract this stress.
Elongator in cotyledons regulates only a limited number of genes related to photomorphogenesis
[bookmark: _heading=h.645gqpx8soeg]Contrary to DEGs identified in hypocotyls, genes downregulated in elo3-6 cotyledons grouped into GO categories in majority unrelated to photomorphogenesis or development with the log2 enrichment fold values generally low, either below or slightly above 1. To focus on the processes most severely affected by the elo mutation and most relevant to defective photomorphogenesis, we considered only GO categories with log2 enrichment fold above 2 and associated with light harvesting in photosystems I and II, response to light, and circadian rhythms (Fig. 2g; Fig. S2c).
Photosynthesis and photosystems-related clusters (BP GO:0019684; GO:0009768, GO:0018298, GO:0009769, and CC GO:0009522, GO:0009523, GO:0098807) contain 17 genes encoding mainly the components of light harvesting complexes of photosystem I and factors contributing to its structure and function (Fig. S3b; Table S6). Significantly decreased expression of genes encoding LHC proteins suggests that the absence of a functional Elongator complex leads to inefficient harvesting of solar energy. Additionally, the expression of a group of photosynthesis-related genes located in the chloroplast genome is decreased in elo3-6 cotyledons, including those encoding subunits of the NADH dehydrogenase-like (NDH) complex and subunits of the ATP synthase complex (Table S6). The NDH-PSI supercomplex is involved in cyclic electron transport (CET) around PSI which, contrary to linear electron transport, results only in ATP synthesis and does not lead to NADPH generation [59]. NDH-dependent CET is involved in plant response to various environmental stresses, including low light [60].
There are 18 downregulated DEGs assigned to the rhythmic process (BP GO:0048511) category. Firstly, similarly to elo3-6 hypocotyls, the entire LNK1-4 gene family is downregulated. Secondly, this category contains genes encoding morning and evening loop proteins (Table S6).
The “response to light stimulus” category (BP GO: 0009416) contains 44 genes partially overlapping with photosynthesis and circadian rhythm clusters. Notable genes in this cluster include BBX22, a positive regulator of seedling photomorphogenesis; PHYTOCHROME A (PHYA), encoding a crucial factor in light-signal transduction and phototropic responses [61]; and RVE7, a circadian clock component involved in phytochrome A-mediated cotyledon opening [62]. Decreased expression of these genes is in line with the defective photomorphogenic phenotype of elo3-6 cotyledons (Table S6).
[bookmark: _Hlk181470604]The absence of the functional Elongator complex in elo3-6 cotyledons results in the upregulation of 833 genes (Table S7) of which 400 encode chloroplast components (CC GO:0009507) divided between chloroplast envelope (108), stroma (125) and thylakoids (84) (Fig. S2d). Analysis of BP GOs identified a multithreaded network oriented toward processes such as light responses, chloroplast functionality, and energy metabolism (Fig. 2h). Response to light stimulus (BP GO:0009416) category contains 69 genes mainly related to photosynthesis, glucose metabolism and plastids. Among the remaining genes, components of the SPA (SUPPRESSOR OF PHYTOCHROME A) complex: SPA3 and SPA4 (Table S7), are particularly interesting regarding their crucial role in the repression of light signal transduction pathways in the dark [63]. Additionally, upregulated genes form a network related to carbon (Fig. S4) and nitrogen metabolism, including the reductive pentose-phosphate (Calvin-Benson) cycle (BP GO:0019253), photorespiration (BP GO:0009853), gluconeogenesis (BP GO:0006094), and the cellular amino acids metabolic process (BP GO:0006520). The Calvin-Benson cycle, photorespiration, and gluconeogenesis are highly interconnected.
Atmospheric carbon dioxide is fixed in the Calvin-Benson cycle and converted into carbon compounds using energy produced during the light phase of photosynthesis and stored in ATP and NADPH. Under low CO2 to O2 ratio, photorespiration releases already fixed carbon, protecting plants from photoinhibition damage. Both processes share the RuBisCO enzyme, which acts as a carboxylase in photosynthesis or an oxygenase in photorespiration. In elo3-6 cotyledons, the expression of several genes encoding key enzymes involved in these processes is significantly increased (Table S7). Furthermore, the “photosynthesis” (BP GO:0015979) and related categories are also significantly enriched, including “NAD(P)H dehydrogenase complex assembly” (BP GO:0010275), and “ATP generation from ADP'' (BP GO:0006757).
The products of the Calvin-Benson cycle are further used during glycolysis for the breakdown of sugars into pyruvate, thereby producing ATP and NADH. This process provides substrates for respiration and biosynthetic processes, such as gluconeogenesis. Maintaining a balance between glycolysis and gluconeogenesis is crucial for glucose homeostasis, and in elo3-6 cotyledons, genes encoding key enzymes that regulate this metabolic equilibrium are significantly upregulated (Fig. S5, Table S7).
The “indoleacetic acid biosynthetic process” (BP GO:0009684) cluster is highly enriched among upregulated genes. Given that indoleacetic acid is the primary form of auxin, its increased concentration in the elo3-6 mutant is expected, potentially correlating with the impaired cotyledon opening angle in elo3-6. Additionally, the upregulation of RIBONUCLEASE J (RNJ) (Table S7) may further contribute to this phenotype, as it plays a key role in embryogenesis, especially in initiating and maintaining the organization of shoot apical meristems, cotyledons, and hypocotyls [64, 65].
Taking together, transcriptome of elo3-6 cotyledons, with surprisingly few downregulated photomorphogenesis-related genes, does not explain strongly affected phenotype of these organs, while ontology of the upregulated genes indicates severe changes in carbon and nitrogen metabolism.
Genes enriched in codons corresponding to tRNA anticodons modified by Elongator exhibit reduced expression, particularly in cotyledons
While Elongator's role in modifying uridine in tRNA anticodons may not directly affect gene expression, codon-anticodon pairing defects can cause ribosome stalling and degradation of transcripts enriched in respective codons, influencing mRNA levels in RNA-Seq experiments [66]. Therefore, we examined the gene expression with respect to the presence of 11 codons recognized by the modified tRNAs. We evaluated several parameters, i.e. the total frequency of these codons (FT), their mean frequency among synonymous codons to control the specific amino acid usage (FS), the fraction of at least two (F2), three (F3) or four (F4) such codons occurring consecutively as well as the mean distance between them (D). The latter four parameters specifically address the distribution and potential grouping of these codons within gene sequences. While genes with increased contribution of codons recognized by tRNAs modified by Elongator have increased F (FT, FS, F2, F3 and F4) parameters, the D value for such genes decreases.
Genes with significantly reduced expression in elo3-6 compared to WT were significantly enriched in the selected codons (had higher F parameters) relative to genes with higher expression (Table S8). The downregulated genes also contained more clusters of these codons with shorter distances between them (had lower D value). Median values for codon and cluster fractions were 3% to 209% higher in the downregulated genes than the upregulated ones, and the inter-codon distances were 4% to 9% shorter. The differences were statistically significant across all parameters and for both cotyledon and hypocotyl genes (Table S8, Fig. S6).
[bookmark: _Hlk182910210]We also ranked all genes from two organs separately in ascending order based on codon-related parameters and selected 1% to 50% of genes, in 1% increments, from the top (the lowest parameter values) and bottom (the highest parameter values) of this ranking. Then, we statistically tested the difference between the expression levels (LFC) of genes selected from the extremes of this ranking, i.e. those with the lowest (LF) versus the highest (HF) codon frequencies and the shortest (SD) versus longest (LD) distances between the codons. The differences in the median LFC between these gene subsets, i.e. Me(LFCHF) - Me(LFCLF) and Me(LFCSD) - Me(LFCLD), are visualized in Fig. 4a, b. The comparisons showed that genes with a higher content of the considered codons and shorter distances between them are characterized by smaller LFC values than genes with smaller fractions of these codons and wider codon spacing. The difference in the expression level became more pronounced as we compared genes with more extreme parameter values, particularly in cotyledon genes. The differences were statistically significant for all comparisons in cotyledon genes and most comparisons for hypocotyl genes. Some comparisons involving extreme parameter values for hypocotyl genes were insignificant. The box plots and statistics for gene sets with the most extreme values of the codon parameters are presented in Fig. S7 and Table S9.
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Fig. 4 The difference in median LFC of genes with various parameters of the codons recognized by tRNAs with wobble uridine modified by Elongator. FT is the total frequency of the selected codons among all others, FS is the mean frequency of these codons among synonymous ones, F2, F3 and F4 are the fractions of respectively at least two, three or four codons appearing consecutively, D is the mean distance between the selected codons. Genes were ordered in ascending order based on the codon parameters and grouped in percentage classes of the ranking. In panels (a) and (b), the genes were considered separately for cotyledon and hypocotyl, respectively and the difference in LFC was calculated between the bottom and top genes for FT, FS, F2, F3 and F4 or between the top and bottom genes for D of the ranking. In panel (c), the difference was calculated between LFC of cotyledon and hypocotyl genes for a given percentage class. White circles indicate statistically insignificant differences in LFC between the compared subsets.
To directly compare hypocotyls and cotyledons with respect to the expression levels of genes depending on the codon frequencies and the distances between them, we ranked all genes from both organs together in ascending order based on codon parameters and selected between 1% and 50% of genes from the bottom of the ranking (for FT, FS, F2, F3 and F4) or top of the ranking (for D). The differences in the median LFC for these parameters between the corresponding cotyledon and hypocotyl subsets for a given percentile class clearly indicate that gene expression in cotyledon is consistently lower than that in hypocotyl (Fig. 4c). The difference is getting bigger for genes with the high frequency of selected codons and their closer proximity in the sequence. The differences in LFC are statistically significant across all parameters for genes at the ranking extremes. The box plots and statistics for the genes with the most extreme values of the codon parameters are presented in Fig. S8 and Table S10. Mean and median values of LFC are negative for cotyledon genes and positive for hypocotyl genes, indicating a lower and higher expression of genes strongly enriched in the specific codons in elo3-6 compared to WT in these organs, respectively.
To determine whether the downregulated genes with the highest fractions of specific codons or codon groups, as well as the shortest distances between these codons, belong to characteristic functional groups, we conducted GO enrichment analyses. We selected genes meeting the criteria of having statistically significant LFC ≤ -1, and at least one of the parameters FT, FS, F2, F3, or F4 above the 95th percentile (corresponding to high content of selected codons), or the parameter D below the 5th percentile (corresponding to short distances between the analyzed codons) (Table S11). The calculations showed that these genes are associated with the auxin pathway and transport, organ growth regulation, response to abiotic stimulus, and circadian rhythm. This result corresponds well to the previous finding on the enrichment of GO groups and the observed phenotypes because these processes can influence cotyledon and hypocotyl length as well as cotyledon opening angle.
[bookmark: _Hlk178759541]Transcriptomic differences between cotyledons and hypocotyls are more pronounced in the elo3-6 mutant than in the wild-type seedlings
Cotyledon and hypocotyl development during photomorphogenesis involves transcriptomic reprogramming, leading to distinct organ-preferential gene expression. We use the term “preferentially” rather than “organ-specifically” expressed, as our analysis compares transcript levels between only two organs: hypocotyls and cotyledons. The objective of this study was to determine how Elongator shapes organ-preferential gene expression contributing to hypocotyl and cotyledon identity. We identified preferentially expressed genes in WT RNA-Seq by comparing transcript accumulation between the two organs, applying an LFC threshold of |1| (Fig. S9). Subsequently, the elo3-6 RNA-Seq data were analyzed, and comparisons of BP ontological analyses between WT and mutant datasets revealed how the absence of the functional Elongator affects gene expression in hypocotyls and cotyledons. To prioritize the most enriched GO terms, we focused on those with a log2 -enrichment fold greater than 2.
In WT, 2323 and 3983 genes are preferentially expressed in cotyledons and hypocotyls, respectively (Fig. 5). In elo3-6, these numbers exceed those in WT, with 2939 and 4761 genes preferentially expressed in cotyledons and hypocotyls, respectively. Comparative GO term analysis between WT and elo3-6 cotyledons identified 54 shared categories, 39 of which exceeded the chosen enrichment threshold and were primarily associated with photosynthesis and chloroplast function (Fig. S10). Fourteen GO terms specific to WT but missing in elo3-6 cotyledons (including ten enriched beyond the chosen threshold), included a considerable proportion of photosynthesis-related categories (Fig. S10), suggesting that additional chloroplast-associated processes are disrupted in elo3-6 cotyledons. Overall, the ontological analysis of WT cotyledons aligns with the well-established phenomenon of light-induced expression of genes essential for photosynthesis in cotyledons [6]. Notably, 53 GO terms were unique to elo3-6 cotyledons, with 36 exceeding the chosen enrichment threshold, primarily linked to amylopectin metabolism and chloroplast functioning, including plastid transcription and chlorophyll biosynthesis (Fig. S10).
For hypocotyls, 48 categories were shared, while 65 and 54 GO terms specific to WT and elo3-6, respectively. Despite these relatively large numbers, only a few terms in all the three datasets were enriched beyond a log2 -enrichment fold of 2 (Fig. S10). From the 48 shared categories, 4 terms associated with glycosinolate and suberin biosynthetic processes surpassed the chosen enrichment threshold. Among the 65 WT-specific categories, only one meiosis-related term exceeded the threshold, while the remaining categories were linked to processes such as nuclear division and microtubule-based movement. Proper cytoskeleton functioning and cell wall construction is particularly crucial for hypocotyls, given that they grow primarily via elongation. Defective regulation of related genes may contribute to the elo3-6 hypocotyl phenotype. The 54 elo3-6-specific terms include 6 terms enriched beyond the chosen threshold that are associated with cell junctions assembly, as well as camalexin and sulfur metabolism (Fig. S10). The diverse yet relatively weakly enriched network of GO terms in both WT and elo3-6 hypocotyls may reflect the developmental plasticity of this organ.
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Fig. 5 Genes preferentially expressed in cotyledons or hypocotyls of the WT and elo3-6 seedlings. 
Elongator complex regulates miRNA expression primarily in hypocotyls
The Elongator complex has been reported to regulate miRNA transcription and processing in Arabidopsis [38]. To assess this function during photomorphogenesis, we analyzed the expression of genes encoding miRNAs in elo3-6 cotyledons and hypocotyls compared to WT using miRNA sequencing. In hypocotyls, the expression of 24 miRNA genes was significantly increased, and surprisingly no miRNA genes were found to be downregulated (Fig. S11a). In cotyledons, the expression of four miRNA genes was significantly increased, whereas only one miRNA gene was significantly downregulated (Fig. S11b).
Among the 24 upregulated miRNA genes in elo3-6 hypocotyls (Table S12), a group of miRNAs is associated with light responses and early development, including miR160, 166, 395, 396, 408, and 858 (Table S13). Upregulation of all three paralogs of the miR160 family - miR160a-5p, miR160b, miR160c-5p is in line with the longer hypocotyls in the mutant, because miR160 promotes hypocotyl elongation by targeting and leading to the cleavage of the mRNAs of ARF10, 16 and 17 [69]. The expression of ARF10 is significantly decreased in elo3-6 hypocotyls (confirmed by RNA-Seq and qPCR, Table S4). ARFs act as transcription factors that inhibit hypocotyl elongation under light conditions [70].
GUN5 was identified as a target of miR395 through bioinformatic prediction and experimental validation [71]. The study suggests that BR promote miR395a to suppress GUN5 expression thereby regulating chlorophyll synthesis. Our prediction through miRanda algorithm also included GUN5 as a potential target of miR395. The significant upregulation of miR395a, -d, -e, along with significant downregulation of GUN5 in elo3-6 hypocotyls (confirmed by RNA-Seq and qPCR, Table S4), is consistent with these findings.
In elo3-6 cotyledons, miR169g-3p is significantly downregulated, and miR319c, miR398c-3, miR472-5p, and miR781a are significantly upregulated (Table S14). miR319c targets TCP transcription factors (JAW-TCPs) to repress accumulation of their transcripts (Table S13), which regulate leaf morphogenesis by maintaining the balance between cell proliferation and differentiation [72–74]. Considering that miR319c is associated with leaf morphogenesis, significant upregulation of miR319c suggested its involvement in impaired phenotype of elo3-6 cotyledons, however, the expression of TCP transcription factors is not altered in elo3-6 cotyledons, therefore excluding this involvement.
In conclusion, the absence of the functional Elongator complex seems to affect miRNA expression more prominently in hypocotyls rather than in cotyledons, wherein only five miRNAs are differentially expressed. Only in elo3-6 hypocotyls, the increased miRNAs expression is followed by a reduced level of target transcripts encoding proteins relevant to the mutant phenotype.
Elongator complex affects the development of the thylakoid system
To determine whether the transcriptome changes caused by the elo3-6 mutation can lead to alterations in chloroplast ultrastructure, we performed transmission electron microscopy (TEM) on ultrathin sections from six-day-old WT and elo3-6 cotyledons and hypocotyls. Chloroplasts in both organs contained structures characteristic of mature organelles, including thylakoids, starch grains, and plastoglobules. In chloroplasts of the elo3-6 cotyledons the thylakoid system appears less dense and less organized compared to WT (Fig. S12a, D1). Plastoglobules are present in chloroplasts of both elo3-6 and WT cotyledons, suggesting no significant differences in their content. In elo3-6 hypocotyls, chloroplasts seem to contain a reduced number of stacked granal thylakoids (Fig. S12b, D2) and a generally less dense thylakoid system (Fig. S12b, D3). When comparing the chloroplasts of cotyledons and hypocotyls, an increased quantity and larger size of plastoglobules were evident in the hypocotyls. However, there appeared to be no difference in the abundance of plastoglobules between elo3-6 and WT hypocotyls. Overall, the structure of chloroplasts in hypocotyls appears to be more disrupted by the elo3-6 mutation than in cotyledons.
Two activities of the Elongator complex, in the regulation of transcription and translation, might contribute to seedling photomorphogenesis in Arabidopsis
In elo3-6 cotyledons, the number of differentially expressed photomorphogenesis-related mRNAs and miRNAs was relatively small. These limited changes did not sufficiently explain the significantly affected morphology of these organs. This suggests that Elongator contributes to light-regulated plant development not only by facilitating transcription but also by optimizing protein translation. The Elongator complex is one of the enzymes that catalyze the mcm5 modification of the 34th wobble uridine in the anticodon loop of some tRNAs. Consequently, we decided to investigate the potential effect of the absence of this modification on photomorphogenesis. To distinguish the effects of disrupted transcription and translation combined in the elo3-6 mutant, we performed phenotype analysis of the urm11urm12 double mutant, which has mutations in genes encoding enzymes catalyzing the thiolation of the product of Elongator activity, resulting in mcm5S2U34 tRNA modification. We assumed that the common phenotypic features of elo3-6 with those of the urm11urm12 are likely caused by the disruption of translation occurring in these mutant lines as the result of the absence of properly modified wobble uridine. According to the RNA-Seq data, the expression of URM11 and URM12 is not altered in either elo3-6 cotyledons or hypocotyls. Therefore, the elo3-6 phenotype cannot be explained by the misexpression of these genes. 
We evaluated hypocotyl length, cotyledon opening angle, and cotyledon length/width ratio (Fig. 6). No significant differences were observed in the hypocotyl length of urm11urm12 seedlings when compared to WT, in contrast to the significant increase in hypocotyl length in elo3-6 (Fig. 6a). These results indicate that impaired mcm5S2U34 tRNA modification does not lead to elongated hypocotyls during photomorphogenesis and were in support of transcriptional role of Elongator in photomorphogenesis.
The cotyledon opening angle was significantly lower in urm11urm12 compared to WT, but was the lowest in elo3-6 (Fig. 6b). These results indicate that impaired mcm5S2U34 tRNA modification leads to seedlings’ inability to properly open cotyledons.
The cotyledon length/width ratio in urm11urm12 was only slightly but statistically significantly increased compared to WT, but significantly shorter than in elo3-6 (Fig. 6c; Fig. S13a, b).
Considering the elo3-6 transcriptome analysis and comparison of elo3-6 and urm11urm12 light-grown seedling phenotypes, we conclude that both functions of the Elongator complex, in transcription and translation, are involved in photomorphogenesis regulation. Our results suggest that the relative contribution of the two activities of Elongator, either in nucleus (during transcription) or in cytoplasm (during translation), do not contribute equally to photomorphogenesis in hypocotyls and cotyledons, and Elongator-dependent tRNA modification seems to be particularly required in cotyledons development.
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Fig. 6 Phenotypic analysis of WT, elo3-6, and urm11urm12 seedlings grown under constant white light (45 µmol m-2s-1). Bar charts show the mean measurements of phenotypic features (a-c). The letters a, b, and c indicate a statistically significant difference between each genotype. Whiskers indicate standard deviation.
The regulatory activity of Elongator complex during translation promotes light-induced cotyledon opening
Similar cotyledon development defects observed in elo3-6 and urm11urm12 suggest that Elongator-dependent tRNA modification regulates cotyledon growth at the translational level. We assume that if Elongator is engaged in translation, its mutants should be responsive to translation inhibitors. To directly verify this assumption, we aimed to study the impact of Elongator loss on ribosomal activity by assessing the sensitivity of elo3-6 and urm11urm12 seedlings to cycloheximide (CHX), spectinomycin (SPEC), puromycin (PMN), hygromycin B (HYG B), and erythromycin (ERY) (Fig. 7; Fig. S14). These antibiotics bind to various sites on the ribosome, inhibiting different stages of protein synthesis. While CHX is a selective inhibitor of eukaryotic protein synthesis, PMN and HYG B act both on prokaryotic and eukaryotic ribosomes, SPEC and ERY are inhibitors of prokaryotic protein synthesis [75]. Moreover, CHX, PMN, and ERY, are inhibitors of the large ribosomal subunit, whereas SPEC and HYG B bind to the small ribosomal subunit [76–78]. We used previously tested defined doses of those antibiotics and compared their effects with parallel mock treatments on the growth of elo3-6 and urm11urm12 versus WT. After five days of growth, the resistance and the extent of seedling development were evaluated. The growth-response assays revealed that both elo3-6 and urm11urm12 seedlings, in particular elo3-6, were more tolerant to all tested translation inhibitors than WT (Fig. 7a). After treatments with individual antibiotics, WT seedlings were significantly delayed in growth and even had yellow cotyledons (SPEC treatment), while seedlings of mutants were larger and more resistant. It seems that antibiotics also affect seedling roots, however, in this paper, we address only the changes occurring during photomorphogenesis in hypocotyls and cotyledons.
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Fig. 7 Phenotypic analysis of five-day-old WT, elo3-6, and urm11urm12 seedlings grown under constant white light (45 µmol m-2s-1) on media with different protein synthesis inhibitors: cycloheximide (CHX), spectinomycin (SPEC), puromycin (PMN), hygromycin B (HYG B) and erythromycin (ERY). The corresponding mock samples served as controls (0.5 MS for CHX, SPEC, PMN; 0.5 MS + PBS for HYG B; 0.5 MS + EtOH for ERY). Three representative seedlings grown in vitro in a vertical position from each line are displayed (a). Bar charts show the mean percentage difference to the appropriate control in the phenotypic analyses (b-f). The percentage difference for each phenotypic trait was calculated using the formula:  , where  is a value of a given trait under the antibiotic treatment and  represents the mean value of the given trait in control (mock) seedlings. Asterisks indicate a statistically significant difference between seedlings grown on antibiotic and control medium. Horizontal lines indicate a statistically significant difference between the mutant and WT. Whiskers indicate the standard deviation.
Statistical analyses revealed significant differences in hypocotyl and cotyledon measurements between seedlings grown on antibiotics and mock seedlings (Fig. S14). To compare the effects between mutants and WT, we normalized the raw measurements for seedlings cultured under antibiotics by the mean obtained from corresponding mock seedlings (Fig. 7b-f, significant changes are marked with asterisks). A significant elongation of WT hypocotyls (11%) was observed under PMN treatment, whereas shortening was noticed in elo3-6 under CHX (≈8%) and HYG B (≈9%). The effects of antibiotics on the cotyledon opening angle varied. CHX significantly decreased the angle in elo3-6 (17%) and urm11urm12 (7%), whereas PMN increased it in WT (≈11%) and urm11urm12 (15%). Similarly, SPEC increased the cotyledon opening angle in urm11urm12 by 11%. In contrast, HYG B had opposite effects, reducing the angle in WT by ≈10% while increasing it in elo3-6 by 26%. In most cases, cotyledons were significantly shorter and narrower. Cotyledon length and width were reduced similarly in WT and mutants grown on CHX (14-21%) and HYG B (26-32%). PMN and ERY reduced cotyledon length and width in WT by 10-18%, while mutants’ responses to these antibiotics varied. PMN reduced elo3-6 cotyledon length by 13% and width by 15%, whereas in urm11urm12 only cotyledon width showed a significant reduction (8%). ERY reduced cotyledon length and width in urm11urm12 by 11% and 10%, respectively. An interesting exception was observed in elo3-6 subjected to SPEC, where cotyledons got significantly longer and wider by up to 14%, while WT cotyledons were dramatically reduced by up to 40%. The cotyledon length/width ratio generally increased, though not substantially, ranging from 4% to 15%.
To gain insight into the action of Elongator in protein synthesis, we determined whether the effects of antibiotics differ between the tRNA modification mutants and WT. We conducted statistical tests to indicate the significant changes between elo3-6 or urm11urm12 mutants and WT (Fig 9b-f, significant changes are marked with horizontal lines). CHX and PMN significantly shortened mutant hypocotyls, but the differences did not exceed 14%, and at least in case of PMN results from the elongation of WT hypocotyl (11%). Notably, HYG B induced a significant increase in the cotyledon opening angle, by up to 36% in elo3-6 and 11% in urm11urm12 compared to WT. Similarly, SPEC increased this angle by 10% in urm11urm12 relative to WT. The largest percentage differences in cotyledon length and width were observed under SPEC treatment: 45% and 26% in length and 54% and 37% in width in elo3-6 and urm11urm12, respectively. These changes resulted from a dramatic (30-40%) reduction in length and width in WT under SPEC and a corresponding increase in elo3-6. PMN and ERY also significantly increased cotyledon length and width (≈10%) in urm11urm12 and elo3-6, respectively, compared to WT. The cotyledon length/width ratio decreased most notably in mutants compared to WT under SPEC (16-18%) and, to a lesser extent, in urm11urm12 under ERY (4%).
Altogether, the above data indicate that cotyledons, rather than hypocotyls, are responsive to protein synthesis inhibitors. The most noticeable observation is the substantial increase in the cotyledon opening angle in elo3-6 grown on HYG B. A similar but less pronounced effect was observed in urm11urm12. This consistent response of tRNA modification mutants to HYG B suggests that Elongator-dependent tRNA modification regulates light-induced cotyledon opening.
Discussion
Seedlings lacking a functional Elongator complex exhibit growth defects during photomorphogenesis – elo3-6 cotyledons are elongated, narrower, and less open compared to WT, and hypocotyls are significantly longer. We analyzed the transcriptomes of elo3-6 hypocotyls and cotyledons separately, and correlated hypocotyl phenotype with changes in mRNA and miRNA expression related to chloroplast-functioning genes. Impaired transcription of these genes, as well as genes associated with light responses and circadian clock, likely disrupted communication between the cell nucleus and chloroplasts. Interestingly, changes in the elo3-6 cotyledon transcriptome did not explain the observed growth defects, and absolute values of gene expression change were lower in cotyledons than in hypocotyls. Therefore, alterations of elo3-6 cotyledons may be mainly caused by disturbed protein translation relating to the missing tRNA modification in the absence of a functional Elongator complex. Indeed, results of the assay of seedling responses to translation inhibitors and bioinformatic analyses of the codon usage in downregulated genes, show that Elongator distinctly regulates the development of the two organs during photomorphogenesis, and its role in translation prevails in cotyledons over hypocotyls.
[bookmark: _Hlk175759904]Nuclear-encoded proteins are imported to the developing chloroplasts to enable thylakoid formation and assembly of photosynthetic complexes [79]. To coordinate protein synthesis nucleus controls plastid gene expression via anterograde signals, while plastids emit retrograde signals of their developmental status to regulate the expression of the Photosynthesis Associated Nuclear Genes (PhANGs) [80–84]. Vast set of plastid-related genes downregulated in elo3-6 hypocotyls, prompted us to apply electron microscopy to visualize potential irregularities in the mutant’s chloroplasts. Defects of the chloroplast structures were already documented in elo1 mutant [85], but never during photomorphogenesis. The identified defects in the number and compactness of granal thylakoids confirmed the significance of gene expression controlled by Elongator for proper chloroplast biogenesis. Further functional assays of photosynthetic activity are required to fully understand the role of the Elongator complex in chloroplasts functionality. The plastid-related genes downregulated in elo3-6 hypocotyl branched into three clades associated with: (1) chlorophyll biosynthesis, (2) plastid gene expression machinery, and (3) biogenesis of thylakoids, photosynthetic complexes, and electron transport. The identity of these clades together with decreased chlorophyll levels in elo mutants [27, 85], and finally, structural defects of thylakoids, are symptoms of negative retrograde signaling. Impairment of the tetrapyrrole/heme/chlorophyll pathways or plastid transcription/translation machinery leading to compromised chloroplast biogenesis triggers the retrograde signals downregulating PhANGs expression and attenuating photomorphogenesis [86–88]. We hypothesize that photomorphogenesis defects in elo3-6 hypocotyls are caused by the retrograde signals provoked by the consequences of transcriptome changes occurring in the absence of the active Elongator complex. Mutations in several genes downregulated in elo3-6 (GUN3 and 5, PAP5/PTAC12 and PAP7) are known to trigger retrograde response. PAP5/PTAC12 is located in chloroplasts and nucleus, where it is required for the formation and/or action of phytochrome nuclear bodies critical for the light-induced degradation of PIF1 and PIF3 repressors of photomorphogenesis [48, 89]. The degradation of PIFs enables the expression of genes involved in chlorophyll biosynthesis, cotyledon expansion, and the inhibition of hypocotyl elongation [90–92]. Moreover, there are strong premises which suggest that PAP5/PTAC12 may reach the nucleus via retrograde transport after it is first translocated to chloroplast and processed to its mature form [93]. Therefore, it is tempting to indicate that the chloroplasts may act as a checkpoint for PAP5/PTAC12, which can be exported to the nucleus only from properly developed organelles to initiate photomorphogenesis.
Decreased expression of sigma factors SIG1 and SIG5 in elo3-6 hypocotyls is in line with the downregulation of genes encoding the photosynthesis reaction centers of PSI and PSII. SIG1 modulates the relative transcription of psaA/B and psbA genes and enables a rapid adaptation of photosystems’ activity to light changes [94]. SIG5 recognizes the promoters of psbA and psbD, and is considered to enhance the turnover of damaged PSII proteins in response to stress [95]. Additionally, SIG5 transfers circadian information from the nucleus to chloroplast [96]; therefore, it might play a critical role in mediating the circadian gating of light input for chloroplast-encoded genes.
Large proportion of genes upregulated in elo3-6 hypocotyls grouped to GO categories hallmarking the response to hypoxia, a state with declined oxygen levels occurring as the result of submergence when gas exchange is inhibited. In Arabidopsis, hypoxia induced by submergence, triggers ethylene signaling, which activates PIF3 proteins positively regulating skotomorphogenic growth, and ultimately results in the hypocotyl elongation [58]. Hypoxia may also occur due to an inefficient oxygen distribution, high cellular density of a given tissue or very high metabolism, and may be restricted to individual organs or tissues [97]. Very young seedlings experience oxygen deficit shortly after germination in water-logged soil, which, together with the absence of light, is recognized as the environmental factor promoting skotomorphogenic growth. Therefore, next to light perception, oxygen sensing is proposed as a necessary factor for optimal timing of transition from skoto- to photomorphogenesis which requires light and oxygen for successful progress [98]. Physiological hypoxia usually does not occur in autotrophic tissues since they produce photosynthetic oxygen, however, we propose that the disturbed chloroplast biogenesis in elo3-6 hypocotyls may lead to transcriptome adjustments typical for hypoxia, and finally, to elongation of hypocotyls.
We were surprised by almost completely distinct pools of genes identified as differentially expressed in hypocotyls and cotyledons in elo3-6 compared to WT. Expression changes in cotyledons were significantly smaller than that in hypocotyls and the GO categories of downregulated genes were weakly enriched. Transcriptome modifications did not clearly support photomorphogenesis defects hallmarked by strongly elongated, narrow, and hyponastic cotyledons. Considering that photosynthesis is the essential function of cotyledons, and related genes are activated early during photomorphogenesis [99], we expected their decreased expression in the elo3-6 mutant. Indeed, some genes encoding proteins involved in the light phase of photosynthesis were downregulated and grouped in a well enriched cluster. However, the GO analysis also revealed upregulated genes related to dark phase of photosynthesis and, more generally, to carbon metabolism including photorespiration. This situation can be, to some extent, explained by the recently described compensation mechanism which upregulates photorespiration in response to inactivation of photosynthetic cyclic electron transports [100]. Carbon metabolism-related pathways (e.g. Calvin–Benson-Cycle, photorespiration, gluconeogenesis, leucine synthesis, and glycolysis), similar to those upregulated in elo3-6 cotyledons, were identified as enriched in reactions with highly altered fluxes in a mutant with defective ribosome biogenesis [101]. The double reil1-1reil2-1 mutant of the cytosolic 60S maturation factors REIL1 and REIL2 was analyzed via integrated metabolomics and transcriptomics assay to explain how defects in biogenesis of ribosomes, required for biosynthesis of proteins, including metabolic enzymes, feed back on metabolism. Considering that elo mutations, resulting in defective modification of some tRNAs, also affect protein biosynthesis, similarities between reil1-1reil2-1 and elo3-6 mutants are relevant for interpretation of our results.
To understand how Elongator contributes to organ identity during photomorphogenesis, we compared genes preferentially expressed in hypocotyls or cotyledons between WT and elo3-6. The first striking result was a much higher number of these genes in hypocotyls of both lines. The similar difference between hypocotyls and cotyledons was reported for a number of shade-induced genes [3]. Transcriptome complexity of hypocotyl could be caused by the developmental plasticity of this organ adjusting to fluctuating environmental conditions, mainly light and temperature. Moreover, hypocotyl as the transition region between a root and a stem, additionally connected to cotyledons, may require a broad spectrum of expressed genes with more numerous and diverse GO categories than in cotyledons. As suspected, in the absence of Elongator, transcript levels of some genes are not sufficiently elevated in hypocotyls vs. cotyledons, or vice versa, and they are not identified in elo3-6 as hypocotyl- or cotyledon-preferentially expressed. GO terms specific to WT cotyledons are associated with photosynthesis, suggesting that these genes might not be sufficiently expressed in cotyledons compared to hypocotyls in elo3-6. Surprisingly, we identified relatively large sets of GO terms unique to either elo3-6 cotyledons or hypocotyls, but not in WT. The excessive expression of genes within these categories in one organ vs. the other may be relevant for the elo3-6 photomorphogenesis defects. Notably, in cotyledons, categories related to chloroplasts are overrepresented.
As in the case of mRNA transcriptomes, also the alterations in miRNAs expression seem to be relevant to photomorphogenesis defects in elo3-6 hypocotyls, whereas in cotyledons changes were very limited. The number of miRNAs with increased expression level was higher in hypocotyls and the upregulation of six miRNAs was connected with the decreased mRNA levels of their known targets. Our results contradict previously reported positive regulation of miRNA biogenesis by the Elongator complex [38]. This contradiction may result from differences in growth conditions and the use of distinct tissues.
In cotyledons, unlike in hypocotyls, we were unable to find a good transcription-based explanation for clear signs of disturbed photomorphogenesis. Consequently, to evaluate the contribution of translation-related role of Elongator to photomorphogenesis, we compared seedlings of elo3-6 mutant with urm11urm12 double mutant, lacking activity of enzymes, which similarly to Elongator, are essential for modification of wobble uridine residue in tRNA required for efficient translation. Decreased angle between cotyledons and, to some degree, their elongated shape in the two mutants, indicated that Elongator regulates photomorphogenesis at the translation stage of gene expression. Interestingly, these findings contribute to better understanding of the evaluation of GFP-ELO3/elo3-6 seedlings phenotype, showing that the GFP-ELO3 construct fully compensated elongated phenotype of elo3-6 hypocotyls, but only partially compensated for disturbed cotyledon development. These results suggest that different mechanisms driven by Elongator contribute to hypocotyls and cotyledons development and the GFP-ELO3 construct restores these mechanisms to different degrees. Possibly, only transcriptional activity is fully restored, while translational activity of the Elongator complex, which seems to be crucial only for cotyledons development, is partially restored. The more important role of Elongator in the regulation of gene transcription in hypocotyls than in cotyledons is additionally supported by the significantly higher absolute LFC values for hypocotyl genes. 
The assay of elo3-6 and urm11urm12 growth in the presence of translation inhibitors allowed assessing the role of Elongator-dependent tRNA modification in cotyledon and hypocotyl development. At first glance, the elo3-6 and urm11urm12 seedlings appeared to exhibit a marked resistance to various translation inhibitors. Since ample data shows that resistance to several translation inhibitors in Arabidopsis is associated with deficiency of ribosome biogenesis [102–104], it is conceivable that elo3-6 and urm11urm12 mutants might have altered ribosomal functions. Analyses showed that some antibiotics enhanced the effects of mutation, changing a phenotypic trait in the same direction as the mutation. However, most antibiotics counteracted mutation effects, mimicking a phenotypic reversion. We identified several such cases in which the phenotypic difference exceeded 10% and was statistically significant compared to the control (mock), and between mutants and WT. These cases concern action of HYG B and SPEC. HYG B substantially increased the cotyledon opening angle in elo3-6, imitating the WT state. HYG B and SPEC also increased the angle in urm11urm12, though to a lesser extent. This minor effect in urm11urm12 might result from the smaller scope of phenotypic changes observed in this mutant. SPEC also caused a significant elongation of elo3-6 cotyledons, aligning with the mutation’s effect, while simultaneously inducing cotyledon shortening in WT. Interestingly, this antibiotic led to cotyledon widening in elo3-6, contrary to the mutation’s effect.
Since HYG B partially restores the cotyledon opening angle in elo3-6 (and to a lesser extent in urm11urm12), it seems that it mimics Elongator’s role in translation. Indeed, while mcm5S2U34 tRNA modification performed by Elongator and URMs, facilitates and strengthens tRNA binding at the ribosomal A- (aminoacyl) site, HYG B also stabilizes this interaction via binding to single site on the small ribosomal subunit, next to the A-site [105]. In WT plants with properly modified tRNAs, stabilizing effect of HYG B is so strong that it blocks translocation of tRNA to the P-(peptidyl) site [105–107]. We propose that in elo3-6 and urm11urm12, HYG B partially rescues cotyledon opening by mimicking Elongator-mediated codon-anticodon stabilization effect. It is also worth to discuss the opposite effect of SPEC on cotyledon development in both tRNA modification mutants and WT. Notably, SPEC, similarly to HYG B, belong to the same class of antibiotics, aminoglycosides, and binds to the small ribosomal subunit, interfering with peptidyl tRNA translocation [75, 77]. However, SPEC is a prokaryotic-type translation inhibitor that blocks translation in the organelles without any direct effects on cytoplasmic protein synthesis. Therefore, the molecular details explaining the translational regulation of the cotyledon growth by the Elongator under SPEC remain to be elucidated.
An interesting insight into the translational role of Elongator is provided by our studies about the relationships of gene expression with the content and distribution of codons, for which corresponding uridine in tRNA anticodons is modified by Elongator. This modification is essential for accurate codon-anticodon pairing and optimization of translation speed and accuracy [108, 109]. Thus, disruption of this modification should impair the translation process, making it both slower and more error-prone for these specific codons. However, we found that genes enriched in these specific codons with shorter distances between them demonstrate lower expression in elo3-6, i.e. the impact on the transcription process. Nevertheless, it still does not exclude the basic role of Elongator in the translation. Transcripts of genes enriched in these codons can stall longer in ribosomes due to defective codon-anticodon pairing in the mutant. Then, such mRNAs are more susceptible for degradation by surveillance mechanisms, e.g. No-Go decay (NGD) [110, 111] or processes similar to Nonsense-mediated mRNA decay (NMD) [112]. It can result in a lower concentration of mRNA isolated in RNA-Seq procedures. The decrease in the expression level of genes rich in these specific codons was more noticeable in cotyledons than in hypocotyls. This confirms conclusions from other findings that the translational role of Elongator is more significant in cotyledons.
Genes with significantly lower expression in elo3-6 and enriched in codons recognized by Elongator-modified tRNAs turned out to be involved in auxin pathway and transport of auxin, organ growth regulation, response to abiotic stimulus, and circadian rhythm. Therefore, the Elongator enzymatic activity catalyzing modification of the defined set of tRNAs, can be a molecular mechanism regulating translation efficiency of proteins responsible for specific processes, e.g. root elongation, gravitropism, apical dominance and proper coordination of growth rates. These proteins can also prepare plants to adapt to abiotic stresses, such as drought, salinity, and temperature extremes or regulate physiological rhythms that align plant growth and development with environmental light/dark cycles, including photosynthesis, hormone signaling and flowering. In addition, our results point to yet unknown level of Elongator-mediated gene expression regulation. Next to transcription elongation facilitation via epigenetic activity and translation efficiency modulation by tRNAs modification, Elongator contributes also to regulation of transcripts stability.
Our results suggested that the impact of transcription- and/or translation-related functions of Elongator on the gene expression regulation is specific to organs (Fig. 8). Although this difference between hypocotyls and cotyledons still requires further explanation, it should be stressed that the hypocotyl assay of elo3-6 and urm11urm12 mutants seems to exclude the possibility of Elongator-mediated translation regulation of hypocotyl elongation. On the other hand, the referenced studies reporting essential role of translation regulation during photomorphogenesis, are all based on analyses of RNA samples isolated from the whole seedlings or their aerial parts including mostly cotyledon tissue, and are, therefore, representative for mechanisms occurring in these organs. We cannot determine the exact contribution of the various regulatory functions performed by Elongator in the hypocotyls and cotyledons, but based on our data we can conclude that Elongator differentially controls photomorphogenesis in these two organs of Arabidopsis seedlings.
[image: ]
Fig. 8 Model of the Elongator complex function during photomorphogenesis. In hypocotyl, Elongator suppresses elongation through its transcriptional activity in the cell nucleus. Elongator promotes the expression of genes associated with light responses, chloroplast functionality, circadian clock, and auxin responses. Among these genes are those involved in anterograde signaling, which shape chloroplast function. In cotyledon, we propose that Elongator is active in the cytoplasm, wherein it fine tunes protein translation via modification of tRNA wobble uridine, whereas Elongator-dependent transcription regulation seems to play a minor role in shaping cotyledon development.
Conclusions
[bookmark: _GoBack]Our findings in Arabidopsis thaliana demonstrate that the Elongator complex regulates hypocotyl and cotyledon growth via distinct molecular mechanisms in Arabidopsis thaliana. In hypocotyls, Elongator acts primarily at the transcriptional level. Misexpression Decreased expression of genes associated with chloroplast function - particularly the downregulation of those involved in chlorophyll biosynthesis, plastid transcriptional regulation, and photosynthetic complex assembly - suggests disrupted communication between the nucleus and chloroplasts, resulting in the elongated hypocotyl phenotype. In contrast, cotyledon growth appears to be governed by the translational activity of Elongator. This is supported by the phenotypes of elo3-6 and urm11urm12 mutants, both of which lack enzymes required for tRNA wobble uridine modification and display similar cotyledon growth defects. Further evidence comes from the analysis of codon usage in differentially expressed genes in elo-6, indicating that genes enriched in codons corresponding to tRNA anticodons modified by Elongator exhibit reduced expression, particularly in cotyledons. Additionally, treatment with the translational inhibitor HYG B partially rescues the disturbed cotyledon opening angle in elo3-6 by mimicking the codon-anticodon stabilization mediated by Elongator. Taken together, these results show that the Elongator complex regulates hypocotyl growth via transcriptional activity, whereas cotyledon growth is predominantly regulated by the translational activity of Elongator.
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