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As autotrophic organisms, plants capture light energy to convert carbon dioxide into ATP, nicotinamide adenine dinucleotide phosphate (NADPH), and sugars, which are essential for the biosynthesis of building blocks, storage, and growth. At night, metabolism and growth can be sustained by mobilizing carbon (C) reserves. In response to changing environmental conditions, such as light-dark cycles, the small-molecule regulation of enzymatic activities is critical for reprogramming cellular metabolism. We have recently demonstrated that proteogenic dipeptides, protein degradation products, act as metabolic switches at the interface of proteostasis and central metabolism in both plants and yeast. Dipeptides accumulate in response to the environmental changes and act via direct binding and regulation of critical enzymatic activities, enabling C flux distribution. Here, we provide evidence pointing to the involvement of dipeptides in the metabolic rewiring characteristics for the day-night cycle in plants. Specifically, we measured the abundance of 13 amino acids and 179 dipeptides over short- (SD) and long-day (LD) diel cycles, each with different light intensities. Of the measured dipeptides, 38 and eight were characterized by day-night oscillation in SD and LD, respectively, reaching maximum accumulation at the end of the day and then gradually falling in the night. Not only the number of dipeptides, but also the amplitude of the oscillation was higher in SD compared with LD conditions. Notably, rhythmic dipeptides were enriched in the glucogenic amino acids that can be converted into glucose. Considering the known role of Target of Rapamycin (TOR) signaling in regulating both autophagy and metabolism, we subsequently investigated whether diurnal fluctuations of dipeptides levels are dependent on the TOR Complex (TORC). The Raptor1b mutant (raptor1b), known for the substantial reduction of TOR kinase activity, was characterized by the augmented accumulation of dipeptides, which is especially pronounced under LD conditions. We were particularly intrigued by the group of 16 dipeptides, which, based on their oscillation under SD conditions and accumulation in raptor1b, can be associated with limited C availability or photoperiod. By mining existing protein-metabolite interaction data, we delineated putative protein interactors for a representative dipeptide Pro-Gln. The obtained list included enzymes of C and amino acid metabolism, which are also linked to the TORC-mediated metabolic network. Based on the obtained results, we speculate that the diurnal accumulation of dipeptides contributes to its metabolic adaptation in response to changes in C availability. We hypothesize that dipeptides would act as alternative respiratory substrates and by directly modulating the activity of the focal enzymes.
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INTRODUCTION

In a wide range of organisms, photoperiod length influences several vital events such as growth rate, reproduction, disease progression, and migration. The coordination of these internal events with the predictable photoperiod changes can optimize the use of resources, such as food availability and environmental conditions (Dardente et al., 2014). In plants, the length of light and night periods affect the following: biomass accumulation and growth (Nozue et al., 2007; Khoeyi et al., 2012; Doust, 2017), flowering (Garner and Allard, 1920; Yanovsky and Kay, 2002; Salazar et al., 2009), and cell wall composition and C allocation (Sulpice et al., 2014; Mengin et al., 2017; Alves et al., 2019). The adaptation to variation in light exposure is a competitive asset that allows plants to be tuned with foreseeable environmental changes following seasonal transitions. Moreover, plant development under different photoperiods establishes distinct internal dynamics by adjusting the metabolism to available sunlight (Seaton et al., 2018). This is particularly relevant for plants from high latitudes, as the growing season is getting longer due to climate changes, and thus, adaptation to the dynamic environment can be crucial in sustaining productivity [reviewed by Piao et al. (2019)].

Plants rely on the light supply to capture energy to convert carbon dioxide into ATP, nicotinamide adenine dinucleotide phosphate (NADPH), and sugars, which are essential for the biosynthesis of building blocks, cell proliferation, biomass accumulation, and reproductive fitness. In long photoperiods (LD) (16 h light/8 h dark), Arabidopsis transcript and protein levels match accelerated growth and have a faster transition to flowering, in comparison to short days (SD) (8 h light/16 h dark) (Baerenfaller et al., 2015). At night, plant growth is supplied by C skeletons released from the mobilization of transient starch that is synthesized during the light period (Smith and Stitt, 2007). Reasonably, the rates of C allocation into starch during the day are faster and its mobilization during the night is slower in SD condition, allowing this polysaccharide to last until the next light period (Sulpice et al., 2014; Mengin et al., 2017). The diel pattern of starch turnover optimizes growth under C limitation, in which, almost all of these compounds accumulated during the day were used to supply growth while avoiding C starvation, protein catabolism, and growth impairment caused by a premature C exhaustion at night (Moraes et al., 2019 and references therein). Starch accumulation pattern is more dependent on the duration of the light period rather than light intensity since shorter periods of light allocate a higher proportion of photosynthate into starch, whereas when irradiance fluctuated, this change was milder. The higher rate of starch accumulation in SD to sustain metabolism and growth at the longer nights leaves less C available for growth in the light period (Mengin et al., 2017), characterizing this photoperiod to display a smaller proportion of C that is available for growth compared with LD. Thus, when we mention C limitation or C restriction throughout the text related to our experiments, they are considered in terms of C mobilization to fuel growth rather than the photosynthetic rate. Both the decreased extent of diurnal turnover of C reserves and the transcriptional daytime changes in LD suggested that this photoperiod does not need tight energy management as SD (Baerenfaller et al., 2015). In addition to starch, autophagy also contributes in generating energy during longer night periods of SD under diurnal low light intensity, thus providing an alternative energy supply source as amino acids from protein catabolism (Izumi et al., 2013). Accordingly, transcripts and metabolic data related to autophagy increased during the dark even when the photoperiod comprised 14 h light, and had further augmented in the extended night (Usadel et al., 2008). Moreover, under conditions of starvation, like the one faced by the starchless phosphoglucomutase mutant (pgm) grown under SD, the rates of protein degradation increased rapidly from 4 h night onward, establishing a connection between C availability and protein degradation (Ishihara et al., 2015). Further, small Arabidopsis accessions cultivated in SD had presented higher ribosome synthesis while large accessions showed evidence of even protein degradation at night, indicating that the C-efficiency of growth would be decreased due to a higher energy cost in small accessions (Ishihara et al., 2017).

The “Target of Rapamycin” (TOR) kinase is an evolutionarily conserved key component in the network-regulating energy sensing into growth-mediated processes. The balance control between anabolism (e.g., biosynthesis of protein, lipids, and nucleotides) and catabolism (e.g., autophagy) in response to environmental cues are among the main functions of this pathway (Liu and Sabatini, 2020). The TOR complex (TORC) controls a plethora of metabolic pathways integrating energy status, like C and nitrogen (N) balance into biosynthetic growth in photosynthetic organisms (Caldana et al., 2013, 2019; Dobrenel et al., 2016; Jüppner et al., 2018; Monte-Bello et al., 2018; Mubeen et al., 2019; da Silva et al., 2021). TOR stimulates cell proliferation through light and its derived signals such as sugars and hormones (Pfeiffer et al., 2016; Li et al., 2017; Mohammed et al., 2018). As in other organisms, plant TORC is an autophagy repressor by inhibiting AuTophaGy (ATG) genes (Liu and Bassham, 2010) and possibly binding to the autophagy initiators ATG1-ATG13 (Van Leene et al., 2019). When purine levels are reduced, TOR activity is decreased into Arabidopsis T2 family endoribonuclease RNS2 (rns2-2) mutant, which in turn activates autophagy, suggesting that TOR mediates this catabolic process by responding to the levels of nucleotides to restore homeostasis (Kazibwe et al., 2020). As a consequence, the autophagy-induced recycling of nutrients can reactivate the TOR pathway, while nucleotides promote TOR activity (Busche et al., 2021).

In most eukaryotes, the TOR kinase is assembled into two distinct protein complexes, known as TORC1 and TORC2, which shared the same catalytic subunit TOR kinase and the regulatory subunit Lethal with Sec Thirteen8 (LST8). Their precise substrate recruitment and the physiological and biochemical distinction are mainly attributed to the regulatory subunits, the Regulatory-associated protein of TOR (RAPTOR) and Rapamycin-insensitive companion of mammalian target of rapamycin (RICTOR) in TORC1 and TORC2, respectively. In mammals, RAPTOR was identified as a mediator of the mTOR activity in vivo (Hara et al., 2002), then forming a nutrient-sensitive complex. Under poor nutrient conditions, RAPTOR and mTOR tight interaction destabilizes the complex and leads to reduced kinase activity (Kim et al., 2002). In plants, only TORC1 components have been so far identified (Menand et al., 2002; Mahfouz et al., 2006; Agredano-Moreno et al., 2007; Maegawa et al., 2015). However, the lack of viability or lethality of tor mutants (Menand et al., 2002; Ren et al., 2011) hampered research on the TOR pathway-mediated regulation in plants. To better understand TOR roles in plant development, the raptor1b T-DNA KO lines that displayed a strong reduction of TOR kinase activity, which were determined by assaying the ribosomal protein kinase 6 (S6K) activity (Salem et al., 2018), have been previously characterized. As other mutants from the complex (Moreau et al., 2012), raptor1b plants presented impaired development under LD photoperiod, such as massive changes in central C and N metabolism, increased levels of starch, free amino acids, and induced autophagy (Salem et al., 2017, 2018).

The small-molecule regulation of enzymatic activities is critical for the reprogramming of cellular metabolism in response to the changing environments across life kingdoms. Amino acids were proven to be activators of the TOR pathway-mediated impact on respiratory levels at night in plants (O’Leary et al., 2020), aside from restoring TOR activity under nitrogen starvation (Liu et al., 2021). Interestingly, the feeding of leukemia stem cells with specific dipeptides affects mTOR activity and nutrient signaling (Naka et al., 2015). Moreover, cyclodipeptides released by bacteria activated the TOR pathway and increased growth in plants (Corona-Sánchez et al., 2019; González-López et al., 2021). Recent system-wide characterization of the protein-protein-metabolite complexes in the model plant Arabidopsis thaliana provided evidence supporting the role of proteinogenic dipeptides in the regulation of enzymatic activities and C flux distribution (Veyel et al., 2017, 2018). For instance, an acidic dipeptide Tyr-Asp inhibits the activity of a key glycolytic enzyme glyceraldehyde 3-phosphate dehydrogenase, and as consequence, redirects glycolytic triose-phosphates toward the pentose phosphate pathway (PPP) and NADPH production (Moreno et al., 2021). Importantly, Tyr-Asp supplementation improved tobacco and Arabidopsis growth performance measured under oxidative stress conditions. Consistent with their role in metabolic adaptation to stress, acidic dipeptides, such as Tyr-Asp, accumulated in response to heat, dark, and microbial infection (Strehmel et al., 2017), and this observed accumulation is autophagy-dependent (Thirumalaikumar et al., 2020). Moreover, Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) is not the sole glycolytic enzyme affected by dipeptides. For example, the inhibition of Arabidopsis phosphoenolpyruvate carboxykinase activity by the group of branched-chain amino acid (BCAA) containing dipeptides, but not by Tyr-Asp, points to a multisite regulation of glycolytic/gluconeogenic pathway by dipeptides. Proteolysis is the main source of dipeptides biogenesis, and autophagy has been addressed as the mechanism through which dipeptides are generated in plants under heat stress (Thirumalaikumar et al., 2020).

The emerging role of dipeptides as important players in shifting C metabolism has prompted us to investigate whether changes in photoperiod, light intensity, and thus C supply, would affect the accumulation of these signaling molecules along the diel cycle in A. thaliana. We found that a higher number of dipeptides have their levels oscillating under SD (8 h light/16 h dark, 20°C/16°C, 180 μmol m–2 s–1) than LD (16 h light, 8 h dark, 20°C/16°C, 120 μmol m–2 s–1). To get further insights into the role of these dipeptides in rewiring metabolism under SD, we took the advantage of the mutant involved in energy sensing, raptor1b, which presents a photoperiod-condition phenotype. The greater the C availability the stronger is the metabolic phenotype (Deprost et al., 2007; Moreau et al., 2012; Salem et al., 2018), at the same time that de-repress autophagy machinery (Salem et al., 2018). As expected, when compared with Col-0, raptor1b presents a larger number of dipeptides with altered levels under LD. By focusing on dipeptides that present an oscillating pattern along the diel cycle in Col-0 only under SD conditions, and always enhanced levels in raptor1b, we have identified a group of 16 dipeptides that can be possibly associated with C-restricted supply. By mining existing protein-metabolite interaction data (Zühlke et al., 2021), we delineated putative protein interactors for a representative dipeptide Pro-Gln. The obtained list included enzymes of C and amino acid metabolism, which are also linked to the TORC-mediated metabolic network. If taken together, our data strengthen published findings (Thirumalaikumar et al., 2020; Luzarowski et al., 2021; Moreno et al., 2021), supporting the role of dipeptides in rewiring metabolism under nutrient restrictions, which needs to be further explored.



MATERIALS AND METHODS


Plant Material and Growth Conditions

Plants of Arabidopsis thaliana Columbia-0 (Col-0) and rb10 (raptor1b T-DNA KO line; SALK_101990) were grown in soil in a controlled environment chamber in SD (8 h light/16 h dark, 20°C/16°C, 180 μmol m–2 s–1) and LD (16 h light, 8 h dark, 20°C/16°C, 120 μmol m–2 s–1) photoperiods under a relative humidity of 75% (see Figure 1 for details on experimental design). After 30 days of growth, whole rosettes were harvested every 4 h from Zeitgeber time (ZT) 0 and additional time points were added during the light- dark transitions (ZT 1, 2, 23, and 1 h before the start of the dark phase, i.e., 7 or 15, depending on the photoperiod) and were immediately frozen in liquid nitrogen. Frozen plant tissue was ground into a fine powder and stored at −80°C until use. Five biological replicates consisted of pools were composed of 15 or 5 plants harvested for SD and LD, respectively.
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FIGURE 1. Overview of the experimental design. rb5 is the abbreviated form for raptor1b. Created with BioRender.com.


For the enzymatic measurements (see section “Enzymatic Activity Assay”), A. thaliana Col-0 plants were grown under a 12 h light/12 h dark diel cycle in a chamber at 23°C and with a light intensity of 100 μmol m2 s–1. Rosette leaves from 4-week-old plants were harvested 2 h into light or 2 h into dark, and rapidly frozen with liquid nitrogen. Plant material was ground into a fine powder and stored at −80°C until use.



Metabolite Analysis

Metabolites were extracted from 50 mg of fresh rosette material following the method described by Giavalisco et al. (2011), with modifications. A volume of 1 mL of the precooled methyl-tert-butyl-ether (MTBE) extraction mixture (−20°C) was added to the homogenized tissues. Subsequently, the tubes were then homogenized using vortex and incubated in a shaker (100 rpm, 10 min, 4°C), followed by 10 min of sonication. This extraction allows the separation between the polar and apolar phases. For this separation, 500 μL of the methanol: water (1:3/v:v) mixture was added to each tube and the samples were mixed in the vortex (5 min). The samples were centrifuged (20,000 g, 10 min, 4°C), harvested, concentrated (SpeedVac), and stored at −80°C until liquid chromatography-mass spectrometry (LC-MS) analysis. Two volumes of the polar phase were used for liquid chromatography (LC) analyses.

The dried aqueous phase was solubilized in 200 μL of high-performance LC (HPLC)-grade water and sonicated for 5 min using an ultrasonication bath. Samples were centrifuged for 10 min at 20,800 g, RT. The supernatant was transferred to the UPLC glass vial. A 3 μl of polar metabolite extract was separated using an ultra-performance LC (UPLC) equipped with an HSS T3 C18 reversed-phase column at a 400 μl/min flow rate. Mass spectra were acquired using an Exactive mass spectrometer in positive ionization mode (Giavalisco et al., 2011). Mobile phase solutions were prepared as follows: buffer A (0.1% formic acid in H2O) and buffer B (0.1% formic acid in ACN). The following gradients were used for metabolite separation: 1 min 1% LC-MS mobile phase buffer B, 11 min linear gradient from 1 to 40% buffer B, 13 min linear gradient from 40% to 70% buffer B, then 15 min linear gradient from 70 to 99% buffer B, and held a 99% buffer B concentration until 16 min. Starting from 17 min, a linear gradient from 99 to 1% buffer B was used. The column was re-equilibrated for 3 min with 1% buffer B before the next measurement was performed. Mass spectra were acquired using the following settings: mass range from 100 to 1,500 m/z, resolution set to 25,000, loading time restricted to 100 ms, AGC target set to 1e6, capillary voltage to 3 kV with a sheath gas flow, and auxiliary gas value of 60 and 20, respectively. The capillary temperature was set to 250°C and skimmer voltage to 25 V.


Data Processing

Data were processed using Expressionist Refiner MS 14.0.5 (Genedata AG, Basel, Switzerland) as previously described (Veyel et al., 2017; Sokolowska et al., 2019). Minor changes were applied to the workflow: chromatogram alignment (RT search interval 0.5 min) and peak detection (minimum peak size 0.03 min, gap/peak ratio 50%, smoothing window 5 points, center computation by intensity-weighted method with the threshold at 70%, boundary determination using inflection points). Detailed instructions for using the software can be found in prior work (Sokolowska et al., 2019).

The processing of 95 and 105 samples, collected from both SD and LD conditions, resulted in the detection of 135,294 and 245,041 peaks (mass features), respectively. Subsequently, mass features were filtered for these with intensity above 10,000 presents in at least 32 and 29% of the samples at SD and LD photoperiods, respectively. Intensities of remaining mass features were medianly normalized and annotated using the in-house reference compound library as described below.



Annotation

Mass features described by RT and m/z were matched to in-house libraries of authentic reference compounds, allowing a 0.005 Da mass and dynamic retention time deviation (maximum 0.2 min). This enabled the identification of 130 and 168 metabolites in SD and LD conditions, respectively (Supplementary Datasets 1–4). In both Supplementary Datasets 1, 3, there were 110 common metabolites detected.



Generation of Heatmaps

Intensities of 110 metabolites found in SD and LD conditions were log2-transformed and the missing values (0) were replaced by NA. Metabolites whose intensities were significantly affected during the experiment were determined using one-way ANOVA, followed by Bonferroni’s correction for multiple comparisons (adjusted P < 0.05) (Supplementary Tables 1, 2). Subsequently, the mean intensity of three to five biological replicates was scaled using the “scale” function in R. Scaled, the mean intensity of metabolites significantly affected during the experiment in wild type (WT), and raptor1b mutant were shown in Figure 2 and in Supplementary Figures 1–3.
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FIGURE 2. Oscillation of amino acid and dipeptide levels in Arabidopsis thaliana Col-0 plants throughout a diel cycle (24 h). Dipeptides and amino acid levels that were significantly (adjusted P value ≤ 0.05) affected throughout a diel cycle at (A) short- (SD) and long day (LD), (B) solely at SD, and (C) solely at LD conditions are illustrated as a heatmap. Metabolites were ordered alphabetically. Shown is scaled abundance. K-means clustering of the metabolites levels at (D) SD and (E) LD was performed with k = 3. n biological replicates = 3–5.


Two-way ANOVA, followed by Bonferroni’s correction for multiple comparisons (adjusted P < 0.05) were used to determine metabolites that are significantly affected by time, gene deletion, or both factors (Supplementary Table 3). Next, the mean intensity of three to five biological replicates was calculated for each time point (Supplementary Tables 4, 5). Finally, intensity fold change was calculated between raptor1b and Col-0 plants (Figure 3 and Supplementary Figures 4A,B).
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FIGURE 3. Fold change values of the oscillating amino acid and dipeptide levels in A. thaliana raptor1b over Col-0 plants throughout a diel cycle (24 h). Fold change [log2] of the dipeptides and amino acid levels significantly (adjusted P-value ≤ 0.05) affected throughout a diel cycle at (A) SD and LD, (B) solely at SD, and (C) solely at LD conditions are illustrated as a heatmap. Metabolites were ordered alphabetically. K-means clustering of the levels of the metabolites at (D) SD and (E) LD was performed with k = 3. n biological replicates = 3–5.


Heatmaps were generated using the “pheatmap” package. The R-packages used for data processing, analysis and visualization were mentioned in the GitHub repository1. The heatmaps are presented in two different ways: (i) (A) grouping common dipeptides, whose level was affected in both photoperiods, and the ones either affected solely in (B) SD or (C) LD condition alone (Figures 2, 3; Supplementary Figure 2); K-means clustering was performed with k = 3, and (ii) clustering the oscillating dipeptides by computing Euclidean distance between the rows. Clustering was performed using the complete method (Supplementary Figures 1A,B, 3, 4). Thus, the data presented in Figure 2 correlate with Supplementary Figure 1, Figure 3, and Supplementary Figure 4 are compatible, and Supplementary Figure 2 corresponds to Supplementary Figure 3.



Interactome Analysis

Pro-Gln interactors were retrieved from SLIMP (Zühlke et al., 2021). Protein-protein interactions were imported from STRING (Szklarczyk et al., 2016; Supplementary Table 6), and used to build the interaction network of the Pro-Gln interactors into Cytoscape (Shannon et al., 2003; Supplementary Table 7).




Enzymatic Activity Assay

Soluble proteins were extracted from 20 mg of Arabidopsis material by addition of 10 mg (w/v) polyvinylpolypyrrolidone and 1 mL ice-cold extraction buffer, shaken vigorously and incubated 5 min in ice. The extraction buffer was composed of 50 mM HEPES/KOH, pH 7.5, 10 mM MgCl2, 1 mM EDTA, 1 mM EGTA, 1 mM benzamidine, 1 mM ε-aminocaproic acid, 0.25% (w/v) BSA, 10 μM leupeptin, 0.5 mM DTT, 0.1% (v/v) Triton X-100, 20% (v/v) glycerol, and 1 mM phenylmethylsulfonyl fluoride. The lysate was centrifuged for 10 min at 14,000 g and 4°C (Gibon et al., 2004).

The mitochondrial isocitrate dehydrogenase (ICDHP) activity was measured in conditions adapted from Sadka et al. (2000). The standard reaction media contained both 100 mM Tris–HCl pH 7.5, 10 mM MgCl2, 0.25 mM NADP+, and 2 mM D,L-isocitrate. Glyceraldehyde-3-phosphate dehydrogenase (GAPC), glucose-6-phosphate dehydrogenase (G6PDH), and 6-phosphogluconate dehydrogenase (6PGDH) were assayed as described by Rius et al. (2006), with minor modifications. The GAPC assay premix consisted of 50 mM Tricine-KOH pH 8.5, 4 mM NAD+, 1.2 mM fructose 1,6-bisphosphate (FBP), 10 mM sodium arsenate, and 1 U/ml aldolase from rabbit muscle (Sigma). G6PDH and 6PGDH assay mixture was composed by 100 mM Tris–HCl pH 8.0, 10 mM MgCl2, 0.5 mM EDTA, 5 mM DTT, 0.25 mM NADP+, and 1 mM G6P or 6PG, respectively. All measurements were performed in a final volume of 50 μl at 25°C under control (mock) conditions or with the addition of 100 μM Pro, Gln, or with the dipeptide Pro-Gln. One unit of enzyme activity (U) is defined as the amount of enzyme catalyzing the formation of 1 μmol of NAD(P)H per min under the above-described conditions.




RESULTS


Amino Acid and Dipeptide Levels Oscillate Throughout a Diel Cycle

The accumulation of dipeptides in response to environmental cues and their roles as signals rewiring the metabolism (Liu and Christians, 1994; Naka et al., 2015; Strehmel et al., 2017; Doppler et al., 2019) prompted us to investigate whether the accumulation of dipeptides is dependent on the photoperiod. For this aim, we assessed the profile of dipeptides in A. thaliana plants cultivated for 30 days under SD and LD photoperiods, which are two contrasting conditions in terms of light and dark periods. In this analysis, we also included the profile of 13 amino acids to understand whether there is any correlation between the composition of dipeptide and the accumulation of the amino acids. To identify the pattern of the small molecules which correlates to the changes in the diel cycle, we performed a K-means clustering analysis (Figure 2).

A total of 11 dipeptides and six amino acids displayed an oscillation pattern along the diel cycle in both conditions, predominantly increasing during the day while decreasing at night. Majority of these compounds peak from the middle of the light period onward (ZT 4 and 8, in SD and LD, respectively) (Figure 2A), matching the augmented time of light exposure.

In LD condition, far less proteogenic dipeptides showed significant oscillation along the diel cycle (Figures 2A,C) and this trend was not related to the total amount of identified dipeptides in the two growth conditions (see “Materials and Methods” section). Regarding small molecules accumulation, three main clusters were identified: (i) with overall decreased levels along the diel cycle with two peaks of increase at the middle of the day and night (cluster 2); (ii) early (ZT4, cluster 3), and (iii) late (ZT8, cluster 1) accumulation in the light followed by a reduction in the dark (Figure 2E). Dipeptides from clusters 1 and 3 were mostly composed of non-aromatic amino acids containing linear aliphatic side chains, with exception of Val and Leu in the C-terminus. On the other hand, four out of the seven dipeptides from Cluster 2 present Ile at the N-terminus.

Reasonably, under the SD photoperiod, a higher number of dipeptides presented changes in their levels along the diel cycle in SD compared with LD (Figure 2). In the SD photoperiod, nine amino acids and 42 dipeptides had their levels significantly affected during the diel cycle considering the sum of molecules altered in both photoperiods and the ones solely oscillating under SD (Figures 2A,B). The vast majority of these compounds (38 dipeptides and 8 amino acids) (Figure 2D) enhanced their levels in response to light, reaching a maximum level at the end of the day and then gradually decreasing during the night. Such pattern was grouped into two clusters, 2 and 3, which mainly differ in the timing of the response. These dipeptides are mostly composed of the glucogenic amino acids Asp, Pro, Ser, and Val at the N-terminus, whereas at the C-terminus, only Pro was overrepresented. Despite being part of cluster 2, the Glu-containing dipeptides Glu-Ala, Glu-Leu, and Tyr-Glu displayed a discrete increase at night. Cluster 1 included only 4 dipeptides and Glu, presenting augmented levels predominantly at dark. Out of the 4 dipeptides from Cluster 1, only two, Gly-Pro and Val-Thr, were specific with SD condition.

A reasonable number of dipeptides from samples harvested at 0 and 24 h present differential levels in these time points (Figures 2, 3). Indeed, we expected similar behavior of the molecules within compatible time points following a 24 h cycle. To test whether the observed dipeptides accumulation follows the 24 h cycle, we compared the level of these molecules in these two time points. For about 68 to 80% of the molecules that show diurnal changes in the accumulation in either or both SD and LD conditions, the levels, even if not identical, are not significantly different (P-value > 005). It is important to note that due to the size of experiments, harvesting the material takes minutes, and hence time 0 h may not be exactly identical to the 24 h, which could contribute to a level of discrepancy. In the future, it will be interesting to follow dipeptide levels across multiple days to estimate the amplitude and frequency of the oscillations accurately.



Mutation in the Substrate Recruiter of TOR Complex Increases Dipeptide Levels in LD Condition

To further explore the role of these dipeptides, we consequently performed a similar experiment using the mutant RAPTOR1B, raptor1b, which is the regulatory unit of the TORCI, known to sense energy and nutrient status to control protein synthesis and autophagy (Salem et al., 2018). TORC mutants have much more marked phenotypic changes under LD conditions (Deprost et al., 2007; Moreau et al., 2012; Salem et al., 2018), at the same time that de-repress autophagy machinery. Therefore, the induced autophagy characteristic of raptor1b under LD condition (Salem et al., 2018) places this mutant as a good candidate to validate the hypothesis that these dipeptide levels are dependent on autophagy to rewire the metabolism according to the diel cycle.

Similar to the Col-0, there was a higher number of dipeptides and amino acids oscillating in SD compared to LD in raptor1b (Supplementary Figures 2A–E, 3A,B). However, when the levels of these dipeptides were compared relative to the ones in Col-0, two main trends were observed. First, the oscillation pattern of these compounds was almost abolished along the diel cycle in both photoperiods, if the fold change was considered (Figures 3A–E). Second, there was a larger number of dipeptides presenting significant changes in raptor1b compared with Col-0 in LD (Figures 3A,C), supporting the stronger metabolic phenotype observed in raptor1b under this photoperiod (Salem et al., 2018). Interestingly, majority of these dipeptides were accumulated along the diel cycle in both photoperiods. However, the magnitude of these changes was, in general, more pronounced in longer photoperiods. Only 21 and 36% dipeptides with significant differences in Col-0 and raptor1b presented continuously reduced levels in LD and SD, respectively (Figure 3A). To identify candidates that would respond to limited C availability in an autophagy-dependent manner, we focused on the dipeptides presenting oscillating levels in Col-0 only under SD conditions, whereas in raptor1b the response should always be altered in relation to the WT (Figures 2B, 3A). This analysis pointed to alterations in the levels of the amino acids Arg, Pro, and Val and 16 dipeptides. Interestingly, seven dipeptides contained Pro (Gly-Pro, Pro-Ser, Asn-Pro, Pro-Ala, Pro-Asn, Pro-Asp, Pro-Gln), whereas four were composed by the BCAAs Val (Ser-Val, Val-Asp, Val-Gln) and Leu (Ala-Leu). Except for Gly-Pro, the levels of these compounds increase during the day and decrease at night in Col-0 under SD conditions (Figure 2B).



Putative Pro-Gln Interactors Include Multiple Enzymes for the Central Carbon and Amino Acid Metabolism

By using PROMIS, a biochemical approach that relies on the co-fractionation-mass spectrometry (CF-MS) of proteins and associated small-molecule ligands in the cellular lysate (Veyel et al., 2017, 2018; Luzarowski et al., 2021), we demonstrated that dipeptides are present in the protein complexes. However, the main limitation of CF-MS is that every metabolite usually co-elutes with hundreds of different proteins. By combining PROMIS with orthogonal small-molecule centric approaches, such as affinity purification and thermal proteome profiling, we identified and verified protein targets for selected dipeptides. We became particularly intrigued by the protein-metabolite interactions between proteinogenic dipeptides and the enzymes of central C metabolism. The mechanistic characterization of the interaction between different dipeptides and proteins revealed that Tyr-Asp and BCAA-containing dipeptides displayed an inhibitory effect on distinct proteins, attesting the multisite regulation of C metabolism by different dipeptides (Moreno et al., 2021).

To test whether the sixteen dipeptides delineated by our analysis (Figures 2B, 3A) are also involved in rewiring metabolism under C restricted conditions, we looked for the enzymes of central C and amino acid metabolism among their putative protein interactors. We first queried the STITCH (Kuhn et al., 2008) and BRENDA (Jeske et al., 2019) databases for known interactors for the 16 dipeptides, but we found none. As a result, we then exploited a recent set of predicted protein-metabolite interactions obtained by combining three different PROMIS experiments with supervised machine learning prediction of the interactors (SLIMP) (Zühlke et al., 2021). SLIMP helps to distinguish between true and coincidental interactors by looking for co-elution across the multiple separations. Out of the sixteen selected dipeptides, seven are involved in the predictions of protein-metabolite interactions by SLIMP, including one of the six Pro containing dipeptides, the Pro-Gln. The list of the predicted Pro-Gln interactors comprised 124 proteins, of which some were involved in the TOR pathway and critical metabolic enzymes (Figure 4A; Supplementary Tables 6, 7). We mined these 124 proteins to identify those involved in C metabolism. In addition to the GAPC 1 and 2, which we previously showed to be regulated by the dipeptide Tyr-Asp (Moreno et al., 2021), the list comprised two cytosolic isoforms of G6PDH, 5, and 6, and all the three Arabidopsis isoforms of 6PGDH (Figures 4A,B; Supplementary Table 6). Furthermore, the list of predicted Pro-Gln interactors contained enzymes related to the tricarboxylic acid cycle (TCA cycle) activity, as peroxisomal citrate synthases (CSY2 and CSY3) and ICDHP (Figure 4; Supplementary Table 6). Finally, the Pro-Gln interaction network is comprised of two enzymes of BCAA biosynthesis 2: isopropylmalate synthase (IMS1) and ketol-acid reductoisomerase (ILV5) (Supplementary Table 6). To follow-up on the interaction data, we measured enzymatic activity of the GAPC, G6PDH, 6PGDH, and ICDHP in the lysate prepared from the Arabidopsis plants grown under 12 h/12 h regime, harvested either 2 h into the light or 2 h into the dark and supplemented with either 100 μM Pro-Gln, Pro or Gln. In contrast to the previously published effect of Tyr-Asp on GAPC or Ala-Ile on PEPCK activity (Moreno et al., 2021), we measured no difference for the tested enzyme-ligand combinations (Supplementary Figures 5A–D). Thus, in our experimental conditions, Pro-Gln did not show a biologically relevant role in the regulation of the activity of these four enzymes associated with C metabolism.


[image: image]

FIGURE 4. Pro-Gln/protein interaction network. (A) Pro-Gln interactors were predicted by SLIMP (Zühlke et al., 2021) with a score above 0.5. Protein-protein interactions were imported from STRING (Szklarczyk et al., 2016) based on the experimental and database evidence. Edge length is inversely proportional to either a STRING (PPI) or SLIMP (PMI) score. The network was created using Cytoscape (Shannon et al., 2003). Indicated proteins were selected based on their functions in C and amino acid metabolism. (B) Schematic representation of the metabolic pathways was created using Biorender.com.





DISCUSSION

The length of light and dark cycles in a day affects not only the rates of transcription (Baerenfaller et al., 2015) and translation (Sulpice et al., 2014) but also several metabolic processes (Seaton et al., 2018), including the diurnal turnover of C reserves, which ultimately impacted growth (Baerenfaller et al., 2015). Since SD and LD have an opposite duration of light and dark periods, we evaluated how these conditions would influence the collection of dipeptides in Arabidopsis.

Due to the light-dependent accumulation pattern of the 11 dipeptides in both photoperiods, their oscillation is not strictly related to the control of C-dependent metabolism. Most of the dipeptides with augmented levels at night were composed of glucogenic BCAAs at the N-terminus, in both photoperiods (Figure 2). Glucogenic and ketogenic amino acids can be distinguished by their ability or inability to be used to generate glucose. The dipeptides composed of glucogenic amino acids could be mobilized and generate the C skeletons to produce pyruvate and then glucose through gluconeogenesis (Eastmond et al., 2015). As the duration of the night dramatically influences C availability for growth (Sulpice et al., 2014), these dipeptides could be interesting candidates for triggering metabolic shifts.

Under C restricted conditions imposed by longer night periods coupled with low light intensity, sugar and energy supply relies on autophagy to provide recycling metabolites and building blocks to sustain plant growth (Izumi et al., 2013). In addition, proteolysis is induced at night and considered one of the first responses when the C supply drops, provoking a change from protein synthesis to degradation to provide an alternative source of energy (Usadel et al., 2008; Ishihara et al., 2015). As 11 out of the 31 dipeptides oscillating solely under SD were previously either associated with autophagy or displayed lower levels in autophagy mutants (Thirumalaikumar et al., 2020), their oscillation under C limited supply might also result from this catabolic process. The massive increase of oscillating dipeptides in plants under SD photoperiod and the consequently reduced C mobilization compared with LD is thus suggested to be derived from induced protein degradation or autophagy, as these processes can take part in the biogenesis of small molecules (Thirumalaikumar et al., 2020), a hypothesis that remains to be tested. Besides the role of amino acids in protein synthesis, they are also required for signaling processes and can aid to balance the plant energy homeostasis under C deprivation. SD forces the metabolism to match reduced C mobilization with decreased C utilization, favoring C partitioning for respiration and maintenance to detriment of growth (Stitt and Zeeman, 2012). Along the time, several adaptations to SD such as C allocation, protein turnover and central metabolism allow the plant to continuously grow but at an extremely reduced rate due to C limitation (Smith and Stitt, 2007). Besides the differences of C supply related to the duration of the night, our experimental design does not exclude the effects of light intensity and photoperiod themselves in the dipeptides profile. The distinct light intensities were chosen to allow the comparison of plants at similar developmental stages and to reduce the gap in terms of daily light integral (DLI) between the two photoperiods. Accordingly, some dipeptides accumulated in high light conditions (LD, 300 compared with 150 μμE.m–2.sec–1) (Thirumalaikumar et al., 2020), but from the 31 dipeptides oscillating only in SD (the photoperiod condition with the highest light intensity in the present study), only five of them match this data (Thr-Glu, Val-Asp, Ala-Trp, Gly-Pro). Moreover, the combined increased Glu and Glu-containing dipeptides at the same time points in the dark might indicate altered N metabolism (Hildebrandt et al., 2015) along the day under limited C supplied for growth (SD), although dipeptides regulatory roles have shown to be diverse than the amino acid itself (Moreno et al., 2021).

The more relaxed energy management in LD photoperiod (Baerenfaller et al., 2015) might be associated with the decreased number of oscillating peptides compared to SD. A considerable number of the dipeptides oscillating under LD presented BCAA either at N- or at the C-terminus, mostly found in Cluster 2 (Figure 2). Interestingly, genes from the BCAA degradation pathways are upregulated during the night, when this catabolic activity is required to fulfill energy demand (Caldana et al., 2011; Peng et al., 2015) and what could have been in line with the night peak characteristic from this Cluster.

Plants facing contrasting C availability presented specific but integrated sugar signaling pathways. One example is the TOR/SnRK1 hub; high C availability relies on TOR, whilst low C supply requires SnRK1 to mediate metabolic responses (Wingler, 2018). TOR connects nutrients, inner inputs, and environmental signals to control several aspects of C metabolism (Dobrenel et al., 2013). In line with that, the most marked phenotype of raptor1b plants under high C availability strengthens the role of TOR as a fundamental adaptor to C supply. Despite the increasing evidence linking the TORC pathway to the integration of metabolic signals, energy status, and hormones in a wide range of plant growth-mediated processes (Moreau et al., 2012; Caldana et al., 2013; Xiong et al., 2013; Pfeiffer et al., 2016; Zhang et al., 2016; Dong et al., 2017; Li et al., 2017; Mohammed et al., 2018; Salem et al., 2018), little is known about its mode of action and the key players in controlling cellular homeostasis in a condition-dependent manner. The downregulation of TORC in plants activates autophagy, which derives from the generation of autophagosomes, enhanced expression of ATG genes, and their phosphorylation [reviewed by Mugume et al. (2021)], aside from nucleotides depletion (Kazibwe et al., 2020). The role of TOR as a repressor of autophagy (Pu et al., 2017), this process suggested to generate proteogenic dipeptides (Thirumalaikumar et al., 2020), makes raptor1b a suitable model to study the regulatory interplay among light, C availability, TOR, and small molecules. Compared with Col-0 A. thaliana, the increased number of altered dipeptides from the raptor1b plants grown under LD (Figure 3) might be linked to the de-activated autophagy in this mutant. Autophagy is repressed by TOR and activated by SnRK1, both proteins regulated by the nutrient availability in plants (Pu et al., 2017). Under nutrient deprivation, such as C shortage imposed by extended darkness period, TOR is inhibited via RAPTOR by SnRK1, thus releasing the repression of autophagy which will the outcome in recycling building blocks to relieve plant metabolism (Nukarinen et al., 2016; Soto-Burgos and Bassham, 2017). Not surprisingly, there was a larger number of dipeptides significantly increasing in raptor1b under LD conditions compared with Col-0. Since all the 16 dipeptides found to respond either to the reduced proportion of C available to growth imposed by SD conditions or the suppression of RAPTOR1B were glucogenic, it is reasonable to speculate that they could be involved in generating glucose to bypass possible C limitations. Out of these selected dipeptides, six and five presented Pro or BCAA at the N- or C-terminal. The generation of some of these dipeptides could be a product of autophagy, given that from the 16 selected dipeptides, 6 (Asp-Phe, Glu-Ala, Pro-Ala, Pro-Ser, Val-Gln, and Val-Asp) were either associated with increased autophagy transcripts or displayed reduced levels in autophagy mutants (Thirumalaikumar et al., 2020).

Regardless of the condition, Pro levels itself increased in raptor1b compared with Col-0 plants, which is a characteristic output of TORC inhibition (Moreau et al., 2012; Caldana et al., 2013; Salem et al., 2017; da Silva et al., 2021). This increment is even more pronounced when plants are transferred to a condition of augmented C supply (Moreau et al., 2012), matching the higher magnitude of phenotypic changes in raptor1b plants under LD (Salem et al., 2018). Pro accumulation is well known to occur under various stress conditions, probably playing an osmoprotective role (Verbruggen and Hermans, 2008). More recently, a new role for Pro in stimulating leaf nighttime O2 consumption rate under the control of the TOR pathway has emerged in a TOR-dependent context (O’Leary et al., 2020). The higher levels of some amino acids may require TORC to restrict respiratory catabolism preventing nutrient depletion. To overcome C deprivation conditions, such as long nights, the use of amino acids and fatty acids as respiratory substrates in plants can be a strategy to grant survival. Therefore, we favor the interpretation that the altered levels of Pro or Pro-containing dipeptides in raptor1b compared to Col-0 Arabidopsis might indicate that the mutants induce respiratory catabolism to feed C into the respiratory system; a hypothesis that demands further investigation to be proved. In addition to their role as putative respiratory substrates, we speculate that dipeptides would bind and regulate the activity of proteins. Nevertheless, as the TOR pathway integrates light and nutrient signals [reviewed by Wu et al. (2018)], besides the differences in C supply regarding SD and LD conditions, we cannot rule out the effects of both light intensity and duration on the alteration of these dipeptides’ levels in raptor1b.

Herein, we mined the SLIMP dataset for targets of a representative Pro-containing dipeptide, which we identified to be possibly related to C restriction. Dipeptides can influence the function of proteins and determined processes. Uptake of the dipeptide Gly-Sar can mediate mTOR activity in leukemia stem cells (Naka et al., 2015). Interestingly, several bacterial Pro-containing cyclodipeptides were proven to activate the TOR signaling pathway increasing growth in plants (Corona-Sánchez et al., 2019; González-López et al., 2021), including cyclodipeptides versions of Pro-Phe, which oscillated only in raptor1b (Supplementary Figures 2, 3) and Pro-Val, whose level was increased in the mutant compared to Col-0 under LD (Figure 3; Supplementary Figure 4). Among the 124 proteins identified as putative Pro-Gln interactors, we retrieved four related to the TOR pathway, besides several enzymes involved in C metabolism, such as glycolysis, gluconeogenesis, TCA cycle, and PPP (Figure 4). Threonine synthase (TS) and Tubulin alpha-6 (TUA6) are proteins coeluting with Pro-Gln that have been previously shown to physically interact with RAPTOR1B in protein-protein interaction assays (Van Leene et al., 2019). As we were interested in searching for proteins related to C metabolism, GAPC, G6PDH, 6PGDH, CSY2, CSY3, ICDHP, IMS1, and ILV5 were highlighted from this list. The G6PDH and 6PGDH are enzymes of the PPP downstream of glucose-6-phosphate that have an interplay with the TOR pathway in other organisms (Wagle et al., 1998; Tsouko et al., 2014). While CSY2 and CSY3 are required for fatty acid respiration (Pracharoenwattana et al., 2005), ICDHP catalyzes the conversion between isocitrate and 2-oxoglutarate (2OG). Analogously to G6PDH and 6PGDH, ICDHP is an NADP-dehydrogenase and contributes to cellular NADPH production (Leterrier et al., 2012). Interestingly, the IMS1 mutant rol17 showed reduced sensitivity to the TOR inhibitor AZD8055, establishing a yet undepicted connection between this protein and the TOR network to adjust metabolic homeostasis (Schaufelberger et al., 2019). During C starvation, BCAAs support electron provision to electron-transfer flavoprotein/electron-transfer flavoprotein: ubiquinone oxidoreductase (ETF/ETFQO) complex, sustaining mitochondrial respiration under C starvation conditions (Araújo et al., 2010). Taken together, Pro-Gln interactors pointed out a role in providing alternative substrates for sustaining respiration under C limited conditions.

As no differential activity could be retrieved when Pro-Gln was added in the plant lysates (Supplementary Figure 5), we could not validate the role of this dipeptide in modulating the activities of GAPC, G6PDH, 6PGDH, and ICDHP. However, we cannot exclude that these results are dependent on the experimental conditions, such as the choice of the starting material, which might demand other players or might be inhibited in the specific conditions of the assay. Moreover, the obtained results do not exclude the binding, as not all interactional events will necessarily result in altered enzymatic activity. Future work will concentrate on the functional validation of these putative targets, which may be obtained by recombinant production and purification of these proteins to assay the enzymatic activity with no interferents.
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Supplementary Figure 1 | Oscillation of amino acid and dipeptide levels in A. thaliana Col-0 plants throughout a diel cycle (24 h). Dipeptides and amino acid levels that were significantly (adjusted P-value ≤ 0.05) affected throughout a diel cycle at (A) SD and (B) LD conditions are illustrated as a heatmap. Shown is scaled abundance. Euclidean distance was computed between the rows and row-wise clustering was performed using the complete method. n biological replicates = 3–5.

Supplementary Figure 2 | Oscillation of amino acid and dipeptide levels in A. thaliana raptor1b plants throughout a diel cycle (24 h). Dipeptides and amino acid levels that were significantly (adjusted P value ≤ 0.05) affected throughout a diel cycle at (A) SD and LD, (B) solely at SD, and (C) solely at LD conditions are illustrated as a heatmap. Metabolites were ordered alphabetically. Shown is scaled abundance. Kmeans clustering of the metabolites levels at (D) SD and (E) LD was performed with k = 3. n biological replicates = 3–5.

Supplementary Figure 3 | Oscillation of amino acid and dipeptide levels in A. thaliana raptor1b plants throughout a diel cycle (24 h). Dipeptides and amino acid levels that were significantly (adjusted P-value ≤ 0.05) affected throughout a diel cycle at (A) SD and (B) LD conditions are illustrated as a heatmap. Shown is scaled abundance. Euclidean distance was computed between the rows and row-wise clustering was performed using the complete method. n biological replicates = 3–5.

Supplementary Figure 4 | Fold change values of the oscillating amino acid and dipeptide levels in A. thaliana raptor1b over Col-0 plants throughout a diel cycle (24 h). Fold change [log2] of the dipeptides and amino acid levels significantly (adjusted P-value ≤ 0.05) affected throughout a diel cycle at (A) SD and (B) LD conditions are illustrated as a heatmap. Euclidean distance was computed between the rows and row-wise clustering was performed using the complete method.

Supplementary Figure 5 | Enzymatic activity measurements of Pro-Gln putative protein interactors. (A) ICDHP, (B) GAPC, (C) G6PDH, and (D) 6PGDH activity measurements under control conditions (mock) or with the addition of 100 μM Pro, Gln, or Pro-Gln. Enzymatic assays were performed on plant lysates harvested 2 h into the day (white bars) and 2 h into the dark (gray bars). Data are the mean of at least two independent data sets ± standard error.

Supplementary Table 1 | One-way analysis of variance (ANOVA) followed by Bonferroni’s correction for multiple comparisons (.adj) of the intensities from the identified dipeptides and amino acids in Col-0 A. thaliana along a diel cycle under SD and LD conditions. The main effect of time (0–24 h) was analyzed under SD and LD conditions. Only the dipeptides showing significant P-values (P < 0.05) are presented. n biological replicates = 3–5.

Supplementary Table 2 | One-way ANOVA followed by Bonferroni’s correction for multiple comparisons (.adj) of the intensities from the identified dipeptides and amino acids in raptor1b A. thaliana along a diel cycle under SD and LD conditions. The main effect of time (0–24 h) was analyzed under SD and LD conditions. Only the dipeptides showing significant P-values (P < 0.05) are presented. n biological replicates = 3–5.

Supplementary Table 3 | Two-way ANOVA followed by Bonferroni’s correction for multiple comparisons (.adj) of the intensities from the identified dipeptides and amino acids. The main effects of time (0–24 h), raptor1b genotype (over Col-0), or both factors were analyzed under SD and LD conditions. Significant P-values are highlighted in red (P < 0.05). n biological replicates = 3–5.

Supplementary Table 4 | Statistical summary of the measured amino acids and dipeptides in Col-0 and raptor1b A. thaliana under SD. n biological replicates = 3–5.

Supplementary Table 5 | Statistical summary of the measured amino acids and dipeptides in Col-0 and raptor1b A. thaliana under LD. n biological replicates = 3–5.

Supplementary Table 6 | Pro-Gln protein interactors retrieved from SLIMP (Zühlke et al., 2021), used for STRING (Szklarczyk et al., 2016) protein-protein interaction analysis. Targets mentioned in the text are highlighted in red letters.

Supplementary Table 7 | Parameters used in Cytoscape (Shannon et al., 2003) to build the interaction network of the Pro-Gln interactors retrieved from SLIMP (Zühlke et al., 2021) in Cytoscape. Protein-protein interactions were imported from STRING (Szklarczyk et al., 2016) based on the experimental and database evidence.

Supplementary Dataset 1 | Liquid chromatography-mass spectrometry (LC-MS) measurements of amino acids and dipeptides from the methyl-tert-butyl-ether (MTBE) -extraction in Col-0 and raptor1b A. thaliana along a diel cycle under SD condition. Values are normalized as described in the “Materials and Methods” section. n biological replicates = 3–5.

Supplementary Dataset 2 | LC-MS measurements of the polar fraction from the MTBE-extraction in Col-0 and raptor1b A. thaliana along a diel cycle under SD condition. Raw chromatograms were processed using Expressionist Refiner MS as described in the “Materials and Methods” section. n biological replicates = 3–5.

Supplementary Dataset 3 | LC-MS measurements of amino acids and dipeptides from the MTBE-extraction in Col-0 and raptor1b A. thaliana along a diel cycle under LD condition. Values are normalized as described in the “Materials and Methods” section. n biological replicates = 3–5.

Supplementary Dataset 4 | LC-MS measurements of polar fraction from the MTBE-extraction in Col-0 and raptor1b A. thaliana along a diel cycle under LD condition. Raw chromatograms were processed using Expressionist Refiner MS as described in the “Materials and Methods” section. n biological replicates = 3–5.
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