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Abstract: Autophagy is an essential intracellular eukaryotic recycling mechanism, functioning in, 

among others, carbon starvation. Surprisingly, although autophagy-deficient plants (atg mutants) are 

hypersensitive to carbon starvation, metabolic analysis revealed that they accumulate sugars under 

such conditions. In plants, sugars serve as both an energy source and as signaling molecules, affecting 

many developmental processes, including root and shoot formation. We thus set out to understand 

the interplay between autophagy and sucrose excess, comparing wild-type and atg mutant seedlings. 

The presented work showed that autophagy contributes to primary root elongation arrest under con-

ditions of exogenous sucrose and glucose excess but not during fructose or mannitol treatment. Minor 

or no alterations in starch and primary metabolites were observed between atg mutants and wild-type 

plants, indicating that the sucrose response relates to its signaling and not its metabolic role. Extensive 

proteomic analysis of roots performed to further understand the mechanism found an accumulation 

of proteins essential for ROS reduction and auxin maintenance, which are necessary for root elonga-

tion, in atg plants under sucrose excess. The analysis also suggested mitochondrial and peroxisomal 

involvement in the autophagy-mediated sucrose response. This research increases our knowledge of 

the complex interplay between autophagy and sugar signaling in plants. 

Keywords: Arabidopsis thaliana; autophagy; sucrose; mitochondria; peroxisome; reactive oxygen 

species (ROS) 

 

1. Introduction 

Macroautophagy (hereafter termed autophagy) is a molecular mechanism common to 

all eukaryotes, involved in the degradation and recycling of cellular components ranging 

from single proteins to entire organelles. It functions in the elimination of various proteins 

under stress and favorable conditions. In plants, autophagy was found to be essential for 

many stress responses, especially stresses involving nutrient deficiency [1–3]. Under carbo-

hydrate starvation, autophagy was found to be associated with the recycling of proteins, 

amino acids, and lipids as alternative energy sources [4–9]. Plants with impaired autophagic 

activity (atg mutants) are hypersensitive to carbon starvation. Under such conditions, they 

display a variety of metabolic alterations, including sugar accumulation [9,10]. 

Sucrose is a primary carbohydrate that can be produced solely by oxygenic photo-

synthetic organisms. In plants, sucrose serves both as a nutrient and as a signaling mole-

cule essential for many physiological and developmental processes [11]. Since sucrose is 

comprised of both fructose and glucose, many responses linked to glucose are also asso-

ciated with sucrose [12]. In the shoot, excess sucrose and glucose lead to the accumulation 

of anthocyanins [13,14]. In the root, low concentrations of exogenous sucrose or glucose 

promote root formation, while higher concentrations inhibit root growth [15–17]. 
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Several mechanisms found to mediate the glucose  response were also observed in 

response to sucrose and can be categorized into the hexokinase-dependent and -inde-

pendent pathways [18,19]. The sucrose and glucose excess response also involves many 

phytohormones such as abscisic acid (ABA), auxin, and cytokinin [20–25]. While many 

unique sucrose responses have been observed, the sensing mechanism is difficult to define 

since sucrose is hydrolyzed into hexoses such as glucose, fructose, and trehalose-6-phos-

phate (T6P) at an early stage [11,26]. Recent studies found that the sucrose response is 

mediated by various mechanisms involving transcription, translation, post-translation, 

protein interaction, and hormone-related processes [26]. 

T6P levels change in accordance with sucrose levels [27–29] and play a major role in 

plant development. Mutations in trehalose phosphate synthase lead to delayed embryo 

development [30]. It was also found that T6P inhibits SNF 1-related protein kinase 1 

(SnRK1 [31–33]), which is a regulator of many stress responses and energy metabolism 

[33–36]. Sucrose is also hydrolyzed into fructose, but fructose signaling differs from glu-

cose and relies on other genes and transporters [37,38]. Moreover, in contrast to glucose 

and sucrose, exogenous fructose inhibits root growth at early stages [17,37,38]. 

A recent study showed that autophagy plays a role in glucose-mediated inhibition of 

root formation by promoting peroxisomal degradation under conditions of reactive oxy-

gen species (ROS) accumulation. The authors observed that an absence of autophagy led 

to the accumulation of peroxisomes, resulting in lower ROS levels and higher levels of 

bioavailable auxin, mediated via ABC transporter 1 (ABCD1) activity [39]. These findings 

align with previous works that characterized the selective degradation of peroxisomes by 

autophagy [40–42]. Resonating with these observations, we reported on altered peroxiso-

mal activity in atg mutants under dark-induced senescence [6]. 

The current research set out to investigate the role of autophagy under conditions of 

excessive exogenous sucrose, comparing wild-type (WT) and atg mutant plants exposed 

to these conditions. We demonstrate that autophagy plays a role in the root stress response 

under excess sucrose and present an extensive proteomic analysis revealing candidate 

mediators of the sucrose response affected by the autophagy mechanism. Surprisingly, it 

seems that the effect of excess sucrose in atg mutants is mostly signaling-related rather 

than metabolic. We found that under excess sucrose, atg mutant plants had elevated levels 

of proteins related to ROS detoxification, alleviating root shortening. These results refine 

the previously reported model of the role of autophagy during sugar excess and expand 

our knowledge regarding the interplay between autophagy and sugar signaling in plants. 

2. Results 

2.1. atg Mutants Display Reduced Sensitivity to Sucrose Excess 

To assess the role of autophagy in the cell response to excess sugar, we set out to 

explore the behavior of atg5-1 and atg7-2, two previously described autophagy mutants 

[43], under various sucrose concentrations. ATG5 and ATG7 both participate in ATG8 

lipidation during autophagosome membrane expansion, and their T-DNA insertion lines 

are extensively used to study autophagy in plants [44–46]. Plants were sown on Nitsch 

plates containing different sucrose concentrations (0–4%), and the seedling morphology 

was examined 14 days post-imbibition. As previously reported for WT plants, we ob-

served anthocyanin accumulation in the shoots in response to high sucrose concentrations 

(Figures 1A and S1A [13,14]). No phenotypic differences were observed between the 

shoots of WT and the atg mutant plants. In addition, we observed significant root short-

ening in response to sucrose excess, as previously described [17]. Interestingly, atg mu-

tants displayed reduced sensitivity, as reflected by a smaller effect of sucrose excess on 

their root system compared to WT, while no visible differences were observed in lateral 

roots between the lines (Figure 1A,B). To further characterize the exact time the difference 

in root length manifested in atg mutants under sucrose excess, primary root growth was 

monitored over time. Under no sucrose, the roots grew to the same extent and at the same 



Int. J. Mol. Sci. 2022, 23, 3891 3 of 24 
 

 

rate as WT roots. However, under sucrose excess conditions, significant differences in the 

primary root length were observed as early as 2–4 days post-imbibition (Figures 1C and 

S1B–D). To ascertain whether the differences in root length stemmed from delayed seed 

germination, the seed germination of WT and atg mutant plants was monitored under 

increasing sucrose concentrations. Although sucrose excess reduced the overall seed ger-

mination rates, WT and atg5-1 seeds germinated at similar rates and were both faster than 

atg7-2 (Figures 2A and S2). These results demonstrate that the root length phenotype ob-

served for atg mutants under sucrose excess is directly connected to root growth and was 

not a result of altered seed germination. 

 

Figure 1. atg mutants display reduced sensitivity to sucrose excess. (A,B). WT, atg5-1, and atg7-2 

plants were sown on Nitsch plates containing increasing concentrations of sucrose, and grown ver-

tically for 14 days. (A) Representative image of the plants. (B) Quantification of primary root length 

under various sucrose treatments. Asterisk denotes a significant difference from WT under the same 

treatment conditions, as determined by Dunnett’s test (p < 0.05, n = 10–30), x indicates sample mean, 

and circles denote outliers. (C) WT, atg5-1, and atg7-2 plants were sown on Nitsch plates containing 

0% or 4% sucrose and grown vertically. The primary root length was measured every two days for 

10 days after imbibition. Data are presented as the average ± SE. An asterisk denotes a significant 

difference from WT under the same treatment conditions and at the same time point, as determined 

by Dunnett’s test (p < 0.05, n = 12–31). Dark grey—atg5-1, light grey—atg7-2. 
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Figure 2. Less root length inhibition in atg mutants under sucrose and glucose but not fructose. WT, 

atg5-1, and atg7-2 plants were sown on Nitsch plates containing increasing concentrations of sugars 

(molar equivalent to sucrose concentration). (A) Germination percentage (GP) of WT, atg5-1, and 

atg7-2 seeds under 0% and 4% sucrose. Data are presented as the average ± SE. An asterisk denotes 

a significant difference from WT under the same treatment conditions and at the same time point, 

as determined by Dunnett’s test (p < 0.05, n = 4–6); light grey—atg5-1, dark grey—atg7-2. (B) Quan-

tification of primary root length under various glucose treatment conditions. An asterisk denotes a 

significant difference from WT under the same treatment by Dunnett’s test (p < 0.05, n = 8–24). x 

indicates sample mean, and circles denote outliers. (C) Quantification of primary root length under 

various fructose concentrations. No significant difference from WT under the same treatment con-

dition was found by Dunnett’s test (p < 0.05, n = 9–17). x indicates sample mean, and circles denote 

outliers. (D) Quantification of primary root length under various mannitol treatments. No signifi-

cant difference from WT under the same treatment condition was found by Dunnett’s test (p < 0.05, 

n = 16–22). x indicates sample mean, and circles denote outliers. 

2.2. Less Root Length Inhibition in atg Mutants under Sucrose and Glucose but not Fructose Excess 

As sucrose is a disaccharide comprised of glucose and fructose, the altered root re-

sponse of atg mutants to sucrose, glucose, and fructose treatments was then assessed. To 

this end, the experiment described above was repeated with glucose and fructose instead 

of sucrose, at molar concentrations of glucose and fructose accounting for the conversion 

from a disaccharide to monosaccharides. When grown under increasing glucose concen-

trations, a trend similar to that observed with sucrose was observed (Figures 2B and S3A), 

as previously described [39]. In contrast, when grown in the presence of fructose, all plant 

roots were shortened to the same extent irrespective of their genotype, and the stress re-

sponse was visible at a relatively low concentration (Figures 2C and S3B). To further con-

firm that the response is unique to sucrose and glucose and not due to general osmotic 

stress, the experiments were repeated in plates containing increasing concentrations of 

mannitol corresponding to sucrose molar concentrations. In this case, all plant lines ex-

hibited a similar reduction in root length. However, the phenotype was not as severe as 

that observed under fructose treatment (Figures 2D and S3C). 

  



Int. J. Mol. Sci. 2022, 23, 3891 5 of 24 
 

 

2.3. Sucrose Excess Induces Autophagy in the Shoots but Not in Roots 

Since atg mutants displayed reduced root but not shoot sensitivity to sucrose excess, 

the possibility of differential autophagy induction in these tissues under sucrose excess 

was examined. To this end, autophagy activity was measured using the GFP-ATG8 re-

lease assay [47]. ATG8 is a protein located at the membrane of the autophagosome [48]. 

Following autophagosome fusion with the vacuole and its subsequent degradation, the 

GFP-ATG8 fusion protein is degraded, although free GFP is more stable than the fusion 

protein. The GFP-ATG8 fusion protein can be followed by Western blot analysis and the 

release of free GFP is indicative of autophagosome fusion with the vacuole. Roots and 

shoots of 10-day-old GFP-ATG8f plants were grown on various sucrose concentrations 

and GFP release was examined by Western blot. Analysis of proteins from root samples 

revealed no changes in free GFP levels, indicating no differences in autophagic activity 

(Figures 3A and S4A) and suggesting that the autophagic activity responsible for altered 

root development under sucrose excess was basal autophagy. Interestingly, under excess 

sucrose conditions, an induction of autophagic activity was observed in shoot samples 

(Figures 3B and S4B). This induction was not reflected by a morphological phenotype of 

WT compared to atg mutant shoots. 

Neighbor of BRCA1 (NBR1) is a selective autophagy cargo receptor found to be es-

sential for the autophagy response under various abiotic stresses [49] and to modulate 

ABA signaling [50]. To determine whether NBR1 is involved in the root response to excess 

sucrose, the responses of an NBR1 knockout (KO) line (nbr1) and an NBR1 overexpression 

line (35S::NBR1) [50] to sucrose excess were characterized. Unlike atg5-1 and atg7-2, the 

primary root length of both nbr1 and 35S::NBR1 was similar to that of WT under high 

sucrose concentrations (Figure 3C,D), demonstrating that the response was not NBR1-de-

pendent. Taken together with the GFP-release observations, we postulated that the re-

duced root sensitivity of atg mutant plants under sucrose excess is dependent on bulk 

rather than selective autophagy. 

 
Figure 3. Sucrose excess induces autophagy in the shoots but not in the roots, and the root pheno-

type is not NBR1-dependent. (A,B) GFP-ATG8f plants were sown on Nitsch plates containing in-

creasing concentrations of sucrose, and grown for 10 days. (A) Roots and (B) shoots were collected 

separately, and proteins were extracted and analyzed by Western blot using an anti-GFP antibody. 

Equal protein loading was verified by Coomassie brilliant blue staining. (C) WT, atg5-1, nbr1, or (D) 
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NBR-OX (35S::NBR1) plants were sown on Nitsch plates containing increasing concentrations of 

sucrose and grown vertically for 14 days, after which the primary root length was quantified (top 

panel). An asterisk denotes a significant difference from WT under the same treatment, as deter-

mined by Dunnett’s test (p < 0.05, n = 10–30), x indicates sample mean, and circles denote outliers. 

Bottom panel—a representative image of the plants. 

2.4. No Difference in Starch Accumulation between WT and atg Mutants under Sucrose Excess 

Several studies have demonstrated that atg mutants display altered metabolism un-

der both favorable and stress conditions [6,10,51–54]. It was thus postulated that the re-

duced sensitivity of atg mutant roots to sucrose excess might stem from differential usage 

of the sucrose available in the medium and its transport to shoots. As sucrose can be used 

as a substrate for starch synthesis [55], the predominant mode of carbohydrate storage in 

plants, the starch levels in WT and atg mutant plants exposed to increasing sucrose levels 

were quantified (Figure 4). Lugol’s potassium iodide (IKI) staining and starch quantifica-

tion showed that elevated sucrose levels led to higher starch concentrations in the leaves, 

but not to differences between lines under the same treatment (Figure 4A,B). These find-

ings indicate that the sucrose available in the medium was not differentially utilized in 

the different plant lines. The root response of atg seedlings might be a result of sucrose 

signaling rather than its role as a metabolite. 

 

Figure 4. No difference in starch accumulation between WT and atg mutants under sucrose excess. 

WT, atg5-1, and atg7-2 plants were sown on Nitsch plates containing increasing concentrations of 

sucrose and grown for 14 days. (A) Representative images of IKI staining of starch. (B) Quantifica-

tion of starch.  No significant difference from WT under the same treatment was found by Dunnett’s 

test (p < 0.05, n = 4), x indicates sample mean, and circles denote outliers. 

2.5. Sucrose Excess Affects the Plant Metabolome in an Autophagy-Independent Manner 

Due to the substantial effect previously shown of autophagy on plant metabolism [5,6,8–

10], the metabolic profile of WT and atg mutant roots and shoots from plants grown under 

sucrose excess was evaluated. After growing seedlings for 10 days, as described above, polar 

metabolites were extracted and analyzed by gas-chromatography mass-spectrometry (GC-

MS). Shoot analysis revealed distinct metabolite profiles for each treatment, but no differences 

between the lines (Figure S5A, Table S1). Principal component analysis (PCA) of root metab-

olites demonstrated that, as in the shoots, sucrose excess had a significant effect on metabolic 

profiles (Figure S5B). In addition, when performing PCA of each individual treatment, minor 

differences between the lines were noted (Figures 5A and S5C,D). 
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Heat map visualization of the roots revealed that under no sucrose, atg mutants dis-

played lower levels of amino acids and higher levels of sugars compared to WT (Figure 

5B). These results matched the profile previously described for plants following carbon 

starvation [10]. Elevation of sugar levels dramatically increased the levels of most ob-

served metabolites in both WT and atg mutants, but the differences between the lines be-

came milder (Figure 5B, Tables 1 and S2). Trehalose (Figure 5B, Table 1), a sugar previ-

ously found to mediate the oxidative stress response [56], was shown to accumulate under 

sucrose excess in atg mutants. Taken together with the starch accumulation results, it can 

be concluded that the altered response of atg mutants to sucrose excess likely stems from 

sucrose functioning as a signaling factor rather than as a metabolic agent. 

 

Figure 5. Sucrose excess affects the root metabolome, but the influence of autophagy on the response 

is mild. Roots from WT, atg5-1, and atg7-2 seedlings grown for 10 days under various sucrose con-

centrations were collected, and polar metabolites were extracted and analyzed by gas-chromatog-

raphy mass-spectrometry (GC-MS) (A). Principal component analysis (PCA) performed on scaled 

values of metabolites measured in roots grown under 3% sucrose (B). Heatmap displaying the rel-

ative amounts of root metabolites under various sucrose concentrations. Results are presented as 

the log2 ratio normalized to WT under 0% sucrose. An asterisk denotes a significant difference from 

WT under the same treatment regimen, as determined by Dunnett’s test (p < 0.05, n = 5–6). 
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Table 1. Metabolic profiling of 10-day-old seedling roots under 3% sucrose. 

Group Metabolite WT atg5-1 atg7-2 

Amino acids 

Aspartic acid 2.67 ± 0.25 2.68 ± 0.52 3.58 ± 0.55 

Arginine 0.001 ± 0.0003 0.0009 ± 0.0002 0.003 ± 0.0007 

Glutamic acid 1.70 ± 0.25 4.16 ± 1.25 3.27 ± 0.47 

Glycine 3.95 ± 0.19 3.27 ± 0.32 5.06 ± 0.77 

Methionine 1.60 ± 0.19 3.00 ± 0.50 3.11 ± 0.21 

Ornithine 27.47 ± 3.78 31.02 ± 8.29 39.41 ± 3.85 

Phenylalanine 0.61 ± 0.15 0.84 ± 0.19 0.77 ± 0.08 

Proline 1.3 ± 0.77 0 ± 0 3.68 ± 0.82 

Serine 4.91 ± 0.73 3.43 ± 0.46 3.40 ± 0.46 

Threonine 20.24 ± 1.80 14.51 ± 1.86 15.95 ± 1.09 

Tyrosine 3.07 ± 0.21 3.21 ± 0.50 5.40 ± 0.60 

Organic acids 

Citric acid 216.59 ± 35.00 274 ± 63.07 344.79 ± 47.37 

Fumaric acid 17.16 ± 0.84 16.63 ± 2.27 22.78 ± 2.45 

Alpha ketoglutaric acid 7.17 ± 0.70 54.71 ± 22.09 53.68 ± 15.69 

Malic acid 198.42 ± 12.77 174.23 ± 18.56 163.00 ± 17.24 

Succinic acid 107.84 ± 7.01 58.04 ± 9.11 84.73 ± 11.61 

Sugars 

Alpha arabinose 5.15 ± 0.67 5.55 ± 0.82 6.70 ± 0.72 

Fructose  308.42 ± 44.90 345.81 ± 69.52 437.51 ± 45.51 

Glucose 2.16 ± 0.31 2.54 ± 0.51 3.25 ± 0.38 

Lyxose/Xylose 4.15 ± 1.32 4.50 ± 1.10 6.57 ± 0.72 

Myo inositol 35.10 ± 5.59 33.40 ± 6.87 43.05 ± 4.49 

Sucrose 387.40 ± 84.35 340.92 ± 69.81 373.64 ± 49.81 

Trehalose 5.64 ± 5.64 453.75 ± 106.12 252.63 ± 33.04 

Others Phosphoric acid 6.06 ± 0.92 4.51 ± 0.74 5.55 ± 0.58 

Values represent the average ± standard error (n = 5–6). Values were all normalized to the average 

WT 0% and presented at relative levels. Significant differences (p < 0.05) as compared with WT un-

der the same treatment, calculated by Dunnett’s test, are highlighted in bold. 

2.6. Differences in Protein Levels under Sucrose Excess and between WT and atg5-1 Plants 

In light of the findings suggesting that sucrose serves as a signaling molecule in root 

responses to sucrose excess and due to the role of autophagy in protein elimination, it was 

postulated that the protein profiles of WT and atg mutant roots will differ under such stress 

conditions [57–59]. To assess this possibility, WT and atg5-1 plants were exposed to 1% (non-

excess conditions) and 3% sucrose (excess conditions), and the protein profiles of the roots 

were analyzed by liquid chromatography with tandem mass spectrometry (LC-MS/MS). 

PCA revealed that while a clear separation was observed between the lines and su-

crose treatments, it was more significant between the lines as compared with the treatment 

(Figure 6A). Similar trends were observed for the clustering of the calculated Z scores of 

protein levels between lines vs. across treatments (Figure S6A). Taken together, these re-

sults indicate that although a sucrose excess affects the cell proteome, the lack of autoph-

agy also plays a significant role in determining the root proteome under both normal and 

excess sucrose conditions. 

A comparison of the proteome profiles found that many proteins differentially accu-

mulated both under 1% sucrose and 3% sucrose (Figure 6B,C). A Venn diagram drawn to 

identify proteins that only changed under 3% sucrose revealed 57 proteins that were 

downregulated and 44 that were upregulated in atg5-1 under the 3% and not the 1% su-

crose (Figure 6D). 
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Figure 6. Proteomic analysis of roots revealed differences in protein levels during sucrose excess 

and between WT and atg5-1 plants. WT and atg5-1 were sown on Nitsch plates containing 1% or 3% 

sucrose and grown vertically for 10 days. Roots were then collected and subjected to proteomic 

analysis by liquid chromatography with tandem mass spectrometry (LC-MS/MS). (A) PCA of the 

label-free quantification (LFQ) values of the entire proteome. (B) Volcano plot for 1% sucrose—p 

values and fold-change relative to atg5-1. (C) Volcano plot for 3% sucrose—p values and fold-change 

relative to atg5-1. (D) Venn diagram of differentially accumulated proteins: http://bioinformat-

ics.psb.ugent.be/webtools/Venn/, accessed on 18.2.2022. 

2.7. Lack of Autophagy Results in Alterations to a Plethora of Biological Processes under High 

Sucrose Levels 

After observing global changes in protein abundance in atg roots compared to WT, 

the specific processes modulated by autophagy with and without sucrose excess treat-

ment were characterized via biological process enrichment analysis performed using Da-

vid functional annotation tools (V6.8). Autophagy was one of the most affected processes, 

upregulated in atg5-1 mutants both under 1% and 3% sucrose (Figures 7A and S5). 

Several biological processes were upregulated in atg5-1 mutant roots under the 3% 

sucrose treatment (Figure 7A). Upregulation of a hydrogen peroxide catabolic process was 

observed under sucrose excess treatment. This involved increased levels of peroxidase 15 

(PER 15), peroxidase 23 (PER23), peroxidase 51 (PER51), and cationic amino acid trans-

porter 2 (CAT2) (Figure 7, Table 2). In addition, increased levels of three IAA-amino acid 

hydrolases of the ilr1-like family proteins—ILL1, 2 and —were observed (Table 2). These 

proteins were found to hydrolyze amino acids from auxin, leading to the accumulation of 

an active form of auxin [60]. These processes were also significantly upregulated under 

1% sucrose (Table 2), suggesting that the increased levels of the proteins might serve as a 

pre-existing condition, aiding in the plant response to sucrose excess in combination with 

processes specifically activated under these conditions.  
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Table 2. Selected proteins upregulated in roots of atg5-1 seedlings under different sucrose treatments. 

Biological Process Protein Name 

Fold Change (Com-

pared to WT) 

p Value (Com-

pared to WT) 

1%/3%  1%/3% 

Hydrogen peroxide cata-

bolic processes 

Peroxidase 15 2.4/1.7 0.0179/0.0365 

Peroxidase 23 1.4/1.6 0.2036/0.0270 

Peroxidase 51 NA/1.9 NA/0.0289 

Cationic amino acid transporter 

2 
2.3/1.3 0.0212/0.0271 

Tricarboxylic acid cycle 

Succinyl-coA ligase, alpha sub-

unit 
2.2/3.3 0.2514/0.1600 

Citrate synthase 3  1.3/1.5 0.0067/0.0041 

Succinate dehydrogenase subu-

nit 7B 
1.9/8.0 0.5115/0.0146 

Mitochondrial proteins 
Mitochondrial uncoupling pro-

tein 5 
3.4/20.9 0.4634/0.0255 

Peroxisomal proteins 

Citrate synthase 2 1.1/1.3 0.2547/0.0076 

Acyl-coenzyme A oxidase 1.2 1.2/1.5 0.066/0.0038 

Coenzyme A oxidase 2 1.1/1.2 0.1495/0.0118 

Coenzyme A oxidase 1 1.2/1.3 0.0318/0.0075 

Coenzyme A oxidase 3 1.1/1.2 0.3331/0.0116 

Coenzyme A oxidase 4 1.2/1.2 0.0476/0.0117 

Fatty acid beta-oxidation-multi-

functional protein 2  
1.2/1.2 0.0286/0.0056 

Malate dehydrogenase 1.2/1.2 0.0417/0.0101 

Long chain acyl-coA synthetase 

8 
1.3/1.4 0.0009/0.0026 

Auxin processing 

IAA-amino acid hydrolase 

ILR1-like 4 
1.3/1.5 0.0048/0.0017 

IAA-amino acid hydrolase 

ILR1-like 1 
1.6/1.4 0.0056/0.0034 

IAA-amino acid hydrolase 

ILR1-like 2 
1.3/1.6 0.0304/0.0054 

Indole-3-acetic acid-amido 

synthetase GH3.17 
1.4/1.7 0.0006/0.0009 

Sucrose-related processes 

Sucrose synthase 1 1.3/1.7 0.0005/0.0370 

Sucrose synthase 4 1.5/2.2 0.0045/0.0101 

Sucrose synthase 3 1.5/1.5 0.0248/0.0374 

One protein found to accumulate to a great extent in atg5-1 under sucrose excess was 

uncoupler protein 5 (PUMP5) (Table 2). In parallel, an accumulation of TCA cycle proteins 

in atg5-1 under sucrose excess was observed (Table 2). These included citrate synthase, 

and succinate dehydrogenase subunit 7, which significantly accumulated under sucrose 

excess in atg5-1 plants, and succinyl CoA ligase, which showed higher (but not significant) 

levels. Since uncoupler proteins can finetune the mitochondrial membrane potential, and 

consequently lead to a reduction in ROS production [61–64], these findings strongly sug-

gest mitochondrial involvement in the root response to excess sucrose. 

In parallel, fructose biphosphate aldolase 4 (FBA4) exhibited a 237.2-fold upregula-

tion under 1% sucrose (Supplementary Data 3). FBAs are key metabolic enzymes catalyz-

ing the reversible cleavage of fructose 1,6 biphosphate into dihydroxyacetone phosphate 

and glyceraldehyde-3-phosphate. This reaction occurs during glycolysis, gluconeogene-

sis, and the TCA cycle [65,66]. Under 3% sucrose, however, FBA4 accumulated 30.3 fold 

in atg5-1 compared to WT, but the difference was not statistically significant (Supplemen-

tary Data 2). These results imply a strong involvement of autophagy in FBA4 regulation, 
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independent of sucrose excess. Sucrose metabolism-related proteins, comprising sucrose 

synthase 1, 3, and 4, also accumulated in atg5-1 plants (Figure 7A, Table 2). These enzymes 

are the most abundant sucrose synthases in the root system, and knockout plants of these 

genes were found to be highly sensitive to hypoxia [67]. Upregulation of these proteins 

was also observed under 1% sucrose but not as severely as in stress conditions. Sucrose 

synthases are mostly associated with the degradation of sucrose and the accumulation of 

glucose and fructose [67,68]. Yet, since these reactions are reversible, it is difficult to de-

termine the exact role of sucrose synthase, but it might explain previous results demon-

strating sugar accumulation in atg mutants. [10,39]. 

When studying downregulated processes, various cell-wall responses were ob-

served, which involved two common proteins: expansin A1 (EXPA1) and expansin 11 

(EXPA11). Both proteins are essential for cell-wall expansion (Figure 7B, Table 3) and cell 

enlargement and were found to be necessary for plant growth, development, and the re-

sponse to stress [69–71]. It has been previously reported that rns2-2 plants, which lack the 

T2 ribonuclease RNS2, display enhanced basal autophagy. The mutants were larger than 

WT plants, and the authors postulated this was due to higher expansin levels [72]. The 

current results suggest that autophagy is involved in expansin maintenance. However, 

since there is a discrepancy between the phenotypes of rns2-2 and atg mutants, more stud-

ies are needed to determine the nature of this regulation. 

In addition to the accumulation of auxin-related response proteins essential for auxin 

bioavailability, changes in auxin transport proteins, e.g., decreased PIN LIKE 5 (PILS5), 

were observed in atg5-1 roots under 3% sucrose (Table 3). PILS5 is an auxin carrier that 

controls auxin sequestration in the ER, leading to lower cytosolic auxin levels. This affects 

both auxin availability and signaling [73,74]. 

Table 3. Selected proteins downregulated in roots of atg5-1 seedlings under different sucrose treatments. 

Biological Process Protein Name 

Fold Change (Com-

pared to WT) 

1%/3% 

p Value  

(Compared to WT) 

1%/3% 

Auxin transport PIN LIKE 5 (PILS5) 1.3/0.3 0.4539/0.0055 

Cell-wall responses 
Expansin-A11 0.2/0.6  0.1001/0.0006 

Expansin-A1 0.7/0.6 0.3445/0.0081 
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Figure 7. atg5-1 shows alterations in many biological processes under high sucrose levels. Enriched 

biological processes identified from proteomics analyses performed using David functional anno-

tation tools in GOTERM_BP_DIRECT. (A) Biological processes involving protein accumulation in 

atg5-1 compared to WT under 3% sucrose. (B) Biological processes involving protein depletion in 

atg5-1 compared to WT under 3% sucrose. The red dotted line indicates the threshold for significant 

enrichment of the given proteins for the biological process (p < 0.05). 

2.8. atg Mutants Display Higher Peroxidase Activity under Sucrose Excess Compared with WT 

In light of the observed accumulation of proteins related to hydrogen peroxide ca-

tabolism in atg5-1 mutants, we wished to determine whether these affected their impact 

on hydrogen peroxide degradation. Most of the peroxidases identified in the proteomic 

analysis accumulated in atg5-1 plants under 1% and 3% sucrose, with a slightly higher 

accumulation under sucrose excess (Figure 8A, Supplementary Data 2). Analysis with 

Uniprot [75] revealed that these peroxidases were mostly extracellular. Quantification of 

peroxidase activity in roots of 10-day-old seedlings revealed that under 0% sucrose, WT 

roots displayed higher peroxidase activity than atg mutants. In contrast, under 1% su-

crose, no differences in peroxidase activity were detected between the lines, while under 

3% sucrose, atg mutants display higher peroxidase activity than WT plants (Figure 8B). 

These results further confirmed the involvement of autophagy in ROS homeostasis under 

sucrose excess, likely stemming from the accumulation of peroxidases. 
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Figure 8. Root peroxidase activity is increased in atg mutant plants under sucrose excess (A). 

Heatmap describing the fold-change in peroxidase levels between atg5-1 and WT under 1% and 3% 

sucrose. Black boxes indicate peroxidases that were not detected. An asterisk denotes a significant 

change between WT and atg5-1, as determined by Student’s t-test. (B). WT, atg5-1, and atg7-2 plants 

were sown on Nitsch plates containing 0%, 1%, or 3% sucrose and grown vertically for 10 days. 

Roots were collected and the peroxidase activity was assessed. An asterisk denotes a significant 

difference from WT under the same treatment, as determined by Dunnett’s test (p < 0.05, n = 4), x 

indicates sample mean, and circles denote outliers. 

3. Discussion 

The hypersensitivity of atg mutant plants to carbon starvation is a well-defined phe-

notype [5,76]. Surprisingly, it has been shown that under such conditions, atg mutants 

accumulate higher levels of sugars, which is counter-intuitive, considering their apparent 

increased starvation [9,10]. It is also known that autophagy is activated according to the 

sugar status of the plant [77,78], suggesting a connection between autophagy and sugar 

homeostasis. Yet, the role of autophagy in the interplay between sugar homeostasis 

maintenance and the sugar excess response remains ill-defined. Thus, this work ad-

dressed this issue by growing WT and atg mutant plants under various sucrose concen-

trations and examined the differential response of roots and shoots. 

The presented results demonstrated that autophagy plays a role in the root response 

to sucrose excess. Roots of atg mutant plants were less affected by exogenous sucrose ex-

cess and displayed a longer primary root than WT plants (Figures 1 and S1). In line with 

the many works discussing the importance of sugars in inhibiting seed germination [79–

81], the current results showed that high sucrose levels indeed inhibited germination (Fig-

ures 2A and S2). However, germination rate inhibition was similar between WT and atg 

mutants, suggesting that the response is root-specific. While no visible changes were 

noted in lateral roots, a more extensive analysis is still required. 

Interestingly, a GFP-release assay revealed that autophagy is activated by excess su-

crose in an organ-specific manner, with upregulation in the shoots but maintained basal 

levels in the roots (Figures 3A,B and S4). In a recent study, Huang et al. observed reduced 

autophagic activity in the roots after 24 h under glucose excess, with a return to basal 
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levels within 48 h of challenge [39]. The present analysis was conducted 10 days post-

imbibition, suggesting we may have missed this transient activation. In light of these find-

ings, sucrose excess can be used as a model to study autophagy regulation and activity in 

a tissue-specific manner. In addition, NBR1 was found to both mediate ABA signaling and 

affect lateral root initiation [50]. In contrast, the current analysis found no linkage between 

the response to sucrose excess and NBR1 (Figure 3C,D), suggesting the involvement of 

bulk autophagy. Yet, the involvement of selective autophagy governed by different recep-

tors, as alluded by our proteomics analysis, cannot be ruled out. 

Root elongation is tightly connected to carbon availability. It has long been established 

that sugars could affect the extension of the primary and lateral roots [82], with each sugar 

eliciting a unique root development response [11,12,17–19,37,38]. The present work showed 

that the reduced root sensitivity of atg mutants is unique to sucrose and glucose, while man-

nitol and fructose led to immediate root elongation arrest of all genotypes (Figure 2B–D). 

Coupled with the fact that no alterations were observed between the atg plants and WT in 

starch accumulation (Figure 4), it is suggested that the altered response of atg mutants to 

sucrose excess does not stem from the role of sucrose as an energy source but rather as a 

signaling molecule. Our metabolic profiling further confirmed this assumption, as changes 

in metabolites in the roots under sucrose excess were very mild (Figure 5). 

The roots of hexokinase1-overexpressing plants (HXK1-OE) were highly sensitive to 

glucose excess, but a cross between HXK1-OE and atg mutant plants rescued the root phe-

notype [39]. This observation suggests that the response observed in atg mutants is HXK-

dependent, meaning that it is glucose-mediated. Yet, the possibility that the responses to 

sucrose and glucose yield the same morphological phenotype but are distinct in their 

mechanism cannot be ruled out. 

The extensive proteomic analysis performed here to better understand the molecular 

mechanism by which autophagy mediates excess sucrose response revealed differences be-

tween the lines and treatments. Interestingly, lack of autophagy had a more profound influ-

ence on the proteome, with clustering being more affected by the lines compared with the 

treatments (Figure 6A). Indeed, clustering of the data revealed that samples first clustered 

by genotype and only then by treatment (Figure S6A), further strengthening the above 

claim. The influence of autophagy on the proteome is a well-documented phenomenon and 

was also demonstrated under fixed carbon starvation and fixed nitrogen starvation [8,9]. 

Mining of the proteomics data by performing a biological processes analysis using David 

bioinformatics tools discovered many pathways altered in atg mutants as compared to WT 

plants (Figure 7, Tables 2 and 3). Accumulation of autophagy-related proteins in atg mu-

tants, and specifically NBR1, was expected due to the accumulation of autophagy proteins 

that could not be degraded in the mutants, as previously reported [49,83,84]. 

Huang et al. [39] previously demonstrated lower levels of ROS in the root tips of atg 

mutant plants exposed to glucose excess, which was proposed as the leading cause for the 

observed phenotype. The present work also noted an accumulation of proteins related to 

hydrogen peroxide processes (Figure 7A), particularly peroxidases (Figure 8A, Table 2, 

Supplementary Data 2 and 3). Peroxidases have been demonstrated to lower the accumu-

lation of ROS under aluminum stress [85]. Assessment of peroxidase activity further con-

firmed that under sucrose excess, peroxidases are more active in atg mutants, leading to 

lower levels of ROS (Figure 8B). Metabolic profiling of the roots also showed that trehalose 

accumulated in atg mutants under sucrose excess. Overexpression of TPS1, which is in-

volved in trehalose synthesis, was found to partake in oxidative stress responses [56]. Tre-

halose might thus also be involved in the root ROS response. Our proteomics results 

showed a significant accumulation of TPS10 and TPS5 and a non-significant accumulation 

of TPS1 under 1% sucrose (Supplementary Data 3). Under 3% sucrose, TPS7 was signifi-

cantly upregulated, alongside a non-significant accumulation of TPS10 (Supplementary 

Data 2). No accumulation of trehalose was observed under 1% sucrose in atg mutants 

(Figure 5B), suggesting that this response is also affected by other mechanisms. Overall, 

further examination of the connection between TPS and autophagy should be conducted. 
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Mitochondrial uncouplers have been found essential for maintaining ROS homeosta-

sis [61–64]. PUMP5, a mitochondrial uncoupler protein, accumulated massively in atg mu-

tant plants under sucrose excess (Table 2), suggesting its possible role in ROS homeostasis, 

with possible mitochondrial involvement in ROS production and response under excess 

sucrose. Furthermore, a recent study found that autophagy can degrade depolarized mi-

tochondria in response to uncouplers in Arabidopsis roots [86]. In addition to the accumu-

lation of PUMP5, accumulation of TCA cycle proteins was also observed in atg mutant 

plants under sucrose excess. These included succinyl CoA ligase, which was not signifi-

cant but indeed showed higher levels in the mutants, citrate synthase, and succinate de-

hydrogenase. Succinate dehydrogenase assembly factor 2 has been demonstrated to be 

vital for normal root elongation in Arabidopsis [87], while succinyl CoA ligase was shown 

to be damaged by oxidative stress [88]. In addition, we previously demonstrated the up-

regulation of citrate synthase gene expression in atg mutants under dark-induced senes-

cence [6]. Taken together, the altered profile of TCA-related proteins may underlie the 

root formation phenotype associated with sucrose excess. 

FBA4 proved highly upregulated in atg5-1 roots under 1% sucrose (Supplementary 

Data 3), and to a lower extent under 3% (Supplementary Data 2). Since FBAs are linked 

with sugar signaling, ABA-mediated stress [66], and the hydrogen peroxide response [89], 

it is tempting to assume that FBA4 participates in the sucrose-mediated response. Our 

results demonstrate a strong correlation between autophagy and FBA4 regulation, but the 

nature of this connection, both under favorable conditions and under sucrose excess con-

ditions, remains to be further studied. 

Previous data provided evidence of the upregulation of peroxisomal activity under 

glucose excess [39]. Examination of peroxisomal proteins in the current study indeed iden-

tified their accumulation in atg mutant plants under sucrose excess (Table 2). Many works 

characterized the role of autophagy in selective peroxisomal degradation [40–42], and pre-

vious research also demonstrated that autophagy is vital for the degradation of peroxi-

somes under abiotic stress [6,39,90,91]. Taken together, we postulate that pexophagy is 

involved in the plant response to sucrose excess. 

Huang et al. further demonstrated upregulation of auxin, a vital root growth regula-

tor, under glucose excess, regulated by ABCD1 [39]. ABCD1 is a peroxisomal protein es-

sential for the conversion of indole3-butyric acid (IBA) to indole-3-acetic acid (IAA) [92]. 

Our analysis showed no alteration in ABCD1 levels (Supplementary Data 2), suggesting 

this response to be glucose-specific. Nonetheless, the proteomic analysis revealed an ac-

cumulation of IAA-amino acid conjugate hydrolases (ILLs, Table 2). Auxin conjugated to 

an amino acid was found to antagonize auxin activity [60,93], while ILLs can hydrolyze 

the conjugated amino acid, leading to an increase in bioactive auxin. Our results suggest 

another source for auxin accumulation in atg mutant plants. Besides bioavailable auxin, a 

decrease in PILS5 was also observed under 3% (Table 3). PILS5 is an auxin carrier that 

controls intracellular auxin accumulation at the ER, leading to lower cellular levels of 

auxin [73,74]. This might explain the higher auxin levels observed in atg mutants under 

glucose excess [39]. PILS6 was found to regulate organ growth in Arabidopsis, with better 

root growth observed in pils6 plants [94]. 

To conclude, previous analyses suggested peroxisomal activity as a modulator of 

ROS and as a primary source of bioavailable auxin under glucose excess, leading to the 

lower sensitivity of atg mutant plants to glucose-mediated root growth inhibition [39]. The 

current analysis demonstrated that a similar response occurs under sucrose excess and is 

regulated by basal levels of autophagy or mediated by enhanced autophagic activity in 

the shoots via root-shoot communication. This response is more complex than previously 

described and relies on many other cellular components, including mitochondrial and cel-

lular proteins. Such a response reduces ROS accumulation and auxin decline, leading to a 

less pronounced root phenotype in atg mutants (Figure 9). 
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Figure 9. Proposed mechanism of action for autophagy during sucrose excess. In WT plants under 

high sucrose/glucose levels, primary root shortening occurs via the accumulation of ROS and re-

duced levels of auxin. In contrast, under similar conditions, atg mutant plants present reduced ROS 

accumulation, which is mediated via peroxidases, PUMP5, TCA cycle enzymes, and peroxisomal 

activity. There is also less auxin reduction, which is mediated by peroxisomal proteins and ILL ac-

tivity. These changes in protein and organellar activity lead to reduced primary root shortening. 

Red arrows indicate upregulation, blew arrows indicate downregulation. 

4. Materials and Methods 

4.1. Plant Lines 

Arabidopsis thaliana (Arabidopsis) ecotype Columbia (Col-0) was used in this study. The 

lines used were as follows: atg5-1 (SAIL_129B079) [95], atg7-2 (GK-655B06) [95], and GFP-

ATG8f-HA [96]. NBR1 OX (NBR1-TAP) and nbr1 KO lines [50] were generously provided 

by Professor A. Sirko, Institute of Biochemistry and Biophysics, Polish Academy of Sciences. 

4.2. Plant Growth Conditions 

Seeds were surface-sterilized using vapor-phase sterilization with Cl2 gas for 3 h, and 

sown on 1% (w/v) agar plates containing Nitsch medium (Duchefa Biochemia, Haarlem, 

Netherlands) and varying concentrations (w/v) of sucrose: 0%, 1% (29 mM), 2% (58 mM), 3% 

(87 mM), and 4% (116 mM). Plates containing glucose, fructose, or mannitol contained the 

molar equivalent to the sucrose concentration. Plates were then imbibed for 72 h at 4 ℃, in 

the dark, and grown vertically (except for the starch assay, which was grown horizontally) 

in a growth chamber (FITOCLIMA S600PLH Aralab climatic chamber,Rio de Mouro, Por-

tugal), under 22 ℃, 50% Rh, and constant light (125 µmol/m2/s), for 10 or 14 days. 

4.3. Root Elongation Analysis 

For root growth measurements, 14-day-old seedlings grown on Nitsch plates were 

photographed, and the root length was measured using ImageJ analysis software [97]. To 

measure the root growth rate, the tip of the root was marked every 48 h for 10 days. The 

plates were photographed, and the root length was measured using ImageJ. Each plate 
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contained all the measured genotypes to ensure similar growth conditions. At least three 

plates were prepared for each analysis, with a varied number of plants per line in each 

plate. Dunnett’s test was conducted to compare the tested lines with the WT under each 

treatment. Data for root length measurements are displayed as box and whiskers plots, 

with error bars indicating minimum and maximum values. Data for the root growth rate 

are displayed as line graphs, with error bars indicating the standard error (SE). 

4.4. Seed Germination Analysis 

Arabidopsis seeds were sown on Nitsch plates. After 48 h of imbibition, the plates were 

transferred to a growth chamber, and seed germination, scored by radicle protrusion, was 

monitored at several time points (15, 19, 24, 36, and 42 h post-imbibition). Four to six plates 

were examined, and a total of 134–289 seeds were counted. 

4.5. Protein Extraction for Immunoblot 

Leaf and root tissues (~100 mg) from 10-day-old plants were ground in a bead-beater and 

proteins were extracted using extraction buffer (50 mM Tris-HCl pH 7.5, 20 mM NaCl, 10% 

glycerol, 1% Triton, and a 1:7 ratio of protease inhibitor; 04693124001, Roche, Basel, Switzer-

land), based on a previously described extraction buffer [98]. Samples were then centrifuged 

for 15 min at 20,000 g, at 4 °C, and the supernatant was collected and stored at −20 °C. 

4.6. Immunoblot Analysis 

Total proteins were separated using a 12.5% SDS-PAGE, under a Tris-glycine run-

ning buffer [99]. The proteins were then transferred to a 0.2=µm polyvinylidene difluoride 

membrane (Amersham Hybond, GE Healthcare Life Science, Amersham, UK) under a 

transfer buffer [100]. Coomassie brilliant blue (0.25% w/v in destain solution: 50% metha-

nol, 10% acetic acid, 40% DDW, Raymond A. Lamb) was used to ensure equal loading. 

For immunodetection, membranes were incubated with rabbit polyclonal anti-GFP anti-

bodies (AB290, Abcam, Cambridge, UK) and later with goat anti-rabbit antibody (A00098, 

GenScript, Piscataway, NJ, USA). Proteins were then imaged using the Gel Imager (Fusing 

FX, Vilber Lumart, Collegien, France). 

4.7. Starch Staining 

Seedlings grown for 10 days on Nitsch medium with various sucrose concentrations 

were collected into 2-mL tubes (the entire plant was collected). Starch was stained by in-

cubating the plants for 10 min in Lugol’s IKI solution, as previously described [101]. Pic-

tures were taken using a stereoscope binocular (KERN Optics, Microscope VIS soft-

ware(basic), Balingen, Germany ). 

4.8. Starch Quantification 

Seedlings were grown on Nitsch medium with 0%, 1%, or 3% sucrose as described above. 

Fresh plant tissue (20 mg) of 10-day-old seedlings was then collected. Starch extraction was 

performed according to previously published protocols [102]. The starch content was then 

quantified using a Starch Assay Kit (Abcam©, ab83393, Cambridge, UK). Data are displayed 

as box and whiskers plots, with error bars indicating minimum and maximum values. 

4.9. GC-MS Analysis 

Metabolites were extracted following an established gas chromatography-mass spec-

trometry (GC-MS)-based metabolite profiling protocol [103], with slight modifications. 

Plant samples (10-days-old roots and shoots separately, 10–30 mg per sample), grown ver-

tically on Nitsch plates containing various sucrose concentrations, were collected in 2-mL 

tubes (4–6 biological replicated per line per treatment). The samples were flash-frozen in 

liquid nitrogen and stored at −80 °Cuntil extraction. The samples were extracted in methanol 

containing an internal standard (0.2 mg ribitol mL−1 water), shaken for 15 min at 70 °C, and 
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centrifuged at 14,000 rpm for 10 min. The supernatant was transferred to new tubes, and 

chloroform and double-distilled water were added. Tubes were then centrifuged at 14,000 

rpm for 15 min, and aliquots of 150 µL of the upper phase of each sample were transferred 

to new 1.5 mL tubes and dried by Speedvac (Concentrator Plus, Eppendorf, Hamburg, Ger-

many), overnight. Derivatization was carried out as previously described [103]. 

Polar metabolites were measured by the Agilent 7200B GC/Q-TOF. The injection and 

separation procedures were performed according to Dahtt using the DB-35MS column 

[104]. Metabolite detection and annotation were performed by Quant software (Agilent, 

Santa Clara, CA, USA), according to an accurate mass library of known markers generated 

by our group and run in the same system. More information can be found in Supplementary 

Table 1. Following blank subtraction, the peak area of each metabolite was normalized to 

the internal standard (i.e., ribitol) in each sample, and by the fresh weight of the sample. 

4.10. Protein Extraction for Shotgun Proteomics 

Proteins were extracted from 10-day-old seedlings (atg5-1 and WT) grown on 1% and 

3% sucrose Nitsch plates. Protein extraction was performed according to Rodiger et al. 

[105]. Four biological replicates were tested for each treatment and line. 

4.11. Sample Preparation for LC-MS/MS Analysis 

Samples in extraction buffer (40 mM Tris-HCl pH 6.8, 10% glycerol with protease 

inhibitor mix) were supplemented with 4% sodium dodecyl sulfate and 20 mM dithio-

threitol and heated at 70 C for 10 min. Protein (25 µg) was precipitated using the chloro-

form/methanol method [106] and then solubilized in 100 µL of a solution containing 8 M 

urea, 10 mM DTT, and 25 mM Tris-HCl pH 8.0, and incubated for 30 min at 22 °C. Iodoa-

cetamide (55 mM) was added, after which samples were incubated for 30 min (22 °C, in 

the dark). Then, DTT (10 mM) was added. After dilution with 7 volumes of 25 mM Tris-

HCl pH 8.0, sequencing-grade modified trypsin (Promega Corp., Madison, WI, USA) was 

added (0.4 µg/sample), followed by incubation overnight at 37 °C with agitation. The sam-

ples were acidified by the addition of 0.2% formic acid and desalted on C18 homemade 

Stage tips. The peptide concentration was determined by the absorbance (280 nm) of 0.75 

µg peptides injected into the mass spectrometer. 

4.12. NanoLC-MS/MS Analysis 

Mass spectrometry analysis was performed using a Q Exactive-HF mass spectrome-

ter (Thermo Fisher Scientific, Waltham, MA, USA) coupled online to a nanoflow UHPLC 

instrument, Ultimate 3000 Dionex (Thermo Fisher Scientific, Waltham, MA, USA). Pep-

tides dissolved in 0.1% formic acid were separated without a trap column over a 120-min 

acetonitrile gradient run at a flow rate of 0.3 µL/min on a reverse-phase 25-cm-long C18 

column (75 µm ID, 2 µm, 100 Å, Thermo PepMapRSLC). The instrument settings were as 

described by Scheltema et al. [107] Survey scans (300–1650 m/z, target value 3 × 106 

charges, maximum ion injection time 20 ms) were acquired and followed by higher-en-

ergy collisional dissociation (HCD)-based fragmentation (normalized collision energy 27). 

A resolution of 60,000 was used for survey scans, and up to 15 dynamically chosen, most 

abundant precursor ions, with a “peptide-preferable” profile, were fragmented (isolation 

window 1.8 m/z). The MS/MS scans were acquired at a resolution of 15,000 (target value 1 

× 105 charges, maximum ion injection times 25 ms). Dynamic exclusion was 20 s. Data 

were obtained using Xcalibur software (Thermo Scientific, Waltham, Massachusetts, 

USA). To avoid carryover, the column was washed between samples with 80% acetonitrile 

and 0.1% formic acid, for 25 min. 

4.13. nanoLC-MS/M.S. Data Analysis 

Mass spectra data were processed using the MaxQuant computational platform, ver-

sion 1.6.17.0. Peak lists were searched against the Uniprot Arabidopsis FASTA sequence 
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database from 21 March 2021, containing 17,898 entries. The search included cysteine car-

bamidomethylation as a fixed modification, and N-terminal acetylation and oxidation of 

methionine as variable modifications, with up to two miscleavages allowed. The match-

between-runs option was used. Peptides with a length of at least seven amino acids were 

considered, and the required FDR was set to 1% at the peptide and protein levels. Relative 

protein quantification in MaxQuant was performed using the label-free quantification 

(LFQ) algorithm [108]. Statistical analysis (n = 4) was performed using the Perseus statis-

tical package [109]. Only proteins for which at least three valid LFQ values were obtained 

in at least one sample group, were accepted for statistical analysis by volcano plot (Stu-

dent’s t-test, p < 0.05). After application of this filter, a random value was substituted for 

proteins for which LFQ could not be determined (“Imputation” function of Perseus). The 

imputed values were in the range of 10% of the median value of all the proteins in the 

sample and allowed for the calculation of p values. 

4.14. Proteomics and Metabolomics Data Visualization 

Proteomics PCA, heatmap, and volcano plots were generated using RStudio [110]. 

Readxl [111], ggbiplot [112], ggplot2 [113], and ggrepel [114] packages were used for the 

plots. PCA was conducted on the raw LFQ values, which were then centered using the R 

function ‘scale’. Heat maps were prepared using the average LFQ of each protein; the LFQ 

values were first centered using the R function ‘scale’. All proteins with a zero value were 

excluded from the analysis. 

Volcano plots were generated from the log2 fold change extracted from the 

MaxQuant analysis. The threshold for upregulated or downregulated proteins was a fold-

change above log10(0.6) or below log10(−0.6) and a p-value below 0.05. The code was taken 

and modified from https://biocorecrg.github.io/CRG_RIntroduction/volcano-plots.html. 

(Accessed 18.2.2022) Venn diagrams were generated using the http://bioinformat-

ics.psb.ugent.be/webtools/Venn/ (accessed 18.2.22). The protein list for the diagram was 

the one achieved from the volcano plot R code. Functional annotation clustering of the 

upregulated and downregulated proteins was performed using the David Bioinformatics 

Resource [115]. The protein list for the diagram was the one achieved from the volcano 

plot R code. The GOTERM_BP_DIRECT category was used, and processes with a p-value 

of 0.05 or below were chosen. 

Metabolomics PCA was performed using RStudio on the raw area values, which 

were centered using the R function ‘scale’. Heat maps were prepared from the log2 values 

normalized to WT 0%, and visualized using the Multi-Experiment Viewer (MeV) [116]. 

4.15. Peroxidase Activity Assay 

Plant root samples (10–30 mg tissue) of 10-day-old plants grown under various su-

crose concentrations were collected, snap-frozen in liquid nitrogen, and stored at −80 °C. 

Samples were extracted using Amplex ×1 reaction buffer (Amplex™ Red Hydrogen Per-

oxide/Peroxidase Assay Kit, Invitrogen, Waltham, Massachusetts, USA), and peroxidase 

activity was assessed according to the kit protocol. Samples were diluted with the Amplex 

reaction buffer (1 µL of sample in 49.5 µL of reaction buffer) into a 96-well plate, and then 

further diluted with 50 µL working solution (50 µL 10 mM Amplex red reagent, 500 µL 

20 mM hydrogen peroxide, 4.45 mL 1× reaction buffer). After adding the working solu-

tion, the plate was incubated at room temperature for 30 min in the dark, and absorbance 

was measured at 560 nm. Samples containing 0.5, 1, 2, and 4 milli-units of horseradish 

peroxidase (HRP) were used for a calibration curve, as well as a blank measurement of 

reaction buffer and working solution. 

Supplementary Materials: The following supporting information can be downloaded at: 
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