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Summary

� Autophagy is a universal mechanism in eukaryotic cells that facilitates the degradation of

unwanted cell constituents and is essential for cell homeostasis and nutrient recycling.
� The salicylic acid-independent effects of autophagy defects on leaf metabolism were deter-

mined through large-scale proteomic and lipidomic analyses of atg5 and atg5/sid2 mutants

under different nitrogen and sulfur growth conditions.
� Results revealed that irrespective of the growth conditions, plants carrying the atg5 muta-

tion presented all the characteristics of endoplasmic reticulum (ER) stress. Increases in peroxi-

some and ER proteins involved in very long chain fatty acid synthesis and b-oxidation
indicated strong modifications of lipid metabolism. Lipidomic analyses revealed changes in the

concentrations of sphingolipids, phospholipids and galactolipids. Significant accumulations of

phospholipids and ceramides and changes in GIPCs (glycosyl-inositol-phosphoryl-ceramides)

in atg5 mutants indicated large modifications in endomembrane-lipid and especially plasma

membrane-lipid composition. Decreases in chloroplast proteins and galactolipids in atg5 under

low nutrient conditions, indicated that chloroplasts were used as lipid reservoirs for b-oxida-
tion in atg5mutants.
� In conclusion, this report demonstrates the strong impact of autophagy defect on ER stress

and reveals the role of autophagy in the control of plant lipid metabolism and catabolism,

influencing both lipid homeostasis and endomembrane composition.

Introduction

Autophagy (meaning self-eating) is a universal mechanism in
eukaryotic cells that facilitates the degradation of unwanted cell
constituents. Macro-autophagy (from this point referred to as
autophagy) consists of the formation of double membrane vesi-
cles termed autophagosomes, located in the cytosol, and that
engulf and sequester unwanted cytoplasmic constituents such as
damaged organelles and protein aggregates (Liu & Bassham,
2012). In plants, autophagosomes drive their cargoes to the lytic
vacuole where proteases and hydrolases degrade them. As cargoes
are not only proteins but also organelles, autophagy is also
involved in the recycling of membranes and of micronutrients
(Masclaux-Daubresse et al., 2017; Pottier et al., 2019).

Autophagosome formation requires the products of 18
AUTOPHAGY (ATG) genes that constitute the core machinery
of autophagy (Yang & Bassham, 2015). Among these, ATG5 is
involved in the ATG5�ATG12 conjugation system which is

essential for the formation of the ATG8�PE (PE, phos-
phatidylethanolamine) conjugate. ATG8�PE that forms part of
the autophagosome membrane is needed for the expansion of the
vesicle and to bind autophagy receptors and cargoes (Masclaux-
Daubresse et al., 2017).

The ’omics studies performed on autophagy mutants by differ-
ent research groups have highlighted several metabolic distur-
bances under standard growth conditions and under various
nutrient starvations. They provided several lines of evidence that
autophagy plays an important role in plant adaptation to stresses
(Liu et al., 2018 for a review). Dysregulations of sugar, amino
acid and lipid contents were investigated (Izumi et al., 2013b;
Kurusu et al., 2014; Masclaux-Daubresse et al., 2014; Avin-Wit-
tenberg et al., 2015; McLoughlin et al., 2018). The transcrip-
tomic study performed by Masclaux-Daubresse et al. (2014)
showed that genes involved in salicylic acid (SA) and ethylene
biosynthesis were upregulated in atg5 and atg9 compared with
wild-type. This was consistent with the increased levels of SA and
ethylene found in atg mutants. The expression of the master
genes involved in the flavonoid pathway was downregulated, in*These authors contributed equally to this work.
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good agreement with the lower flavonoid content in atg5 and
atg9. Several WRKY and NAC (no apical meristem (NAM),
Arabidopsis thaliana transcription activation factor (ATAF1/2)
and cup-shaped cotyledon (CUC2)) transcription factors
involved in stress responses or senescence were significantly
increased. The transcriptomic analyses performed further on the
transgenic Arabidopsis lines overexpressing ATG5 or ATG7 con-
firmed these outcomes, showing that many genes involved in SA
signaling, proteolysis and lipid degradation were downregulated,
while transcripts involved in flavonoid and anthocyanin biosyn-
thesis were upregulated in overexpressors (Minina et al., 2018).

The multiomic study performed on maize atg12 mutant by
McLoughlin et al. (2018), confirmed many of the metabolic fea-
tures found in Arabidopsis. From proteome/transcriptome com-
parisons, authors established the role of autophagy in clearing
peroxisomes, Golgi bodies, ER, ribosomes and proteasome, and
found possible role of autophagy in regulating fatty acid
catabolism (McLoughlin et al., 2018).

The atg5 Arabidopsis mutant largely used in several studies on
plant autophagy (Hav�e et al., 2018 and reference therein) is
strongly impaired in N remobilisation (Guiboileau et al., 2012).
It displays higher protein concentrations than wild-type in its
leaves and contains higher endo-, carboxy- and amino-peptidase
activities (Guiboileau et al., 2013). It seems that in the absence of
autophagosome trafficking, proteases and their substrates could
not meet, resulting in the overaccumulation of nondegraded pro-
teins. The presence in large abundance of uncomplete degrada-
tion products may in turn stimulate protease activities. Using
global and activity-based proteomic analyses, Hav�e et al. (2018)
identified the nature of the overabundant proteases in autophagy
mutants. They showed that most of these are well known cysteine
proteases. They also showed that proteasome activity was
increased in the atg5 mutants.

The aim of this study was to use proteomics to explore protein
abundances in atg5, to clarify how autophagy influences cell
physiology and metabolism. Because part of the phenotypes of
atg5 is due to the higher concentration of SA in its leaves, we
compared atg5 vs Col and atg5/sid2 vs sid2 to identify the SA-in-
dependent effects of the mutation. Three different nitrogen and
sulfur supplies were used to identify changes that were unrelated
to nutrient availabilities. Together with the liquid chromatogra-
phy�mass spectrometry (LC�MS) lipidomic analyses performed
on atg5 mutants, proteomic results provide a comprehensive pic-
ture of how autophagy influence lipid metabolism and homeosta-
sis in Arabidopsis, independently of N or S limitations.

Materials and Methods

Plant material and growth conditions

Arabidopsis thaliana (L.) Columbia wild-type, atg5 mutant (atg5-
3, SALK_020601), sid2 (sid2-2; Dewdney et al., 2000) and atg5/
sid2 double mutant have been previously characterised by Yoshi-
moto et al. (2009). Plants were cultivated according to Hav�e et al.
(2018), under control conditions (Ctr; 10 mM NO3

� and
0.266 mM SO4

2�), low nitrate (LN; 2 mM NO3
� and

0.266 mM SO4
2�) or low sulfur (10 mM NO3

� and 0.016 mM
SO4

2�) conditions. For control and low-S conditions each pot
contained one plant; under low-N conditions there was six plants
per pot. Details on these adequate growth conditions for trial of
nitrogen limitation effects on Arabidopsis are explained in Hav�e
et al. (2018). Whole rosettes were harvested 60 d after sowing
(DAS). Four biological replicates were obtained. For control and
low-S conditions, biological replicates contained the rosettes of
four plants. For low-N conditions, biological replicates contained
24 rosettes. Harvests were performed between 10:00 and 11:00 h,
and samples were stored at �80°C for further experiments. Plant
culture was repeated three times, providing samples from three
independent experiments.

Shotgun proteomic analysis

Extraction of total leaf proteins, trypsin digestion, LC�MS/MS
analyses and protein identification were performed according to
Hav�e et al., 2018, at the PAPSSO platform (INRA, Le Moulon,
Gif-sur-Yvette). Peptide quantification by peak area integration
on eXtracted ion chromatogram (XICs) was performed using the
MASSCHROQ software (pappso.inra.fr/bioinfo/masschroq/)
according to Balliau et al. (2018). Normalisation was performed
considering peptide retention time as described in Lyutvinskiy
et al. (2013). Proteins were quantified based on peptide intensi-
ties by filtering for protein-specific peptides present in at least
90% of the samples and showing a significant correlation
(r > 0.6) with the other peptides of the same protein. Relative
protein abundances were then calculated and defined as the sum
of XICs intensities of selected peptides. When peptides of a pro-
tein were not present or not reproducibly observed in one or sev-
eral conditions, spectral counting (SC) was used in place of XICs
analysis. Only proteins that produced at least four protein-speci-
fic spectra in at least one sample were considered for SC quantifi-
cation. We considered that proteins which did not match this
threshold were of too low an abundance to be reliably quantified.

Transcriptomic data

Transcriptomic data used to determine changes between
autophagy mutants and control lines were obtained from Mas-
claux-Daubresse et al. (2014) and from microarray analyses per-
formed at ‘Plateforme Biopuces et S�equenc�age’ (IGBMC,
Strasbourg, France) using the Affymetrix ATH1 microarrays
according to manufacturer’s instructions.

Bioinformatics and statistical analysis

All statistical analyses were performed using the R software
(https://www.R-project.org/).

Proteomic data were analysed using Tukey test in R, compar-
ing atg5 and atg5/sid2 vs Col and sid2, respectively, in each
growth conditions. Among the proteins with significant change
in abundance (P-value < 0.05), only those with fold change (FC)
higher than 1.2 were further considered. For transcriptome analy-
ses, raw data were normalised and computed in R software
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(https://www.R-project.org/) with LIMMA package. Empirical
BAYES statistics within LIMMA package was used to compute t-
statistic of differential expression, P-values of t-tests were cor-
rected by Benjamini�Hochberg multiple testing (Benjamini &
Hochberg, 1995). Significant genes in the comparisons of atg5 vs
Col and atg5/sid2 vs sid2 under each condition were selected
using FC > 2 with FDR < 0.05 as threshold. Functional informa-
tion and cellular location for each protein were analysed using
VIRTUALPLANT 1.3 (http://virtualplant.bio.nyu.edu/cgi-bin/
vpweb/), MAPMAN (https://mapman.gabipd.org/) databases and
SUBA4 (http://suba.live/). Gene Ontology and KEGG analyses
were conducted in R with the CLUSTERPROFILER and PATHVIEW

packages (Yu et al., 2012; Luo & Brouwer, 2013).

Lipid extraction and analyses

Total fatty acids, originating from all the lipids present in the
cell, were measured after fatty acids methyl ester (FAME) prepa-
ration from 2mg of material followed by gas chromatogra-
phy�mass spectrometry (GC)-MS analysis according to Li et al.
(2006). Phospholipids, galactolipids and shingolipids were
extracted from plant material as described previously (Tellier
et al., 2014). Here, 1 ml of extraction solvent (isopropanol : hex-
ane : water, 55 : 20 : 25) and 10 ll of adequate internal stan-
dards were added to 2 mg of grinded and freeze-dried material
and the sample was incubated at 60°C for 15 min. Sphingolipid
and phospholipid standards were purchased from AvantiPolar
Lipids Inc. (Alabaster, AL, USA) and galactolipid standards
from Matreya LLC (State College, PA, USA). The standards
used for quantification of sphingolipids were GM1 (20 nmol),
C12-GlcCer (10 nmol) and C12-Cer (1 nmol) in 1 ml of
extraction solvent (isopropanol : hexane : water, 55 : 20 : 25).
Those used for quantification of phospholipids and galactolipids
were PC28:0 (10 nmol), PE31:1 (10 nmol), PI31:1 (10 nmol),
PG28:0 (10 nmol), PS28:0 (1 nmol), PA28:0 (1 nmol),
MGDG36:0 (10 nmol) and DGDG36:0 (10 nmol) in 1 ml of
extraction solvent. After centrifugation at 1699 g for 5 min, the
supernatant was recovered and the pellet extracted once more
with 1 ml of extraction as previously. Supernatants were com-
bined, dried with a Speed-Vac evaporator and stored at �20°C.
To improve ionisation, the samples dedicated to sphingolipids
analysis were subjected to alkaline hydrolysis. Samples were re-
suspended by sonication in 100 ll of tetrahydrofuran
(THF) : methanol : water (2 : 1 : 2) containing 0.1% formic acid
(for GIPCs, GlcCers, phospholipids and galactolipids) or THF
(for Cers and hCers) and filtrated before analysis. Ultra-high
performance liquid chromatography (UPLC)�electrospray ioni-
sation (ESI) �tandem mass spectrometry (MS/MS) analyses
were carried out on a Waters Acquity UPLC system coupled to
a Waters Xevo tandem quadrupole mass spectrometer (Manch-
ester, UK) equipped with an ESI source. The mass analyses
were performed in the positive or negative multiple reaction
monitoring (MRM) mode. Chromatographic conditions, mass
spectrometric parameters and sphingolipid MRM methods were
defined previously (Tellier et al., 2014). MRM methods used
for phospholipids (PCs, PEs, PIs, PGs, PSs and phosphatidic

acids (PA)) and galactolipids (MGDGs and DGDGs) were
reported in supplementary material (Supporting Information
Table S1).

Results

Global profiling and clustering of all the proteins identified
and quantified in Arabidopsis autophagy mutants and
control plants

The shotgun LC-MS/MS proteome analyses performed on
autophagy defective lines (atg5 and atg5/sid2) and their cognate
control lines (Col and sid2), permitted to identify 2334 proteins
that were quantified by XICs, and 89 proteins quantified with a
spectral counting (considering SC > 4). The 2334 XICs quanti-
fied proteins identified were clustered in six different groups as
shown in Fig. 1. Clusters 1 and 2 present proteins with lower
concentrations in atg5 mutants (atg5 and atg5/sid2) relative to
their respective controls (Col and sid2). Clusters 3 and 4 include
proteins accumulated in atg5 and atg5/sid2 relative to Col and
sid2. In cluster 3, protein accumulation was exacerbated under
low nitrate (low-N) and under low sulfur (low-S) conditions. In
cluster 4, the effect of the sid2 genetic background on protein
abundance was observed in all the growth conditions. In cluster
2, it was only observed under low-S conditions. In clusters 5 and
6 protein abundances in atg5 and atg5/sid2 were not different to
that of their control lines.

The main predicted location of proteins of clusters 1 and 2
is chloroplast. The KEGG and gene ontology (GO) terms of
cluster 1, related to amino acid (serine, glycine, arginine,
lysine, valine, isoleucine), fatty acid, starch and glucose biosyn-
thesis are significantly enriched in wild-type (Table S2). The
KEGG and GO terms of cluster 2, related to photosystems I
and II, porphyrin biosynthesis, glycolysis and neoglucogenesis,
fatty acid biosynthesis, pentose phosphate and tricarboxylic
acid cycle (TCA) pathways, amino acid (serine, glycine,
arginine, lysine, valine, isoleucine) biosynthesis, and ribosome
biogenesis are also significantly enriched in wild-type
(Table S3). The KEGG and GO terms of the cluster 3, related
to C metabolism (TCA, pentose phosphate, glycolysis), N
metabolism (ammonium assimilation, amino acid degradation),
S metabolism (glutathione, methionine biosynthesis, sulfur
transfer), a-linoleic acid metabolism, proteasome, endoplasmic
reticulum (ER) response to misfolded proteins, and peroxisome
metabolism are significantly enriched in atg5 and atg5/sid2
(Table S4). Proteins of cluster 3 are mainly predicted in the
mitochondria, peroxisome and vacuole. The KEGG and GO
terms of the cluster 4, related to amino acid and fatty acid
metabolisms, and to protein processing in the ER are signifi-
cantly enriched in atg5 and atg5/sid2 (Table S5). GO terms of
cluster 4 are also related to plant immunity, systemic acquired
resistance and hypersensitive response. This explains the sid2-
related effect observed in cluster 4. Proteins of cluster 4 are
mainly predicted in the endomembranes and ER.

GO terms of cluster 5 and 6 are not described here as they do
not show any difference related to the atg5 mutation.
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Identification of SA-independent and differentially
expressed proteins in atg5mutants

ANOVA and Tukey tests were performed to identify the protein
abundances significantly modified in atg5 vs Col and in atg5/sid2
vs sid2 (Table S6).

Venn diagrams show that the number of the proteins signifi-
cantly more or less abundant in atg5 or atg5/sid2 is much higher
under low-N and low-S than under control (Ctr) growth condi-
tions (Fig. 2a–c). The intersections between atg5 vs Col and atg5/
sid2 vs sid2 include proteins with abundance significantly modi-
fied in atg5 in a SA-independent manner.

As our aim was to identify autophagy effects irrespective of SA
effects, only the 1236 proteins present in the intersections of the
Venn diagrams in Fig. 2(a–c) were considered for further analyses

(Fig. 2d; Table S7). Note that 1237 proteins are represented in
Fig. 2(d), as one protein (corresponding to AT2G03440) was
counted twice due to its opposite change under Ctr and low-N
conditions. A large part of the 1236 proteins identified was com-
mon to at least two growth conditions. The proteins with lower
abundance in both atg5 and atg5/sid2 under Ctr, low-N or low-S
conditions were predicted in the chloroplast and in the extracellu-
lar space (Fig. 3) The more abundant proteins were predicted in
the cytosol, ER, Golgi, mitochondria and peroxisome (Fig. 3).
Although the number of these proteins increased under starva-
tions (both low-N and low-S), their repartition in the different
subcellular locations were mainly conserved under each growth
condition as shown in Fig. S1. It should be noted that for 1182
proteins among the 1236 identified in Table S7, transcript levels
were not different between atg5 mutants and control lines,

Fig. 1 Clustering of the 2334 XICs quantified proteins according to their abundances in each Arabidopsis genotype. Proteins were clustered according to
their abundances in the Col, sid2, atg5 and atg5/sid2 genotypes, under control (Ctr, blue), low nitrate (Low-N, red) and low sulfur (Low-S, green) growth
conditions. Dark blue, red or green colours represent controls (Col and sid2) and light blue, red or green colours represent atg5mutants in the Col and sid2

backgrounds. The XICs abundance values were normalised to the median in GENESIS software (v.1.8.1; Sturn et al., 2002), and visualised as BoxPlots in
BoxPlotR (Spitzer et al., 2014). BoxPlots present� 1.5 median (middle), first (top) and last (bottom) quartiles; bars indicate interquartile range.



regardless of the growth conditions. The 54 proteins that were
modified at both transcript and protein levels were mainly related
to senescence and biotic or abiotic stresses. Their transcript levels
and protein abundances were generally higher than in control
lines, especially under low-N conditions (Table S7).

Bioinformatics study of the potential function of the
proteins differentially accumulated in atg5 in a SA-indepen-
dent manner

Bioinformatics analyses first focused on the core list (CL) con-
taining the 235 proteins differentially accumulated in atg5 in a
SA-independent manner irrespective to growth conditions
(Fig. 2d). Furthermore, the full list (FL) of the proteins differen-
tially accumulated in a SA-independent manner (Fig. 2d;
Table S7), in at least one of the three conditions, was analysed, to
determine the similarities and the specificities related to each
growth condition.

The CL, which includes 172 upregulated and 63 downregu-
lated proteins, represents the protein abundance hallmark of
autophagy defects (Table S8). Significant functional categories of
CL are related to sugar and carbohydrate metabolisms (photosyn-
thesis, glycolysis, TCA pathway, major and minor carbohydrate
(CHO) pathways), to redox pathway, to lipid and amino acid
metabolisms and catabolisms, to protein degradation, to the fatty
acid degradation and b-oxidation pathway (Fig. S2; Table S8).
Interestingly, the same functional categories were significantly
identified from FL (Fig. 4). The proportions of up- and down-
proteins in each functional category were mostly similar in the
CL and the FL.

Although CL proteins represented 19% of the FL proteins, the
CL proteins with predicted location in ER, peroxisome and
Golgi represented 49%, 49% and 29% of the FL proteins,
respectively (Fig. 4c). This means that a large proportion of the
ER, peroxisome and Golgi proteins in the FL were significantly
differentially accumulated in atg5 and atg5/sid2 independently of
the growth conditions. In addition, almost all the ER-, Golgi-
and peroxisome-predicted proteins identified in CF and FL were
more abundant when atg5 was mutated. By contrast the vacuole-,
extracellular-, chloroplast- and mitochondrion-predicted proteins
were highly under-represented in the CL relative to the FL. This
indicated that these proteins were differentially accumulated in
atg5 and atg5/sid2 relative to controls depending on low-N or
low-S growth conditions (Table S7). The low-N specific proteins
were much more numerous than those specific of Ctr or low-S
conditions (Fig. 2d). The only GO term significantly enriched in
the low-N specific protein of atg5 and atg5/sid2 was related to
glycoside hydrolases (Table S9). We could, however, notice the
large number of proteases overaccumulated in atg5 and atg5/sid2
under low-N specifically, that reflected the changes reported by
Hav�e et al. (2018) and the inability of autophagy mutants to
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Fig. 2 Venn diagrams highlight the salicylic acid (SA)-independent
changes in the atg5 Arabidopsis mutant under the three growth
conditions. Proteins significantly modified in atg5mutants are shown for
control (a; Ctr), Low-N (b) and Low-S (c) conditions. Light grey
intersections in (a), (b) and (c) contain proteins modified in atg5 in a SA-
independent manner. The Venn diagram represented in (d) considers only
the 1236 proteins significantly differentially regulated in a SA-independent
manner in (a), (b) and (c) under Ctr, low-N and low-S conditions. The
upper and the lower numbers indicate the numbers of significant up- and
downregulated proteins, respectively. Significant protein and statistics are
presented in Supporting Information Table S6.



Fig. 3 Volcano plot of the predicted localisation of the 1236 proteins significantly modified in both atg5 and atg5/sid2 Arabidopsis mutants. Volcano plots
of proteins modified under control (Ctr), Low-N and Low-S growth conditions are shown. X-axis represents the log2 of the fold change (FC) of the atg5 vs
Col comparison. Y-axis represents the significance of the changes calculated from the P-value. The red and blue numbers in the subfigures represent the
numbers of proteins significantly more or less abundant in atg5 in a salicylic acid (SA)-independent manner. Significant proteins are shown in Supporting
Information Table S6.



manage N resources properly especially when nitrogen is scarce
(Guiboileau et al., 2013). The GO terms of the few low-S specific
proteins were mainly characterised by significant enrichment in
aquaporins.

Autophagy mutant displays typical hallmarks of ER stress
and peroxisome catabolic pathway

Among the 59 ER proteins differentially expressed in atg5 and
atg5/sid2 vs Col and sid2, many protein disulfide-isomerase
(PDIL) thioredoxins were more abundant in atg5 lines suggesting

strong ER stress (Fig. 5; Table S7). The accumulation of luminal
HSP70 and HSP90 chaperones, enzymes involved in protein gly-
cosylation/glucosylation and protein folding, and ERAD (endo-
plasmic reticulum associated protein degradation) related
proteins in atg5 and atg5/sid2 confirmed ER stress (Table S7). As
these hallmarks were found irrespective of growth conditions, we
deduce that ER stress is the most remarkable cell disorder engen-
dered by autophagy dysfunction (Fig. 5). The higher abundance
of several ER membrane-proteins as OST/ribophorin and reticu-
lon in autophagy mutants emphasise the role of autophagy in ER
maintenance. Interestingly, several ER-to-Golgi vesicle-mediated

(a)

(b) (c)

∗
∗

∗ ∗

∗

∗ ∗

∗

∗
∗

∗

∗

∗
∗

∗

∗ ∗ ∗
∗

∗

∗
∗ ∗

∗
∗

∗ ∗

∗

∗ ∗
∗

∗

Up Down

Extracellular
Plasma membrane

Cytosol
Golgi

Endoplasmic reticulum
Mitochondrion

Peroxisome
Plastid

Nucleus
Vacuole

Total

Fig. 4 Functional categories and predicted localisations of the full list (FL) of Arabidopsis proteins. The FL contains all the proteins significantly more of less
abundant in atg5 in a SA-independent manner under control, low-N or low-S conditions. (a) Frequency of the functional categories of the FL proteins are
presented. Y-axis represents the frequency of each functional category normalised to the Arabidopsis genome. Bars, SD for 100 bootstraps. Functional
categories were determined using Classification SuperViewer tool in BAR database (http://bar.utoronto.ca/welcome.htm). * Indicate that the P-value of
hypergeometric distribution is < 0.05. (b) The number of proteins more abundant in both atg5 and atg5/sid2 are presented in red, and the less abundant
proteins in blue. The predicted subcellular locations were analysed using SUBA4. (c) The number of proteins from the full list (FL) and from the core list (CL)
predicted in each cell compartment and their ratio as CL : FL (in %) are presented. Bold and italic % indicate the highest CL : FL ratios.
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transport proteins, belonging to the Sec12, Sec23/Sec24 and
Sec13/Sec31 complexes, were more abundant in the atg5 lines,
showing that the ER-to-Golgi vesicular pathway was more
solicited in autophagy mutants than in control lines.

In peroxisome, superoxide dismutases (CSD1 and CSD3), S-
nitrosoglutathione reductase (GSNOR) and catalases (CAT1, 2
and 3), that regulate oxidative stress were more abundant in atg5
and atg5/sid2 (Fig. 6; Table S7). Surprisingly, the increase of the
relative abundance of the three catalases was higher under the
control conditions than under low-N, and undetectable under
low-S. Results then showed that by comparison with control
lines, the oxidative stress affecting atg5 mutants was more severe
under control conditions than under low-N and low-S.

The peroxisome enzymes involved in the degradation of
branched chain amino acids (BCAA) and of glycine, serine and
threonine and the YLS4 aspartate amino transferase 3 involved in
the degradation of asparagine and aspartate, were more abundant
in atg5 and atg5/sid2 (Table S10). Although enzymes involved in
AA catabolism in the cytosol and mitochondria (Hildebrandt
et al., 2015) were also more abundant in atg5 and atg5/sid2, they
were more specifically increased under low-N or low-S, while
peroxisome catabolic enzymes were found irrespective of the
growth conditions (Table S10). This may be explained by the fact
that the BCAA degradation pathway is connected to fatty acid b-
oxidation through the involvement of the acyl co-enzyme A oxi-
dases (ACX) and the 3-ketoacyl-CoA thiolase (KAT) in the per-
oxisome (Hildebrandt et al., 2015; Fig. 6). Accordingly,
peroxisome enzymes participating in fatty acid (FA) b- and a-ox-
idation were more abundant in atg5 and atg5/sid2 (Fig. 6). The
overaccumulation of malate dehydrogenase and citrate synthase
attested that glyoxylic cycle was stimulated in atg5 mutants.

Chloroplastic proteins are less abundant in atg5 and atg5/
sid2 under nutrient limitations

Almost all the 396 chloroplast-predicted proteins were less abun-
dant in atg5 and atg5/sid2 than in control lines under low-N and
low-S conditions (Table S7; Fig. 7). Most of these were not

modified under control conditions. These proteins are involved
in photosynthesis, Calvin cycle and FA biosynthesis (Fig. 7).
Their lower abundance may explain why atg mutants were found
depleted in sugar and starch in previous studies (Guiboileau
et al., 2013; Masclaux-Daubresse et al., 2014). The lower abun-
dance of chloroplast ribosomal proteins (RP) and chloroplast
tRNA ligases in atg5 and atg5/sid2 attests of a global decrease of
protein translation in their chloroplasts (Fig. S3; Table S7). Like
the photosynthetic apparatus, ribosomes constitute a large nitro-
gen reservoir in leaf tissues, which can be remobilised under N
starvation. Decrease in chloroplast proteins is then in good agree-
ment with the increase of amino acid catabolism reported above.

Although most of the chloroplast proteins were less abundant
in atg5, it is noteworthy that three chloroplast-predicted proteins
significantly accumulated in atg5 and atg5/sid2 irrespective of the
growth conditions. They are the b-amylase 1 (BAM1) involved
in starch degradation, the FBA5 (FRUCTOSE-
BISPHOSPHATE ALDOLASE 5) isoenzyme probably involved
in Calvin cycle and the TPP2 serine protease involved in protein
degradation.

Changes in cytosolic, mitochondria and extracellular
proteins in atg5 and atg5/sid2 are more important under
low-N conditions

The cytosolic proteins differentially accumulated in atg5 and
atg5/sid2 were predominantly found under low-N conditions,
and in a lower extent under low-S (Table S7; Fig. 4). Most of
them were more abundant in atg5 mutants and involved in
carbon primary and secondary metabolisms, in protein degra-
dation (see Hav�e et al., 2018 for details), and in pentose phos-
phate and glycolysis pathways. Among the few cytosolic
proteins less abundant in atg5 and atg5/sid2, the cytosolic RP
displayed strong decrease relative to control lines under low-N
conditions. Most of the mitochondria-predicted proteins iden-
tified were more abundant in atg5 and atg5/sid2, and mostly
found under nutrient limiting and especially low-N conditions
(Table S7; Fig. S4). They are involved in citrate cycle (TCA)
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and in mitochondria electron transport. Therefore, the abun-
dance of cytosolic and mitochondria proteins suggests that
pentose phosphate pathway, glycolysis and TCA are more
active in atg5 lines under nutrient limiting conditions
(Fig. S4), which is in good agreement with the decrease of
photosynthesis and the changes observed for chloroplast pro-
teins.

The extracellular-predicted proteins represent the third largest
list of proteins differentially accumulated in a SA-independent
manner in atg5 mutants relative to control plants (Table S7).
However only 4% of them are found in all the three growth con-
ditions (Table S8). Changes in extracellular-predicted proteins
are mostly found under low-N conditions. The extracellular pro-
teins identified were generally involved in cell wall modifications
(mostly less abundant in atg5), protein degradation (less abun-
dant in atg5, see Hav�e et al., 2018) and response to biotic stress
like the PR1, PR4 and PR5 pathogenesis-related proteins (more
abundant in atg5).

Acyl-lipid metabolism is significantly modified in autophagy
mutants

Large modifications of amino acid, sugar and starch metabolisms
in the rosettes of autophagy mutants have been previously
reported (Guiboileau et al., 2013; Izumi et al., 2013b; Masclaux-
Daubresse et al., 2014). Our proteome study confirms the strong
effect of the atg5 mutation on the amino acid (Fig. S5;
Tables S7–S10) and lipid catabolism as changes found in the ER
and peroxisome proteins were found irrespective of nutritive con-
ditions (Figs 5, 6). Therefore, modifications impacting acyl-lipid
metabolism were investigated.

Total FA, originating from membrane and storage lipids, were
determined using GC-MS after total lipid extraction (Fig. S6).
Marked genotype-dependent differences were revealed, especially
for long chain fatty acids (LCFA) and very long chain fatty acids
(VLCFA) (Fig. S6). This prompted us to undertake LC-MS-
based lipidomic approaches targeting more specifically

  ***decanoyl-CoA

Fructose 6-P

3-Oxo-***decanoyl-CoA

6.2.1.36.2.1.3

Fatty acids

Fructose 1,6-P2

1.3.3.61.3.3.6

4.2.1.174.2.1.17

1.3.8.71.3.8.7

1.1.1.351.1.1.35

CoA

Acetyl CoA

2.3.1.162.3.1.16

2.3.1.92.3.1.9

ACAT2ACAT2

ACX4ACX4

ACX1ACX1

ACX3ACX3

ACX2ACX2

IBR3IBR3

KAT5KAT5

KAT1KAT1

KAT2KAT2

LAC4LAC4

LAC8LAC8

LAC6LAC6

MFP2MFP2

MFP2MFP2

PEX14PEX14

PEX5PEX5

PEX7PEX7Matrix protein 
import

FA α-oxidation
PHYPPHYP

HPCL2HPCL2

FA β-oxidation

DECRDECR

unsaturated 
FA β-oxidation

ECH/DCI1ECH/DCI1

AGTAGT

PIPOXPIPOX

IDHIDH

HAOHAO

Amino acid 
                           metabolism  

CSD1CSD1

CSD3CSD3

CAT1CAT1

CAT2CAT2

CAT3CAT3

Redox metabolism  

PMDH1PMDH1

PMDH2PMDH2

Malate DH  

Peroxisome

MLYCDMLYCD

other type-oxidation

GSNORGSNOR

Citrate synthase 

CSY2CSY2

CSY3CSY3

SOXSOX

Sulfite oxidase 

–5    Fold change    5

Ctr   -N    -S

Fig. 6 Protein changes in the peroxisome of autophagy Arabidopsis mutants. For each significant protein, fold changes (FC) are presented as heat maps
with shades of red or blue colours according to the scale bar. The heat map squares represent the FC values of the control (Ctr), the low-N and the low-S
conditions. Data are the mean of the FC of atg5 vs Col and atg5/sid2 vs sid2. Data are presented in Supporting Information Table S7.



phospholipids, galactolipids, sphingolipids and triacylglycerols
(Figs 8, S7, S8; Table S11).

Phospholipids form a large family of glycerolipids, mainly com-
posed of phosphatidylcholine (PC), phosphatidylethanolamine

(PE), phosphatidylglycerol (PG), phosphatidylinositol (PI), phos-
phatidylserine (PS) and PA. Overall, phospholipid compositions
and levels were strongly altered in autophagy defective lines
(Figs 8, S7; Table S11). All the major molecular species of PC, the
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most abundant membrane phospholipid, accumulated in atg5 and
atg5/sid2 lines under control, low-N and low-S conditions,
although in a lower extent under low-S. The minor phospholipids,
PI and PA, showed a similar behaviour, with higher concentra-
tions in atg5 and atg5/sid2 when compared with their controls

under low-N and low-S conditions (Fig. S7B,C). By contrast, PS
and PG levels decreased significantly in atg5 and atg5/sid2 under
all the growth conditions (Fig. S7D,E). Finally, there was almost
no change in the concentration of PEs except the significant
decrease in PE34:3 and increase of PE36:4 and PE36:5 in atg5
and atg5/sid2, essentially under the control conditions (Fig. S7F).

The profiling of galactolipids provided consistent data with
the proteomic analyses that indicated a decrease in chloroplast
protein steady-state levels. Indeed, the two main classes of galac-
tolipids, mono- and di-galactoyldiglycerides (MGDG and
DGDG), were lower in atg5 and atg5/sid2 with regard to their
respective controls, with the exception of the molecular species
34 : 1 (16 : 0 18 : 1) of DGDG that increased (Fig. 8; Table S11).
Changes observed in galactolipid compositions could explain the
observed changes in the specific FAs C16:0, C16:3 and C18:3
under the same conditions (Fig. S6). Both chloroplast protein
and galactolipid decreases could reflect higher degradation of
chloroplasts or lower chloroplast number in atg5 mutants.

Sphingolipids are composed of four classes: ceramides (Cers),
hydroxyceramides (hCers), glucosylceramides (GluCers) and gly-
cosyl-inositol-phosphoryl-ceramides (GIPC), (Fig. S8). Although
generally not significantly modified under control conditions, the
Cers and hCers strongly increased in atg5 and atg5/sid2 relative
to controls under low-N and low-S conditions (Figs 8, S8). By
contrast, GluCer levels were unaffected irrespectively of the geno-
type and growth conditions. Likewise, levels of the two main
molecular species of GIPC (t18:1-h24:0 and t18:1-h24:1) were
not affected by autophagy (Table S11), while their hydroxylated
and nonhydroxylated precursors were sharply accumulated under
similar conditions (Fig. S8). One specific molecular species of
GIPC, t18:0-C16:0, strongly increased in atg5 and atg5/sid2
whereas others like t18:1-h16:0 showed an opposite behaviour
(Fig. S8).

The purification of triacylglycerol (TAG) using thin layer
chromatography was assayed. We could not find any substantial
amount of TAG in any of the four genotypes and whatever
growth conditions, to perform deeper GC-MS analyses. This
means that TAGs were scarce and did not accumulate in any
plants.

Discussion

The transcriptome of atg5 and WT plants performed few years
ago by Masclaux-Daubresse et al. (2014) and in the present study
under low-S, showed that the most striking change observed at

Fig. 8 Lipid changes in autophagy Arabidopsis mutants. Fold changes
between atg5 vs Col (a) and atg5/sid2 vs sid2 (b) are shown under
control, low-N (�N) and low-S (�S) conditions as heat maps with shades
of red or blue colours according to the scale bar. Phosphatidylcholine (PC),
phosphatidylinositol (PI), phosphatidic acid (PA), phosphatidylglycerol
(PG), phosphatidylserine (PS) and phosphatidylethanolamine (PE)
represent phospholipids. Ceramides (Cers), hydroxyceramides (hCers),
glucosylceramides (GlCers) and glycosyl-inositol-phosphoryl-ceramides
(GIPC) represent sphingolipids. MGDG and DGDG are galactolipids. Fold
changes were obtained from data (means of concentrations and SD)
presented in Supporting Information Table S11.



transcript levels was the over-expression in atg5 of biotic and abi-
otic marker genes and of genes involved in the SA and JA signal-
ing pathways. The transcriptome of atg5 reflected modifications
in the anthocyanin, methionine and glutathione metabolic path-
ways, that were confirmed by metabolomic analyses (Masclaux-
Daubresse et al., 2014). Recently McLoughlin et al. (2018) con-
firmed flavonoids modifications in the atg12 maize mutant that
were also associated to changes in the abundance of the transcript
of their biosynthetic enzymes.

Interestingly, our proteomic analysis shows that the changes in
protein abundance in atg5 and atg5/sid2 were generally not
related to significant changes in their mRNA steady-state level.
Among the 1236 proteins modified in atg5 in a SA-independent
manner, only 54 were identified in atg5 transcriptome analyses,
mainly under low-N. These 54 proteins are mostly related to leaf
senescence and biotic/abiotic stresses. Changes in atg5 proteome
then appear mostly related to protein stability and to primary
metabolism. Changes in atg5 transcriptome seem more related to
stress responses and to secondary metabolites that play a role in
plant defence or tolerance to stresses.

Changes in proteins and lipids suggest smaller or less
abundant chloroplasts in autophagy mutants

Chloroplast proteins and galactolipids were less abundant in atg5
and atg5/sid2 than in controls under nutrient limiting conditions
(low-N and low-S). This suggested that chloroplasts were smaller
or less abundant in atg5 mutants than in control lines. The fact
that the decrease of chloroplast proteins was exacerbated under
low-N especially, was in good agreement with the higher protease
abundances and activities reported by Hav�e et al. (2018) in atg5,
that reflected the emergence of alternative autophagy-independent
pathways for N-recycling and possibly chloroplast degradation.
The increase in the amount of the PATATIN-LIKE PROTEIN 2
(PLP2) and a-DIOXYGENASE-1 (a-DOX1), that can degrade a
wide range of substrates including phospholipids and galac-
tolipids, is in line with this assumption (La Camera et al., 2005,
2009; Fig. 9). Interestingly, lower chloroplast protein and lipid
levels were also reported in the atg12 maize mutant by McLough-
lin et al. (2018). Chloroplasts are the major nitrogen reservoirs in
leaves. The amount of chloroplast protein is strongly associated
and adapted to nitrogen availability. The fact that nitrogen recy-
cling from chloroplast is more intense in atg5 may explain why
autophagy mutants are hypersensitive to nitrogen limitation and
display earlier senescence. In line with this, the lower ribosomal
protein abundance atg5 under N limiting conditions is not sur-
prising as ribosome constitute another substantial nitrogen reser-
voir in the cell.

ER stress and peroxisome b-oxidation are related to
dramatic lipid modifications

Irrespective of the nutritive conditions and of the SA effects, the
strongest change in atg5 was the accumulation of ER- and peroxi-
some-localised proteins.

ER stress markers, like BiP, CNX, CRT and PDIL, were
largely over-accumulated in atg5 and atg5/sid2 (Fig. 5; Howell,
2013; Cacas, 2015). This corroborated the activation of ER stress
found in mammal, yeast and plant autophagy mutants, and the
fact that autophagy alleviates ER stress by eliminating misfolded
proteins (Bernales et al., 2006; Ogata et al., 2006; Yorimitsu
et al., 2006; Ding et al., 2007; Kouroku et al., 2007; Munch
et al., 2014; Rashid et al., 2015; Cai et al., 2016; Yang et al.,
2016; Bao et al., 2018). Liu et al. (2012) showed in Arabidopsis
that autophagosomes can contain ER membranes, which sug-
gested a role in lipophagy. ER membranes are mainly constituted
of phospholipids. They are also a source of lipids for building the
pre-autophagosomal structures and for autophagosome expan-
sion (Le Bars et al., 2014). Autophagy is then crucial in ER mem-
brane recycling and more generally in ER quality control.

The fact that proteomic analysis reveals an accumulation of
peroxisome proteins in atg5 and atg5/sid2 could reflect a lower
pexophagy rate in autophagy mutants, as suggested by McLough-
lin et al. (2018). However, the fact that many of the overaccumu-
lated peroxisomal proteins are dedicated to the amino acid and
lipid catabolisms is in good accordance with the decay of chloro-
plast and a role of b-oxidation in alternative energy supply. The
increase of b-oxidation is also in good agreement with the
increase of TCA and gluconeogenesis proteins in mitochondria
and cytosol, respectively. It is then liable that a sizable portion of
peroxisomes in the leaves of atg5 mutants works as glyoxysomes
that provide energy and carbon skeletons in a cellular context
where photosynthesis in chloroplasts is weak (Shibata et al., 2013;
Zientara-Rytter & Subramani, 2016). The fact that both ATP
and ADP levels were maintained in atg5 (data not shown) sup-
ports this hypothesis.

Both the ER and peroxisome are known to play a crucial role
in lipid homeostasis (Fig. 9). While peroxisomes are involved in
FA degradation through b-oxidation cycle as aforementioned,
the ER is the subcellular site where phospholipid, sterol and
TAG are synthesised. ER is involved in VLCFA elongation and
initiates sphingolipid production. In leaves, lipid droplet (LD)
biogenesis occurs at the ER membrane via a budding mechanism
that releases into the cytoplasm vesicles delineated by a proteo-
phospholipid-composed hemi-membrane that contain TAGs.
Interestingly, we found that the PDAT1 protein
(PHOSPHOLIPID-DAIACYLGLYCEROL ACYL-
TRANSFERASE-1) was significantly increased in atg5 irrespec-
tive of the growth conditions (Fig. 9). PDAT1 is known to be
responsible for TAG production via a membrane remodelling
mechanism in stressed photosynthetic material (Boyle et al.,
2012; Tjellstrom et al., 2015; Mueller et al., 2017). Its increase
supports the hypothesis of a higher TAG and LD production
from the ER in atg5. However, the thin layer chromatography we
performed to purify and quantify TAGs showed that these
molecules were undetectable regardless of genotypes and growth
conditions. Reasoning that b-oxidation was activated in atg5 and
atg5/sid2, we supposed that the faint steady-state levels of TAG,
that is below the limit of detection, was due to the high gly-
oxysome catabolic activity (Figs 9, 10). If accumulation of TAG



has been reported in atg5, it was only in Arabidopsis etiolated
seedlings (Avin-Wittenberg et al., 2015).

Endomembrane lipid recycling by autophagy

As said before, the marked decrease in the main chloroplast
lipids, MGDG and DGDG, in atg5 mutants (Fig. 8) suggests
that plastid membranes can be used as a source for b-oxidation in
autophagy mutants (Rottet et al., 2015; Mueller et al., 2017;
Zechner et al., 2017). Recycling of chloroplast membranes then
appears independent of functional autophagy machinery.

Like Izumi et al. (2013a), we observed the accumulation of
phospholipids in atg5. Phospholipids are mainly in extraplastidial
membranes, and their accumulation clearly points autophagy as a
key player in cell endomembrane homeostasis (Figs 8–10).
Changes in sphingolipid compositions and the strong increase in
Cers and hCers in atg5 and atg5/sid2 support this assumption.
Although alteration of ceramide concentrations could be
attributed to ER dysfunction, the changes observed in GIPC con-
centrations reflect modifications in plasma membrane properties.
GIPC are indeed the main structural lipids of plasma membrane
(Cacas et al., 2016; Fig. 10).

Fig. 9 Lipid recycling in autophagy-deficient Arabidopsis mutant. Under restful or stressful conditions, long chain fatty acid neosynthesis, which is localised
to plastids (defining the ‘prokaryotic pathway’), is either unaltered or downregulated in atg5mutants at the protein levels. By contrast, the steady-state
levels of the endoplasmic reticulum (ER)-localised long chain acyl-CoA synthetase 4 (LACS4) is constitutively up-regulated in any conditions, indicating that
potentially more long chain acyl-CoA are elongated in the ER in mutants. This is coherent with our fatty acid (FA) dosage showing a significant increase in
specific very long chain fatty acids (Supporting Information Fig. S6). Remarkably, two cytochrome b5 isoforms (CytB5D & E) are also accumulating under
both nitrogen- and sulfur-limiting conditions. Cytochrome b5 enzymes are known to be important reducing co-factors for very long chain fatty acid
(VLCFA) hydroxylation or FA desaturation. Hydroxylated VLCFA obtained are likely to be incorporated to sphingolipids which were found to over-
accumulate in atg5mutants (Fig. S8) whereas unsaturated FA are supposed to be esterified onto glycerol to form triacylglycerol (TAG). The increase in
PHOSPHOLIPID-DIACYLGLYCEROL ACYLTRANSFERASE-1 (PDAT1) levels, irrespective of the physiological context, is all the more relevant to this last
scenario and sustains the idea of lipid droplet (LD) production at the ER. In accordance with a possible TAG synthesis that would be delivered through LD
to peroxisomes, most enzymes involved the b-oxidation cycle, in addition to the acyl-CoA synthetase LACS6, are upregulated in autophagy-deficient
mutants in any considered conditions. Although b-oxidation could be dedicated to jasmonic acid synthesis, the latter requires only one the three pathways
which are found activated in this study, arguing in favor of a lipid degradative process. The + or � signs following enzymes names indicates whether the
protein level is upregulated or downregulated atg5 lines when compared to wild-type plants under control, nitrogen and sulfur-limiting conditions,
respectively. LCFA, long chain fatty acids; VLCFA, very long chain fatty acids; ACP, acyl-carrier protein; ACX 1-4, acyl-CoA oxidase 1-4; AOC, allene oxide
cyclase; AOS, allene oxide synthase; BCCPC2, biotin carboxyl carrier protein 2; CAC2, acetyl co-enzyme A carboxylase biotin carboxylase subunit; CAC3,
acetyl co-enzyme A carboxylase carboxyltransferase a-subunit; CCT1, phosphorylcholine cytidylyltransferase; CSY3, citrate synthase 3; DCI1, delta(3,5),
delta(2,4)-dienoyl-CoA isomerase 1; DLPD, dihydrolipoyl dehydrogenases; ECH2, enoyl-CoA hydratase 2; ECHIA, enoyl-CoA hydratase/isomerase A;
KASII, fatty acid biosynthesis 1; KASIII, 3-ketoacyl-acyl-carrier protein synthase III; KAT1, 4-5, keto-acyl co-enzyme A thiolase 1, 4-5; KCR1, b-ketoacyl
reductase 1; FAB2, stearoyl-acyl-carrier-protein desaturase; LTA2, 2-oxoacid dehydrogenases acyltransferase; MCMT, malonyl CoA-acyl-carrier protein
transacylase; MFP2, multifunctional protein 2; OPR3, oxophytodienoate-reductase 3; PDH E1, pyruvate dehydrogenase E1a; PMDH1-2, peroxisomal
NAD-malate dehydrogenase 1-2; TE, thioesterase.



Among phospholipids, the PE, PI and PA molecular species
significantly accumulated in atg5 mutants, while PS and PG
levels decreased. PE is essential for ATG8 conjugation and
autophagosome formation. The PE36:4 and PE36:5 forms were
more abundant in atg5, suggesting they could be the molecular
PE species involved in ATG8 lipidation (Gomez et al., 2018).
Phagophore formation, whose assembly is controlled by the
ATG1 complex, occurs at specific ER subdomains enriched in PI
and PI3P (Nishimura et al., 2017). The increase of PI molecular
species in atg5 may reflect the enrichment of ER in PI/PIP3
domains that cannot be used to form phagophores in atg5
(Fig. 10). Indeed, the over-abundance of PI molecular species in
atg5 and atg5/sid2 is exacerbated under the N- and S-limiting
conditions under which autophagy is normally stimulated
(Fig. 10).

PAs that play a role in plant signaling, like several PIs (Munnik
& Testerink, 2009), accumulated in a similar manner as PIs in
atg5. PA accumulation suggests that cell signaling in response to
stress could be modified in autophagy mutants (Gomez et al.,
2018).

Accumulation of cargoes in autophagy mutants

In addition to the metabolic changes revealed by proteomic data,
it is likely that several of the proteins highly accumulated in atg5
lines could be specific autophagy cargoes that could not be
cleared out. We can indeed observe a strong accumulation of
NBR1 in atg5 and atg5/sid2 irrespective of the growth conditions.
Interestingly the peroxisome S-nitrosoglutathione reductase
(GSNOR), that was recently shown to be targeted by ATG8 in
Arabidopsis (Zhan et al., 2018) also accumulated in a SA-inde-
pendent manner in atg5 irrespective of the conditions. Similar
feature was observed for PEX14 that has been reported as the

component of the peroxisomal translocon interacting with LC3-
II and needed for pexophagy (van Zutphen et al., 2008; Jiang
et al., 2015). Interestingly, all the chloroplast proteins we identi-
fied here were less abundant in atg5 and atg5/sid2 relative to con-
trols, except the b-amylase 1, the fructose-bisphosphate aldolase
5 and the TPP2 serine protease. Whether these proteins are speci-
fic autophagy cargoes remains to be determined. Nevertheless, it
is plausible that among the list of proteins overaccumulated in
both atg5 and atg5/sid2, reside ATG8-interacting cargoes.

Similarities and differences compared with the maize atg12
proteome

McLoughlin et al. (2018) recently identified a collection of pro-
teins significantly more and less abundant in the atg12 maize
mutants grown with nitrogen or submitted to short nitrogen star-
vation. Like us, they found that the number of proteins altered
under N starvation was higher than that found in plants grown
with nitrogen. They also found that the proteins that increased in
abundance in atg12 vs wild-type were associated to peroxisome,
ER and cytosol and involved in carbohydrate and FA
metabolism, and those that decreased were associated with
chloroplast and involved in photosynthesis. Therefore, the pro-
teomic changes observed by McLoughlin et al. (2018) and by us
in our respective autophagy mutants are highly consistent. Com-
paring the proteomic changes due to the atg12 mutations in
maize and our list of proteins significantly modified in atg5 in a
SA-independent manner, we indeed find 340 proteins in com-
mon, corroborating that similar modifications were due to
autophagy defect in maize and in Arabidopsis (Table S12). In
agreement with their GO term enrichment that significantly
identifies protein families associated to acyl-CoA oxidase, acyl-
lipid metabolism and citrate lyase (see Table S12), we can

Fig. 10 Schematic representation of
metabolic changes occurring in a leaf cell of
the atg5 Arabidopsis mutant. Red colour
represents increases in protein contents and/
or metabolic pathways in leaf tissues of atg5;
Blue colour represents decreases in protein
contents and metabolites in atg5. VLCFA,
very long chain fatty acid; LD, lipid droplet;
TAG, triacylglecerol; PDAT1,
PHOSPHOLIPID-DIACYLGLYCEROL
ACYLTRANSFERASE-1; PLP2, PATATIN-LIKE
PROTEIN 2. (1) Refers to results from
Guiboileau et al. (2013). ER, endosplasmic
reticulum.



conclude that the major and common impact of autophagy
mutation on metabolic processes in Arabidopsis and maize, is
related to lipid metabolism and b-oxidation.

In conclusion, like McLoughlin et al. (2018), we enlighten
here the strong impact of autophagy defect on lipid
metabolism. The presumably accelerated loss of chloroplasts
shortens carbon fixation and sugar synthesis on the one hand
(Fig. 10; Masclaux-Daubresse et al., 2014; Guiboileau et al.,
2013), and provides lipid and protein resources for alternative
catabolic routes occurring in the peroxisome, on the other
hand (Izumi et al., 2013a; McLoughlin et al., 2018). The
increase in several proteases as shown by Hav�e et al. (2018)
and the increase of peroxisome enzymes involved in amino
acid and lipid catabolism are in line with this. Our data sug-
gest that lipid recycling from endomembranes is impaired in
atg5 mutant, principally impacting ER- and plasma membrane
compositions. The formation of cytoplasmic LDs suggested by
the increase of PDAT1 at the ER membrane in atg5 is unde-
tectable possibly due to stimulated b-oxidation. The perturba-
tion of ER proteostasis in atg5 triggers ER stress.

Therefore, any environmental condition that could amplifies
ER stress is believed to amplify metabolic disorders if autophagy
machinery is malfunctioning, leading to plant susceptibility. The
changes in endomembrane lipid compositions in atg5 reflected
by our results may strongly influence/modify cell-to-cell commu-
nication, metabolite and hormone allocation, nutrient transport
and long distance signaling in autophagy mutants. Such disorders
could explain the defects of autophagy mutants in plant immu-
nity and nutrient allocation.
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