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Abstract

Although autophagy is a conserved mechanism operating across eukaryotes, its effects on crops and especially their metabolism has
received relatively little attention. Indeed, whilst a few recent studies have used systems biology tools to look at the consequences
of lack of autophagy in maize these focused on leaf tissues rather than the kernels. Here we utilized RNA interference (RNAi)
to generate tomato plants that were deficient in the autophagy-regulating protease ATG4. Plants displayed an early senescence
phenotype yet relatively mild changes in the foliar metabolome and were characterized by a reduced fruit yield phenotype. Metabolite
profiling indicated that metabolites of ATG4-RNAi tomato leaves just exhibited minor alterations while that of fruit displayed bigger
difference compared to the WT. In detail, many primary metabolites exhibited decreases in the ATG4-RNAi lines, such as proline,
tryptophan and phenylalanine, while the representative secondary metabolites (quinic acid and 3-trans-caffeoylquinic acid) were
present at substantially higher levels in ATG4-RNAi green fruits than in WT. Moreover, transcriptome analysis indicated that the
most prominent differences were in the significant upregulation of organelle degradation genes involved in the proteasome or
chloroplast vesiculation pathways, which was further confirmed by the reduced levels of chloroplastic proteins in the proteomics data.
Furthermore, integration analysis of the metabolome, transcriptome and proteome data indicated that ATG4 significantly affected
the lipid metabolism, chlorophyll binding proteins and chloroplast biosynthesis. These data collectively lead us to propose a more
sophisticated model to explain the cellular co-ordination of the process of autophagy.

Introduction
In the lytic organelle, autophagy is a conserved eukary-
otic mechanism for the breakdown of cellular compo-
nents (vacuole in yeast and plants and lysosome in ani-
mals) [1, 2]. The targets of autophagy are varied and range
from single proteins to protein complex and whole
organelles [3]. Plants contain three forms of autophagy:
macroautophagy, microautophagy, and megaautophagy;
macroautophagy is the most well-studied (hereinafter
referred to as “autophagy”) [4]. Autophagy starts with
the appearance of phagophores, which are cup-shaped
double-membranes in the cytoplasm that absorb cyto-
plasmic particles. The double-membrane then closes to
produce double-membrane vesicles, autophagosomes,
which travel to the vacuole. The outer membrane
of the autophagosome fuses with the tonoplast to
release a single-membrane autophagic body in the

vacuolar lumen. The autophagic body and its content
are degraded in the vacuole, and the resulting building
blocks are exported back to the cytoplasm for reuse [4].

The molecular mechanism of autophagy is mediated
by autophagy-related (ATG) genes, participating in
autophagy induction, autophagosome formation and
targeting to the vacuole. The genes are extremely
conserved, and ATG homologs have been found in a
variety of plant species [5]. Most of the research regarding
autophagy in plants has focused on the model plant
Arabidopsis (Arabidopsis thaliana). However, since its char-
acterization in Arabidopsis, autophagy has been seen
in a variety of plant species, including the model algae
Chlamydomonas (Chlamydomonas reinhardtii) and various
crop plants such as tomato (Solanum lycopersicum), wheat
(Triticum aestivum), maize (Zea mays) and potato (Solanum
tuberosum) [6–9].
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The suite of autophagy-deficient (atg mutant) plants
are shown to be hypersensitive to nutrient starvation,
display decreased yield and early senescence [10].
Interestingly, recent work in which ATG genes has
been overexpressed in Arabidopsis exhibited increased
yield [11], further emphasizing autophagy’s signifi-
cance in yield determination. Furthermore, autophagy
has been proven to play an important function in
plant abiotic stress management [3, 12] as well as
function in plant-pathogen interactions [13]. In cor-
respondence with autophagy’s role as a recycling
mechanism, the metabolic content has been found
to be dramatically changed in the atg mutants under
both favourable and starvation conditions [14, 15].
These results implicate autophagy as a regulator of
cellular metabolism. Although several researches have
reported that autophagy can significantly change the
lipid, primary and secondary metabolism in rice and
Arabidopsis [16, 17], the information about autophagy’s
role in tomato cellular metabolism remains limited.

Regarding its role in yield determination, autophagy
has been shown to be involved in nitrogen remobilization
from the mother plant to the seeds [10, 18], as well as
function during seed development [19]. However, thus
far, the only plant species examined were Arabidop-
sis and maize, which produce mostly dry seeds and
do not possess a fleshy fruit. Since fruit development
is accompanied by many metabolic changes [20, 21],
and the role of senescence in the process has recently
been established [22], we were interested in examin-
ing the contribution of autophagy to fruit development,
focusing on the pericarp. In the current work, we gen-
erated tomato plants expressing an RNA interference
(RNAi) construct against the tomato ATG4 gene. Plants
with decreased ATG4 expression (ATG4-RNAi plants) dis-
played an early senescence and a lower yield phenotype,
as well as altered transcript and particularly protein
and metabolite content during fruit development. To our
knowledge, this is the first report about the involvement
of autophagy in the fruit pericarp metabolic content.

Results
Tomato plants with reduced ATG4 expression
display early senescence and reduced yield
In order to examine the role of autophagy in tomato
plants, we generated transgenic tomato expressing an
RNAi construct designed to target the tomato ATG4 gene
(Solyc01g006230). ATG4 is a single gene in tomato, as
opposed to two homologs in Arabidopsis [23]. Transgenic
tomato plants were propagated by cuttings, and leaf sam-
ples were collected for qRT-PCR analysis of ATG4 expres-
sion. Based on the genotyping by NPT-II specific primer
and qRT-PCR analysis of ATG4 expression of nine lines,
two lines displayed significantly reduced gene expres-
sion (line 13 and line 27) and were selected for further
analysis and all the following experiments were used the
T3 generation materials. The plants were transferred to

the greenhouse and grown until fruit set and matura-
tion. The ATG4-RNAi lines displayed a clear early senes-
cence phenotype compared to the control lines (WT).
The phenotype was visible from the appearance of green
fruit onwards (Figure 1A) and was exacerbated as the
plants aged (Figure 1B). The most severe phenotype was
observed for ATG4-RNAi-13, correlating with the lowest
expression of ATG4 (Figure 1C).

As one of the hallmark phenotypes of autophagy-
defective mutants (atg mutant) is early senescence [24],
we examined whether the ATG4-RNAi lines displayed
another atg mutant phenotype, namely reduced yield.
T3 generation of ATG4-RNAi lines along the WT grow in
the green house, each with three or four replicates, we
counted all the fruit for each replicate, up to six fruits
per replicate were harvested, and measure their weight,
total weight was calculated by multiplying the average
of harvested fruits to number of fruits per line. This
revealed that the ATG4-RNAi lines exhibited a significant
reduction in total fruit weight compared to the control
lines (Figure 1D, E). The total fruit weight correlated with
ATG4 expression, with ATG4-RNAi-13 demonstrating the
lowest total fruit weight, and ATG4-RNAi-27 showing an
intermediate total fruit weight. Moreover, because the
early senescence of ATG4-RNAi lines (Figure 1A, B) may
affect the growth of plant and the development of floral
meristems and fruits, the reduced yield may be an indi-
rect result of early senescence.

ATG4-RNAi tomato leaves display only minor
alterations in metabolite levels
To examine the effect of ATG4 downregulation on
the leaf metabolites, we collected young (developing
not full expanded) and old leaf (full expanded) and
analysed their primary, secondary metabolite content
and dipeptide abundance by gas chromatography–mass
spectrometry (GC–MS) and liquid chromatography–mass
spectrometry (LC–MS)-based protocols. The heat map
and principle component analysis (PCA) of the leaf
and fruit metabolites indicated that the samples of
each genotype were largely grouped together and there
were only slightly separated, which reveals the small
difference between the ATG4-RNAi lines and the control
lines (Figure 2A-C). In detail, several primary metabolites,
such as citric acid in young leaf and glycerate, GABA,
and dehydroascorbate in the old leaf, were significantly
altered in both lines 13 and 27 compared to WT,
respectively. Moreover, other primary metabolites (such
as rhamnose, fumarate, malate, and myo-inositol in
young leaf and phenylalanine in the old leaf also
decrease but exhibited significant differences in only a
single ATG4-RNAi line (Supplementary Data Set S1).

Given that loss of autophagy has previously been
reported to result in alterations in secondary metabolite
and dipeptide content [15], the metabolite profiling
based on LC–MS annotated 224 metabolites, including
flavonoids, glycoalkaloids, phenolics, and dipeptides and
indicated that impairment of autophagy resulted in
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Figure 1. ATG4 RNAi plants display induce senescence and reduce fruit yield in comparison to wild-type plants. (A) and (B) representative images of
WT and ATG4-RNAi plants at the mature green stage and red fruit stage, respectively. Line 13 – presenting with the most severe phenotype, plants
have been transferred to the greenhouse at the same time. (C) relative expression of ATG4 in leaf samples of WT and ATG4-RNAi transgenic plants was
evaluated by qRT-PCR. (D) total fruit weight of WT and ATG4-RNAi plants. (E) Representative image of red fruit from WT and ATG4-RNAi lines, scale:
2 cm. Data is presented as average ± SE. Asterisks denote p < 0.05 compared to WT in a Student’s t-test (n = 3–4).

significant decrease effect on leaf secondary metabolites
and dipeptides. In young leaves, 3,5-dimethoxy-4-
hydroxycinnamic acid, alpha-aminopimelic acid, alpha-
Ketoglutaric acid and pipecolinic acid were signifi-
cantly decreased in both ATG4-RNAi lines and in old
leaf, pyridoxic acid, panthenol while quercetin-3-O-
6-O-(rhamnosyl) and glucoside-7-O-rhamnoside were
significantly decreased and increased in both two ATG4-
RNAi lines (Supplementary Data Set S1), respectively.
Moreover, based on our reference library, we annotated
44 dipeptides. However, the effect of autophagy on leaf
dipeptides was varied, and no dipeptides exhibited a
stable difference in both of ATG4-RNAi lines in young
and old leaves.

Tomato ATG4-RNAi fruit display altered
metabolic content as they ripen
To further examine the effect of ATG4 downregulation
on the fruit pericarp, we collected fruit samples at
imature green (17 days post-anthesis, DPA), mature
green (39 DPA) and red fruit stages (52 DPA) for the
metabolite profiling. Principle component analysis (PCA)
of the metabolites revealed separation of the samples
along PC1, corresponding to fruit ripening (Figure 2B).
These results are not surprising seeing that tomato
fruit undergo distinct metabolic shifts throughout fruit
ripening [20]. When we compared the metabolic profiles
of ATG4-RNAi lines to control lines in different fruit
development stages, we could see that, indeed, both
ATG4-RNAi lines were grouped together and significantly

separated with WT sample at the green fruit stage and
during the mature green and red fruits, ATG4-RNAi
line 13 still separated while ATG4-RNAi line 27 was
grouped closely with WT, which is in agreement with
the lower expression of ATG4 in ATG4-RNAi line 13 and
the dramatic changes of transcriptome and proteome
results at green fruit stage (Figure 3 and 4).

We subsequently focused on metabolites which
significantly changed in both lines 13 and 27 compared
to WT. Among the primary metabolites of fruit, the
first clear observation was the decreased trend of them
in the ATG4-RNAi lines. For example, proline content
was continually lower in the ATG4-RNAi lines during
the three development stages, and tryptophan and
phenylalanine were also decreased, especially at the
green and mature green stages, respectively. Moreover,
the content of arginine was just increased in the green
stage and did not exhibit stable change during the
following stages. Additionally, we did not detect many
changes in sugars and organic acids levels between
ATG4-RNAi lines and the control lines (Supplementary
Data Set S1); however, a few observations were striking.
First, ATG4-RNAi lines accumulated higher sucrose
compared to WT at the red fruit stage. No significant
difference was observed in glucose and fructose levels.
Secondly, an increase of the sugar derivatives glucose-6-
P and fructose-6-P had been detected in the ATG4-RNAi
lines, especially the increase of glucose-6-P at the red
fruit stage. As for sugars, we could not observe many
significant changes in organic acids contents between
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Figure 2. Metabolic changes between WT and ATG4-RNAi plants during fruit development. WT and ATG4-RNAi were grown in the greenhouse.
(A) heat map of pericarp tomato fruit at three developmental stages (green, mature green and red) and young and old leafs were collected and
analyzed by GC–MS and LC–MS (n = 4–6). (B) a PCA of fruit metabolite profiling of WT and ATG4-RNAi plants from three developmental stages
(G: immature, MG: mature green and R:red ripe). (C) a PCA of metabolite profiling from young leaf (YL) and old leaf (OL) of WT and ATG4-RNAi plants.
A heat map depicts the log2 values of relative metabolite levels. The levels of ATG4-RNAi were normalized to the average of all samples. The
metabolites are divided into amino acids, dipeptides, sugars, glycoalkloids, flavonoids, and phenolics.

ATG4-RNAi and control lines (Figure 2A, and Supplemen-
tary Data Set S1). One notable difference, however, was
the low level of fumarate in ATG4-RNAi lines at the red
fruit stage.

As the former results, green fruit stage was the key
stage whose flavonoids, phenolics, and glycoalkaloids
were highly accumulated in ATG4-RNAi lines while in
the following stages, these metabolites exhibited an
opposite change and decreased in ATG4-RNAi lines.
Interestingly, the contents of the important secondary
metabolite skeleton quinic acid and its derivatives,
3-trans-caffeoylquinic acid, were substantially greater
in ATG4-RNAi green fruits than that of WT. More-
over, among the 44 dipeptides, we found that their
levels were overall lower in ATG4-RNAi fruit in com-
parison to the control lines. In particular, Ala-Glu
and Glu-Gln were significantly lower than that of
WT fruit at the green fruit stage (Supplementary
Data Set S1).

Alterations in transcript levels and displayed by
ATG4-RNAi tomato fruit
To obtain a genome-wide gene expression profile of the
effect of ATG4 on fruit, we checked differences in the

transcriptome between the RNAi lines and WT fruit at
green and red fruit stages. The FPKM (fragments per
kilobase per million mapped fragments) values were
calculated and genes with |log2 (fold change)| ≥ 1 and
FDR (corrected-p value) < 0.05 were designated as differ-
entially expressed genes (DEGs). At the green fruit stage,
a total of 2952 (1279 up-regulated/1673 down-regulated)
and 1269 (862 up-regulated/407 down-regulated) DEGs
were identified in ATG4-RNAi-13 and ATG4-RNAi-27,
respectively (Figure 3B and Supplementary Data Set S2).
These results are in agreement with the significant
difference in the plant’s early senescence phenotype
(Figure 1A, B). Moreover, principal component analy-
sis (PCA) based on the DEGs further confirmed the
difference between ATG4-RNAi-13, ATG4-RNAi-27 and
WT (Figure 3A). At the red fruit stage, ATG4-RNAi-27
fruits exhibited stable significant difference with WT
with 1195 DEGs (1075 up-regulated/120 down-regulated)
while in ATG4-RNAi-13 fruits just 169 DEGs (65 up-
regulated/104 down-regulated) have been identified
(Supplementary Data Set S3), and in the PCA analysis,
ATG4-RNAi-13 samples were clustered with WT sample
and separated from ATG4-RNAi-27 samples (Supplemen-
tary Figure S1).
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Figure 3. Differential transcriptome analysis between WT and ATG4-RNAi plants at green mature fruit. (A) Principal component analysis (PCA).
(B) The difference of representative genes expression between WT and ATG4-RNAi lines. Data is presented as average ± SE. (C) Schematic of major
pathways and processes using the MapMan visualization platform of the differentially expressed genes. (D) Gene Ontology enrichment analysis results
for differentially expressed genes, The Y axis represents the number of differentially expressed genes; the X axis represents the Gene Ontology
functional classification.

We additionally analyzed the conserved DEGs in the
two RNAi lines and found that 164 and 12 of them
were up-regulated, 241 and 4 were down-regulated
in the two lines at the green and red fruit stage
respectively (Figure 3B and Supplementary Data Set S4).
To analyse the functional categorization of DEGs, the
conserved DEGs were further analyzed using AgriGO
v2.0 analysis tools (http://bioinfo.cau.edu.cn/agriGO/) by
Singular Enrichment Analysis (SEA) [25] and visualized
by Mapman software [26] (Figure 3C, D). Among the
four datasets (up/down conserved DEGs at green and
red fruit stage), only the conserved downregulated
DEG dataset at green fruit stage identified several
significantly enriched pathways (FDR < 0.01). Among
the GO terms included in the “biological process”
category, the five most significantly enriched pathways
were photosynthesis (FDR = 5.00x10−15), the reductive
pentose-phosphate cycle (FDR = 6.70x10−09), photosyn-
thesis (dark reaction) (FDR = 1.60x10−08), carbon fixation
(FDR = 4.50x10−08) and photosynthesis (light reaction)
(FDR = 3.20x10−05) (Figure 3D). Moreover, in the “cellular
component” category, the top ten significantly enriched

terms were related to photosynthetic membranes and
chloroplasts (Supplementary Data Set S4). To further
comfirm the transcriptome data, we have check the
expression of representative genes involving in the lipid
and photosynthesis process by qRT-PCR and the results
also indicated that these genes such as Lipase3, RBS3
and LHCA6 were significantly down-regulated in the
ATG4-RNAi lines (Figure 3B). These findings suggested
that ATG4 may operate as a key regulator of the
photosynthetic organelle, chloroplast, and hence have
an impact on fruit metabolism.

Alterations in protein levels displayed by
ATG4-RNAi tomato fruit
In order to check whether ATG4 has similar effects
on chloroplast-related genes at the protein level, total
proteins of ATG4-RNAi lines and WT fruit at green
and red fruit stages were analyzed by LC–MS/MS.
In total, 2258 proteins were identified and at the
green fruit stage, PCA indicated the significant dif-
ference between ATG4-RNAi-13, ATG4-RNAi-27 and
WT (Figure 4A). In detail, 363 (160 up-regulated/203
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Figure 4. Differential proteomes analysis between WT and ATG4-RNAi plants at green mature fruit. (A) Principal component analysis (PCA) and
(B) Venn diagrams of differential abundant proteins measured by LC–MS analysis. The Venn diagram showing the upregulated (-U) and downregulated
(-D) proteins in ATG4-RNAi plants compared to the WT. (C) Schematic of major pathways and processes using the MapMan visualization platform of
the differentially abundant proteins. (D) Gene Ontology enrichment analysis results for differentially abundant proteins, The Y axis represents the
number of differentially expressed proteins; the X axis represents the Gene Ontology functional classification.

down-regulated) and 283 (69 up-regulated/214 down-
regulated) differentially abundant proteins (DAPs) (|log2
(FC)| > 1 and FDR < 0.05) were identified in ATG4-RNAi-
13 and ATG4-RNAi-27 compared to WT fruit, respec-
tively (Figure 4B, Supplementary Data Set S5). Unlike the
transcriptome date, in red fruit stage, 259 DAPs (131
up-regulated/128 down-regulated) have been identified
in ATG4-RNAi-13 fruits while just 71 DAPs (53 up-
regulated/18 down-regulated) in ATG4-RNAi-27 com-
pared to WT fruit (Figure 4B, Supplementary Data Set S6,
Supplementary Figure S2).

Following the transcriptome analysis pipeline, only
45 conserved down-regulated DAPs at the green fruit
stage identified several significantly enriched pathways
(FDR ≤ 0.01) under the analysis of AgriGO v2.0 anal-
ysis tools and visualized by Mapman software [25]
(Figure 4C, D). For the “biological process” category, pho-
tosynthesis is the most significantly enriched pathway,
and in the “cellular component” category, the terms
related to photosynthetic membrane and chloroplast
are the most enriched terms, which was coincident

with the transcriptome data (Figure 3D). Moreover, we
also checked the conserved DEGs and DAPs of two
RNAi lines, and just 6 genes and proteins exhibited
significant down-regulation in the two ATG4-RNAi lines
at the green fruit stage (Supplementary Data Set S7).
Three of them, such as fructose-1,6-bisphosphatase,
CRB (Chloroplast RNA binding) and NAD(P)-linked oxi-
doreductase, played important roles in photosynthesis
chloroplast transcript and redox status of chloroplast
(Supplementary Data Set S7). The transcriptome and
proteomics data indicated that ATG4 may affect the
chloroplast function and then change the metabolism
of the tomato fruit.

Lipid profiling of ATG4-RNAi tomato fruits and
correlation network analysis of metabolome,
transcriptome and proteome
To get more insight about the effect of ATG4 down-
regulation on the fruit pericarp metabolism, we used
ultra-high performance liquid chromatography–mass
spectrometry (UPLC-MS) to determine the levels of 180
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lipid compounds in green and red fruit tissues (Figure 5A,
Supplementary Data Set S8). Principle component anal-
ysis (PCA) of the lipid profiling showed separation of
the samples based on their developmental stages, in
addition, separation was also observed between ATG4-
RNAi lines and the WT in both developmental stages,
with clear separation at the green fruit stages. This was
more clear when compare the WT and ATG4-RNAi line
13. The changes in lipid profiling in the ATG4-RNAi lines
compared to WT is shown in Figure 5B and statistical
analysis showed significant changes in 91 and 12 in green
stage and 57 and 12 lipid compounds in red ripe stage of
ATG4-RNAi line 13 and line 27, respectively.

In order to look for correlations between metabo-
lites, transcripts and proteins across ATG4-RNAi and
wild type plants, we focused on fruit tissues and
filtered our transcriptomic and proteomics data sets
for genes showed significant difference between ATG4-
RNAi and wild type plants. This resulting in 4684
transcripts and 953 proteins, in addition to 441 metabo-
lites which used to calculate Pearson’s correlation
between transcript, protein and metabolite profiles
(Supplementary Data Set S9). Result revealed that many
highly associations between and within transcripts
and protein levels than metabolites and transcript and
protein profiles (Figure 5C). To focus on the important
interactions, we computed the correlation between all
detected (441 metabolites), and 541 transcripts and 247
proteins that play a key role in metabolism, chloroplast
and photosynthesis. Interestingly, we observed more
and strong correlations between lipids (e.g triacylglyc-
eride (TAG), monogalactosyldiacylglycerol (MGDG), and
phosphatidylethanolamine (PE)) and genes involved
in lipid metabolism, chlorophyll binding protein and
chloroplast biosynthesis (Figure 5D). For examples,
the rubisco small subunit (Solyc02g085950), ATP syn-
thase subunit (Solyc06g066000), ferredoxin reductase
(Solyc02g083810) involved in the Calvin cycle and
photosynthesis were highly correlated and strongly
connected to 13 lipid classes including TAGs, DGDGs
and PEs. In addition, several transcripts and proteins
involved in light harvesting complex of photosystem
(e.g Solyc01g105030, and Solyc12g013710) were strongly
correlated with genes involved in lipid metabolisms
(e.g Solyc12g100230, Solyc08g082280, Solyc08g078400
and Solyc06g059720) and associated with various lipid
classes.

Characterization of metabolic fluxes in the
ATG4-RNAi tomato fruit
In addition to measure the steady-state levels of
transcripts, metabolites and proteins, we were interested
in determining whether a deficiency in autophagy
had major consequences on metabolic fluxes. For this
purpose, we followed the metabolic fate of 14C- or
13C labelled glucose following incubation of tomato
pericarp discs isolated from red ripe fruits. Evaluation
of the data resulting from the 14C- experiment, which

provided information concerning the major bulk fluxes
in the cell, revealed few differences (Table 1), in that
although the absolute fluxes to cell wall synthesis
and protein biosynthesis were enhanced in line 27,
no other fluxes were, and the relative redistribution
of radiolabel to various metabolite classes were also
unaltered. These data were somewhat reminiscent of
those observed in etiolated seedlings of Arabidopsis,
which also revealed relatively minor changes in the bulk
fluxes [15]. However, by contrast to our observations
here, the rate of protein synthesis alongside the rate
of 14CO2 evolution was decreased on lack of autophagy
in Arabidopsis. In parallel to this experiment, we
additionally followed the metabolic fate of 13C labelled
glucose using a GC–MS based protocol allowing a more
detailed evaluation of changes in label redistribution
amongst low molecular weight primary metabolites [27].
However, similar to 14C labelled glucose, the 13C labelled
glucose shed minor changes between the WT and the
ATG4-RNAi plants, with few significant metabolites
enriched such as glutamate, putrescine, glycine and
fructose (Supplementary Data Set S10).

Disscussion
In leaves, the influence of autophagy on foliar metabolism
has been widely studied [15, 18, 28–30]. This is especially
true of Arabidopsis, where autophagy has been demon-
strated to be important in nitrogen remobilisation [18,
30] as well as in the maintenance of energy metabolism
under conditions of carbon starvation [15, 28]. However,
recent studies in maize have allowed the generality of
these studies to be determined [14, 29]. These studies
revealed that autophagy played a key role for proteome
remodelling and lipid turnover of leaves of young maize
seedlings in nitrate replete and deficient conditions
[14]. It furthermore played a prominent role in amino
acid, nucleotide and carbohydrate metabolism during
carbon starvation in the same system [29]. That said,
as yet, studies of how autophagy impacts metabolism
have not been carried out on the harvested tissue of
a crop. Furthermore, to date, studies of the role of
autophagy in tomato have been restricted to studying
its role in the context of stress [31]. For this reason, we
here performed a comprehensive characterization of
the impact of downregulating autophagy by inhibiting
ATG4 gene expression and studying the effects on
the whole plant phenotype, as well as on transcript,
protein, and metabolite levels and metabolic fluxes
under optimal growth conditions. In addition, in light
of recent reports that autophagy is responsible for the
accumulation of proteogenic dipeptides following heat
stress in Arabidopsis [32], we also characterized the levels
of these small molecules. By comparing these results
with those previously reported for Arabidopsis and
maize, we attempted here to define both the conserved
and species−/ tissue- specific effects of inhibiting
autophagy. Entirely consistently with previous studies,
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Figure 5. Lipid profiling of ATG4-RNAi and correlation network analysis. (A) heat map of lipid profiling of pericarp tomato fruit at green and red
developmental stages. (B) a PCA of lipid profiling of WT and ATG4-RNAi plants from green and red fruits (G: green fruit and R: red ripe fruit. Log2
values of the relative lipids levels are presented as a heat map. The levels of ATG4-RNAi were normalized to the average of WT samples for each
developmental stage. The lipid profiling was measured by LC–MS, lipids were divided into different lipid classes. (C) Correlation analysis of metabolome,
transcriptome and proteome of fruit tissues of ATG4-RNAi and wild type plants. Genedata analyst was used to compute and generate graphical output
of person correlation between metabolites, genes and proteins. Correlation network analysis, consists of 441 metabolites, 4684 transcripts and 953
proteins. (D) correlation network between 441 metabolites, 541 genes and 247 proteins involved in metabolism, chloroplast and photosynthesis.

RNA interference of ATG4 in tomato, resulted in early
leaf senescence as well as a reduced yield (Figure 1D).

Given that most previous studies focused on foliar
metabolism, it seems appropriate to firstly compare
our results with those from other species. The primary
metabolic changes observed in Arabidopsis mutants
(atg5, atg9, and an ATG18a RNA interference line) 30 days
after sowing were similarly minor as those we found
here for young tomato leaves [30]. However, strikingly
there was no overlap in the type of metabolites changing
between young photosynthetically active tissues of
both species (contrasting results from Figure 2A and
Supplementary Data Set S1 with those for N replete
conditions in [30]). Moreover, the Arabidopsis seedlings

(60 days after sowing) exhibited changes in the levels of
most metabolites [30], whilst changes in older tomato
leaves remained moderate with changes in the level of
phenylalanine being the only conserved change between
the two studies (contrasting results from Figure 2A and
Supplementary Data Set S1 with those for N replete
conditions in [30]). Extensive metabolomics has also
been carried out for atg12 mutants of maize which
exhibited considerable metabolic differences from the
wild type in two-week-old maize seedlings. These studies
demonstrated significant lipid remodelling as well as
significant increase of amino acids, sugars, organic
acids and nucleotides [29], thus as for Arabidopsis, it
would appear that autophagy has a greater influence
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Table 1. Metabolism of [U14C] Glucose in pericarp disks from WT and ATG4-RNAi plants

Variable Control Line 13 Line 27

Label incorporated (Bq/gFw)
Total uptake 39 270 ± 12423.2 25801.4 ± 9356.9 56 264 ± 7948.2
Total metabolized 31 012 ± 9058.5 20 174 ± 6828.7 43 449 ± 6567.6

Redistribution of radiolabel (% of total metabolized)
CO2 evolution 0.77 ± 0.25 5.45 ± 5.88 0.74 ± 0.12
Organic acids 45.72 ± 6.05 42.82 ± 2.71 50.37 ± 4.47
Amino acids 16.79 ± 3.81 19.73 ± 2.28 15.51 ± 1.84
Sucrose 11.68 ± 13.55 5.31 ± 0.95 6.98 ± 0.9
Starch 0.24 ± 0.23 0.49 ± 0.23 0.88 ± 0.38
Protein 0.42 ± 0.13 0.83 ± 0.34 0.39 ± 0.01
Cell wall 0.36 ± 0.1 0.62 ± 0.29 0.56 ± 0.13
Fructose 17 ± 11.07 8.63 ± 0.93 7.06 ± 3.03
Specific activity of hexose phosphates (Bq/nmol) 15.23 ± 3.9 17.48 ± 0.83 17.81 ± 5.14

Metabolic flux (nmol hexose equivalents/(gFw∗h)
Starch synthesis 1.01 ± 0.88 1.81 ± 0.77 5.12 ± 0.75
Sucrose synthesis 64.49 ± 91.05 21.06 ± 9.25 40.3 ± 15.24
Respiration 277.96 ± 128.24 223.39 ± 88.93 384.22 ± 142.28
Cell wall synthesis 1.53 ± 0.72 2.26 ± 0.84 3.06 ± 0.49
Protein synthesis 1.88 ± 1.08 3.39 ± 2.27 2.21 ± 0.56

on primary leaf metabolism in these species than in
tomato. Although this statement needs to be qualified in
that distinct components of the autophagic machinery
have been studied in the different species and the
relative extent of inhibition of the process has yet
to be ascertained. It’s worth noting that despite a
considerably increased rate of leaf senescence, relatively
small alterations in metabolite levels were found,
which probably explains the conserved changes in the
levels of phenylalanine which consistently alters under
senescence, but moreover provides a strong suggestion
that autophagy is considerably impaired given the well
characterized role of autophagy within senescence [33].

Despite the relatively mild changes in foliar metabolite
levels, the strong transgenic lines harboured markedly
less fruits and this led to a reduced total fruit biomass
than found in the wild type. Since flowering and fruit
set processes are greatly influenced by metabolite sig-
nals emanating from the source tissues [34] and tomato
fruit growth is almost exclusively supported by imported
assimilate rather than the operation of photosynthesis
in the young fruit [35], it follows that the relatively minor
changes in metabolite contents in the transgenics leaves
may reflect the lower rate of partitioning between the
source and sink tissues. Consistent with this hypothe-
sis the changes in metabolites levels were considerably
greater in the fruits and we therefore focused the major-
ity of our efforts on characterizing this tissue. At the tran-
script level approximately 10% of expressed transcripts
were found to be significantly different with a similar
amount being up- and down-regulated at the green fruit
stage but considerably fewer being altered at the red
fruit stage (with a marked preference towards increased
transcript levels also characterizing this developmental
stage). Evaluating those transcripts which displayed con-
served changes in both transgenic lines revealed that

those classified by GO terms related to photosynthesis
and the chloroplast were considerably enriched, sug-
gesting that ATG4 may act as an important regulator
of the photosynthetic organelle in fruit. As for the leaf
metabolome, the changes in the fruit transcriptome are
considerably different than those previously reported
for the Arabidopsis rosette leaves which, under nitro-
gen replete conditions, was characterized by alterations
in the pathways for glutathione, methionine, raffinose,
galacturonate and anthocyanin [30]. Similarly, character-
ization of young maize seedlings under nutrient replete
conditions identified similar pathways as being altered at
the transcriptomic level but additionally noted an enrich-
ment in alterations in the levels of transcripts associated
with the cytosol, the endomembrane system, peroxisome
and proteasome, but not the chloroplast. However, these
differences could of course be due to differences between
species, tissues, the function of the respective autophagy
proteins that have been mutated, or the extent to which
autophagy has been affected. It is of note that chloro-
plast breakdown has previously been linked to autophagy
[36], either at the whole organelle level (“chloroplast
autophagy”) [37], or as piecemeal degradation of selected
chloroplast proteins (in RUBISCO containing bodies or
ATI bodies) [38]. Moreover, the specific role of ATG4 was
demonstrated at the cell biological level in the com-
pletely autophagy deficient atg4a4b-1 mutant of Ara-
bidopsis in which both downsizing due to the absence
of RUBISCO containing bodies and lack of degradation
of entire plastids [39]. However, it is important to note
all these data were observed in leaves during develop-
mental senescence or abiotic stress. To our knowledge,
this is the first time autophagy in general, and ATG4
in particular, is implicated in chloroplast degradation
during fruit development thus providing further support
for previous models suggesting a considerable role of
ATG4 in chloroplast autophagy (Figure 6A).
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Figure 6. A proposed model for the role of ATG4 in the chlorophagy process and the global autophagy process. (A) Two routes were proposed for
chlorophagy mediated by ATG4 on the basis of cell biological observations in ATG4 and ATG5 Arabidopsis knockout mutants (Yoshimoto et al. 2004).
Our proteomics data are highly in support of ATG4 cholorphagy role being the one centered on chloroplast degradation. (B) Suppression of ATG4
results in the reduction of protein degradation by the autophagosome mediated vacuolanization of protein (in red). However, in addition to this
canonical method of protein reduction the lack of correlation between transcript and protein pairs, suggests a second mediated operation (in blue)
whereby protein synthesis is downregulated at the transcriptional level.

Despite the difference in the categories of transcripts/
proteins tested between the species, it is notable that
both for maize [14] and tomato there is a high correlation
between the levels of proteins and transcripts belonging
to the same class, although importantly not necessarily
corresponding to the same gene. This is an important
distinction since it suggests that at least some of these
changes represent a co-ordinated response rather than
merely being the consequence of a direct regulation
at the level of transcription. We will return to this
later, as alluded to above the proteins that change in
the tomato ATG4 transgenics are largely associated
with the chloroplast. In an earlier protein analysis of
etiolated seedlings of atg5 and atg7 mutants we found
an accumulation of proteins which increased respiration
and reduced protein synthesis [15]. However, as recently
reviewed by Wijerathna-Yapa and co-workers, a wide
range of proteomic studies have been carried out [40]
mainly in maize and Arabidopsis. In addition to the
studies, we have already mentioned three further studies
are worthy of discussion in this context. First, the study
of atg10 Arabidopsis mutants upon infection of the
fungus Verticillum dahlia revealed a specific enrichment
of changes in the mitochondrial proteome. Secondly,
a recent study utilized tandem mass tag labelling to
identify autophagy cargo during cell fate switching in
Arabidopsis [41]. Finally, immunoprecipitation in potato
revealed that ATG8 isoforms display diverse interac-
tomes [42], a fact that was extended in cross-kingdom
studies of ER-phagy [43]. Consistently, with the pre-
dominance of plastid associated proteins in tomato the
proteomic differentiation of the RNAi lines is far greater
at the green than the red stage where its influence on
tomato fruit metabolism and function is far lesser.

Analysis of fruit metabolite levels mirrored the conclu-
sion made on the basis of the transcript and protein data
that ATG4-dependent autophagy exerts its greatest influ-
ence at earlier stages of fruit development. As we already
mentioned, this is in high accordance with the facts
that its primary target – as assessed by the proteome –

analysis would appear to be the chloroplast. Interestingly,
the stress associated metabolite proline was decreased
in both transgenic lines across all three fruit stages, as
were tryptophan and phenylalanine, which are known to
accumulate during the senescence process [44, 45], but
moreover and were also documented to be considerably
lower in etiolated seedlings of atg5 and atg7 Arabidopsis
mutants [15]. Other commonalities between our study
and that of the etiolated seedlings include the accumu-
lation of sugars and sugar derivatives and in red fruits
the ultimate decrease of secondary metabolites, however,
it is important to note that these initially increased in
the green fruit. Perhaps surprisingly given the recent
finding that autophagy results in their accumulation fol-
lowing heat stress [32], we found relatively few significant
changes in the levels of dipeptides and importantly none
in the levels of Typ-Asp and Ser-Leu two peptides which
have recently been reported to exert key roles in the reg-
ulation of glyceraldehyde 3-phosphate dehydrogenase
and phosphoglycerate kinase of glycolysis, respectively
[46, 47].

Conclusions
The data we present here demonstrates an important
role for ATG4-dependent autophagy within the tomato,
suggesting that its absence leads to elevated leaf
senescence most likely due to the change of other
pathways of protein and organelle degradation such as
the proteasome or chloroplast vesiculation pathways
[28]. They also indicate that ATG4-dependent autophagy
in tomato is quite distinct from that characterized for a
range of autophagy mutants in Arabidopsis and maize –
specifically it appears to target plastid related functions.
Given its early senescence phenotype – as assessed
by visual observation of the chlorophyll content -this
appears to be true also in the leaf which was subjected to
far less thorough characterization here. Despite affecting
different proteins, strikingly our study revealed an
interesting parallel to the recent multiomics studies of
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maize [14, 29], namely a co-ordinate change in classes of
transcripts and proteins - albeit one that is largely not
observed when comparing the direct transcript-protein
pairs. This leads us to propose a more sophisticated
model to explain the co-ordination one that suggest
an alteration in protein degradation likely proceeds
downregulation of transcripts (see Figure 6 B). However,
given that autophagy has evolved to be highly embedded
within cellular metabolism and function further studies
likely involving inducible modulation of autophagy
will likely be required both to establish the kinetics
underlying the interplay between the various molecular
entities of the cell. Such studies may ultimately identify
the cellular signals that orchestrate the process to
prevent energy wastage via unnecessary futile cycles
of synthesis and degradation which would otherwise
operate at many levels. Furthermore, given the major
effect on the agronomic properties of tomato that this
study uncovered a better understanding of the timing
and maximal activities of autophagy during a normal
life cycle may allow us to target the process as a means
for crop improvement in future breeding strategies.

Methods and materials
Tomato (S. lycopersicum L. cv Moneymaker) plants were
provided by Meyer Beck (Berlin) and cultivared in the
greenhouse.

Construct design and plant transformation
220 bp of the coding sequence of tomato ATG4 coding
sequence (Solyc01g006230.2.1) were amplified by PCR
(LP–CACCTTCAATTGATCCCTCCTTGG,RP– GGGGGC-
TACAGCATCGAA) and cloned into a TOPO vector. The
sequence was then inserted using the Gateway system
into the pK7GWIWG2(I) binary vector, used for the
generation of a hairpin RNAi construct. The binary
vector was transformed into competent Agrobacterium
tumefaciens and subsequently transformed into M82
tomato callus. Transgenic plants were selected using
Kanamycin and regenerated plants were grown in MS
medium. Transgenic plants were verified by DNA extrac-
tion and amplification by PCR of the NPTII gene used for
selection (LP- GATAGAAGGCGATGCGCTGCGAATC, RP-
ATTCGGCTATGACTGGGCACAACAG).

RNA sequencing and qRT-PCR anlysis
The RNA sequencing sequencing was carried out as the
method of former research [48]. Briefly, total RNA (3 μg)
was used to generate first-strand cDNA and the purified
cDNA was subjected to Covaris shearing. End mending
and A–tailing of sheared cDNA were done according to
Illumina’s instructions. The libraries was sequenced by
the Illumina Genome Analyzer IIx. FASTXToolkit 0.0.13
was used to filter the Illumina sequencing collection
for quality. ITAG2.3 S. lycopersicum cDNA sequences
were used to align quality-filtered libraries using Bowtie
version 0.12.8 [49]. Total RNA and the first-strand cDNA

synthesis was isolated and performed by TRIzol reagent
and PrimeScript RT Reagent Kit with gDNA Eraser
(Takara), respectively. qRT-PCR was performed on an
ABI Prism® 7900 HT real-time PCR system (Applied
Biosystems/Life Technologies, Darmstadt, Germany) in
384-well PCR plates. The qRT-PCR data were analyzed
using the 2−��Ct analysis method according to the former
research [50]. The information of primers is listed in the
Supplementary Data Set S12.

Metabolite and protein extraction
Pericarp samples were extracted using the former pro-
tocol [51]. For metabolite analysis 4–6 replicate samples
were used. The protein data comes from three to four
replicates.

Proteomics analysis
Following the MTBE extraction, the protein pellets were
resuspended in 50 μL of denaturation buffer. Alkylation
was used to reduce cysteines, and enzymatic digestion
was conducted with LysC/Trypsin Mix and desalted as
reported before [52]. Peptides were resuspended in MS
loading buffer and quantified using on a Q Exactive HF
(Thermo Fisher Scientific) linked to an ACQUITY UPLC
M-Class reverse-phase nano liquid chromatography sys-
tem (Waters). A data-dependent acquisition strategy was
used to run the MS.

LC–MS metabolite analysis
The polar phases (400 μl) were vacuum-dried and
resuspended in 120 μl of 80% MeOH. After sonicating
for 10 minutes, samples were centrifuged at maximum
speed for 15 minutes. For analysis, 100 μl of supernatant
were examined using a UPLCLC-MS system, as previously
reported [53]. Standard chemicals, MS/MS fragmentation,
and metabolomics databases were used to identify and
annotate metabolites. We accounted for a 10 ppm mass
error and a 0.1 dynamic RT shift while utilizing our
in-house reference compound library. For subsequent
analysis, log2 normalized raw intensities were employed.

GC–MS metabolite profiling
The MTBE-extracted polar phases (150 μl) were vacuum-
dried and resuspended in 40 μL of methoxyamine
hydrochloride (20 mg ml−1) in pyridine and incubated
at 37◦C for 120 min. After that, a 30 min treatment at
37◦C with 70 μl of N-methyl-N (trimethylsilyl) triflu-
oroacetamide was carried out. A gas chromatograph
was utilized in conjunction with a time-of-flight mass
spectrometer in the GC–MS system. Peak area of each
metabolite was standardized to the internal standard
(ribitol) and the fresh weight.

Lipid analysis
The MTBE phases (500 μL) was dried in speedVac
concentrator and re-suspended in 250 μL acetonitrile:
2-propanol (7:3, vol/vol) solution. Two μL per sample was
injected into Waters Acquity ultra-performance liquid
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chromatography system coupled with Fourier transform
mass spectrometry (UPLC-FT-MS) in positive ionization
mode. The analysis workflow included peak detection,
retention time alignment and isotopic peaks from the
MS data was performed as described in the former
research [54].

Correlation analysis
Metabolite data correlation was analyzed using the
website MetaboAnalyst [55] and Expressionist Analyst
14.0.5 (Genedata, Basel, Switzerland) (https://www.
genedata.com/products/expressionist). For the correla-
tion analysis we used 441 detected metabolites, and 4684
and 953 differential transcripts and proteins, respectively.
Person correlation was used, significant correlations
(P ≤ 0.05) with >0.50 cut off were used to generate
the network correlation. The detailed corlation anylsis
present in Supplementary Data Set S9.

[U-14C] glucose feeding experiments
Red ripe fruit pericarp were cut and incubated in 5 mL
10 mM MES-KOH, pH 6.5, containing 1.85 MBq/mmol
[U-14C] glucose. After 2.5 hours of incubation on 100 rpm
shaker, double-distilled water was used to wash multi-
ple times of the material and frozen in liquid nitrogen.
The evolved 14CO2 was collected in 0.5 mL of 10% (w/v)
KOH. Extraction and fractionation were performed as
previously described [56]. After ethanol extraction, the
insoluble material was resuspended in water to count for
starch.

13C glucose feeding experiments
Red ripe fruit pericarp were cut from red ripe fruit and
incubated in 5 mL 10 mM MES-KOH, pH 6.5, containing
10 mM [13C]Glc. After 3 hours of incubation, double-
distilled water was used to wash multiple times of the
material and frozen in liquid nitrogen. Following that,
samples were extracted in 100% methanol, and analyzed
as former reported [27].

Statistical Analysis
Student’s paired t-test was performed to assess whether
the differences between two genotypes were statistically
significant.

Accession Numbers
The Sol Genomic Network locus number for the gene
discussed in the article is Solyc01g006230 (ATG4),
Solyc01g009870 (GDE1), Solyc02g063150 (RBS3),
Solyc02g069620 (Rib5P Isomerase), Solyc02g088100
(EXP15), Solyc05g008290 (LPR1), Solyc06g060870 (Lipase
3), Solyc06g073260 (CSP41B), Solyc07g043570 (Aldo-keto
reductase), Solyc08g007040 (GDCH), Solyc08g076220
(PRK), Solyc08g083360 (NDF4), Solyc09g011810 (FBPase),
Solyc09g083150 (Ndh), Solyc12g009200 (LHCA6),
Solyc12g010910 (Lipase), Solyc12g094640 (GAPB).
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