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Deficiency of autophagy leads to significant
changes of metabolic profiles in Arabidopsis
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Autophagy is an intracellular process leading to vacuolar degradation of cytoplasmic components, which is important
for nutrient recycling. Autophagic degradation of chloroplastic proteins via Rubisco-containing bodies is activated in
leaves upon low sugar availability in Arabidopsis and our recent study reveals the contribution of autophagy to nighttime
energy availability for growth. Whereas metabolic analysis supports that autophagic proteolysis provides a supply of
alternative energy sources such as amino acids during sugar deficit, changes in a large number of metabolites due to
autophagy deficiency are also observed. Here, we performed statistical characterization of that metabolic data. Principal
component analysis clearly separated wild type and autophagy-deficient atg5 mutant samples, pointing to significant
effects of autophagy deficiency on metabolite profiles in Arabidopsis leaves. Thirty-six and four metabolites were
significantly increased and decreased in atg5 compared with wild type, respectively. These results imply that autophagic

proteolysis is linked to plant metabolic processes.

Autophagy is a ubiquitous recycling system by which proteins
and organelles in eukaryotic cells are transported for degradation
in the vacuoles of yeast and plants or the lysosomes of animals
(for a review, see refs. 1-3). During autophagy, a portion of the
cell’s cytoplasmic contents is sequestered in a double-membraned
vesicle called an autophagosome and delivered to the vacuole/
lysosome. The outer membrane of the autophagosome then fuses
with the vacuolar/lysosomal membrane and the inner membrane
structure (called the autophagic body) is degraded by resident
hydrolases. The amino acids (AAs) released due to autophagic
proteolysis are supplied to the AA pool for new protein biosyn-
thesis and/or energy production in yeast and mice.*> Autophagy
is also considered to play an important role in nutrient recycling,
particularly under starvation conditions, in plants.'?

We have demonstrated that chloroplastic proteins are degraded
by autophagy via Rubisco-containing bodies (RCBs), a type of
autophagic body containing chloroplast stroma.®” Chloroplasts
are the predominant source of material for autophagic recycling
in plants because the majority of plant nutrients are distributed
to chloroplasts, such that chloroplastic proteins account for 75 to
80% of total leaf nitrogen in C3 plants.® We previously investi-
gated the effects of nutrient factors on the appearance of RCBs
in Arabidopsis leaves.” We found that RCB appearence in excised
leaves is strongly suppressed by metabolic sugars, whether added
externally or produced during photosynthesis in the light. RCB
production is activated under conditions of low sugar availability,
such as in leaves at the end of the night in a diurnal cycle or in
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leaves lacking starch due to starchless mutations. These results
suggest a role of RCB/autophagy for energy production via deg-
radation of chloroplastic proteins when photosynthesitic carbon
assimilation is restricted. Although the importance of autophagy
in plant carbon recycling for energy production had also been
suggested based on the observed activation of autophagy during
sugar starvation and the sensitivity of autophagy deficient (atg)
mutants to continuous darkness,'®!! a substantial role for autoph-
agy in plant energy availability had not been established.

Energy availability is a primary factor influencing plant
growth and survival under both adequate growth conditions and
several stress conditions. Plants normally obtain energy via pho-
tosynthetic carbon assimilation during the day and a portion of
the photoassimilate is retained, mainly as starch, for respiration
during the night."? The effects of disrupted energy availability are
revealed in Arabidopsis starchless mutants, in which the lack of
starch accumulation causes a transient sugar deficit at night.'>'
Sugar deficit causes starvation symptoms, leading to growth
interruption. Thus, plants adjust their metabolism to fluctua-
tions or disruptions of sugar availability due to changes in day-
night periods or suboptimal conditions. Enzymatic pathways for
catabolism of alternative respiratory substrates such as AAs for
energy production seem to exist in plant metabolic pathways."

Our recent study indicates that autophagy makes a substantial
contribution to energy availability for plant growth.'® The reduced
growth of Arabidopsis atg mutants under short-day conditions
was largely relieved under continuous light or under short-day
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Metabolite Description (atg5-1/wild type) Metabolite Category

Glycerophosphocholine 5.15 Phospholipid degradation
Phosphorylcholine 1.83 Phospholipid degradation
Choline 1.78 Phospholipid degradation
N-Acetylglucosamine 1.21 Amino sugar
N-Acetylglucosamine 6-phosphate 1.84 Amino sugar

UDP-N -acetylglucosamine 2.10 Nucleotide sugar
Eggzil;:gtsjse 1.57 Nucleotide sugar
Spermine 2.25 Polyamine

Putrescine 0.36 Polyamine

Saccharopine 0.53 Lysine catabolism

Urate 0.30 Purine catabolism

Figure 1. Significant changes in metabolic profiles due to autophagy deficiency observed
by CE-TOFMS analysis. (A) Principal component analysis score scatterplots of metabolic
profiles of the wild type ecotype Columbia (closed squares) and autophagy-deficient
atg5-1 mutant (open squares) sample set (left) and the starchless pgm-1 mutant (closed
circles) and pgm-1 atg5-1 double mutant (open circles) sample set (right). (B) The amounts
of individual metabolites were subjected to t-test comparisons between wild type and
atg5-1 or between pgm-1 and pgm-1 atg5-1. Venn diagrams of the number of metabolites
significantly increased (left) or decreased (right) at the 5% level are shown. (C) Selected
metabolites from catabolic pathways of possible energy sources or common metabolite
categories. The metabolites shown here were selected from among the significantly
increased or decreased metabolites in leaves of atg5-1 compared with wild type. All data
were obtained from a previously performed CE-TOFMS analysis.'® Statistical analysis was
performed using JMP software (SAS Institute).

conditions. To examine changes in the AA pool,
we performed metabolic analysis using capillary
electrophoresis time-of-flight mass spectrometry
(CE-TOFMS). The contents of free AAs were
increased in starchless mutant leaves compared
with those of WT and the increases in branched
chain AA and aromatic AA contents were par-
tially compromised in starchless azg double
mutants. This metabolic difference indicates
that autophagy can contribute to energy avail-
ability by supplying alternative energy sources
such as AAs.

The growth retardation under shortened pho-
toperiods in atg single mutants is similar to the
phenotype observed in starchless mutants, indi-
cating a substantial contribution of autophagy
to nighttime energy availability.'®"” However,
decreases of free AA contents in the azg5 single
mutant compared with WT plants were not
observed in our CE-TOFMS analysis.”® Thus,
we still do not have clear metabolic evidence
indicating that autophagy provides AAs at night
when sugars are not exhausted in WT plants.
The activity of autophagy each night in WT is
likely to be lower than during a sugar deficit in
starchless mutants. It is noteworthy that the con-
tents of many metabolites other than AAs were
changed in a#g5 plants compared with WT.'* To
test for differences in metabolic profiles due to
autophagy deficiency in an unbiased manner, we
performed principal component analysis (PCA)
(Fig. 1A). The PCA score scatterplot showed
that metabolic profiles substantially differed
between WT and azg5 as well as between starch-
less pgm mutants and pgm atg5 double mutants.
The first principal component (PCl1), account-
ing for 49.6% of the variation in the data, clearly
separated azg5 and WT plants. Metabolic pro-
files in pgm and pgm atg5 were also separated by
PCl, accounting for 51.8% of the data variation.

To characterize further the differences
in the annotated metabolites, we compared
the amounts of metabolites by t-test analysis
between WT and atg5 or between pgm and
pgm atg5 and produced Venn diagrams illus-
trating the number of metabolites significantly
increased or decreased at the 5% level (Fig. 1B).
For the atg5 mutation, 36 metabolites were
significantly increased in the WT background

conditions combined with feeding of exogenous sucrose, suggest-  and 28 were significantly increased in the pgm background; 15
ing that autophagy contributes to nighttime energy availability.  of the increased metabolites were common between the two
To investigate further the role of autophagy at night, we generated ~ backgrounds. In addition, some metabolites that were increased
starchless atg double mutants because nighttime sugar availabil-  in azg5 could be classified into common pathways or similar
ity is reduced in starchless mutants. The double mutants showed — metabolite categories (Fig. 1C). Phospholipid-related intermedi-
severe starvation symptoms and phenotypes: reduced growth —ates, including choline, glycerophosphocholine and phosphor-
and early cell death in leaves were observed under short-day  ylcholine, increased in azg5 compared with WT, similar to the
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16 These metabolites are

difference between pgm atg5 and pgm.
derived from phospholipase-mediated degradation of phospha-
tidylcholine,"® a major phospholipid in plants and lipids can
be alternative respiratory substrates during sugar starvation.”
Such a catabolic process may be alternatively activated due to
autophagy deficiency. The contents of several amino sugars and
nucleotide sugars, such as N-acetylglucosamine (GIcNAc) and
GIcNAc 6-phosphate, UDP-GlcNAc, UDP-glucose and UDP-
galactose, significantly increased in atg5 compared with WT
(Fig. 1C). These metabolites are involved in biological processes
including sucrose metabolism, cell wall metabolism and protein
modification.?**!

Four metabolites were decreased in azg5 compared with WT
and all of them were among the 28 metabolites that were signifi-
cantly decreased in pgm atg5 compared with pgm (Fig. 1B). The
contents of urate and saccharopine significantly decreased in azg5
relative to WT (Fig. 1C), again similar to the difference between
pem atg5 and pgm.'® These metabolites are possible intermediates
of the purine and lysine catabolic pathways, respectively.?* Such
catabolic pathways may be linked to autophagy. Polyamines,
which mainly consist of putrescine, the triamine spermidine and
the tetraamine spermine, are natural compounds involved in
plant responses to several types of abiotic stress.** The putrescine
content decreased and the spermine content increased in atg5
compared with WT (Fig. 1C).

Recent work has established the role of autophagy during the
development of plant vegetative organs. Autophagy contributes to
Rubisco degradation during natural leaf senescence,” and autoph-
agy is involved in nitrogen remobilization at the whole-plant level

in Arabidopsis.*® Autophagy deficiency causes excessive accumu-
lation of salicylic acid and oxidative damage, leading to an early
cell death phenotype during leaf development.”” On the other
hand, the link between autophagy and plant metabolism has
not been well characterized because of scant metabolic profiling
focusing on plant autophagy, despite its ubiquitous role in prote-
olysis and catabolism in eukaryotic cells. Here, statistical charac-
terization of a large data set acquired from CE-TOFMS analysis
indicates that there are significant effects of autophagy deficiency
on the metabolism of Arabidopsis leaves (Fig. 1). Although the
precise mechanisms underlying the changes in specific substances
and intermediates are unclear, these phenomena provide insights
to guide future analyses of autophagy in plants. Further metabo-
lite analyses using azg mutants at a large or fine scale, such as
characterization of differences according to developmental stages
or growth conditions, may be effective to elucidate the impor-
tance of autophagy in plant metabolism.
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