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Abstract

Autophagy and multivesicular bodies (MVBs) represent 2 closely related lysosomal/vacuolar degradation pathways. In
Arabidopsis (Arabidopsis thaliana), autophagy is stress-induced, with deficiency in autophagy causing strong defects in stress
responses but limited effects on growth. LYST-INTERACTING PROTEIN 5 (LIP5) is a key regulator of stress-induced MVB bio-
genesis, and mutation of LIPS also strongly compromises stress responses with little effect on growth in Arabidopsis. To deter-
mine the functional interactions of these 2 pathways in Arabidopsis, we generated mutations in both the LIP5 and
AUTOPHAGY-RELATED PROTEIN (ATG) genes. atg5/lip5 and atg7/lip5 double mutants displayed strong synergistic phenotypes
in fitness characterized by stunted growth, early senescence, reduced survival, and greatly diminished seed production under
normal growth conditions. Transcriptome and metabolite analysis revealed that chloroplast sulfate assimilation was specifically
downregulated at early seedling stages in the atg7/lip5 double mutant prior to the onset of visible phenotypes. Overexpression
of adenosine 5’-phosphosulfate reductase 1, a key enzyme in sulfate assimilation, substantially improved the growth and fitness
of the atg7/lip5 double mutant. Comparative multi-omic analysis further revealed that the atg7/lip5 double mutant was strong-
ly compromised in other chloroplast functions including photosynthesis and primary carbon metabolism. Premature senes-
cence and reduced survival of atg/lip5 double mutants were associated with increased accumulation of reactive oxygen
species and overactivation of stress-associated programs. Blocking PHYTOALEXIN DEFICIENT 4 and salicylic acid signaling pre-
vented early senescence and death of the atg7/lip5 double mutant. Thus, stress-responsive autophagy and MVB pathways play
an important cooperative role in protecting essential chloroplast functions including sulfur assimilation under normal growth
conditions to suppress salicylic-acid-dependent premature cell-death and promote plant growth and fitness.

Introduction

The growth and survival of all cellular organisms depend on
complex networks of trafficking, degradation, and recycling
of cellular components. In eukaryotic cells, autophagosomes
and multivesicular bodies (MVBs) are well-characterized
structures of autophagy and endocytosis, respectively, 2
closely related pathways in the lysosomal/vacuolar degrad-
ation system (Fader and Colombo 2009). Autophagy is

suppressed under normal growth conditions but is induced
upon exposure to stress conditions, such as nutrient starva-
tion (Yin et al. 2016). Induced autophagy is characterized by
increased formation of double membrane-bound autopha-
gosomes that transport cytoplasmic components including
proteins, organelles, and RNAs for degradation in the lyso-
somes/vacuoles (Yin et al. 2016). MVBs are single-membrane
endosomes in the endocytic pathway for internalization,
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Autophagy and MVBs in plant growth and fitness

sorting, and degradation of plasma membrane proteins
(Hanson and Cashikar 2012). MVBs are formed from early en-
dosomes in the endocytic pathway by invagination and bud-
ding of the limiting membrane through the action of ESCRT
(endosomal sorting complex required for transport) protein
complexes (Hanson and Cashikar 2012). The content of
MVBs can be degraded through fusion with lysosomes/va-
cuoles (Hanson and Cashikar 2012).

As 2 closely related lysosomal/vacuolar protein degrad-
ation pathways, autophagosomes and MVBs interact exten-
sively (Fader and Colombo 2009; Cui et al. 2018). The
maturation process of autophagosomes in some organisms
involves fusion with endocytic vesicles, such as MVBs, to
form a hybrid organelle called the amphisomes prior to the
fusion with lysosomes (Ganesan and Cai 2021). The MVB
pathway and autophagy also coordinate in action to pro-
mote cell survival upon nutrient starvation in yeast
(Saccharomyces cerevisiae) cells (Muller et al. 2015). In plant
cells, specific components in the MVB pathway are import-
ant for the biogenesis, maturation, and trafficking of autop-
hagosomes. Arabidopsis (Arabidopsis thaliana) SH3P2 (SH3
domain-containing protein 2), a ubiquitin-binding protein
that acts in the transfer of ubiquitinated proteins to the
ESCRT machinery (Nagel et al. 2017), also regulates autopha-
gosome expansion and maturation (Zhuang et al. 2013).
FREE1 (FYVE domain protein required for endosomal sorting
1), another Arabidopsis protein associated with MVBs
through interaction with the ESCRT-I subunit VPS23 (vacu-
olar protein sorting 23) and ESCRT-lIl subunit Snf7
(Sucrose non-fermenting protein 7) (Gao et al. 2014), inter-
acts with SH3P2 on autophagosomes (Gao et al. 2015). The
mutation of FREET leads to the formation of abnormal
MVB-autophagosome hybrid structures, supporting their inter-
action in plant cells (Gao et al. 2015). During leaf senescence or
under nutrient starvation, chloroplast stromal proteins includ-
ing Rubisco (ribulose-1,5-bisphosphate carboxylase/oxygenase)
are transported into the autophagosome-like structures called
Rubisco-containing bodies (Izumi et al. 2010; Izumi and Ishida
2011). The ESCRT-Ill subunit paralogs CHMP1A (charged
MVB protein1) and CHMP1B play a direct role in the delivery
of Rubisco-containing bodies to the vacuole in Arabidopsis
(Spitzer et al. 2015).

Autophagy and MVB pathways also functionally coordin-
ate in plant stress responses (Wang et al. 2020). During
plant-pathogen interaction, defense-related molecules in-
cluding cell surface immune receptors are recruited through
MVBs to the plant—pathogen interface (An et al. 2006; Berkey
et al. 2017) and this plant—pathogen interaction zone is also a
hotspot for autophagosome biogenesis for plant defense
(Dagdas et al. 2016; Dagdas et al. 2018). The endocytic
MVB and autophagosome pathways also coordinate in the
degradation of plasma membrane-localized aquaporin pro-
teins to decrease the water permeability of roots in responses
to water-related abiotic stresses under salt, osmotic, and
drought conditions (Chaumont and Tyerman 2014). In
Arabidopsis, salt stress induces endocytosis of aquaporin
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PIP2;1 (plasma membrane intrinsic protein 2;1) from the
plasma membrane to the vacuolar lumen through MVBs
in a manner dependent on clathrin, phosphatidylinositol
3-kinase, and phosphatidylinositol 4-kinase (Ueda et al.
2016). Another Arabidopsis aquaporin, PIP2;7, is subjected
to degradation by selective autophagy under stress condi-
tions by forming complexes with the multi-stress regulator
TSPO (outer membrane tryptophan-rich sensory protein)
at the endoplasmic reticulum (ER) and Golgi membranes
(Hachez et al. 2014). Through cooperative degradation of
newly synthesized aquaporins and plasma membrane-
localized PIP aquaporins by selective autophagy and MVB
pathway, respectively, plant can rapidly downregulate the
water channel proteins at the root cell surface to reduce water
loss. Autophagy plays a crucial role in chloroplast protein qual-
ity control (QC) and turnover (Fu et al. 2022), whereas MVBs
participate in the turnover of specific chloroplast protein pre-
cursors to impact plant stress tolerance (Zhang et al. 2022).
Autophagy and MVB also cooperate in the regulation of stress
responses mediated by plant hormones such as abscisic acid
and brassinosteroids (Guillaumot et al. 2009; Yu et al. 2016;
Nolan et al. 2017; Zhou et al. 2018; Li et al. 2019).

Unlike autophagy, the endocytic MVB pathway operates at
high levels even under normal growth conditions and is es-
sential for plant growth and development (Spitzer et al.
2009; Cui et al. 2016). As a result, Arabidopsis mutants for es-
sential ESCRT components and associated factors such as the
SKD1 (SUPPRESSOR OF K" TRANSPORT GROWTH
DEFECT1) AAA ATPase, which catalyzes the disassembly of
the ESCRT-IIl complex during MVB biogenesis, are lethal
(Haas et al. 2007). On the other hand, Arabidopsis knockout
mutants for LIP5 (LYST-INTERACTING PROTEINS), an acti-
vator of the SKD1 ATPase, grow and develop normally, indi-
cating that the SKD1 ATPase activity without LIP5 activation
is sufficient for MVB biogenesis required for growth and de-
velopment in Arabidopsis (Wang et al. 2014, Wang et al.
2015). However, the lip5 mutants are compromised in
stress-induced MVB formation, highly susceptible to micro-
bial pathogens and sensitive to abiotic stresses such as salt
and heat (Wang et al. 2014; Wang et al. 2015). These results
indicate that LIP5 is a key regulator of stress-induced MVB
biogenesis in plant responses to both biotic and abiotic
stresses. The LIP5 protein is unstable under normal growth
conditions but becomes stable upon phosphorylation by
stress-responsive MITOGEN-ACTIVATED PROTEIN KINASE3
and 6 (MAPK3 and 6) to promote stress-induced MVB biogen-
esis (Wang et al. 2014; Wang et al. 2015). MAPK3 and 6 also
activate WRKY33 transcription factor through phosphoryl-
ation, which, in turn, promotes stress-induced transcription
of AUTOPHAGY-RELATED PROTEIN (ATG) genes (Lai et al.
2011; Mao et al. 2011). Therefore, both stress-induced autop-
hagy and LIP5-regulated MVB biogenesis appear to be regu-
lated coordinately by the MAPK3/6 signaling cascade during
plant stress responses.

Despite their strong phenotypes in plant stress responses,
Arabidopsis autophagy-deficient atg and lip5 single mutants
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are largely normal in plant growth and development. In the
present study, we have generated Arabidopsis atg5/lip5 and
atg7/lip5 double mutants and discovered that they displayed
strong synergistic phenotypes in fitness characterized by re-
duced growth and survival, early senescence, and greatly re-
duced seed yield even under normal growth conditions.
Transcriptome and biochemical analysis indicated that the
atg7/lip5 double mutant was compromised in chloroplast
sulfur assimilation at very early stages prior to the appear-
ance of visible phenotypes. Overexpression of a key enzyme
in sulfate reduction substantially improved the growth and
fitness of the atg7/lip5 double mutant. Comparative
multi-omic analysis also uncovered defects in other import-
ant chloroplast functions in the atg7/lip5 double mutant in-
cluding photosynthesis and primary carbon metabolism.
Premature senescence and reduced survival of the atg/lip5
doble mutants are associated with increased accumulation
of reactive oxygen species (ROS) and overactivation of
stress-associated response programs, and are dependent on
PHYTOALEXIN DEFICIENT 4 (PAD4)-dependent salicylic
acid (SA) production. These findings indicate that basal au-
tophagy and LIP5-regulated MVB pathways play an import-
ant cooperative role in protecting important chloroplast
functions including sulfate assimilation to suppress
defense-related cell death and promote plant growth and
fitness.

Results

Synergistic phenotypes of atg and lip5 double
mutants in growth and fitness

Under normal conditions, the growth rates and leaf morph-
ology of Arabidopsis autophagy-deficient atg5 and atg7 mu-
tants are very similar to those of wild-type (WT) plants
during the first 4- to 6-wk post-germination (Yoshimoto
et al. 2009; Lai et al. 2011). However, the mutants typically
senesce 1 to 2 wk earlier than WT plants (Yoshimoto et al.
2009). Arabidopsis lip5 mutants have no apparent defects
in plant growth and morphology throughout the entire life
cycle (Haas et al. 2007; Wang et al. 2014; Wang et al. 2015).
The growth and fitness were drastically altered in the
atg7-3/lip5-2 double mutant. Leaf yellowing was not apparent
in 4.5- or 5.5-wk-old WT, atg7 and lip5 single mutant plants
(Fig. 1, A and B) but was very evident in the first 3 leaves of
the atg7/lip5 double mutant (Fig. 1B). In addition, 5- to
6-wk-old atg7-3/lip5-2 double mutant plants produced
more than 10% fewer leaves (Fig. 1B) and were substantially
smaller than WT, atg7-3 and lip5-2 single mutants
(Supplemental Fig. STA). With increased age, the growth phe-
notypes of the atg7-3/lip5-2 mutant plants became more pro-
nounced based on the leaf yellowing, leaf number, and plant
size (Fig. 1C; Supplemental Fig. STA). In addition, about 35%
of atg7-3/lip5-2 plants displayed stunted growth, dehydra-
tion, and eventually died in 4- to 6-wk post-germination un-
der normal growth conditions (Supplemental Fig. S1B).
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Figure 1. Growth phenotypes of WT, atg and lip5 single and double
mutants. Comparison of growth of 4.5-wk-old (A), rosette leaves of
5.5-wk-old (B), and 7-wk-old (C) WT, atg and lip5 single and double
mutants under normal growth conditions.

For those surviving atg7-3/lip5-2 double mutant plants,
their growth further deteriorated after 5- to 6-wk post-
germination, leading to even greater differences in size with
WT, atg7-3 and lip5-2 mutant plants (Fig. 1C). However,
the surviving atg7-3/lip5-2 double mutant plants were able
to flower and produce seeds, even though the size of their si-
liques and seed yield were greatly reduced when compared
with those of WT, atg7-3 and lip5-2 single mutants (Fig. 2).
We also generated 2 additional double mutants, atg5-1/
lip5-2 and atg7-1/lip5-1, and observed strong synergistic de-
fects in growth and development similar to those of
atg7-3/lip5-2 (Figs. 1C and 2).

Compromised photosynthesis and chloroplast
functions of atg and lip5 mutants under normal and
salt-stress conditions

The process of photosynthesis is pivotal to plant growth and
development. Given the severely compromised fitness of the
atg/lip5 double mutants and the roles of autophagy and MVB

€202 AInp 2z uo Josn saueiqr Aysieniun anpand Aq £99650//988/2/26 L /o1o1ue/sAydid/wioo dno-oiwepeey/:sdny wouy papeojumoq


http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad133#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad133#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad133#supplementary-data

Autophagy and MVBs in plant growth and fitness

atg7-3
lip5-2

atg5-1
lip5-2

atg7-1

lip5-2 lip5-1

WT atg7-3

Figure 2. Reproductive phenotypes of WT, atg and lip5 single and dou-
ble mutants. Comparison of 9-wk-old plants (upper panel) and their
representative siliques (lower panel) of WT, atg and lip5 single and dou-
ble mutants under normal growth conditions.

pathways in chloroplast protein QC (Izumi et al. 2010; Wang
and Liu 2013; Michaeli et al. 2014; Spitzer et al. 2015), we
compared the atg7-3/lip5-2 double mutant with their paren-
tal single mutants and WT for leaf photosynthetic efficiency.
The fifth leaves of 5.5-wk-old WT and mutant plants were de-
termined for the normalized ratio of variable fluorescence
over maximum fluorescence (Fv/Fm), which is a measure-
ment for the maximum quantum yield of photosystem ||
(PSII) (Murchie and Lawson 2013). Even though the first 3
leaves of 5.5-wk-old atg7-3/lip5-2 double mutant plants al-
ready displayed enhanced yellowing relative to WT, atg7-3
and lip5-2 single mutants (Fig. 1B), there was little difference
in senescence in the fifth leaves among the different geno-
types (Figs. 1B and 3A). The Fv/Fm values for the fifth leaves
of 5.5-wk-old atg7-3 and lip5-2 single mutants were almost
the same as those of WT (Fig. 3, A and B). On the other
hand, the Fv/Fm for the fifth leaves of 5.5-wk-old atg7-3/
lip5-2 double mutant was about 30% lower than that of
WT (Fig. 3, A and B). Thus, unlike the atg7-3 and lip5-2 single
mutant, the atg7-3/lip5-2 double mutant had reduced photo-
synthetic efficiency in leaves prior to the appearance of vis-
ible senescence.

Autophagy-deficient mutants and lip5 mutants are hyper-
sensitive to a variety of abiotic stresses including high salt (Liu
et al. 2009; Wang et al. 2015). Germination and growth of
Arabidopsis atg5, atg7, and lip5 mutants are severely inhib-
ited on % Murashige and Skoog (MS) growth medium con-
taining 150 to 160 mM NaCl (Liu et al. 2009; Wang et al.
2015). At 100 mM NaCl, however, the growth of the atg7-3
and lip5-2 mutants was little inhibited as indicated by largely
normal root and shoot growth (Fig. 3C). On the other hand,
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the atg7-3/lip5-2 double mutant displayed extensive bleach-
ing of both cotyledons and emerging rosette leaves when
grown at 100 mM NaCl (Fig. 3C). After grown for 18 d at
100 mM NaCl, the chlorophyll content in the atg7-3 and
lip5-2 single mutants was reduced by about 30% but more
than 80% in the atg7-3/lip5-2 double mutant over those in
WT (Fig. 3D). Thus, reduced growth and earlier senescence
caused by deficiency of both autophagy and LIP5-regulated
MVB biogenesis were associated with reduced accumulation
of photosynthetic proteins, and compromised photosynthet-
ic efficiency and other chloroplast functions under both nor-
mal and mild salt-stress conditions.

ROS accumulation in atg and lip5 mutants
Chloroplasts and associated biological processes including
photosynthesis are both the major producers and targets
of cellular ROS (Foyer 2018), which is also one of the earliest
responses of plant cells under stress and senescence (Jajic
et al. 2015). Given the growth phenotypes, reduced photo-
synthesis, and enhanced stress- and defense-associated re-
sponses, we compared the H,0, levels of the fifth leaves of
5.5-wk-old WT, atg and lip5 single and double mutants using
staining with 3,3’-diaminobenzidine (DAB). As indicated
earlier, there was little difference in senescence in the fifth
leaves of 5.5-wk-old WT and mutant plants (Figs. 1B and
3A). As shown in Fig. 4A, the H,O, levels were normal in
the leaves of the atg7-3 and lip5-2 single mutants but were
substantially elevated in the atg7-3/lip5-2 double mutant
when compared with those in WT. Likewise, the H,O, levels
in the leaves of the 2 other atg/lip5 double mutants were ele-
vated as in the atg7-3/lip5-2 double mutant (Fig. 4A). Using a
more quantitative H,0,/peroxidase assay method, we like-
wise found that the H,0, levels in the fifth leaves of
5.5-wk-old atg/lip5 double mutants were elevated over those
in WT and the atg7 and lip5 single mutants (Fig. 4B).

Transcriptomic evidence for enhanced stress
response and compromised sulfur assimilation in
4-wk-old atg7/lip5

To investigate the molecular basis for the strong growth phe-
notypes of the atg/lip5 double mutants, we first compared the
transcriptomes of 4-wk-old WT, atg7-3 and lip5-2 single and
double mutants using RNA-seq analysis. At this age, the atg7
and lip5 single and double mutants were indistinguishable
from those of WT in growth and morphology. Using the cutoff
values of log,(fold change) > 1 or log,(fold change) < —1 with
statistical significance of P < 0.05, we identified 713 differen-
tially expressed genes (DEGs) in atg7-3 versus WT with 198 up-
regulated and 515 downregulated (Supplemental Fig. S2).
A similar number of DEGs (681) were identified in lip5-2 versus
WT with 280 upregulated and 401 downregulated
(Supplemental Fig. S2). However, there were 1,040 DEGs in
atg7-3/lip5-2 versus WT with 498 upregulated and 542 down-
regulated (Supplemental Fig. S2). Thus, the transcriptome of
the atg7-3/lip5-2 double mutant was more altered than those
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Figure 3. Photosynthetic efficiency and salt tolerance of WT, atg and lip5 single and double mutants. Images (A) and values (B) of Fv/Fm from the
fifth leaves of 5.5-wk-old WT, atg and lip5 single and double mutant plants grown under normal conditions. The scale bar for Fv/Fm value from 0 to 1
is indicated at the bottom. Pictures (C) and leaf chlorophyll contents (D) of WT, atg7-3 and lip5-2 single and double mutant seedlings germinated
vertically on % MS medium supplemented with 0 or 100 mM NaCl. Error bars for Fv/Fm and chlorophyll content indicate +SE (n = 5). **Statistically
significant difference at P < 0.01 in Fv/Fm or chlorophyll content between WT and a mutant calculated using the Student’s t-test. These experiments

have been repeated twice with similar results. FW, fresh weight.

of the atg7-3 and lip5-2 single mutants even at an early age un-
der normal growth conditions. This is consistent with the large
numbers of DEGs identified between the atg7-3 or lip5-2 single
mutant versus the atg7-3/lip5-2 double mutant (Supplemental
Fig. S2). Gene ontology (GO) enrichment analysis indicated
that the atg7-3 and lip5-2 single and double mutants shared
10 of their top 20 terms of biological processes enriched
with identified DEGs (Supplemental Fig. S3A). All these 10
common terms of biological processes were associated with
responses to stresses or stress signals including wounding, fun-
gus, jasmonic acid (JA), ethylene, chitin, H,O,, and abscisic acid
(Supplemental Fig. S3A). These stress and defense-associated
processes were also enriched in the DEGs identified between
the atg7-3 or lip5-2 single mutant versus the atg7-3/lip5-2 dou-
ble mutant (Supplemental Fig. S3, B and C). We also per-
formed KEGG (Kyoto encyclopedia of genes and genomes)
pathway enrichment analysis and found DEGs in the double
mutant to be associated with stress responses and stress-
responsive phenylpropanoid, anthocyanin, and other flavon-
oid biosynthesis and metabolism (Supplemental Fig. S4).
Other DEGs are involved in amino acid and fatty acid metab-
olism (Supplemental Fig. S4), which are known to be regulated
by autophagy (Masclaux-Daubresse et al. 2014; McLoughlin
et al. 2018, Have et al. 2019; MclLoughlin et al. 2020).

Importantly, DEGs with the highest statistical significance in
the KEGG enrichment also included those involved in sulfur
metabolism (Supplemental Fig. S4).

Sulfur is taken up to plant cells by sulfur transporters
(SULTR) (Fig. 5A) (Leustek and Saito 1999; Leustek 2002).
Members of SULTR subfamily 3 are involved in sulfate trans-
port into plastids (Chen et al. 2019), where sulfur is activated
to adenosine 5'-phosphosulfate (APS) by adenosine triphos-
phate sulfurylase (ATPS) and then reduced by APS reductase
(APR) to sulfite, which is further reduced to sulfide by sulfite
reductase (Fig. 5A) (Leustek and Saito 1999; Leustek 2002).
Sulfide is then incorporated into the amino acid skeleton
of O-acetylserine to form cysteine. O-acetylserine is synthe-
sized from serine and acetyl-Coenzyme A by serine acetyl-
transferase (SERAT) (Fig. 5A) (Leustek and Saito 1999;
Leustek 2002). As shown in Fig. 5B, genes for members of
the SULTR sulfur transporters were not substantially altered
in expression in the atg7/lip5 double mutant relative to those
in WT. Genes for ATPS1, 2, and 4 were also normal in expres-
sion in the atg7/lip5S double mutant but the expression of
ATPS3 was reduced by almost 70% (Fig. 5B). Notably, tran-
script levels for all 3 APR genes were reduced by 80% to
90% in the atg7/lip5 double mutant (Fig. 5B). Furthermore,
genes involved in response to sulfur starvation and regulation
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Figure 4. ROS production in WT, atg and lip5 single and double mu-
tants. Production of H,O, in the fifth rosette leaves of 5.5-wk-old
WT, atg and lip5 single and double mutant plants were assayed by
DAB staining (A) or with Amplex Red Reagent (B). Leaves stained in
a solution without DAB (-DAB) were included as controls.
**Statistically significant difference at P < 0.01 between WT and a mu-
tant calculated using the Student’s t-test. FW, fresh weight.

of sulfur homeostasis were greatly downregulated as well
in the atg7/lip5 double mutants (Fig. 5B). These sulfur
responsive genes include all 4 members of the RESPONSE
TO LOW SULFUR (LSU) (Sirko et al. 2014), MORE SULFUR
ACCUMULATION 1 (MSAT1, also known as SERINE
HYDROXYMEHTYLTRANSFERASE 7 or SHM7) (Huang et al.
2016), and 2 members of the SULFUR DEFICIENCY-
INDUCED 1 (SDI1) gene family (Howarth et al. 2009)
(Fig. 5B). Expression of these sulfur assimilatory and respon-
sive genes were also reduced in the atg7 and lip5 single mu-
tants but most of them were more downregulated in the
atg7-3/lip5-2 double mutant (Fig. 5C).

Reduced sulfite and cysteine content in 4-wk-old
atg7/lip5 double mutant

Among the enzymes responsible for sulfate reduction and as-
similation, APRs are highly regulated and considered to be a
control point for cysteine synthesis (Kopriva et al. 2007;
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Tsakraklides et al. 2002; Lee et al. 2011). Given the greatly re-
duced expression of all the 3 APR genes, we compared the le-
vels of total sulfur, sulfate, sulfite, and cysteine among
4-wk-old WT, atg7-3 and lip5-2 single and double mutants.
As shown in Fig. 6A, there was no significant difference in total
sulfur levels among WT, atg7 and lip5 single mutants. The
atg7/lip5 double mutant had a slight but insignificant increase
in total sulfur levels relative to those in WT (Fig. 6A). These re-
sults are consistent with the largely normal expression of the
SULTR-encoding genes in the mutants (Fig. 5B). Similarly,
the levels of sulfate were largely normal in the atg7 and lip5 sin-
gle mutants but significantly elevated in the atg7/lip5 double
mutant (Fig. 6B). The levels of sulfite and cysteine were also
normal in the atg7 and lip5 single mutants when compared
with those in WT (Figs. 6, C and D). In the atg7/lip5 double mu-
tant, however, both the sulfite and cysteine levels were re-
duced by more than 30% and 40%, respectively (Fig. 6, C
and D). Thus, mutations of both ATG7 and LIP5 had a syner-
gistic effect on sulfur reduction and assimilation.

APR1 overexpression improved sulfur assimilation,
growth, and fitness of atg7/lip5

Cysteine is used for synthesis of proteins, methionine,
co-enzymes, and glutathione, which is important for many
cellular processes including cellular redox status and stress
responses (Davidian and Kopriva 2010; Takahashi et al.
2011; Romero et al. 2014; Kopriva et al. 2019). To determine
whether reduced APR expression in the atg7/lip5 double mu-
tant was responsible for its severe phenotypes in growth and
fitness, we overexpressed Arabidopsis APRT in the double
mutant. The APR1 coding sequence was cloned into a myc-
tagged plant transformation vector under the control of
the CaMV 35S promoter. Because of greatly reduced seed
production of the atg7/lip5 double mutants, which was fur-
ther exacerbated after Agrobacterium floral dipping, only 3
transgenic lines were obtained after multiple transformation
attempts and 1 of them died soon after transfer from the se-
lective growth medium to the soil. Like the atg7/lip5 double
mutant, the 2 transgenic lines (L1 and 2) grew normally dur-
ing the first 4- to 5-wk post-germination. Unlike the atg7/lip5
double mutant, however, the transgenic plants did not show
early senescence (Fig. 7A). Overexpression of APR1 also sub-
stantially improved but did not completely restore the
growth of the atg7/lip5 double mutant based on both size
(Fig. 7A) and biomass (Supplemental Fig. S5). Furthermore,
while 30% to 60% atg7/lip5 double mutant plants died pre-
maturely, all transgenic atg7/lip5/APR1 plants survived and
produced drastically increased numbers of seeds, up to
40% to 60% of those of WT. Reverse-transcription quantita-
tive PCR (RT-qPCR) indicated that transgenic L1 and L2 lines
had APRT transcript levels about 2- and 8-fold higher than
those in WT, respectively. The L2 line also accumulated a
higher level of myc-tagged APR1 proteins (Fig. 7B), grew sig-
nificantly better (Fig. 7A and Supplemental Fig. S5), and pro-
duced 50% to 70% more seeds than the L1 line.
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To determine whether improved growth of the transgenic
atg7/lip5/APR1 plants was associated with enhanced sulfur
assimilation, we compared their levels of sulfite and cysteine
with those of WT and atg7/lip5 double mutant. As shown in
Fig. 7, C and D, while the levels of sulfite and cysteine were
reduced by about 40% in the atg7-3/lip5-3 double mutant,
they were similar to WT levels in the L1 line and were 10%
to 20% higher than WT levels in the L2 line (Fig. 7, C
and D). These results indicated that reduced capacity of sul-
fur reduction and assimilation in the atg7/lip5 double mu-
tant is a critical cause for its early senescence, reduced

survival, and compromised fitness. However, the transgenic
atg7/lip5 double mutants overexpressing APR1 still grew rela-
tively poorly when compared with WT (Fig. 7A and
Supplemental Fig. S5), indicating additional defects in the
double mutants that impact growth and fitness.

Defects in other chloroplast functions and
metabolism in atg7/lip5

Upon obtaining transcriptomic evidence for altered stress re-
sponses and sulfur assimilation in 4-wk-old atg7-3 and lip5-2
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mutants, we conducted proteomic profiling of 4-wk-old WT
and mutants using Tandem Mass Tag (TMT) mass spectrom-
etry (MS) but only detected a small difference in the pro-
teomes among the genotypes, particularly between the
atg7/lip5 double and single mutants. This could be due to
a small change in the proteomes relative to the transcrip-
tomes of the mutants at the early growth stage prior to
the appearance of visible phenotypes. Proteomic profiling
by MS also has a much lower throughput and, consequently,
a more limited scope and statistical power than transcrip-
tomic profiling by RNA-seq. Therefore, we performed
multi-omics comparison of rosette leaves of 5.5-wk-old
WT, atg7-3 and lip5-2 single and double mutants. At this
age, the atg7/lip5 double mutant plants already started to
display minor phenotypes of compromised growth
(Fig. 1B). Using quantitative proteomic profiling with 3 bio-
logical replicates for each genotype, we identified 29,293 pep-
tides and 4,612 proteins (false discovery rate or FDR < 0.01).
Using the +1.5-fold cutoff value with P < 0.05, we identified
334 differentially accumulated proteins (DAPs) in the atg7
mutant versus WT, with 134 proteins upregulated and 200
downregulated (Supplemental Fig. S6). A similar number of
DAPs (336) were identified in the lip5 mutant versus WT
with 133 upregulated and 193  downregulated
(Supplemental Fig. S6). However, there were 588 DAPs iden-
tified in the atg7/lip5 double mutant versus WT with 292

upregulated and 296 downregulated (Supplemental
Fig. S6). From the RNA-seq data of 5.5-wk-old WT and mu-
tant plants, we identified DEGs in the atg7, lip5 single and
double mutants versus WT. Using the cutoff values of log,-
(fold change) > 1 or log,(fold change) < —1 with P <0.05,
we identified 2,836, 1,144, and 7,058 DEGs of atg7, lip5, and
lip5/atg7 mutants versus WT, respectively (Supplemental
Fig. S6). We also compared the metabolite profiles of the ros-
ette leaves of 5.5-wk-old WT, atg7 and lip5 single and double
mutants using liquid chromatography-MS (LC-MS) with 5
biological replicates from each genotype. We identified
2,312 metabolites, of which 155, 282, and 331 were differen-
tially accumulated metabolites (DAMs) in atg7, lip5, and
atg7/lip5 mutants versus WT, respectively (Supplemental
Fig. $6). Based on the numbers of DAPs, DEGs, and DAM:s,
the proteome, transcriptome, and metabolome of the
atg7/lip5 double mutant were most altered, while those of
the lip5 single mutant was least altered from those of WT
among the 3 mutants examined. These observations were
consistent with the large numbers of DAPs, DEGs, and
DAM: s identified between the atg7 or lip5 single mutant ver-
sus the atg7/lip5 double mutant (Supplemental Fig. S6). They
were also consistent with the principal component analysis
(PCA) of proteomic, transcriptomic, and metabolomic
data, which showed that the replicates of the atg7/lip5 dou-
ble mutant were generally most distant from those of WT
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and clustered closer to those of atg7 than to those of lip5 sin-
gle mutant (Supplemental Fig. S7).

We further analyzed the multi-omics data from WT, atg7-3
and lip5-2 single and double mutants to identify important
molecular and biochemical processes that were more altered
in the atg7/lip5 double mutant than in the single mutants. As
shown in Fig. 8A, 9 of the top 10 categories of biological pro-
cesses enriched with downregulated DAPs from the atg7/lip5
double mutant versus WT were associated with photosyn-
thesis and related chloroplast processes including light har-
vesting, chlorophyll biosynthesis, photosynthetic electron
transport, proton transport, starch catabolism, and response
to low light intensity. The only other GO term on the top 10
list of biological processes enriched with downregulated
DAPs between atg7/lip5 and WT was anthocyanin biosyn-
thetic process (Fig. 8A). Notably, 4 of the top 10 classes of
biological processes enriched with downregulated DEGs
from the atg7/lip5 double mutant versus WT were also asso-
ciated with photosynthesis and related chloroplast functions
(Fig. 8B).

We then performed KEGG enrichment analysis to assign
pathways to the DAMs identified from the metabolomic pro-
filing between the atg7-3/lip5-2 double mutant and WT. As
shown in Fig. 8C, among the top 20 identified pathways
with significantly enriched DAM:s in the atg7/lip5 double mu-
tant (P < 0.05), 10 were directly and at least 4 others were

closely associated with amino acid biosynthesis and metabol-
ism. Other significantly altered metabolic processes in the
atg7-3/lip5-2 double mutant included metabolism of glucosi-
nolate, linoleic acid, glutathione, porphyrin, and chlorophyll
(Fig. 8C). Importantly, the tricarboxylic acid (TCA) cycle
was among the top KEGG pathways that were significantly
altered in the atg7/lip5 double mutant (Fig. 8C). Like photo-
synthesis in chloroplasts, plant TCA cycle in mitochondria is
a vitally important metabolic pathway that regulates cellular
redox and energy level and supplies substrates for synthesis
of other important components such as amino acids
(Zhang and Fernie 2018). Metabolomic profiling indicated
that the TCA cycle and amino acid biosynthesis and metab-
olism were among the top 20 categories of KEGG pathways
that were altered in the atg7-3/lip5-2 double mutant
(Fig. 8C). To determine the nature and extent of the changes,
we compared the levels of 5 TCA cycle intermediates (citric,
fumaric, aconitic, succinic, and isocitric acids) that were de-
tected in the metabolomic profiling among WT, atg7-3 and
lip5-2 single and double mutants. Mutation of LIP5 alone
had little effect on the levels of the 5 TCA cycle intermediates
(Fig. 9). Mutation of ATG?7 alone also had little effect on the
levels of citric acid and aconitic acid (Fig. 9). On the other
hand, mutation of both ATG7 and LIPS in the atg7-3/lip5
double mutant reduced the levels of citric acid and aconitic
acid by approximately 50% (Fig. 9). The levels of fumaric acid
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Figure 8. GO and KEGG enrichment analysis of DAPs, DEGs, and DAMs identified between the atg7-3/lip5-2 double mutant and WT at the
5.5-wk-old early adult stage. Top 10 GO categories of biological processes enriched with downregulated DAPs (A), downregulated DEGs (B),
and KEGG pathways of DAMs (C) identified between the atg7-3/lip5-2 double mutant and WT.

were reduced by 25% in the lip5-2 mutant but by about
4-fold in the atg7-3 and atg7-3/lip5-2 mutants (Fig. 9). The le-
vels of succinic acid varied greatly among WT and the mu-
tants; it was slightly reduced in the lip5-2 single mutant
but elevated by more than 10- and 3-fold in the atg7-3 single
and atg7-3/lip5-2 double mutants, respectively (Fig. 9). The
levels of isocitric acid were normal in the lip5-2 single mutant
but reduced by about 30% in the atg7-3 single mutant and
70% in the atg7-3/lip5-2 double mutant (Fig. 9). Thus, among
the 6 TCA cycle intermediates detected from metabolomic
profiling, 3 (citric, aconitic, and isocitric acids) were preferen-
tially reduced in the atg7-3/lip5-2 double mutant, whereas 1
(fumaric acid) was reduced in both the atg7-3 single and
atg7-3/lip5-2 double mutants (Fig. 9).

Molecular basis for reduced abundance of chloroplast
and photosynthetic proteins in the atg7 and lip5
mutants

Among the 297 downregulated DAPs in the atg7-3/lip5-2
double mutant, 95 were chloroplast proteins. The average
abundance of downregulated chloroplast DAPs was normal
in the lip5-2 single mutant but reduced by 31% and 47% in
the atg7-3 single and atg7-3/lip5-2 double mutants, respect-
ively, over the WT levels (Supplemental Fig. S8). In the
lip5-2 mutant, even though the average protein abundance
of the 95 chloroplast DAPs was similar to that in WT, about
50% of the DAPs had significantly increased abundance,
whereas the other 50% had reduced abundance relative to
those in WT (Supplemental Fig. S9). On the other hand,
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almost all the 95 chloroplast DAPs had substantially reduced
accumulation in the atg7-3 relative to those in WT and this
reduction in abundance was further enhanced for a majority
of the 95 DAPs in the atg7-3/lip5-2 double mutant
(Supplemental Fig. S9).

Among the 95 chloroplast DAPs, about 60% were involved
in photosynthesis and the remaining DAPs were associated
with other biological processes in chloroplasts including sul-
fate assimilation, protein translation, biosynthetic, and meta-
bolic processes (Supplemental Fig. S9). Among the
photosynthetic proteins, 39 are involved in light-dependent
reactions including light harvesting, electron transport,
NADPH, and ATP synthesis. We compared the levels of the
39 DAPs among WT and the 3 mutants as they constituted
the largest group of chloroplast proteins among the 297
identified DAPs. As shown in Fig. 10A, about half of the 39
photosynthetic DAPs were substantially elevated in abun-
dance in the lip5 mutant over that in WT, while the remain-
ing DAPs were similar to those in WT. On the other hand, the
levels of almost all the 39 photosynthetic proteins were re-
duced by an average of 30% in the atg7-3 single mutant
and about 50% in the atg7-3/lip5-2 double mutant over those
in WT (Fig. 10A). A substantial number of the 39 DAPs wer-
e reduced in abundance by more than 60% in the atg7-3/
lip5-2 double mutant over WT levels (Fig. 10A). PAM68
(PHYTOSYNTHESIS  AFFECTED MUTANT 68), an
Arabidopsis thylakoid protein required for the efficient D1
biogenesis and PSIl assembly (Armbruster et al. 2010), was re-
duced in the atg7-3/lip5-2 double mutant by more than 70%
when compared with that in WT (Fig. 10A).

To determine whether reduced accumulation of the
photosynthetic proteins in the atg7/lip5 double mutant
was caused by increased degradation or reduced expression
of their corresponding genes, we compared the transcript le-
vels for the nuclear-encoded photosynthetic DAPs among

Fu et al.

WT and the 3 mutants. As shown in Fig. 10B, transcripts
for all the nuclear-encoded photosynthetic DAPs were re-
duced in the atg7-3 and lip5-2 single mutants. The reduction
in the transcript levels for the photosynthetic DAPs was gen-
erally stronger in the atg7-3 than in the lip5-2 single mutant
(Fig. 10B). Importantly, the transcript levels for almost all the
nuclear-encoded photosynthetic DAPs were substantially
lower in the atg7-3/lip5-2 double mutant than in the atg7-3
and lip5-2 single mutants (Fig. 10B). The strong association
between the protein and transcript levels for the photosyn-
thetic DAPs suggests that the reduced accumulation of the
photosynthetic proteins in the atg7-3 and lip5-2 single mu-
tants and, to a greater extent, in the atg7-3/lip5-2 double mu-
tant has resulted from downregulated expression of the
photosynthetic genes.

Upregulation of stress-responsive proteins,
transcripts, and metabolites in the atg7 and lip5
mutants

Transcriptome profiling of 4-wk-old WT, atg7-3 and lip5-2
mutants revealed enhanced upregulation of genes associated
with stress signaling and responses in the atg7-3/lip5-2 dou-
ble mutant even at early growth stages (Supplemental
Fig. S3). Multi-omics analysis of 5.5-wk-old plants also identi-
fied enhanced upregulation of stress-responsive proteins,
transcripts, and metabolites in the atg7-3/lip5-2 double mu-
tant relative to the atg7-3 and lip5-2 single mutants. First,
proteomic profiling identified a substantial number of
ER-localized proteins to be upregulated in their abundance
in both the atg7-3 single mutant and, to a greater extent,
in the atg7-3/lip5-2 double mutant (Fig. 11A). By contrast,
the levels of these ER proteins were normal or even slightly
reduced in the lip5-2 single mutant relative to those in WT
(Fig. 11A). These ER proteins include heat shock proteins
(BIP2 and HSP90-7), which are often used as indicators of
ER stress. Other upregulated ER proteins included CRT3,
PDIL, and AERO2 involved in ER protein QC (Liu and Li
2014), and reticulon-like proteins with possible roles in the
regulation of ER homeostasis, including selective ER turnover
through autophagy (Zhang et al. 2020).

Proteomic profiling also showed substantial upregulation
of 2 cell wall-modifying enzymes involved in cell separation
during development (ADPG1 and 2) in the atg7-3/lip5-2
double mutant, but not in the atg7-3 and lip5-2 single mu-
tants (Fig. 11B). PBS3, a key SA biosynthetic enzyme
(Torrens-Spence et al. 2019), and SAG12, a cysteine protease
and senescence protein marker involved in nitrogen alloca-
tion (James et al. 2018), were normal in the lip5-2 single mu-
tant, but were elevated in both the atg7-3 single mutant and,
to a much greater extent, in the atg7-3/lip5-2 double mutant
(Fig. 11B). Direct comparison of transcript levels for the 3
DEGs involved in pipecolic acid biosynthesis (FMO1, ALD1,
and SARD4) (Mishina and Zeier 2006; Ding et al. 2016;
Jiang et al. 2021) indicated that their expression was not al-
tered in the lip5-2 single mutant, but again was elevated in
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Figure 10. Downregulation of photosynthetic proteins in the atg7-3 and lip5 single and double mutants. Protein levels of photosynthetic DAPs
based on MS peak size (left) and the transcript levels of their corresponding genes based on fragments per kilobase of exon per million mapped
fragment (FPKM) (right) in WT, atg7-3 and lip5-2 single and double mutants. Chloroplast-encoded photosynthetic proteins written in low case
didn’t have data of transcript levels from the transcriptomic profiling. Error bars indicated +SE (n = 3).

the atg7-3 single mutant and, to a greater extent, in the
atg7-3/lip5-2 double mutant (Fig. 11C).

Consistent with the upregulation of proteins and tran-
scripts associated with stress- and senescence-related signal-
ing and responses, the levels of SA and pipecolic acid
detected from metabolomic profiling were elevated in the
atg7-3 but not in the lip5-2 single mutant (Fig. 11D). The in-
creased accumulation of SA and pipecolic acid in the atg7-3

single mutant was substantially enhanced in the atg7-3/lip5-2
double mutant (Fig. 11D). Metabolomic profiling also indi-
cated that the levels of another signaling molecule, JA,
were substantially elevated in the atg7-3/lip5-2 double mu-
tant, but not in the atg7-3 or lip5-2 single mutant (Fig. 11D).

Mutations of both ATG7 and LIP5 reduced the content of
cysteine at early seedling stages (Fig. 6D). To assess the effect
of deficiency of autophagy and LIP5-regulated MVB
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Figure 11. Upregulation of proteins, transcripts, and metabolites associated with stress signaling and responses. Protein levels of ER stress-associated
DAPs (A), DAPs associated with senescence and SA biosynthesis (B), transcript levels of DEGs involved in pipecolic acid biosynthesis (C), and the
levels of SA, pipecolic acid, and JA (D). Error bars indicated +SE calculated from 3 replicates (n = 3) for protein and transcript levels and 5 replicates
(n = 5) for metabolite (compound) levels. According to Duncan’s multiple range test (P < 0.01), means do not differ significantly if they are indicated

with the same letter for each protein, gene, or metabolite.

biogenesis on biosynthesis and metabolism of other amino
acids, we compared the levels of 15 amino acids that were de-
tected from metabolomic profiling among WT, atg7 and lip5
single and double mutants. Generally, mutation of LIP5 alone
had little effect on the levels of the 15 amino acids (Fig. 12).
Even though autophagy deficiency can negatively affect the
levels of amino acids due to reduced protein degradation,
the levels of the 15 amino acids were not substantially re-
duced in the atg7-3 mutant when compared with those in
WT (Fig. 12). In fact, the levels of some amino acids including
aspartic acid, glutamic acid, isoleucine, lysine, methionine,
and tyrosine were substantially elevated under the normal
growth conditions in the autophagy-deficient mutant

(Fig. 12), as reported previously (Masclaux-Daubresse et al.
2014; McLoughlin et al. 2018; Have et al. 2019; McLoughlin
et al. 2020). Interestingly, among the 15 detected standard
amino acids, the levels of proline were normal in the atg7-3
and lip5-2 single mutants but were 16 times higher than
those in WT in the atg7-3/lip5-2 double mutant (Fig. 12).
Increased accumulation of proline is a well-recognized re-
sponse to various environmental stresses and plays protect-
ive roles as an osmoprotectant, stabilizer of cellular
structures, and scavenger of ROS (Hayat et al. 2012). The le-
vels of tryptophan were also increased by 2-fold in the atg7-3/
lip5-2 double mutant but were unaltered in the atg7-3 and
lip5-2 single mutants (Fig. 12). Tryptophan is often the least
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abundant amino acid in the cell and the precursor for a var-
iety of important molecules including auxin, camalexin, glu-
cosinolate, melatonin, and serotonin. Isoleucine levels were
elevated in the atg7-3 mutant by about 50% but more
than doubled in the atg7-3/lip5-2 double mutant (Fig. 12).
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Figure 12. Levels of amino acids in WT, atg7-3 and lip5-2 single and
double mutants from metabolomic profiling based on the size of the
eluted peak for each amino acid from the MS. Error bars indicated
+SE (n=5). **Statistically significant difference at P < 0.01 between
WT and a mutant for each amino acid calculated using the Student’s
t-test.
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Roles of SA signaling and its relationship with sulfur
assimilation in the synergistic growth phenotypes of
atg7/lip5

SA is a signal molecule with an important role in plant de-
fense, growth, and growth-defense crosstalk (Zhong et al.
2021). PAD4 is a lipase-like protein with an important role
in SA signaling and in both basal and resistance gene-
mediated plant defense responses (Rietz et al. 2011; Cui
et al. 2017). To determine the role of SA- and
PAD4-mediated defense signaling in severely compromised
growth and fitness of the atg/lip5 double mutants, we
crossed SA-deficient sid2 and pad4 mutants with the
atg7-3/lip5-2 double mutant and generated the atg7/lip5/
sid2 and atg7/lip5/pad4 triple mutants, respectively. Like
the atg7/lip5 double mutant, the atg7/lip5/sid2 and atg7/
lip5/padé4 triple mutants grew normally during the first 4-
to 5-wk post-germination. However, the triple mutants did
not show early senescence (Fig. 13A). The growth of the triple
mutants was also substantially improved but was not com-
pletely restored to the levels of WT based on both size
(Fig. 13A) and biomass (Fig. 13A and Supplemental
Fig. S10). Furthermore, all the atg7/lip5/sid2 and atg7/lip5/
pad4 triple mutant plants survived and generated about
60% of seeds produced by WT. The improved growth and fit-
ness of the atg7/lip5/sid2 and atg7/lip5/pad4 triple mutants
over the atg7/lip5 double mutant were strikingly similar to
those of the transgenic atg7/lip5 double mutants overexpres-
sing APR1 (Fig. 7A and Supplemental Fig. S5).
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Figure 13. Roles of PAD4 and SA signaling in compromised growth and sulfur assimilation in the atg7-3/lip5-2 double mutant. Plants of WT, atg7-3/
lip5-2 double mutant, atg7-3/lip5-2/sid2 and atg7-3/lip5-2/pad4 triple mutants were grown under normal growth conditions and were photographed
at 7-wk post-germination (A). Production of H,0O, in the fifth rosette leaves of 5.5-wk-old WT and mutant plants were assayed with Amplex Red
Reagent (B). Aerial parts of the plants grown under normal conditions were used to determine the levels of sulfite (C) and cysteine (D). Error bars
indicate +SE (n = 5). According to Duncan’s multiple range test (P < 0.01), means do not differ significantly if they are indicated with the same letter.

FW, fresh weight.
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Figure 14. Effects of APRT overexpression on SA accumulation in the
atg7-3/lip5-2 double mutant. Plants of WT, atg7-3/lip5-2, and the trans-
genic APRT overexpressing lines 1 and 2 (L1 and 2) in the atg7-3/lip5-2
mutant background were grown under normal growth conditions.
Aerial parts of 7-wk-old WT, atg7-3/lip5-2 mutant with or without over-
expressed APR1 grown under normal conditions were used to deter-
mine the levels of total SA. Error bars indicate +SE (n=6).
**Statistically significant difference at P < 0.01 between WT and a mu-
tant calculated using the Student’s t-test. FW, fresh weight.

To determine whether improved growth of the atg7/lip5/
sid2 and atg7/lip5/pad4 triple mutants was associated with re-
duced ROS accumulation and enhanced sulfur assimilation,
we compared their levels of H,O,, sulfite, and cysteine with
those in WT and atg7/lip5 double mutant. Unlike in the
atg7/lip5 double mutant, the H,0O, levels in the 5th leaves of
the 5.5-wk-old atg7/lip5/sid2 and atg7/lip5/padé4 triple mu-
tants were similar to those in WT (Fig. 13B). In addition, as
shown in Fig. 13, C and D, while the levels of sulfite and cyst-
eine were significantly elevated in the atg7/lip5/sid2 and atg7/
lip5/pad4 triple mutants over those of the atg7/lip5 double
mutant, they were still substantially lower than those in WT.
This was particularly true with the levels of cysteine, which
were about 30% lower in the 2 triple mutants than in WT
(Fig. 13D). Thus, PAD4 and SA signaling may act independent-
ly or downstream of sulfur assimilation in the regulation of the
growth and fitness in the atg7/lip5 double mutant. To distin-
guish between these possibilities, we analyzed the effects of
APR1 overexpression on the SA accumulation in the atg7/
lip5 double mutants. As found from the metabolome profiling,
the SA levels were elevated by 10-fold in the atg7/lip5 double
mutant over those in WT (Fig. 14). Overexpression of APRT al-
most completely restored the SA levels in the atg7/lip5 double
mutants to the levels in WT (Fig. 14). Thus, defective sulfur as-
similation played a critical role in enhanced SA accumulation
in the atg7/lip5 double mutant.

Discussion

Despite their strongly compromised disease resistance and
abiotic stress tolerance, knockout mutants for Arabidopsis

Fu et al.

ATG proteins and LIPS are largely normal in growth, develop-
ment, and seed production. Several groups have reported
multi-omics analysis of autophagy-deficient mutants in
Arabidopsis and maize and discovered extensive alteration
in transcriptomes, proteomes, and metabolomes in
autophagy-deficient mutants under normal growth condi-
tions, despite very limited phenotypes in growth and morph-
ology (Masclaux-Daubresse et al. 2014; McLoughlin et al.
2018; Have et al. 2019; McLoughlin et al. 2020). This strong
cellular adaptability of autophagy-deficient mutants is appar-
ently no longer sufficient to maintain robust plant growth
and fitness in the atg/lip5 double mutants with the addition-
al deficiency of LIP5-regulated MVB pathway (Figs. 1 and 2).
Unlike the atg and lip5 single mutants, the atg/lip5 double
mutants were severely compromised in growth and fitness
characterized by reduced growth, early senescence, reduced
survival, and greatly diminished seed yield under normal
growth conditions (Figs. 1 and 2). Therefore, autophagy
and LIP5-activated MVB pathway play a vital role not only
in plant survival under stress conditions but also in plant
growth and fitness under normal conditions. Apparently,
these stress-responsive protection mechanisms also operate
at basal levels under normal growth conditions with a previ-
ously underappreciated important role in plant growth and
development.

Autophagy and LIP5-activated MVB pathway participate
in plant defense and stress responses by targeting degrad-
ation of damaged, harmful, and unwanted proteins and cel-
lular constituents, which are often elevated under biotic and
abiotic stress conditions. Autophagy, for example, targets the
degradation of protein aggregates that are generated under
stress conditions such as high temperature (Zhou et al.
2013; Zhou et al. 2014). MVB biogenesis may promote endo-
cytic degradation of plasma membrane-localized transporter
proteins to reduce salt uptake under high salinity (Wang
et al. 2015) or target turnover of specific chloroplast proteins
to impact heat tolerance (Zhang et al. 2022). Under normal
growth conditions, cells also generate damaged, harmful, or
unwanted cellular proteins. In the ER, about 30% of all pro-
teins produced are misfolded under homeostatic conditions
(Fink 1999), which are mostly degraded by ER-associated
degradation (READ) in the proteasome. Accumulation of
misfolded proteins in the ER can lead to ER stress and the ac-
tivation of unfolded protein response and autophagy (Zeng
et al. 2019; Bao and Bassham 2020). In chloroplasts, the pro-
cess of photosynthesis leads to the production of damaged
proteins under normal growth conditions, which are re-
moved by both intraplastidic proteases and extraplastidic
pathways including autophagy (Izumi and Nakamura 2018;
Fu et al. 2022). Therefore, cellular homeostasis is also con-
stantly challenged by intrinsic cellular processes under nor-
mal growth conditions. While a number of protein QC
pathways including ERAD, intraplastidic proteases, and au-
tophagy are known to play roles in cellular response to intrin-
sic physiological stress and aging, their impacts on plant
productivity have not been fully appreciated due to the
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largely normal macroscopic traits in size, biomass, and seed
yield of their loss-of-function mutants. The synergistic phe-
notypes of the atg/lip5 double mutants over their parental
single mutants in growth and fitness indicate a complex
functional relationship among these related protein QC
pathways that has masked their critical roles in plant growth,
development, and fitness.

Based on the comprehensive comparative analysis of WT,
atg, lip5 single and double mutants, we have revealed that
compromised chloroplast functions including sulfur reduc-
tion and assimilation play a major role in the strong synergis-
tic phenotypes of the atg/lip5 double mutants (Fig. 15). Even
at 4-wk-old seedling stages prior to the appearance of visible
phenotypes, defects in sulfur assimilation were already evi-
dent based on the greatly reduced expression of all 3 mem-
bers of the APR gene family and other genes in sulfur
response and homeostasis (Fig. 5). As a result, both sulfite
and cysteine, the products of sulfate reduction and assimila-
tion, were substantially reduced in the atg7/lip5 double mu-
tant at seedling stages (Fig. 6, C and D). Amino acid cysteine
is utilized not only in protein synthesis but also as a precursor
for the cellular redox buffer glutathione (Droux 2004). Sulfur
metabolism also produces sulfated compounds such as glu-
cosinolates and sulfated peptides, as well as other by-
products such as 3'-phosphoadenosine 5’-phosphate (PAP)
with roles in chloroplast-to-nucleus retrograde signaling
(Fig. 5A) (Chan et al. 2019). The metabolism of cysteine
can also result in the production of hydrogen sulfide (H,S),
a signaling molecule that mitigates stress and regulates im-
portant plant processes such as photosynthesis, stomatal
movement, and autophagy (Chan et al. 2019; Aroca et al.
2021; Gotor et al. 2021). Overexpression of APR1, a key en-
zyme in sulfate reduction, restored the levels of both sulfite
and cysteine, suppressed both early senescence and prema-
ture death, and greatly improved seed yield of the atg7/lip5
double mutant (Fig. 7). These findings indicate that compro-
mised sulfate reduction is a critical factor responsible for the
synergistic phenotypes of the atg/lip5 double mutants in
both growth and reproduction (Fig. 7).

As a metabolic process important for the cellular redox
state, sulfur assimilation affects cellular ROS levels
(Andres-Barrao et al. 2021), which were substantially ele-
vated in the atg/lip5 double mutants (Fig. 4). ROS accumula-
tion causes oxidative damage and eventually leads to cell
death (Van Breusegem and Dat 2006; Yoshimoto et al.
2009; Mittler et al. 2022), which were also observed at in-
creased levels in the atg/lip5 double mutants relative to their
parental single mutants and WT plants. ROS also act as key
players in the signaling network of plant defense and stress
responses (Mittler et al. 2022). Like sulfur assimilation, induc-
tion of defense and stress-related genes was already apparent
at seedling stages prior to the appearance of visible senes-
cence (Supplemental Fig. S3). The overactivated defense/
stress-related responses in the atg/lip5 double mutants
were associated with increased levels of stress-related proline
and signaling molecules including SA, pipecolic acid, and JA
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(Figs. 11 and 12). Deficiency in PAD4 and SA signaling sup-
pressed the development of early senescence and premature
death of the atg7/lip5 double mutant with limited effect on
the cysteine levels (Fig. 13). On the other hand, overexpres-
sion of APRT not only restored sulfur assimilation but also
suppressed both the accumulation of SA and development
of early senescence and premature cell death in the atg7/
lip5 double mutant (Figs. 7 and 14). These results support a
proposed model that defective sulfur assimilation from
very early seedling stages in the atg7/lip5 double mutants
leads to compromised cellular redox homeostasis and in-
creased ROS accumulation, which activated the PAD4- and
SA-dependent stress response. Since mutations of PAD4
and SID2 in the atg7/lip5 double mutant also reduced ROS
accumulation, PAD4/SA signaling and ROS can mutually pro-
mote each other to produce an amplification loop to pro-
mote senescence and cell death (Fig. 15).

There were also enhanced defects in other important
chloroplast functions and associated metabolic pathways in
the atg7/lip5 double mutants. In particular, the atg7/lip5 dou-
ble mutant, but not its parental single mutants, displayed re-
duced photosynthetic rates in the leaves with no visible
senescence symptoms (Fig. 3). The reduced photosynthetic
efficiency of the double mutant was associated with downre-
gulated accumulation of photosynthetic proteins involved in
light-harvesting, photosystem reaction center proteins, elec-
tron transport, ATP synthesis, and starch synthesis (Fig. 10).
Photosynthesis provides plants with energy and carbohy-
drates and as such can impact other primary metabolic path-
ways including the TCA cycle, which is an important part of
respiration for generation of energy, reducing agent NADH
and precursors for biosynthesis of amino acids (Athanasiou
et al. 2010; Allakhverdiev 2020). The levels of the TCA cycle
intermediates were substantially downregulated in the
atg7/lip5 double mutants relative to those in WT and the
atg7 and lip5 single mutants (Fig. 9). Strong defects in both
photosynthesis and respiration likely also play a key role in
the strong phenotypes of the atg/lip5 double mutants in
growth and fitness (Fig. 15).

Besides the identification of defective chloroplast func-
tions and sulfur assimilation as the primary reasons for the
strong synergistic phenotypes of the atg/lip5 double mutants
in growth and fitness, our comprehensive investigation has
provided insight into the signaling and responses of plant
cells to perturbed chloroplast protein homeostasis.
Multi-omics analysis revealed that there was a strong associ-
ation between the protein and transcript levels for downre-
gulated photosynthetic proteins (Fig. 10). Reduced APR
protein levels in sulfate reduction were also associated with
greatly reduced transcript levels for all 3 members of the
APR gene family (Fig. 5 and Supplemental Fig. S9), which
led to reduced capacity in sulfate reduction and assimilation
in the atg/lip5 double mutants (Fig. 6). Therefore, reduced
abundance of most chloroplast proteins in the atg and lip5
mutants resulted from their reduced expression (Fig. 15).
Apparently, defects in chloroplast protein homeostasis as a
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Figure 15. A model for the cooperative regulation of plant growth and fitness by autophagy and LIP5-regulated MVB pathways. Autophagy and
LIP5-activated MVB biogenesis protect chloroplast functions including sulfur assimilation through the degradation of un/misfolded and unwanted
proteins that are generated from the operation of chloroplasts under normal growth conditions. Chloroplast sulfur assimilation leads to the pro-
duction of cysteine, which is used for the synthesis of a variety of metabolites for important cellular processes including redox and ROS control.
Autophagy, LIP5-regulated MVBs, and protected chloroplast functions also promote other metabolic pathways and cellular processes to promote
plant growth and fitness. Defects in sulfate reduction could lead to increased levels of PAPS, the precursor of PAP, which together with ROS could
function as chloroplast retrograde signals to regulate expression of nuclear-encoded chloroplast sulfur-assimilating and photosynthetic genes.
Compromised protein QC in the cytosol in the autophagy and lip5 mutants could also lead to increased ROS from other sources, which together
with chloroplast ROS could lead to PAD4-dependent SA stress signaling. SA can further elevate ROS levels to produce an amplification loop to

promote cell death and negatively affect plant growth and fitness.

result of deficiency in both autophagy and LIP5-regulated
MVB biogenesis can trigger retrograde signaling to influence
transcription of nuclear-encoded chloroplast genes including
those involved in sulfur assimilation and photosynthesis.
Chloroplast retrograde signaling is vital for chloroplast bio-
genesis and operation (Chan et al. 2016; Zhao et al. 2019).
Operational chloroplast retrograde signaling is for adjust-
ments to chloroplast and cellular homeostasis in response
to perturbation in chloroplast functions due to both external
and internal stimuli (Chan et al. 2016). Among the well-
established operational chloroplast retrograde signals are
ROS and PAP (Chan et al. 2016), both of which could be im-
pacted in the atg/lip5 double mutants (Fig. 15). Perturbation
in photosynthesis, as observed in the atg/lip5 double mu-
tants, could result in the formation of H,O, and superoxide
(0,7) at photosystem | and singlet oxygen ('O,) at PSII
(Rizhsky et al. 2003; Triantaphylides and Havaux 2009;

Ramel et al. 2012). PAP is formed from a by-product of sulfur
assimilation,  3’-phosphoadenosine  5’-phosphosulfate
(PAPS), which, in turn, is generated from APS catalyzed by
APS kinase (APK) (Fig. 5A) (Phua et al. 2018). APS is also
the substrate for APRs in the primary sulfur metabolism
pathway (Fig. 5A) and reduced APR protein levels could con-
ceivably increase the conversion of APS to PAPS and PAP
through the secondary sulfur metabolism pathway (Figs. 5
and 15). Interestingly, both ROS and PAP as chloroplast op-
erational retrograde signals also participate in such physio-
logical processes as cell death mediated by JA and SA (Chan
et al. 2016), which were elevated and played a critical role in
the synergistic growth phenotypes of the atg/lip5 double
mutants (Figs. 11 and 13). Photosynthetic ROS can increase
the production of JA and B-carotene-derived O, products
such as B-cyclocitral, which, in turn, can enhance SA synthesis
(Ramel et al. 2013; Lv et al. 2015; Duan et al. 2019). JA and PAP
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can also promote each other’s production, possibly through a
positive feedback regulatory mechanism (Rodriguez et al.
2010). JA and its precursor 12-oxo-phytodieonic acid can
also induce PAP for retrograde signaling (Kopriva 2013).
Sulfur starvation, which can be invoked by high PAP levels
(Lee et al. 2012), induced JA biosynthetic genes (Hirai et al.
2003; Maruyama-Nakashita et al. 2003; Nikiforova et al.
2003). Mutation of SALT (SALT TOLERANCE 1) (Quintero
et al. 1996), which encodes an enzyme that degrades PAP, in-
creased the levels of both PAP and JA (Rodriguez et al. 2010).
Thus, defects of chloroplast function including photosynthesis
and sulfur assimilation in the atg/lip5 double mutants can gen-
erate ROS and PAP that can potentially influence the expres-
sion of nuclear-encoded chloroplast genes and trigger SA- and
JA-dependent stress responses to activate cell death. Further
investigation will be necessary to test these specific chloroplast
retrograde signals for their roles in the strong phenotypes of
growth and fitness resulted from the deficiency of both autop-
hagy and LIP5-activated MVB biogenesis in the atg/lip5 double
mutants.

Materials and methods

Plant materials and growth conditions

The Arabidopsis (A. thaliana) mutants and WT plants used in
the study are all in the Col-0 background. The atg5-2, atg7-1,
atg7-3, lip5-1, and lip5-2 mutants have been previously de-
scribed (Lai et al. 2011, Wang et al. 2014). The pad4
(Salk_206548) and sid2 (Salk_042603) T-DNA insertion mu-
tants were obtained from the Arabidopsis Resource Center at
the Ohio State University and confirmed using PCR genotyp-
ing with gene-specific primers flanking the insertion sites
(pad4: 5'-CCTCTGCTCGGAAACCAATC-3’ and 5'-CTGAT
GCATCGCAACGATCT-3'; sid2: 5'-CCGCCACTGAAAGGCT
AATC-3" and 5'-CTGGCCCACAAAACACAAAA-3’). The
atg5/lips, atg7/lips, atg7-3/lip5-2/pad4, and atg7-3/lip5-2/
sid2 double and triple were produced by genetic crossing
of appropriate mutants and identified in the F2 generation
using PCR genotyping with gene-specific primers. Primers
used for genotyping atg5, atg7, and lip5S mutants were the
same as previously described (Lai et al. 2011; Wang et al.
2014). Arabidopsis were grown in growth chambers or rooms
at 24 °C, 120 yE m~%s™ " light on a photoperiod of 12-h light
and 12-h dark.

RNA isolation and RNA-seq

Total RNA was extracted from rosette leaves of 4- and
5.5-wk-old WT, atg7-3 and lip5-2 single and double mutants
(3 replicates for each genotype) using the TRIzol reagent ac-
cording to the manufacturer’s protocol. RNA purity and
quantification were evaluated using the NanoDrop 2000
spectrophotometer (Thermo Scientific, USA). RNA integrity
was assessed using the Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA). The libraries were con-
structed using TruSeq Stranded mRNA LT Sample Prep Kit
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(Ilumina, San Diego, CA, USA) according to the manufac-
turer’s instructions. The libraries were sequenced on an
[llumina HiSeq X Ten platform and 150 bp paired-end reads
were generated. Raw data (raw reads) of fastq format were
first processed using Trimmomatic (Bolger et al. 2014) and
the low-quality reads were removed to obtain the clean
reads. The clean reads were mapped to the Arabidopsis ref-
erence genome using HISAT2 (Kim et al. 2019). FPKM (frag-
ments per kilobase of exon per million mapped fragment) of
each gene was calculated using Cufflinks (Ghosh and Chan
2016), and the read counts of each gene were obtained by
HTSeq-count (Anders et al. 2015; Putri et al. 2022).
Differential expression analysis was performed using the
DESeq2 R package (Love et al. 2014). P <0.05 and fold
change > 2 or fold change < 0.5 were set as the threshold
for significantly differential expression. The RNA-seq data
for both 4- and 5.5-wk-old WT and mutants have been de-
posited in the NCBI database with the BioProject numbers
PRJNA757606 and PRJNA756793, respectively.

Proteomic profiling by TMT-MS

Proteins were extracted from rosette leaves (3 replicates for
each genotype), quantified by BCA (bicinchoninic acid)
method, and examined for quality by sodium dodecyl sulfate
polyacrylamide gel electrophoresis. For digestion, proteins
(100 ug) were first dissolved in 120 ul reducing buffer con-
taining 5 mM dithiothreitol, 8 m urea, and 100 mM triethy-
lammonium bicarbonate (TEAB), pH 8.0 and incubated at
60 °C for 1h. lodoacetamide was added to the solution
with the final concentration of 50 mM in the dark for
40 min at room temperature. The solutions were centrifuged
on the filters at 13,500 X g for 20 min at 4 °C and the flow-
through solution was discarded from the collection tubes.
The filters were washed twice with 100 u«l TEAB (300 mM)
and then transferred into new collection tubes. After adding
100 ul TEAB (300 mM), 3 ul sequencing-grade trypsin
(1 ug ul™") was added to each tube and the solutions were
incubated for digestion at 37 °C for 12 h. The solutions of di-
gested peptides were collected by centrifugation and lyophi-
lized. For TMT labeling, the lyophilized samples were
resuspended in 100 ul TEAB (200 mM) and 40 ul of each
sample was transferred into a new tube for TMT labeling ac-
cording to the manufacturer’s protocol. Briefly, 88 ul aceto-
nitrile were added to a TMT reagent vial at room
temperature. The TMT label reagent (41 ul) was then added
to each peptide mixture and incubated at room temperature
for 1 h. The reaction was terminated by adding 8 ul of 5%
(w/v) hydroxylamine. The labeling peptide solutions were
lyophilized and stored at —80 °C.

Peptide fractionation was performed on an 1100 HPLC
System (Agilent) using an Agilent Zorbax Extend reverse-
phase (RP) column (5um, 150 mm X 2.1 mm). Mobile phases
A (2% v/v acetonitrile) and B (98% v/v acetonitrile) were used
for the RP gradient. The separated peptides were lyophilized
for MS performed by a Triple TOF 5600 mass spectrometer
equipped with a Nanospray Ill source (SCIEX, USA). Data
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were acquired with a 2.4 kV ion spray voltage, 35 psi curtain
gas, 5 psi nebulizer gas, and an interface heater temperature
of 150 °C. The MS/MS data were analyzed for protein identi-
fication and quantification using ProteinPilot software
(v.5.0). The local FDR was estimated with the integrated
PSPEP tool in the ProteinPilot Software (Shilov et al. 2007)
to be 1.0% after searching against a decoy concatenated
UniProt Arabidopsis protein database. Only proteins identi-
fied at global FDR < 1% and unique peptides > 1 were con-
sidered for protein lists and for further downstream
analysis. DAPs were identified and quantified with at least
1 significant peptide and the P-values of the protein quanti-
tation should be less than 0.05 and fold change > 1.5. The MS
proteomics data have been deposited to the
ProteomeXchange Consortium (http://proteomecentral.
proteomexchange.org) via the iProX partner repository
with the dataset identifier PXD028132.

Metabolomic profiling by LC-MS

For metabolite extraction, leaf samples (80 mg, 5 replicates
for each genotype) were transferred to 1.5 ml Eppendorf
tubes. 1-2-chlorophenylalanine (0.3 mgml™") in methanol
as internal standard and 1 ml mixture of methanol and water
(4:1, vol/vol) were added to each sample. Samples were ex-
tracted by ultrasonic for 30 min in an ice-water bath and
stored at —20 °C for overnight. The extract was centrifuged
at 4 °C (15,800 X g) for 10 min. The supernatant was trans-
ferred to LC vials and stored at —80 °C until LC-MS analysis.
QC samples were prepared by mixing an aliquot of all sam-
ples to be a pooled sample. ACQUITY UPLC HSS T3 column
system coupled with VION IMS QTOF Mass spectrometer
(Waters Corporation, Milford, USA) was used to analyze
the metabolic profiles in both ESI positive and negative ion
modes. An ACQUITY UPLC HSS T3 column (100 mm X
2.1 mm, 1.8 um) was employed in both positive and negative
modes. Water and acetonitrile/methanol (2:3, v/v), both con-
taining 0.1% (v/v) formic acid were used as mobile phases A
and B, respectively.

Data acquisition was performed in full scan mode (m/z
ranges from 50 to 1000) combined with MS® mode, including
2 independent scans with different collision energies alterna-
tively acquired during the run. The QCs were injected at
regular intervals throughout the analytical run to provide a
set of data from which repeatability can be assessed. The ori-
ginal LC-MS data were processed by software Progenesis
QIV2.3 (Nonlinear, Dynamics, Newcastle, UK) for baseline fil-
tering, peak identification, integral, retention time correc-
tion, peak alignment, and normalization. Compound
identification wase based on precise mass-to-charge ratio
(M/z), secondary fragments, and isotopic distribution. The
extracted data were then further processed by removing
any peaks with a missing value (ion intensity = 0) in more
than 50% of ingroups, by replacing the zero value by half of
the minimum value, and by screening according to the quali-
tative results of the compound. Compounds with resulting
scores below 36 (out of 60) points were also deemed to be
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inaccurate and removed. A data matrix was combined
from the positive and negative ion data and was imported
in R to carry out PCA to observe the overall distribution
among the samples and the stability of the whole analysis
process. Orthogonal Partial Least-Squares-Discriminant
Analysis (OPLS-DA) and Partial Least-Squares-Discriminant
Analysis were utilized to distinguish the metabolites that dif-
fer between groups. To prevent overfitting, 7-fold cross-
validation and 200 Response Permutation Testing were
used to evaluate the quality of the model. Variable
Importance of Projection (VIP) values obtained from the
OPLS-DA model were used to rank the overall contribution
of each variable to group discrimination. A two-tailed
Student’s t-test was further used to verify whether the meta-
bolites of difference between groups were significant.
Differential metabolites were selected with VIP values greater
than 1.0 and P-values less than 0.05.

Other bioinformatic analysis

GO enrichment and KEGG pathway enrichment analyses
were performed using R with the CLUSTERPROFILER and
PATHVIEW packages (Yu et al. 2012; Luo and Brouwer 2013).

Analysis of total Sulfur, sulfate, sulfite, and cysteine
contents

For measurement of total sulfur content, fresh Arabidopsis
leaves were harvested, washed with deionized water, and
dried at 7 °C. Dried samples (10 mg) were weighted and ana-
lyzed for total sulfur content by a Carbon-Hydrogen-
Nitrogen-Sulfur (CHNS) Elemental Analyzer (Model
Thermo Finnigan FlashEA 1112, Thermo Fisher Scientific,
San Jose, CA) by following the manufacturer’s instructions.
Determination of sulfate content was performed as previous-
ly described (Liang et al. 2010). Briefly, fresh leaves were
homogenized in 5 to 10 volumes of 0.01 M HCI (fresh weight
basis). After centrifugation at 15,000 X g for 10 min at 4 °C,
supernatants were collected and used for the determination
of sulfate content using the turbidimetric method with
K,SO, as a standard (Tabatabai and Bremner 1970). The sul-
fite and cysteine contents in fresh leaves were analyzed by
HPLC after derivation with monobromobimane as previously
described (Volkel and Grieshaber 1992; Tsakraklides et al.
2002).

Overexpression of APR1 in the atg7/lip5 double
mutant

The coding sequence for the Arabidopsis APRT gene was
PCR-amplified using gene-specific primers (5'-agcctcgagA
TGGCAATGTCTGTAAATGTTTCT-3’ and 5'-agcttaattaaTC
GGACAAGATTCAAGAACGAA-3') and cloned between
the CaMV 35S promoter and a 4 X myc epitope sequence
in a pGFC1008-derived binary vector as previously described
(Wang et al. 2019). The APR1 overexpression construct was
transformed into the atg7/lip5 double mutant plants using
the floral dipping method. Transgenic plants were identified
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by hygromycin resistance and analyzed for expression of the
APR1 gene by both RT-qPCR and protein blotting.

RT-qPCR

Total RNA isolation, DNase treatment, cDNA synthesis, and
RT-qPCR using gene-specific primers were performed with
ACTIN2 as an internal control as described previously (Kim
et al. 2008).

Protein blotting

Preparation of total leaf proteins, protein quantification,
electrophoretic fractionation, blotting, and immunoblot ana-
lysis with an anti-myc monoclonal antibody (Sigma, St Louis,
MO, USA) were performed as previously described (Li et al.
2021). Actin proteins probed with an anti-actin monoclonal
antibody (Sigma) were used as a loading control.

Analysis of chlorophyll fluorescence

Measurement of maximal quantum yield of PSIl (Fv/Fm),
through chlorophyll fluorescence imaging, was performed
with a pulse amplitude modulated fluorometer
(IMAG-MAXI; Heinz Walz) as previously described (Huang
et al. 2010).

Assays of H,0, content

The histochemical staining of H,0, was performed as previ-
ously described (Thordal-Christensen et al. 1997) with minor
modifications. Briefly, leaf discs were vacuum infiltrated with
0 or 1 mgml~" DAB in 0.2 M HCl and incubated at 25 °C in
dark for 4 to 5 h on a shaker at 80 to 100 rpm. Leaf discs were
then rinsed in bleaching solution (ethanol:acetic acid:gly-
cerol = 3:1:1; v/v) for 15 min at 90 to 95 °C before photo-
graphing. H,O, content was also measured using an
Amplex Red Hydrogen Peroxide/Peroxidase Assay Kit
(Thermo Fisher Scientific). For sample preparation, 0.5 g
leaf tissues were ground in liquid nitrogen and thoroughly
mixed with 10 volumes of 50 mM NasPO, (pH 7.4). After
centrifugation at 13,500 X g for 20 min at 4 °C, the superna-
tants were used for the H,0, assay following the manufac-
turer’s instructions.

Assays of salt sensitivity and chlorophyll content
The seeds were directly germinated on 1/2 MS medium sup-
plemented with 0 or 100 mm NaCl. Eighteen days after ger-
mination, the seedlings were photographed. For
measurement of leaf chlorophyll content, roots were re-
moved from the seedlings and chlorophyll was extracted
from the remaining parts of the seedlings using 95% (v/v)
ethanol and the chlorophyll content of the filtered solution
was determined spectrophotometrically as previously de-
scribed (Porra et al. 1989).

SA analysis

Total SA levels in the leaf samples were determined with a
biosensor strain Acinetobacter species, ADPWH_lux, and cal-
culated based on the SA standard curve constructed using
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the sid2 mutant leaf extract as described previously (Huang
et al. 2010).

Accession numbers

Arabidopsis Genome Initiative numbers for the genes dis-
cussed in this article are as follows: ATG5 (AT5g17290),
ATG7 (AT5g45900), LIPS (AT4g26750), APR1 (At4g04610),
APR2 (At1g62180), APR3 (AT4g21990), SID2 (At1g74710),
PAD4 (At3g52430), and COPT6 (At2g26975), ACTIN2
(AT3g18780). RNA-seq data for 4- and 5.5-wk-old WT and
mutants have been deposited in the NCBI database with
the BioProject numbers of PRINA757606 and
PRJNA756793, respectively. MS proteomics data have been
deposited to the ProteomeXchange Consortium (http://
proteomecentral.proteomexchange.org) via the iProX part-
ner repository with the dataset identifier PXD028132.
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