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Autophagic recycling of proteins, lipids, nucleic acids, carbohydrates, and organelles is essential for cellular homeostasis and
optimal health, especially under nutrient-limiting conditions. To better understand how this turnover affects plant growth,
development, and survival upon nutrient stress, we applied an integrated multiomics approach to study maize (Zea mays)
autophagy mutants subjected to fixed-carbon starvation induced by darkness. Broad metabolic alterations were evident
in leaves missing the core autophagy component ATG12 under normal growth conditions (e.g., lipids and secondary
metabolism), while changes in amino acid-, carbohydrate-, and nucleotide-related metabolites selectively emerged during
fixed-carbon starvation. Through combined proteomic and transcriptomic analyses, we identified nhumerous autophagy-
responsive proteins, which revealed processes underpinning the various metabolic changes seen during carbon stress as
well as potential autophagic cargo. Strikingly, a strong upregulation of various catabolic processes was observed in the
absence of autophagy, including increases in simple carbohydrate levels with a commensurate drop in starch levels, elevated
free amino acid levels with a corresponding reduction in intact protein levels, and a strong increase in the abundance of
several nitrogen-rich nucleotide catabolites. Altogether, this analysis showed that fixed-carbon starvation in the absence of
autophagy adjusts the choice of respiratory substrates, promotes the transition of peroxisomes to glyoxysomes, and
enhances the retention of assimilated nitrogen.

INTRODUCTION nucleic acids, which is essential for both the proper disposal of
unwanted or dysfunctional material central to cellular homeo-
stasis, and for the subsequent reuse of their constituent nutrients
(Yang and Bassham, 2015; Havé et al.,, 2017; Marshall and
Vierstra, 2018b). Accordingly, autophagy has been found to be
crucial for the efficient recycling of assimilated nitrogen, fixed
carbon, iron, manganese, phosphorous, sulfur, and zinc, with
accelerated senescence often seen when autophagy-deficient
plants are starved of these nutrients (Thompson et al., 2005; Li
etal.,2015; Dongetal.,2017; Eguchietal.,2017; Havéetal.,2017;
Avin-Wittenberg et al., 2018; McLoughlin et al., 2018; Pottier et al.,

Plants employ a variety of adaptive responses to maintain ade-
quate supplies of nutrients needed for growth, development,
reproduction, and stress protection, including dynamically
modulating processes that underpin nutrient acquisition, the re-
lease of nutrient stores, and the recycling of existing macro-
molecules. One main recycling route involves the autophagic
turnover of intracellular proteins, lipids, carbohydrates, and
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2019; Lornac et al., 2020). In addition, autophagy contributes to
metabolite mobilization from source to sink tissues. This is es-
pecially evident during reproduction, when plants concentrate
energy-rich compounds and essential nutrients in seeds for
subsequent use during germination (Masclaux-Daubresse et al.,
2008; Li et al., 2015).

As in animals and fungi, plants engage several autophagic
routes (Yang and Bassham, 2015; Marshall and Vierstra, 2018b).
The best understood is macroautophagy, where an expanding
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Background: Autophagy is a central recycling system that helps remove unnecessary or damaged intracellular
material, including organelles, protein complexes, lipid bodies, and protein aggregates, through the capture and
vesicular transport of selected cargo to the vacuole for degradation. This clearance is vital not only for minimizing
cytotoxicity, but also for the efficient reuse of nutrients needed for new growth. Accordingly, plants lacking autophagy
have increased levels of proteins and various lipid metabolites, are hypersensitive to nutrient starvation and less
fecund, and senesce prematurely. Here, we focus on how autophagy helps maize respond to and survive strong
fixed-carbon deficits induced by darkness using an integrated omics approach combining deep metabolomic,
proteomic, transcriptomic, and ionomic datasets obtained from a strong autophagy mutant.

Question: How does maize cope with fixed-carbon limitation normally and in the absence of autophagy? Does
autophagy of proteins under these conditions occur in bulk, or is it driven by selective mechanisms? Can we identify
regulators and compensatory pathways that can be exploited to make crops more resilient during nutritional stress?

Findings: Fixed-carbon starvation amplifies autophagic turnover in maize leaves to offset for this deficiency,

which in turn initiates several compensatory responses when this recycling is blocked. Included is an acceleration of
complex carbohydrate, lipid, and nucleotide catabolism diverted to maintain fatty acid f-oxidation and mitochondrial
respiration, combined with mechanisms to capture the released nitrogen in asparagine, glutamine, and the ureides
allantoin and allantoic acid. The mutant plants also hyperaccumulate a wide variety of proteins that are presumed
targets of autophagy, including those contained within peroxisomes and mitochondria and the ribosome and
proteasome complexes, and dramatically increase the levels of anti-oxidants such a glutathione to protect against
oxidative damage. By combining the metabolomic, proteomic and transcriptomic datasets, key nutritional regulatory
points in maize metabolism emerged.

Next steps: Understanding the impacts of autophagy during stress has revealed regulatory priorities, bottlenecks,

and alternative pathways used by plants to maintain growth and stress resilience. By manipulating autophagy, it
might be possible to improve the productivity and nutrient-use efficiency of crops when grown under suboptimal

conditions or with less fertilizer input.

cup-shaped membrane called the phagophore (or isolation
membrane) emerges from the endoplasmic reticulum (ER) to
engulf cytoplasmic material, which then seals to create a double-
membrane-bound autophagosome. Autophagosomes fuse with
vacuoles to release the inner core called the autophagic body,
which is degraded along with its cargo by vacuolar hydrolases,
followed by export of the breakdown products back to the cy-
toplasm for reuse. Microautophagy employs some of the same
components as macroautophagy. This process involves in-
vagination of the tonoplast membrane and eventual scission to
release autophagic bodies and their cargo directly into the vacuole
lumen for subsequent consumption (Goto-Yamada et al., 2019).
The most extreme case is mega-autophagy, which initiates rup-
ture of the tonoplast to release vacuolar enzymes directly into the
cytoplasm, which then indiscriminately break down cellular ma-
terial en masse as a final step in programmed cell death (van Doorn
and Papini, 2013).

Macroautophagy (hereafter called autophagy) is orchestrated
by a collection of over 40 AUTOPHAGY-RELATED (ATG,) proteins
that show strong conservation from animals and yeast to plants
(Thompson and Vierstra, 2005; Yang and Bassham, 2015; Mar-
shall and Vierstra, 2018b). Included are (1) the ATG1 protein kinase
that responds to nutritional signals emanating from upstream
kinases such as TARGET OF RAPAMYCIN (TOR) and SUCROSE-
NON-FERMENTING-RELATED1 (SnRK1) to phosphorylate vari-
ous downstream effectors; (2) the ATG2/9/18 complex that helps
supply membrane during phagophore expansion; (3) the VPS34
phosphatidylinositol-3-kinase complex that decorates the auto-
phagic membranes with a phosphatidylinositol-3-phosphate
signature; (4) specific components of vesicular trafficking that

deliver autophagosomes to vacuoles; and (5) an enzymatic cas-
cade related to ubiquitylation that decorates phagophores and
autophagosomes with ATG8 attached to the lipid phosphatidyl-
ethanolamine (PE). ATGS is first energized via ATP hydrolysis by
the activating enzyme ATG?7, transferred to the conjugating en-
zyme ATG3, and finally added to PE using a dimeric ligase
complex consisting of an ATG12-ATG5 conjugate bound to
ATG16, which mediates the formation of an amide bond between
the C-terminal Gly of ATG8 and the ethanolamine moiety in PE
(Doelling et al., 2002; Thompson et al., 2005; Phillips et al., 2008;
Chung et al., 2010).

Once inserted into autophagic membranes, the ATG8-PE ad-
duct provides a docking platform for various autophagic
adaptors that help sculpt and seal autophagosomes and fuse
them with the tonoplast, and receptors that selectively recruit
appropriate cargo before enclosure (Marshall and Vierstra,
2018b). Often, the adaptors/receptors work by exploiting ATG-
Interacting Motif (AIM) or Ubiquitin-like-Interacting Motif (UIM)
sequences that bind to hydrophobic pockets on ATG8 (Noda
et al., 2008; Magbool et al., 2016; Marshall et al., 2019). Through
the action of specific AIM/UIM-based receptors, autophagy
selectively removes various organelles, including mitochondria,
peroxisomes, ER, chloroplasts and sections of the nuclear en-
velope, individual proteins, protein complexes such as ribo-
somes, proteasomes, and the CELL DIVISION CYCLE (CDC)-48
hexamer, dysfunctional protein aggregates, lipid droplets,
complex carbohydrates, rRNA, and even invading intracellular
pathogens (Khaminets et al., 2016; Marshall and Vierstra, 2018b;
Fan et al., 2019; Marshall et al., 2019; Jung et al., 2020; Zhang
et al., 2020).



Metabolomic studies combined with the analysis of mutants
compromised in various autophagy components have confirmed
the importance of this recycling system to nutrient homeostasis
and for maintaining sufficient supplies needed for normal growth
and development in various plant species. For example, Arabi-
dopsis (Arabidopsis thaliana) lines defective in ATGS8 lipidation
(e.g., harboring atg5, atg7, or atg12 mutations) display a strong
hypersensitivity to nitrogen and fixed-carbon starvation (Doelling
et al., 2002; Thompson et al., 2005; Chung et al., 2010), which are
connected to altered respiration, lipid metabolism, and starch
content, in part through defects in ER function, peroxisomal
B-oxidation, and lipid droplet and starch granule catabolism
(Wang et al., 2013; Masclaux-Daubresse et al., 2014; Avin-
Wittenberg et al., 2015; Barros et al., 2017; Fan et al., 2019;
Havé et al., 2019). Mutants affected in the ATG1 kinase display
a similar hypersensitivity to nutrient deprivation (Suttangkakul
etal., 2011; Li et al., 2014) as well as reveal an alternative SnRK1-
dependent route bypassing ATG1 that promotes autophagy
during prolonged fixed-carbon starvation (Huang et al., 2019).
Rice (Oryza sativa) atg7 mutants also have altered lipid and starch
metabolism and plastid turnover, which ultimately impair anther
development and seed maturation (Kurusu et al., 2014; Ilzumietal.,
2019; Sera et al., 2019).

To further define how autophagy contributes to plant metab-
olism, we have been studying maize (Zea mays) atg12 mutants
compromised in ATG8-PE assembly, which effectively attenuate
autophagic body formation (Chung et al., 2009; Li et al., 2015).
Consistent with a role for autophagy in nutrient recycling, the
mutant plants display premature leaf senescence, are hyper-
sensitive to nitrogen deprivation, suppress nitrogen partitioning to
seeds, and ultimately have compromised seed yield (Chung et al.,
2009; Li et al., 2015). A follow-up multiomics study that combined
deep metabolomic, proteomic, transcriptomic, and ionomic
analyses with growth on nitrogen-rich and -deficient soils revealed
dramatic alterations in maize leaf metabolism, even in the absence
of nitrogen stress (McLoughlin et al., 2018). Strongly affected were
secondary metabolism, antioxidant accumulation, and lipid pro-
files, the latter of which were underpinned by significantly altered
levels of phospholipases, peroxisomal proteins, and other factors
associated with lipid catabolism. Both the loss of intact phos-
pholipids and the accumulation of breakdown products such as
lysophospholipids, free fatty acids, oxylipins, and dicarboxylic
acids were consistent with a disruption in lipid homeostasis and
turnover. Cross-comparing mRNA and protein abundances then
identified specific organelles, protein complexes, and individual
proteins targeted for autophagic clearance, thereby revealing the
importance of autophagy in sculpting plant proteomes under
normal and nitrogen-deficit conditions (McLoughlin et al., 2018).

Here, we continued this system-wide omics approach with the
analysis of maize atg12 leaves subjected to fixed-carbon depri-
vation induced by short-term darkness (Brouquisse et al., 1998;
Weaver and Amasino, 2001). In addition to altered lipid metab-
olism and lipid droplet breakdown associated with the atg12
mutations, we uncovered roles for autophagy in amino acid,
carbohydrate, and starch metabolism, together with a strong
accumulation of nitrogen-rich catabolites. These responses were
often distinct from those induced by nitrogen starvation and
presumably reflected a strategy to maintain energy flow through
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the use of alternative respiratory substrates in the absence of
photosynthesis combined with mechanisms to retain the as-
similated nitrogen. By integrating the metabolomic, proteomic,
and transcriptomic profiles, key points of metabolic regulation by
autophagy emerged, as did the identification of autophagic
substrates, which in turn could provide opportunities to exploit
autophagy to modify the carbon/nitrogen economy of maize and
other crop species.

RESULTS

Fixed-Carbon Starvation Substantially Affects the Maize
Metabolome, Transcriptome, and Proteome

To better understand the relationship between fixed-carbon nu-
trition and autophagy, we exploited leaf shading to activate this
recycling process (Brouquisse et al., 1998; Weaver and Amasino,
2001; Chung et al., 2009; Li et al., 2015; Hirota et al., 2018),
whereby the middle section of the second leaf from 2-week-old
maize plants (W22 inbred) grown in well-fertilized soil underalong-
day photoperiod (16 h of light/8 h of dark) was partially covered
with aluminum foil for 2 d while still attached to the plant, beginning
at 6 h into the light period (Figure 1A).

While such a short dark treatment did little to induce senes-
cence or damage the photosynthetic machinery in the darkened
section, as judged by the retention of chlorophyll and the minimal
(Fp) and maximal (F.,,) values of chlorophyll fluorescence
(Figure 1B; Supplemental Figure 1; Supplemental Data Set 1),
strong changes in the wild-type leaf metabolome were evident.
Included were a substantial drop in starch levels (>10-fold;
Figure 1C) and altered levels of 190 metabolites among a com-
prehensive list of 405 analytes (Figure 1D). This list was assayed
by a suite of nontargeted liquid chromatography-mass spec-
trometry (LC-MS) methods (McLoughlin et al., 2018), using five
biological replicates each containing five leaves, which com-
pared equivalent darkened versus lit leaf sections (Supplemental
Data Set 2). As can be gleaned from the heat maps in Figure 1D,
extended darkness altered the levels of numerous metabolites,
including noticeable increases in compounds linked to amino
acid, carbohydrate, lipid, and nucleotide metabolism, sugges-
tive of a broad increase in recycling. Strikingly, the metabolic
alterations induced by fixed-carbon starvation were often dif-
ferent from those elicited by starving maize leaves for nitrogen
(Supplemental Figure 2A; McLoughlin et al., 2018), implying that
these nutritional stresses have both overlapping and distinct
effects on maize metabolism.

Subsequent transcriptome analysis by lllumina-based RNA
sequencing (RNA-seq) and proteome analysis by non-targeted
tandem MS of peptides derived from trypsinized leaf protein also
revealed changes in the mRNA and protein compositions of the
darkened leaf sections (see below for methodological details). Of
the 33,053 transcripts quantified, levels of 24% were significantly
altered (P = 0.05), with 3365 in greater abundance versus 4415 in
lesser abundance, indicating a robust transcriptional response to
leaf shading and subsequent fixed-carbon starvation (Figure 1E).
As predicted for plants with stalled photosynthesis, Gene On-
tology (GO) analysis showed that mRNA categories related to
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Figure 1. Fixed-Carbon Starvation Induced by Darkness Strongly Affects the Maize Leaf Metabolome, Transcriptome, and Proteome.

(A) Visualization of the fixed-carbon starvation regime. The middle sections of the second leaves from 2-week-old maize seedlings grown in long days were
left alone (+C) or covered with aluminum foil for 2 more days (—C) starting 6 h into the light period. Shown are atg12-1 and atg12-2 seedlings alongside their
W22 wild-type counterpart.

(B) Fixed-carbon starvation does not significantly affect leaf chlorophyll content. Shown are average chlorophyll levels = sb quantified spectrophoto-
metrically from five biological replicates (+/—C). FW, fresh weight.

(C) Fixed-carbon starvation dramatically reduces leaf starch content. Shown are average starch levels *+ sp quantified spectrophotometrically from five
biological replicates (+/—C).

(D) Fixed-carbon starvation profoundly affects the maize metabolome. In total, 405 metabolites were quantified from the wild type by LC-MS from five
biological replicates, each containing five leaf sections (+/—C). The relative abundance of each metabolite was normalized to the mean generated with the
+C samples. Shown are log, fold change (FC) values in 190 metabolites that were deemed significant by two-sided ANOVA contrasts (P = 0.05), with an
additional false discovery rate (FDR) cutoff of =0.05 to correct for multiple comparisons (+/—C). Metabolite groupings and subgroupings are shown along
the left and right sides of the heat maps, respectively.

(E) Fixed-carbon starvation induces broad alterations in the maize leaf transcriptome and proteome. mRNA (33,053) and protein (3375) profiles were
quantified by RNA-seq and tandem MS, respectively, from the three mean wild-type biological replicates shown in (D). Shown are log, FC heat maps ranked
by the mean values that were significantly different in abundance, as determined by two-sided ANOVA contrasts (P = 0.05), with an additional FDR cutoff of
=0.05 to correct for multiple comparisons in +/—C samples.

(D) and (E) The lanes represent separate biological replicates, each containing five leaf sections. The analysis of all 405 metabolites and a comparison with
that for nitrogen-starved leaves is shown in Supplemental Figure 2A.

(F) and (G) The most significant GO categories affected by fixed-carbon starvation in wild-type leaves calculated from the data in (E) using a singular
enrichment analysis (+/—C). Shown are —log,, transformed P values of significantly affected transcripts (F) and proteins (G).

stress, light, and response to organic substances were elevated
in response to darkness, while mRNA categories related to
photosynthesis, pigmentation, energy, and carbohydrate and
nitrogen metabolism were suppressed (Figure 1F). Of the 3375
proteins measured by MS, using the precursor ion intensities of
the MS1 scans for quantification, levels of 14% were signifi-
cantly affected (P = 0.05), with a similar number up or down in

abundance in the darkened leaves (252 versus 217; Figure 1E).
Proteome analysis by GO revealed an increase in the ribosome
category and a decrease in the chloroplast stroma category,
with the latter enrichment suggesting that the darkened/fixed-
carbon starved sections were beginning to dismantle their
photosynthetic machinery as a prelude to senescence (Figure
1G).


http://www.plantcell.org/cgi/content/full/tpc.20.00226/DC1

The atg12 Mutants Show Substantially Altered
Metabolomes both Before and during
Fixed-Carbon Starvation

To dissect the relationship between autophagy and fixed-carbon
availability, we compared the responses of darkened versus lit leaf
sections from the wild type versus two UniformMu mutant alleles
in the W22 background that compromised the single locus en-
coding ATG12, which is essential for assembling the ATG8-PE
adduct. The atg712-1 allele behaves as a functional null mutant,
while the atg72-2 allele behaves as a moderate knockdown
mutant based on both genotypic and phenotypic analyses (Li
etal., 2015; McLoughlin et al., 2018; this report). Indeed, principal
component analysis (PCA) of darkened and lit sections from wild-
type versus atg12-1 and atg12-2 leaves showed that both fixed-
carbon starvation and genotype profoundly affected the maize
leaf metabolome, transcriptome, proteome, and ionome, with the
atg12-2 leaves invariably showing an intermediate response
between the wild type and atg712-1 (Figure 2A).

Comparisons of the 405 metabolites analyzed revealed that the
two homozygous atg12 lines have strongly modified metabolism
compared with the wild type under both normal growth conditions
and fixed-carbon starvation, with the levels of 200 metabolites
significantly altered (FC = 1.5 or = 0.7, P = 0.05; Figure 2B;
Supplemental Figure 2B). Like that reported by McLoughlin et al.
(2018) for nitrogen starvation, the atg12 alleles, with or without
fixed-carbon starvation, had lower levels of intact phospholipids
and higher levels of complex lipid breakdown products such as
monoacyl lipids, free fatty acids, oxylipins, and dicarboxylic acids
than the wild type, consistent with a general disruption in lipid
homeostasis in the absence of autophagy, regardless of nutri-
tional status (Figure 2B). Examples of breakdown productsinclude
a 28.1-fold increase in hydroxypalmitate levels, a 45.6-fold in-
crease in levels of the oxylipin 13-hydroxyoctadeca-9,11,15-tri-
enoic acid, and a 9-fold increase in levels of the dicarboxylic acid
azelate (nonanedioate) in atg12-1 leaves (Supplemental Figure 3).
Elevated levels of antioxidants such as rutin (17.3-fold), syringic
acid (6.3-fold), and secoisolariciresinol (7.6-fold) were also seen.

In addition, we observed strong increases in the levels of amino
acids, sugars, organic acids and other simple carbohydrates,
nucleotide metabolites, and components of GSH metabolism
when the atg12 leaves were subjected to fixed-carbon stress, as
illustrated by both heat maps and Cytoscape representations of
the metabolome (Figure 2A; Supplemental Figure 3). Most notable
were a 6.5-fold increase in fructose-6-phosphate levels and a 40.
5-fold increase in levels of the tetraglucosaccharide cellotetraose,
presumably derived from cellulose and/or hemicellulose hydro-
lysis, concomitant with strong reductions in the levels of maltose,
maltotriose, and maltotetraose derived from starch along with
modest but significant reductions in Suc and Fru levels. Pre-
sumably, these changes arose as the atg12 plants attempted to
maintain energy availability in the absence of photosynthesis and
autophagic routes by catabolizing lipids, starch, and other glycans
(Wang et al., 2013; Fan et al., 2019). Despite these changes, the
atg12 mutants showed little effect on photosynthetic capacity,
with the levels of chlorophyll and F and F,,, measures of chlo-
rophyll fluorescence only marginally affected, even in darkened
leaves (Supplemental Figure 1).
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Many of the metabolic changes found here were distinct from
those reported previously in response to nitrogen starvation
(McLoughlinetal.,2018), which were readily apparent by comparing
in Cytoscapeatg12-1 versus wild-type leaves grown with or without
fixed carbon to those grown with or without nitrogen (Figures 3Aand
3B; Supplemental Figure 4). For example, levels of the nitrogen-rich
compounds allantoin and allantoic acid rose 21.2- and 7.4-fold,
respectively, after fixed-carbon starvation but were unaffected by
nitrogen starvation, while the level of the ribonucleoside xanthosine
rose almost 10-fold after nitrogen starvation but was unaffected by
fixed-carbon starvation. Abscisic acid (ABA) also selectively hy-
peraccumulated intheatg12-1 plants under fixed-carbon starvation
(Figure 3B), suggesting that this stress was stronger than nitrogen
deprivation despite being shorter in duration (2 d versus 7 d). Such
elevated stress might also explain why levels of the antioxidant GSH
and its precursors +y-glutamyl-valine and vy-glutamyl-glutamine
were selectively elevated in atg72 leaves exposed to fixed-carbon
starvation (Figures 3A and 3B). Conversely, some metabolites were
selectively upregulated by nitrogen starvation, including several
flavonoids such as quercetin 3-O-glucoside, glucose-6-phosphate
(involved in glycolysis and starch assembly), mannose-6-phos-
phate (important to Golgi function), and sucrose-6-phosphate
(provides a regulatory point for Suc synthesis; Figures 3A and 3B;
Supplemental Figure 4).

Particularly notable was the preferential effect of fixed-carbon
starvation on amino acid levels, which were accentuated by im-
paired autophagy. The levels of most rose in the atg72-1 back-
ground, including Ala, Asn, Asp, Gin, Glu, Gly, His, lle, Leu, Lys,
Phe, Pro, Ser, Thr, Trp, Tyr, and Val (1.4- to 28.4-fold; Figure 3;
Supplemental Figure 3). Interestingly, no significant changes in
abundance were seen for Arg, Met, or Cys, despite the connection
between the latter two and autophagy, TOR, and sulfur metab-
olism (Dong etal., 2017; Lornac et al., 2020). The largest increases
were measured for Asn and Gly, with respective fold increases of
26.4 and 28.4 measured for fixed-carbon starved atg12-1 versus
wild-type leaves (Figure 3; Supplemental Figure 3). In addition, we
noticed strong increases in xanthurenate, 3-hydroxyanthranilate,
NA-acetylornithine, trans-4-hydroxylproline, 2-aminoadipate,
NB-acetyl lysine, and S-adenosylmethionine levels (Figure 3A). As
the first six compounds are catabolic intermediates specific to or
shared among Trp, Arg, Pro,and Lys, their increased levels could
reflect accelerated turnover of these amino acids as alternative
respiratory sources. The increased levels of Leu, Val, and lle were
intriguing given the roles for these branched chain amino acids in
suppressing autophagy in Arabidopsis through their activation of
TOR (Cao et al., 2019). While fixed-carbon starvation strongly
elevated Leu, Val, and lle levels in wild-type leaves, additional
modest but significant increases were seen (1.4- to 1.9-fold) in the
atg12-1 mutant (Figure 3B; Supplemental Figure 3).

To help provide a context to the metabolome data, we binned
the changes seen in the nonstarved versus fixed-carbon
starved wild-type and atg72-17 leaves into specific metabolic
pathways as defined by the Kyoto Encyclopedia of Genes and
Genomes (KEGG) and assessed how individual pathways were
affected using MetaboAnalyst (Chong et al., 2019). As shown in
Figure 2C (left), hypergeometric tests revealed a number of
KEGG metabolic pathways that were significantly altered (as
defined by pathway impact and hypergeometric test P values)
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just by the darkening treatment alone. In line with metabolome Upon comparing the atg72-1 mutant with the wild type, addi-
changes described in Figure 1D, most of the affected categories tional affected categories emerged. In non-starved samples, high
for darkened versus lit wild-type samples were connected to impact and/or a P value of significance were seen for several lipid
various aspects of amino acid and lipid metabolism. pathways (glycerophospholipid and sphingolipid metabolism),
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Figure 2. Fixed-Carbon Starvation and the atg72 Mutations Differentially Affect the Maize Leaf Metabolome.

(A) PCA of the metabolome, transcriptome, proteome, and ionome data sets for wild-type, atg72-1, and atg12-2 leaves (+/—C). The values were determined
fromlog, transformed ion counts forthe metabolomic (n = 5 biological replicates) and ionomic (n = 5 biological replicates) data sets, median-normalized log,
transformed transcript counts for the transcriptomic data sets (n = 3 biological replicates), and log, transformed MS1 precursor ion intensities for the
proteomic data sets (n = 3 biological replicates), with the number of principal components (PCs) set at five. The amounts of variation explained by the first two
components are indicated on the axes, and the numbers represent the PC scores (Z values X eigenvector). The dashed lines outline biological replicates
associated with each genotype/treatment.

(B) Heat maps comparing the abundances of metabolites strongly altered by the atg12 alleles in the second leaf from 2-week-old plants grown for 2 d with or
without fixed carbon (see Figure 1A). In total, 405 metabolites were quantified by LC-MS from five biological replicates, each containing five leaf sections
from the atg12-1 and atg12-2 mutants and the wild type. The relative abundance of each metabolite (+/—C) was normalized to the mean generated with the
wild type within each treatment (+/—C). Shown are log, FC in 200 metabolites that were deemed significantin both atg 12 alleles, as determined by two-sided
ANOVA contrasts (P = 0.05), with an additional FDR cutoff of =0.05 to correct for multiple comparisons (+/—C). Metabolite groupings and subgroupings are
shown along the left and right sides of the heat maps, respectively. Each lane represents a biological replicate. The responses (wild type versus atg72-1) to
fixed-carbon starvation for the full collection of 405 metabolites clustered in Cytoscape along with their chemical names are shown in Supplemental Figure 3.
(C) The metabolomes from atg12 leaves are differentially affected by fixed-carbon starvation compared with the wild type. Metabolic pathway over-
representation and topology analysis are shown for metabolites that differ significantly in the wild type with or without leaf darkening (left) and in both atg72-1
and atg12-2 compared with the wild type grown with (middle) or without (right) fixed carbon. P values reflect the over-representation of each category, while
the pathway impact weighs the importance of the affected metabolites within the pathway. Several significantly affected metabolic pathways/clusters (P <
0.05 and pathway impact > 0.2) are labeled. Yellow boxes highlight pathway impacts < 0.15 and —log,, P < 2.
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Figure 3. The Metabolome of Maize atg12 Leaves Is Strongly Influenced by Fixed-Carbon Starvation.

(A) Effects of the atg72-1 mutation on representative metabolites of the second leaf from plants that were starved of fixed carbon for 2 d. Metabolites were
clustered using Cytoscape based on their metabolic function/pathway; representative subclusters that were differentially affected by fixed carbon are
shown. The sizes of the circles reflect FC in abundance between the wild type and atg72-1; red indicates significantly higher in atg12-1, blue indicates
significantly higher in the wild type, and black indicates no significant difference. For those metabolites with FC > 10, the actual values are included within the
circles. Expanded Cytoscape views of metabolic clusters that are strongly influenced by fixed-carbon starvation are shown in Supplemental Figure 3. A
comparison of the metabolic profiles affected by nitrogen starvation for 7 d (McLoughlin et al., 2018) can be found in Supplemental Figure 4.

(B) Examples of specific metabolites that differentially accumulated in atg72-1 and atg12-2 leaves in response to fixed-carbon and nitrogen starvation. In
each box plot, the center linelocates the median, + indicates the average, the box encompasses the upper and lower quartiles, error bars show the maximum
and minimum of the distributions, and circles identify outlying data points (n = 5 biological replicates).

glyoxylate and dicarboxylate metabolism, Phe and flavonoid darkness and became even more acute upon the loss of au-
biosynthesis, the tricarboxylic acid (TCA) cycle, and starch and tophagy, while other processes, such as GSH and linoleate me-
Suc metabolism (Figure 2C, middle). Notably, when we calculated tabolism, were predominantly altered by the atg72 mutations.

this impact between fixed-carbon starved atg72-1 and wild-type Predicting that our observed effects on carbohydrate metab-
leaves, several additional pathways emerged or became more olism were linked to starch breakdown induced by shading and/or
prominent (Figure 2C). These included metabolic clusters related the lack of autophagy (Wang et al., 2013; Ren et al., 2014; Sulpice
to GSH and amino acid metabolism (Ala, Asp and Glu, Arg and Pro, et al., 2014), we measured starch content in the leaf samples. As
Gly, Ser and Thr metabolism, and Arg biosynthesis), both of which shown by iodine staining (Figure 4A), atg12-1 and atg12-2 leaves
coincided with our observedincreases in the levels of GSH and the accumulated less starch compared with the wild type when keptin
respective amino acids and their precursors/products in these thelight, withtheatg12- 1 leaves being more dramatically affected,
samples (Figures 3A and 3B). Emergent pathways also included while the starch levels in all three genotypes were reduced com-
the GSH, nicotinate, pantothenate and CoA, and B-Ala clusters, mensurately by darkness. Microscopic examination of bundle
along with linoleate metabolism, which surfaced as the most sheath cells surrounding the major and minor leaf veins, which are
significantly affected metabolic pathway in the darkened atg712-1 considered to be major storage points for leaf starch (Miyake and
leaf sections, which is consistent with the increases seen for li- Maeda, 1978; Majeran et al., 2005), revealed strong reductions in
noleate (Figure 2C). Together, these affected categories indi- starch content within these cells in atg12 versus wild-type leaves
cate that amino acid metabolism was severely compromised by (Figure 4B). Both darkness and autophagy also affected starch
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Figure 4. The atg72 Mutations and Fixed-Carbon Starvation Alter Starch/Cellulose Metabolism in Maize.

(A) Leaf starch content is lower in the atg72-7 and atg12-2 mutants than in the wild type (+/—C). Shown are leaf sections obtained from 2-week-old plants
grown for 2 d with or without fixed carbon and stained for starch with Lugol’s iodine.

(B) Cross sections of wild-type, atg12-1, and atg12-2 leaves highlighting the reductions in starch levels in the major and minor leaf veins. Bundle sheath cells
are indicated by asterisks. A minor vein without staining is shown to the right. Bars = 20 pm.

(C) Starch levels, as quantified spectrophotometrically, are depressed by the atg712-1 and atg12-2 mutations (+/—C). Each bar represents the average * sp
of five biological replicates. FW, fresh weight.

(D) Simplified flow chart for starch/cellulose breakdown to fructose-6-phosphate describing changes in associated metabolites, together with changes in
relevant enzymes and their corresponding mRNAs in atg 12 versus the wild type grown without fixed carbon. FC in each metabolite is indicated by the size of
the circle. Red indicates significantly higherinatg12-1, and blue indicates significantly higher in the wild type. FC inthe enzyme abundance is indicated by the
size of the box (up) or diamond (down), whereas FC up or down in the transcript level is indicated by the color of the box/diamond. The numbers below each
enzyme indicate the number of homologous genes or detected proteins in maize (brackets) and the fold changes in transcripts (parentheses) and detected
protein levels (green underline) among the paralogs in atg72 versus the wild type (see example). NS, not significant.

content when measured spectrophotometrically. Whereas atg12-
2 leaves had wild-type levels of starch under normal growth
conditions, the amount in atg72-1 leaves was substantially de-
pressed (4.1-fold; Figure 4C). Fixed-carbon starvation then in-
duced a 12.9-fold decrease in the wild type and 32.3- and 27.2-fold
decreases in atg12-1 and atg12-2, respectively, making the sup-
pression now easily evident for both atg72-1 and atg12-2 leaves
(Figure 4C).

Similarly, we predicted that changes in lipid homeostasis in the
atg12 mutants, instigated by a block in membrane turnover and
lipolysis, would ultimately affect cytoplasmic lipid droplet accu-
mulation. Indeed, both the assembly of lipid droplets and their
turnover have been connected to autophagy in Arabidopsis viathe
degradation of membranes and the conversion of the released
fatty acids to triacylglycerides, which form the core of lipid
droplets, and the subsequent autophagic recycling of lipid droplet



triacylglycerides during starvation for use as respiratory sub-
strates through B-oxidation (Avin-Wittenberg et al., 2015; Fan
etal., 2019). Here, we found that the atg72-1 mutant accumulated
significantly more cytoplasmic lipid droplets under normal growth
conditions (1.45% of cell area) than the wild type (0.56%), as
measured by Nile Blue A staining of leaf mesophyll cells (Jose and
Burgess, 2006), while atg72-2 might have accumulated slightly
more (0.85%), which was consistent with inhibited autophagic
turnover (Figures 5A and 5B). This increase in atg12-1 leaves was
further supported by the increased levels of the Plant UBX domain-
containing10 (PUX10) protein (Figure 5C), which was recently
connected to cytoplasmic lipid droplet turnover (Kretzschmar
etal., 2018). Surprisingly, lipid droplet numbers were unaffected in
wild-type leaves (0.54%) and only marginally reduced in atg12
leaves (1.16%) when subjected to darkness (Figures 5A and 5B),
either suggesting that these lipid stores are not major respiratory
substrates in the absence of fixed carbon or, more likely, that they
are in adynamic equilibrium as membranes are consumed and fed
into respiration.

Autophagy Mutants and Fixed-Carbon Starvation Only
Subtly Alter the Maize Leaf lonome

Given the connections between autophagy and the availability of
inorganic elements (Eguchiet al., 2017; Pottier et al., 2019; Lornac
et al., 2020), we quantified the levels of 20 elements commonly
found in plants by ion-coupled plasma MS. Analysis of the same
set of five leaf samples assayed above for metabolites revealed
subtle changes for individual elements, which became collectively
evident by PCA when comparing the genotypes with or without
fixed carbon (Figure 2A). Interestingly, abundances for arsenic,
calcium, cobalt, iron, magnesium, and nickel were down in atg12
leaves, especially after fixed-carbon starvation, but were relatively
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unaffected for phosphorous and sulfur content (Supplemental
Figure 5; Supplemental Data Set 3). Presumably, these slight
effects connect autophagy to defects in vacuolar transport and/or
storage, but the underlying mechanism was unclear.

Autophagy Mutants Have Altered Transcriptome Profiles

We surmised that changes in gene expression and protein com-
position underpinned the altered metabolomes seen in atg712
versus wild-type leaves with or without sufficient supplies of fixed
carbon. To examine a transcriptional connection, we generated
RNA-seq data sets from the same three mean biological replicates
studied above by metabolomics and ionomics, which were con-
densed to only include ~25,000 shared maize transcripts
(Supplemental Data Set 4). For each genotype/condition, the
replicates showed strong correlations in transcript abundances (0.
98 t0 0.99), thus confirming the reliability of the data (Supplemental
Figure 6A). The affected genes (with or without fixed carbon) were
similar for the atg72-1 and atg712-2 data sets, with strong corre-
lations between the two (0.78 and 0.82 correlation values forthe log,
transformed data), implying that the transcriptomes in both mutants
responded in a similar fashion relative to the wild type (Figure 6A).
This commonality was supported by PCA of the transcriptomes: the
values in atg712-2 leaves were invariably intermediate to those of
wild-type and atg72-1 leaves with or without fixed carbon
(Figure 2A). Surprisingly, the overlap between the significantly af-
fected transcripts (atg72 versus the wild type) in control and fixed-
carbon starved leaves was low (15%), with only 74 shared tran-
scripts, implying that light and/or starvation have a stronger effect
on the mRNA profiles compared with genotype (Figure 6B).
Cross-comparisons identified 493 and 380 individual mRNAs
with significantly altered levels in the atg 12 mutants grown with or
without fixed carbon relative to those in the wild type (FDR = 0.05),
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Figure 5. Lipid Droplets Hyperaccumulate in atg72-1 Leaves.

(A) Visualization of lipid droplets in wild-type, atg12-1, and atg12-2 leaves by Nile Blue A staining. Shown are mesophyll cells from 2-week-old maize plants
grown for 2 d with or without fixed carbon. The fluorescence signals obtained from the Nile Blue A stain and chlorophyll are shown in yellow and magenta,
respectively. Bars = 10 um.

(B) Quantification of lipid droplet content. The area of the lipid droplets in 42 to 84 individual mesophyll cells from the second leaf from two separate plants
was normalized to the size of the cell. In each box plot, the center line locates the median, the box encompasses the upper and lower quartiles, and the error
bars show the maximum and minimum of the distributions. Asterisks indicate statistical significance based on P = 0.05, as calculated by the Tukey-Kramer
method. NS, not significant.

(C) Levels of the lipid droplet-associated protein PUX10. Protein levels were determined by tandem MS of total leaf protein, using the precursorionintensities
in the MS1 scans for quantification. Each bar represents the mean of three biological replicates *+ sp, each analyzed in quadruplicate.
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respectively, with a similar number being upregulated or down-
regulated (Figure 6C). Interesting genes upregulated in atg12
leaves under fixed-carbon starvation included those encoding
CoA synthases, apyrases, ureide permeases, o/-amylases, and
other carbohydrate-related enzymes, together with several
aquaporins, thus further connecting autophagy to fatty acid,
nucleotide, and carbohydrate metabolism and the control of water
transport and/or osmolarity (Supplemental Data Set 4). We vali-
dated the changes in transcript abundance seen by RNA-seq for
several loci using gRT-PCR. Included were mRNAs whose levels
were higher in the wild type (e.g., encoding adenosine kinase),
some that were higher in the atg72 backgrounds (e.g., encoding
B-glucosidase, B-amylase, malate synthase, hexokinase-2, and
ascorbate reductase), and some that were immune to both fixed-
carbon starvation and the atg 72 mutations, such as the mRNAs for
ATG8c and the autophagy cargo receptor NEIGHBOR OF BRCA1
(NBR)-1a (Supplemental Figure 7).

In agreement with our prior analyses (McLoughlin et al., 2018),
atg12 leaves kept in the light showed significant transcriptome

>
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Signif. + C

differences compared with the wild type for a number of GO
categories, consistent with impaired autophagy (Figure 6D). GO
categories upregulated in the atg72 backgrounds include flavo-
noid, pigment, and lipid biosynthesis terms, which at least partially
support the increased flavonoid accumulation, the enhanced
breakdown of phospholipids, and the accumulation of lipid
breakdown products seen in atg12 leaves, respectively. Con-
versely, those GO categories dampened in the atg72 mutants
were consistent with attenuated nutrition and associated nutrient
stress in the absence of autophagic recycling, including carbo-
hydrate biosynthesis, response to nutrients, and response to
hormones (including salicylic acid (SA) and ABA stimuli; Figure
6D).

When we analyzed changes to the transcriptome profiles under
shading/fixed-carbon starvation, a number of new GO terms
emerged that became prominent in the atg72 lines, which were
consistent with photosynthetic deprivation and reduced starch
content (Figure 6D). Included were categories associated with
photosynthesis and redox homeostasis that likely reflected
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Figure 6. Fixed-Carbon Starvation Strongly Influences the Transcriptome of Maize atg72 Leaves.

(A) Theatg12-1 and atg12-2 mutations similarly affect the maize leaf transcriptome. The mRNA profile of the second leaf sections was analyzed by RNA-seq
from 2-week-old wild-type and atg12 plants grown for 2 d with or without fixed carbon (see Figure 1A). Shown are scatterplots of significantly affected
transcripts comparing the log, FC in the two atg 72 alleles versus the wild type (+/—C). The average abundance of each transcript was generated from three
biological replicates. The total number of significantly affected transcripts analyzed is indicated in each plot, along with Pearson’s correlation coefficient
(Corr) and fit (R?) values. Dashed lines show the correlation within each comparison.

(B) Venn diagram showing the overlap of transcripts significantly affected in atg72 versus wild-type leaves (+/—C).

(C) Heat maps showing the log, FC in abundance for leaf transcripts significantly affected by each atg72 allele (+/—C), as determined by the pairwise EBSeq
algorithm, with significant hits having a posterior probability of equal expression < 0.05. Transcripts that were significantly affected in the same direction for
both atg12-1 and atg12-2 were selected in the +C condition (left) or —C condition (right). The abundances were normalized to the average value obtained
from the wild type for each treatment (+/—C).

(D) Log,, fold enrichment/depletion based on a singular enrichment analysis of specific GO terms for transcripts consistently altered in abundance for the
atg12 mutants versus the wild type (+/—C).
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insufficient energy supply, several aspects of amino acid and
carbohydrate metabolism (Asp, amino acid, and precursor me-
tabolite biosynthesis, as well as polysaccharide metabolism), and
more general stress-related terms such as negative regulation
by ABA, response to starvation, and response to nutrients
(Figure 6D). Collectively, the emergent terms pointed to a general
transcriptional response to nutritional stress elicited by the lack
of autophagy, which became more acute under fixed-carbon
deficits.

Both Fixed-Carbon Starvation and Autophagy Mutants
Globally Alter the Maize Proteome

Similar to the previous studies with Arabidopsis and maize (Avin-
Wittenberg et al., 2015; McLoughlin et al., 2018; Havé et al.,
2019), the maize atg12 leaves studied here consistently accu-
mulated more total protein per gram of fresh weight both before
and after fixed-carbon starvation, which was seen by SDS-PAGE
analysis and by bicinchoninic acid (BCA)-based protein quan-
tifications of soluble protein extracts (Figures 7A and 7B). In fact,
atg12-1 leaves had ~2.5 times more total soluble protein than
wild-type leaves when exposed to either the darkened or lit
condition. This increase further supports the notion that au-
tophagy is critical for maintaining general proteostasis in plants,
presumably through the recycling of dysfunctional and un-
wanted proteins/organelles.

To describe in-depth how the maize proteome was affected and
to relate it to the observed metabolomic and transcriptomic
changes, we applied a quantitative MS strategy to monitor protein
abundancesin bulk (McLoughlin etal.,2018). Here, the three mean
biological replicates from each genotype/treatment described
above were analyzed in quadruplicate, with the first two MS runs
analyzed without exclusion and the second two runs analyzed with
exclusion of the 5000 most prominent peptides to increase
analysis depth. To help normalize the data sets, we compiled a list
of 150 leaf proteins whose abundances were relatively consistent
across all backgrounds/treatments (Supplemental Figure 8A;
Supplemental Data Set 5). The average abundance of this list then
provided a normalization factor for each protein in the sample
(ranging from 0.79 to 1.09; Supplemental Figure 8B). This ap-
proach was validated by comparing the collection of abundantly
detected histones, whose levels now also varied little among the
samples after correction (Supplemental Figures 8C and 8D).

One concern was that the MS sampling of proteins would be
biased compared with that for the corresponding transcripts,
given the tremendous depth provided by RNA-seq and the ex-
pectation that some leaf proteins and their corresponding pro-
cesses/locations/functions would be in greater abundance and
thus dominate the MS analysis (e.g., proteins connected to
chloroplasts/photosynthesis). Remarkably, using protein loca-
tions defined by GO as a criterion, we found that the profiles of
detectable proteins versus transcripts were roughly similar (Fig-
ures 8A and 8B). As expected, an over-representation of chlo-
roplast proteins relative to nuclear proteins was seen compared
with those predicted based on mRNAs (chloroplast, 12.5% of
mRNAs versus 21.3% of proteins [1.7-fold enrichment] relative to
nuclear, 15.9% of mRNA versus 9.3% of proteins [0.58-fold de-
pletion]; Figure 8D). However, for other compartments, reasonable
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protein coverages were seen that better agreed with their mRNA
coverages. Overall, this congruity implies that the MS sampling
provided a reasonably unbiased assessment of most cellular
compartments.

In total, quantitative MS data were collected for 3375 leaf
proteins, which showed strong correlations in normalized protein
abundance among the three replicates (0.96 for the log, trans-
formed data; Supplemental Figure 6B; Supplemental Data Set 6),
indicating that this label-free method provided consistent quan-
titative measurements. Cross-comparisons identified 491 pro-
teins with significantly altered levels (FC = 1.5 and = 0.7) in both
the atg712-1 and atg12-2 backgrounds relative to the wild type
(FDR = 0.05). The levels of most proteins (92%) were higher in the
atg12-1 background, which was consistent with the observed
increases in total protein levels (Figure 7E). When the abundances
for the affected protein lists generated from the darkened and lit
samples were compared, high correlations between the atg72-1
and atg12-2 data sets were seen (0.77 and 0.76 correlation values
for the log, transformed data), implying that the proteomes of both
mutants responded in a similar fashion but at different strengths
(Figures 7D and 7E). This commonality was again supported by
PCA: the values for the proteomes of atg72-2 leaves were in-
variably intermediate to those for wild-type and atg712-1 leaves
(Figure 2A). In addition, the heat maps revealed that the ranks for
the proteins with increased or decreased abundance in the two
atg12 backgrounds were similar in both non-starved and starved
samples (Figure 7E). Within the PCA, the variation explained by
PC1 strongly coincided with genotype (34%) while the variation
explained by PC2 coincided with fixed-carbon availability (12%),
implying that the two variables have largely independent effects on
the proteome (Figure 2A). Further supporting the notion that the
proteome was more strongly influenced by genotype (i.e., the
absence of autophagy) than by fixed-carbon starvation was the
considerable overlap in the differentially accumulating proteins
(53%) between atg12 and the wild type regardless of fixed-carbon
availability (Figure 7C).

To help confirm the effect of autophagy on the maize proteome,
we performed immunoblot analysis of total leaf extracts to assess
the levels of representative proteins assigned to specific com-
partments/functions that appeared to be upregulated based on
the MS data. As shown in Figure 7G, strong increases in the levels
of autophagy factors ATG8 and NBR1 and the RPN1, RPN5, and
RPT4 subunits of the 26S proteasome (a confirmed autophagy
substrate) were seen in the atg72-1 mutant; these results are
consistent with a block in autophagy (Thompson et al., 2005;
Marshall et al., 2015; Jung et al., 2020). Also increased were the
levels of catalase (peroxisomes) and the voltage-dependent ion
channel (VDAC; mitochondria), further validating the increase in
various organellar proteins in the atg12 backgrounds. In addition,
we assayed for ascorbate peroxidase and Cys protease-2, which
might help counteract changes in redox potential and the lack of
autophagic turnover, respectively. Levels of both proteins rose in
atg12-1 leaves (Figure 7G), which is consistent with the increases
in their corresponding mRNAs, implying that the increases were
transcriptionally driven (Supplemental Data Set 4).

GO enrichment analysis of affected proteins identified a number
of cellular process/component/location categories whose levels
significantly increased or decreased in response to the atg12
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Figure 7. The Maize Leaf Proteome Is Strongly Influenced by the atg72 Mutations.

(A) and (B) The atg12-1 mutant accumulates more protein than the wild type. Total protein extracted from the second leaf sections from 2-week-old wild-
type, atg12-1, and atg12-2 plants grown for 2 d with or without fixed carbon (see Figure 1A) was separated by SDS-PAGE and stained for protein with silver
(A) orassayed fortotal protein by the BCA assay (B). Nearly equal tissue loading was confirmed by immunoblot analysis with anti-histone H3 antibodies. BCA
assays reflect the mean = sp of three biological replicates, each analyzed in duplicate.

(C) Venn diagram showing the overlap of proteins significantly affected in atg72 versus the wild type (+/—C).

(D) The atg12-1 and atg12-2 mutations have similar effects on the maize leaf proteome. Shown are scatterplots of significantly affected proteins comparing
thelog, FCinthetwoatg12alleles versus the wild type (+/—C). The average abundance of each protein was quantified from the MS1 precursor ion intensities
from three biological replicates, each analyzed in quadruplicate. Significance was calculated using ANOVA contrasts (P = 0.05), with an additional FDR
cutoff of =0.05 to account for multiple comparisons. Proteins that were deemed significant in both atg12 alleles were plotted based on their FC compared
with the wild type. The total number of proteins analyzed in each panel is indicated, along with Pearson’s correlation coefficient (Corr) and fit (R?) values.
Dashed lines show the correlation within each comparison.

(E) Heat maps displaying the log, FC in abundance for those proteins consistently and significantly affected in both atg72 mutants (+/—C). Each lane
represents a biological replicate.

(F) Log;, fold enrichment/depletion using a singular enrichment analysis of specific GO terms for proteins consistently altered in abundance for the atg12
mutants versus the wild type (+/—C).

(G) Immunoblot detection of representative proteins whose abundance was affected by the atg72 mutations. Total protein extracts analyzed in (A) were
subjected to SDS-PAGE and probed with the indicated antibodies. The location or specific function of each protein is indicated. Auto, autophagy-related;
Cyto, cytoplasm; Mito, mitochondrion; Per, peroxisome; Proteasome, subunits of the 26S proteasome; Vac, vacuole.

mutations with or without fixed-carbon stress (Figure 7F). Par-
ticularly notable was a strong overrepresentation of proteins
associated with peroxisomes, ER, Golgi, ribosomes, and pro-
teasomes inatg12 leaves. These results are in agreement with the
previous finding that these organelles/complexes are targets of
autophagy and hence should be stabilized in the atg backgrounds
(Hillwig et al., 2011; Liu et al., 2012; Farmer et al., 2013; Kim et al.,
2013; Marshall et al., 2015; McLoughlin et al., 2018; Havé et al.,
2019; Zhang et al., 2020). Conversely, the thylakoid category was
under-represented in the atg72 mutants (Figure 7F), which is
consistent with the premature senescence of chloroplasts in the
absence of autophagy, whose disassembly could augment me-
tabolism (Izumi et al., 2013; Avin-Wittenberg et al., 2015).

To better define how the maize proteome was influenced by the
atg12 mutations and fixed-carbon starvation, we constructed
volcano plots to compare the level of each of the 3375 shared
proteins in the atg72-1 versus wild-type data sets based on both
log, FC and —log,, P value of significance. As shown in Figure 9A,
the distribution of the collection was substantially skewed toward
the atg12-1 ledger, with 44% (1492 total) of the proteins showing
a significant FC increase but only 6% (195 total) showing a sig-
nificant FC decrease. Again, these findings are consistent with the
increased total protein levels in the atg72 backgrounds (volcano
plots analyzing the behavior of all detected proteins under all
genotype and growth conditions are shown in Supplemental
Figures 8A, 8C, and 8D). The levels of a number of proteins
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2Proteins assigned by GO to multiple compartments were included in each of their respective compartments

Figure 8. Relative Distribution of Leaf Proteins Predicted by RNA-Seq or Detected by MS Based on Cellular Location.

The protein products predicted by RNA-seq and the individual proteins detected by MS were assigned to specific cellular compartments using GO. For
proteins with multiple locations, all possibilities were included in the analysis.

(A) Locations of proteins predicted from the RNA-seq data sets.
(B) Locations of the proteins detected in the MS data sets.

(C) Locations of MS-detectable proteins identified as being more abundant in atg72-1 versus wild-type leaves subjected to fixed-carbon starvation (FC =

1.5, P = 0.05).

(D) Locations of MS-detectable proteins found to be strongly enriched in atg72-1 versus wild-type leaves subjected to fixed-carbon starvation (FC = 4,P =

0.01).

(E) Table of proteins assigned to each cellular compartment as described in (A) to (D). The number of proteins assigned to each category and their

percentage of the total are indicated.

increased substantially in atg72-1 (>16-fold), such as the au-
tophagy components ATG8c, ATG8d, and NBR1, and various
organellar proteins, including urate oxidase (UOX; peroxisome)
and prenylated RAB Acceptor1 (ER/Golgi; Figure 9A). UOX, which
helps direct the synthesis of allantoin from uric acid (which is
subsequently converted to allantoic acid), rose almost 50-fold in
atg12 leaves upon fixed-carbon starvation.

Visualization of the proteome by volcano plots based on
functions and cellular compartment designations highlighted the
global effect of autophagy (Figure 9B), which was then validated
by individual assessments of specific proteins assigned to spe-
cific compartments (Figure 9C). Whereas the levels of proteins
associated with thylakoids were evenly distributed between the
wild type and atg72 with or without fixed-carbon starvation,
proteins associated with peroxisomes, ER, and proteasomes
were more abundant in atg72 leaves, consistent with their be-
havior as autophagy substrates (Liu et al., 2012; Farmer et al.,
2013; Kim et al., 2013; Marshall et al., 2015). Additional volcano
plots focusing on a range of GO categories continued to em-
phasize the importance of autophagy in maintaining the maize
proteome even in the absence of fixed-carbon starvation
(Supplemental Figure 9). Included were the increased levels of

ribosome-associated proteins and factors connected to redox
homeostasis and fatty acid, small molecule, amino acid, nucle-
otide, and GSH catabolism, whose turnover by autophagy was
inferred by their preferential sorting to the atg72-71 ledger. By
contrast, proteins associated with starch metabolism and plas-
toglobules showed little to no changes in atg12 relative to the wild
type, suggesting that the breakdown of starch and chloroplast
lipids is not regulated by the autophagic clearance of key effectors
(Supplemental Figure 9).

This stabilization of peroxisomal, ER, and plasma membrane
proteins in atg712-1 leaves starved for carbon was also evident
from our assignment of total MS-detectable proteins to the main
cellular compartments as described above (Figure 8). For ex-
ample, the percentage of detectable proteins assigned to per-
oxisomesrose from 1.5102.9% forthose with =1.5-fold increases
(P = 0.05) in atg12-1 leaves and rose further to 6.1% if only the
strongly elevated proteins were assessed (=4-fold increases; P =
0.01; Figures 8B to 8E). ER proteins saw similar enrichment
percentages, rising from 1.2 to 2.2% and then to 4.6%. By
contrast, chloroplast proteins became less prominent inthe atg72
datasets, implying that chloroplasts were not strongly targeted for
autophagy under our experimental conditions (i.e., going from
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Figure 9. Plots Highlighting the Changes in Protein Abundance in Maize Caused by the atg72 Mutations.

(A) Volcano plot showing the preferential accumulation of individual proteins in the second leaf sections of 2-week-old atg72-1 versus wild-type plants
grown for 2 d without fixed carbon (—C). Proteins were identified by LC-MS/MS and quantified by their MS1 precursor ion intensities, as in Figure 7. Each
protein (3375 total) was plotted based on its log, FC in abundance (atg72-1/wild type) and its —log,, P value of significance based on three biological
replicates, each analyzed in quadruplicate. Dashed gray lines locate the significance threshold for either FC (=1.5 fold) or —log,, P value of significance
(=0.05). The yellow sectors identify those proteins whose levels and mRNA abundances were not significantly affected (FC < 1.5and P = 0.05). The numbers
of proteins significantly different in the wild type versus atg72-1 (1492 up in atg72-1 and 195 up in the wild type) or unaffected (1688) are indicated. The right
panel highlights the section of the volcano plot containing proteins that were at least fourfold more abundant in atg72 with —log,, P = 0.01. Selected
significantly affected proteins are indicated. Amply detected histones used to validate equivalent sample analysis are shown in orange.

(B) Volcano plot as in (A) showing the preferential accumulation of leaf proteins assigned by GO to specific compartments, processes, or protein complexes
in atg12-1 versus wild-type leaves. Proteins assigned to the chloroplast thylakoid, peroxisome, ER, autophagy, and 26S proteasome are colored in green,
blue, cyan, red, and purple, respectively. Amply detected histones and proteins with other GO classifications are colored in orange and gray, respectively.
(C) Levels of representative leaf proteins affected by the atg72 mutants and/or fixed-carbon starvation. Each bar represents the average *+ sp of three
biological replicates, each analyzed in quadruplicate by MS. Each value was normalized to the average value obtained from the wild type. The known or



21.3% of the total MS-detectable proteins to 13.6% with =1.5-
fold increases and to 8.2% with =4-fold increases in atg712-1
leaves under fixed-carbon stress; Figures 8B to 8E). Furthermore,
cell wall proteins, which are inaccessible to autophagy, were
unaffected by the atg72-1 background, with the number of de-
tectable proteins staying constant when comparing total proteins
with those strongly upregulated in fixed-carbon starved atg72-1
leaf sections (4.8 versus 4.9%; Figure 8E).

Roles for Autophagy and Synthesis in Controlling
Protein Abundances

To obtain a fuller picture of how protein abundances were influ-
enced by autophagic turnover versus synthesis, we compared the
full transcriptome and proteome data sets foratg72- 7 versus wild-
type leaves starved of fixed carbon (McLoughlin et al., 2018).
Strikingly, of the 3311 proteins present in both data sets, 54%
(1782) had FC values at least twofold different for either mRNA or
protein, implying strong transcriptional and/or post-transcriptional
effects (Figure 9D; Supplemental Figures 10A and 10B). Although
this comparison does not account for possible contributions from
translation efficiency or circadian cycles in transcript accumula-
tion, the median value for proteins showed an overall FC increase
of 1.9 in atg72-1 leaves, while that for total mMRNAs was 1.1,
implying that the differences in protein values between the wild
type and mutant were mainly driven by suppressed autophagy.
To identify which cellular functions/locations were affected, we
subdivided the scatterplot into sectors (using a two-fold cutoff)
that showed significant FC increases in mRNA only (orange), both
mRNA and protein (green), and protein only (blue) or FC decreases
in protein only (yellow) and mRNA only (gray; Figure 9D). As
predicted, the most populated sector described significant FC in
protein but not mRNA (blue) and included 38% of the total (1250 of
3311 total).

Strikingly, as seen previously with maize leaves grown under
nutrient-rich conditions (McLoughlin et al., 2018), GO analysis of
the proteins that were upregulated on both the protein and
transcript levels (green sector) and solely on the protein level
(blue sector) in Figure 9D identified a number of protein function/
cellular location categories that were significantly affected by the
atg12 background and/or fixed-carbon starvation (Supplemental
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Figure 10C). In particular, the green sector housed GSH trans-
ferases as the sole significant GO term, indicating that a main
transcriptional response was to direct the synthesis of enzymes
related to GSH production and oxidative stress protection. Sig-
nificant GO terms in the blue sector included categories related to
the cytoplasm, proteasomes, ER, peroxisomes, Golgi bodies, and
clathrin-mediated transport, strongly suggesting that these or-
ganelles/complexes/factors are autophagy targets whose levels
rose in the atg712 backgrounds despite little to no increases in
mRNA (Supplemental Figure 10C). Such roles became more
obvious when we focused on individual proteins associated with
selected GO categories in the mRNA versus protein scatterplots
and determined correlation values (Figure 9E). Whereas proteins
connected to thylakoids had nearly equivalent FC values for
mRNA and protein, with average values of 1.3 and 1.1 for the
atg12-1 mutant versus the wild type, respectively, the average
values for peroxisomes, ER, and proteasomes increased to 4.0, 4.
1, and 3.0, respectively, for protein but were relatively unchanged
for mRNA (1.1, 0.9, and 1.1, respectively).

We also analyzed the gray sector, which focused on mRNAs
downregulated in the wild type versus atg72-1 but had little in-
fluence on protein levels (Figure 9D). When we compared control
versus fixed-carbon starved leaves from the wild-type and atg12-
1 oratg12-2, numerous transcripts were collectively enriched that
binned into GO categories related to photosynthesis, starch
metabolism, and oxidation/reduction (Supplemental Figure 10D).
Presumably, these reductions reflected the transcriptional down-
regulation of photosynthetic potential, as the darkened leaves
began to senescence prematurely (Weaver and Amasino, 2001;
Chung et al., 2009; Brouwer et al., 2012).

High-Resolution Mapping of Maize Metabolism Influenced
by Autophagy and Fixed-Carbon Starvation

Integration of the omics data provided us with the opportunity to
map how autophagy and fixed-carbon stress collectively influ-
enced maize metabolism. Using simplified pathway diagrams for
starch metabolism, TCA/glyoxylate cycles, GSH synthesis, and
nucleotide breakdown as examples, multiple control points reg-
ulated by autophagic turnover and/or transcription became
apparent (Figures 4D and 10A; Supplemental Figure 11). The

Figure 9. (continued).

predicted location of each protein is indicated. Chloro, chloroplast; Cyto, cytoplasm; Mito, mitochondrion; Organ, organelle; Per, peroxisome; Ves, vesicles;
Vac, vacuole.

(D) Scatterplot showing the relationship between changes in protein and mRNA abundances for 3311 proteins in atg72-1 versus wild-type leaves when
grown under fixed-carbon starvation, as determined by plotting the log, FC in mRNA abundance versus the log, FC in protein abundance. The colored
sectors indicate regions that contain proteins and/or mMRNAs whose abundances were altered two-fold or greater by the atg12-1 mutation: yellow, proteins
(but not MRNA) that were more abundant in the wild type; orange, mRNAs (but not corresponding proteins) that were more abundant in atg712-17; blue,
proteins (but not corresponding mMRNAs) that were more abundant in atg72-1; green, proteins and their corresponding mRNAs that were both more
abundant inatg12-1; gray, mRNAs (but not corresponding proteins) that were more abundant in the wild type. The number of transcript/protein pairs in each
sector is shown in parentheses. Differentially affected transcripts/proteins of interest are highlighted. The yellow dashed box outlines those transcripts/
proteins that were not significantly affected in the wild type versus atg12-1 (1529). Amply detected histones and autophagy-related proteins are colored in
orange and red, respectively. The average FC value for all proteins and mRNAs is shown by a white cross.

(E) Scatterplots highlighting proteins from specific cellular compartments/complexes. Pearson’s correlation coefficient (Corr) and fit (R2) values are given for
each selection. The dashed lines show the correlation for the highlighted proteins. The entire collection of transcript/protein values as shown in (D) is shown
in gray. Arepresentative transcript/protein in each compartment is indicated to orient the scatterplots to that in (D). The average FC values for all highlighted
proteins and mRNAs are shown by yellow crosses.
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breakdown of starch, which presumably provided alternative
respiratory substrates in the absence of photosynthesis, ap-
peared to be affected by the steps that convert starch to free
simple sugars, which could potentially contribute to the strong
increase in fructose-6-phosphate levels even in the absence of
photosynthesis (Figure 4D). The upregulated steps in this hy-
drolysis were found to be (1) B-amylases, whose mRNA and
protein levels for the 16 isoforms rose up to 3.5- and 12.9-fold,
respectively; (2) hexokinases, whose mRNA levels rose up to 7.6-
fold; and (3) phosphoglucose isomerase, whose mRNA and
protein levels for the cytoplasmic isoforms rose up to 1.8- and 3.6-
fold, respectively, in atg12-1 leaves experiencing fixed-carbon
starvation (Figure 4D). There was likely little contribution of
a-amylases to transitory leaf starch breakdown given the domi-
nance of B-amylases (Yu et al., 2005) and the finding that the level
of the only detectable a-amylase isoform dropped 10-fold in
atg12-1 leaves under carbon stress (Figure 4D).

Abeneficial side reaction might also be the production of the 1-
4-linked polysaccharide cellotetraose, which could arise from the
partial breakdown of cellulose and/or hemicellulose through
a family of cellulases (or other endo-B-glucosidases) and then be

released as free glucose by a collection of B-glucosidases whose
mRNA and protein levels rose by up to 15- and 4-fold, respectively
(Figure 4D). The end result was vastly diminished starch and
possibly free cellulose/hemicellulose levels, as the plants gen-
erated glycolytic substrates such as fructose-6-phosphate.

In a similar fashion, omics maps of the TCA/glyoxylate cycles
andthe pathways used to generate Asn and Ginlocated key points
controlled by either autophagic turnover and/or transcription
(Figure 10A). The glyoxylate cycle appears particularly influential.
This cycle uses isocitrate lyase to convert isocitrate from the TCA
cycle to glyoxylate and succinate, followed by malate synthase
that generates malate from glyoxylate and acetyl-CoA for eventual
mitochondrial respiration. Notably, both isocitrate lyase and
malate synthase levels rose substantially during fixed-carbon
starvation and then increased again by 7.7- and 4.2-fold, re-
spectively, inthe atg72-1 mutant (Figure 10B). Also intriguing were
the robust increases in aspartate aminotransferase (up to 6.3-fold)
and Asp synthetase (up to 198-fold) that ultimately increased the
levels of Asn by over 26-fold in the atg72-1 background
(Figure 10A). A similar, but not nearly as robust, effect was also
seen for GIn synthesis, where modestly increased levels of
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Figure 10. Maize Autophagy Mutants Upregulate the TCA and Glyoxylate Cycles under Fixed-Carbon Starvation.

(A) Simplified flow chart of the TCA cycle (including the glyoxylate cycle and Asn and GIn metabolism), describing changes in associated metabolites,
together with changes in relevant enzymes and their corresponding mRNAs in atg 12 versus the wild type grown without fixed carbon. FC in each metabolite
is indicated by the size of the circles. Red indicates significantly higher in atg72-1, and blue indicates significantly higher in the wild type. The FC in enzyme
abundance is indicated by the size of the box (up), whereas FC in the transcript level is indicated by the color of the box. The numbers below each enzyme
indicate the number of paralogous genes in maize (brackets) and the FCs in transcripts (parentheses) and detected protein levels (green underlined) among
the paralogs in atg12 versus the wild type (see example). GABA, y-aminobutyric acid; NS, not significant. Predicted enzyme locations are as follows: cy,

cytoplasm; mi, mitochondrion; pe, peroxisome.

(B) Effect of the atg 72 mutants and/or fixed-carbon starvation on the abundance of isocitrate lyase and malate synthase within the glyoxylate cycle. Protein
abundances were normalized to the average value obtained from wild-type samples (+C). Bars represent the average =+ sp of three biological replicates,

each analyzed in quadruplicate by MS.



succinate appeared to be converted to y-aminobutyric acid and
ultimately to GIn via the sequential action of glutamate de-
carboxylase and glutamine synthase (Figure 10A).

Ultimately, the upregulated TCA and glyoxylate cycles appear
to terminate with increases in mainly Asn, whose concentrations
are tightly correlated with the expression levels of ASPARAGINE
SYNTHASE1 (ASN1) in Arabidopsis (Lam et al., 1994, 2003). We
hypothesize that this increase provides a way to store assimilated
nitrogen during the respiratory catabolism of amino acids, which
could then be used as an amide nitrogen donor to restore amino
acid pools or synthesize other nitrogenous compounds. Also
surprising was the 28.4-fold increase in Gly levels (Figure 10A).
Gly might be used to support C1 metabolism and to generate
glyoxylate and Glu, as the mRNA and protein levels of the rele-
vant enzyme, glycine transaminase, increased up to 2.1- and
5.5-fold, respectively, while the levels of the upstream enzyme
threonine aldolase, which converts Thrto Gly, increased up to 5.2-
and 4.5-fold, respectively, in fixed-carbon starved atg12-1 leaves
(Figure 10A).

The enhanced levels of both GSH and GSH synthase inatg12-1
leaves upon fixed-carbon starvation prompted us to evaluate the
routes that generate this tripeptide reductant, which is essential
for oxidative stress protection (Hasanuzzaman et al., 2019). Im-
portant features appeared to be the increases in the levels of
Ser and Glu, which are eventually used to generate the y-linked
Glu-Cys dipeptide intermediate, partially through increases in
O-acetylserine lyase and oxoprolinase, whose protein levels rose
up to 3.6- and 3.7-fold in atg712-1 versus wild-type leaves starved
of fixed carbon (Supplemental Figure 11A). The y-L-glutamyl-L-
cysteine intermediate is then fused with Gly viaan a-linked peptide
bond by GSH synthase, whose level also rose 2.4-fold. Also of
interest was the cycle of enzymes, namely dehydroascorbate
reductase and GSH reductase, which increased inabundance by
up to 2.4- and 2.8-fold, respectively. Dehydroascorbate re-
ductase consumes reduced GSH to generate GSSG, and GSH
reductase then regenerates GSH (Supplemental Figure 11A).
GSH thereby provides the reducing power (through ascorbate)
needed to consume hydrogen peroxide and related oxidants
(Hasanuzzaman et al., 2019).

Consistent with the autophagic recycling of nucleotides, we
detected increased levels of guanosine monophosphate and ul-
timately elevated amounts of the nitrogen-rich ureide allantoin and
its acyclic metabolite allantoic acid, which stem from purine ca-
tabolism. Their levels rose 21.2- and 7.4-fold, respectively, in
atg12-1 leaves without fixed carbon compared with the wild type
(Supplemental Figure 11B). While it was plausible that these in-
creases were simply driven by increases in the level of the per-
oxisomal enzyme UOX that converts urate to the allantoin
precursor 5-hydroxyisourate, which rose 48.5-fold without
a commensurate increase in its MRNA level, a similar increase in
UOX protein level (47.3-fold) was seen in atg72-1 leaves under
carbon-replete conditions but without commensurate increases
in allantoin or allantoic acid levels (Figures 3B and 9C). Conse-
quently, other mechanisms must exist to influence allantoin/al-
lantoic acid levels beyond changes in detectable UOX protein
levels. More modest increases in protein but notmRNA levels were
also seen for xanthine dehydrogenase and hydroxyisourate hy-
drolase, which bracket UOX in the pathway starting from the purine
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xanthine (2.6- and 3.0-fold increases, respectively; Supplemental
Figure 11B). UOX is abundant in glyoxysomes, suggesting that its
elevated level is at least partially induced by the conversion of
peroxisomes to glyoxysomes during shading combined with
suppressed turnover of this organelle in the atg72 background
(Hauck et al., 2014). As discussed below, the allantoin and allantoic
acid products could represent a mechanism used to store as-
similated nitrogen, as nucleotides are consumed by respiration in
the absence of autophagy and photosynthesis, as well as providing
adistinct stress signal (Takagi et al., 2016). Beyond these examples,
we expect that further integration of the omics data sets will identify
other aspects of maize metabolism that are influenced by au-
tophagy and/or fixed-carbon starvation.

DISCUSSION

It is becoming increasingly evident that autophagy is central to
plant cell homeostasis and metabolic regulation through its ability
to recycle intracellular nutrients, maintain sufficient amino acid
and fixed-carbon pools, and eliminate dysfunctional or unwanted
proteins, lipids, and organelles (Yang and Bassham, 2015; Havé
etal.,2017; Marshall and Vierstra, 2018b). Here, using leaf shading
to induce fixed-carbon starvation combined with non-targeted
metabolomic, transcriptomic, proteomic, and ionomic analyses,
we provide compelling in-depth evidence for how autophagy
influences numerous aspects of the maize metabolome and
proteome. As with our previous studies on nitrogen starvation
(McLoughlin et al., 2018), a strength of this approach was the use
of the same samples for each of the omics profiles, which when
combined with multiple biological and technical replicates en-
abled us to make statistically robust connections among the data
sets. The proteomic strategy provided reasonably good coverage
of most, it not all, cellular compartments and could be aligned with
~30% of the total maize transcripts, suggesting that the method
surveyed most cellular functions/processes. Theresults were also
bolstered by exploiting a strong and weak allele affecting ATG12,
which helped confirm the observed trends by PCA and other
correlative comparisons.

Furthermore, our ability to match changes in metabolites with
changes in protein and mRNA levels allowed us to identify pro-
cesses directly influenced by autophagy, transcript levels, or
a combination of the two. For example, the increased levels of
proteasomes in the atg72 mutants appeared to derive from the
lack of autophagy alone, while the increased levels of peroxisome-
type organelles appeared to be driven both by a block in au-
tophagy and by transcriptional mechanisms.

A central feature of our study was the use of partial leaf shading
to assess fixed-carbon stress. While the 2-d treatment had little
effect on the photosynthetic machinery of the darkened sections,
as evidenced by minimal loss of chlorophyll and F, and F .,
fluorescence measures of photosynthetic potential, they were
clearly responding, based on substantially reduced levels of
starch and altered metabolomes, transcriptomes, and proteomes.
Similar to prior studies (Palenchar et al., 2004; Gutiérrez et al.,
2007), GO analyses (+/— darkness) detected strong reductions in
transcripts associated with photosynthesis and carbohydrate and
nitrogen metabolism but increases in transcripts associated with
stress and light, which were paralleled by significant reductions in
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chloroplast stromal proteins, all of which were consistent with the
beginnings of dark-induced leaf senescence (Weaver and Ama-
sino, 2001; Chung et al., 2009; Brouwer et al., 2012).

The atg12 mutants appear to revert to a skotomorphogenic
habit (i.e., nonphotoautotrophic growth) involving the trans-
formation of peroxisomes to glyoxysomes to enhance fatty acid
B-oxidation, which was supported by dark-induced increases in
the levels of the glyoxysomal enzymes isocitrate lyase and malate
synthase along with increased levels of allantoin and allantoic acid
in the darkened area. These changes were also paralleled by in-
creased levels of free fatty acids such as linoleate, which could
either stimulate lipid droplet assembly or reflect increased lipid
droplet catabolism. Although further experiments are needed to
validate this dynamic, we suspect the latter scenario, given that no
changes in chloroplast-localized phospholipases were observed
(e.g., PLA; Figure 9C), together with the upregulation of peroxi-
somal/glyoxysomal transcripts/proteins mentioned above. Alto-
gether, these data strongly implicate the engagement of
alternative protein and lipid catabolic processes in response to
starvation in the absence of autophagy to help maintain sources of
respiratory substrates.

Of all our omics analyses, the ionome was least affected by
genotype and darkness, which probably reflected the use of
mature leaves that were no longer expanding and had little
control overion availability. However, we did notice astrong drop
in iron content in atg712 leaves after fixed-carbon starvation
(Supplemental Figure 5), which might reflect a strategy to miti-
gate oxidative stress by reducing iron availability (Connolly and
Guerinot, 2002). A decrease in magnesium content was also
seeninatgi2leavesthatcouldberelatedtotheslightdecreasein
photosynthesis and chlorophyll content seen in the mutants
(Supplemental Figure 1).

Prior studies on maize atg72 mutants grown with or without
nitrogen revealed general roles for autophagy in lipid turnover,
secondary metabolism, and the accumulation of antioxidants
through the selective clearance of individual proteins, protein
complexes, and organelles, as well as indirectly through tran-
scriptional upregulation (McLoughlin et al., 2018). Our analysis of
leaves undergoing fixed-carbon starvation induced by shading
added to this notion by connecting autophagy to amino acid
homeostasis, starch and lipid droplet metabolism, and nucleotide
recycling. Particularly notable was the robust consumption of
starch in atg712 leaves beyond that induced by darkness, pre-
sumably reflecting an alternative avenue to source respiratory
substrates in the absence of photosynthesis and autophagy.
Substantially elevated levels of glutathione (GSH and GSSG) and
related antioxidants in the darkened atg 72 section would provide
further protection against energy deprivation. Also striking were
the increased levels of nitrogen-rich compounds such as Asn,
allantoin, and allantoic acid. These increases might reflect
a mechanism to store assimilated nitrogen, as the carbon skel-
etons from various metabolites were consumed to maintain en-
ergy production through glycolysis and the TCA cycle. The
increased levels of these nitrogen-rich compounds could also
reflect accelerated senescence, as atg12 leaves begin to export
nutrients to sink tissues. The overall picture seen here with maize
was largely consistent with previous, less-in-depth studies of
Arabidopsis andrice, thus reinforcing the notion that autophagy is

central to nutrient, protein, lipid, and organelle recycling (Izumi
etal., 2013; Kurusu et al., 2014; Masclaux-Daubresse et al., 2014;
Avin-Wittenberg et al., 2015; Barros et al., 2017; Fan et al., 2019).

Previous omics studies identified a number of potential
autophagy substrates based on their increased levels in atg
backgrounds, which could not be explained by increased levels of
the corresponding mRNAs (McLoughlin et al., 2018; Havé et al.,
2019). Our work validates a number of these examples, such as
peroxisomes, mitochondria, Golgi bodies, ER, ribosomes, and
proteasomes, and adds new targets, including proteins con-
nected to glycolysis and fatty acid and amino acid metabolism.
Given that these metabolic routes likely associate into dynamic
metabolon complexes to enhance substrate channeling and
regulate flux (Sweetlove and Fernie, 2018), it is possible that one or
more of the assembled subunits bear AIM or UIM sequences to
help tether the organelles/complexes to ATG8 lining the engulfing
autophagic vesicles (Marshall and Vierstra, 2018b). Possible ex-
amples could be PEX10, COPI coatomers, several clathrin
adaptors, and VDAC, which might bear AIM or UIM sequences that
could help dock peroxisomes, cytoplasmic lipid droplets, Golgi
bodies, and mitochondria, respectively (Marshall et al., 2019). The
strong increases in levels of the AIM-containing ubiquitin binding
protein NBR1 inatg12 plants also supportits role as an autophagic
receptor for ubiquitylated protein aggregates (Svenning et al.,
2011; Jung et al., 2020). The levels of both the CDC48 hexamer
and its regulatory subunit UFD1 increased in atg12 leaves (3.5-
and possibly up to 40-fold, respectively). This observation is
consistent with the recent finding that autophagy controls the
levels of this disaggregase complex, which is important for pro-
teostasis (Marshall et al., 2019). Further studies on atg plants
subjected to various stress treatments and chemical inhibitors
should further validate the role(s) of these potential autophagic
receptors.

A striking feature of our omics work was the distinctions seen for
atg12 leaves undergoing fixed-carbon stress versus nitrogen
stress, strongly implying that the two deficiencies have distinct
physiological consequences in the absence of autophagy. For
example, while nitrogen deficiency did little to affect amino acid
pools, substantial rises in glutathione (GSH and GSSG) and most
amino acid levels were evident in atg72 leaves starved for fixed
carbon, especially for Asn, which increased over 28-fold. Allantoin
and allantoic acid levels also rose selectively during fixed-carbon
starvation, while the levels of glucose-6-phosphate and fla-
vonoids such as quercetin-3-O-glucoside rose selectively during
nitrogen starvation. Another compound that would have informed
us on the influence of autophagy on the glyoxylate cycle would be
its central metabolite glyoxylate; unfortunately, our MS-based
profiling did not measure this compound, leaving us to pre-
sume its importance based on the profiling of closely related
metabolites and their corresponding enzymes within the pathway.

The reasons underpinning these differences between nitrogen
and fixed-carbon deficiencies are not completely clear. While they
could arise from the severity of the stress (absence of light versus
limiting amounts of nitrogen), likely explanations are related to how
the two stresses affect energy availability, the carbon/nitrogen
balance, and autophagy. Whereas nitrogen is often replenished
from stored forms, thus allowing leaves to survive nitrogen stress
by acquiring assimilated nitrogen from other tissues such as roots,
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fixed carbon in source tissues such as mature leaves is typically
replenished locally, with photosynthesis and starch metabolism
providing the daytime and nighttime supplies (Lattanzi et al., 2005;
Graf et al,, 2010; Wang et al., 2013). At the molecular level,
anumber of genes have been identified that selectively respond to
nitrogen, fixed carbon, or a combination of the two, including
factors involved in protein turnover (Palenchar et al., 2004; Gu-
tiérrez et al., 2007; Zheng, 2009). How plants respond to carbon/
nitrogen balance and which compounds are used for storage/
transport might also differ among species. For example, whereas
the transcriptional expression of the Gin-dependent Asp syn-
thetase gene ASNT, which is central to nitrogen storage and
transport, is suppressed by fixed carbon in Arabidopsis (Lam et al.,
1994), homologous ASN transcripts and proteins were strongly
upregulated in maize (this report). Autophagy is also differentially
affected by available nitrogen and carbon. As Arabidopsis ex-
amples, whereas the autophagic turnover of proteasomes is ro-
bust under nitrogen stress, it is only modestly upregulated under
fixed-carbon stress (Marshall and Vierstra, 2018a), while only
prolonged fixed-carbon stress activates autophagy in-
dependently of the ATG1 kinase but through SnRK1 (Huang et al.,
2019).

Previous studies showed that etiolated Arabidopsis atgb
seedlings undergoing fixed-carbon starvation after germination
experienced a drop in amino acid levels (Avin-Wittenberg et al.,
2015), while in the current study, we observed increased levels of
most amino acids in mature maize leaves, suggesting that de-
velopmental differences exist with respect to the autophagic
control of amino acid metabolism. Because fixed-carbon stress is
expected to repress translation through the TOR/SnRK1 signaling
pathways (Liu and Bassham, 2010) and might activate other
proteolytic routes, the rise in free amino acid levels seen here
might reflect repressed translation and/or activation of other
proteolytic pathways needed to maintain sufficient amino acid
pools and respiration in the absence of autophagy. The ubiquitin-
proteasome system is thought to be a contributing proteolytic
route (Brouquisse et al., 1998), but the increased levels of 26S
proteasome subunits seen here in fixed-carbon starved atg712
leaves might be more connected to failed proteasome turnover via
proteaphagy than to the upregulation of the complex (Marshall
et al., 2015). Alternatively, myriad other plant proteases could
become engaged in this process (van der Hoorn, 2008), but we
failed to find a consistent upregulation of their corresponding
mRNAs in atg12 leaves under fixed-carbon starvation, and saw
few of the proteins that rose to detectable levels as determined by
tandem MS. However, a few were significantly upregulated, in-
cluding increased mRNA levels for specific subtilisin-, aspartyl-,
and Cys-type proteases (Supplemental Figure 12) and increased
protein levels for one or more Cys proteases (Figure 7G). It is also
possible that the synthetic/catabolic pathways foramino acids are
altered in atg backgrounds; unfortunately, we have yet to find
convergent themes given their complexity and unrelatedness
(Hildebrandt et al., 2015).

Despite our primitive understanding of how autophagy affects
amino acid pools, a specific case can be made for the strongly
increased levels of Asn and modest increases in Gin in fixed-
carbon starved atg12 leaves. As these amino acids are often used
for storage and long-distance transport (Hildebrandt et al., 2015),

Roles for Autophagy during Fixed-Carbon Starvation 2717

their elevated levels could reflect a strategy to both store as-
similated nitrogen derived from other amino acids consumed by
dark-induced respiration and to transport the fixed nitrogen out of
the darkened section as it undergoes senescence, which were
both accelerated by the atg72 mutations. Such incorporation
would have the added benefit of capturing highly toxic free am-
monia released as a by-product of amino acid breakdown
(Esteban et al., 2016).

Like Asn and Gin, the dramatically increased levels of allantoin
and allantoic acid in the atg72 mutants under fixed-carbon star-
vation might have an analogous purpose. Both ureides are gen-
erated in peroxisomes and essentially represent a mechanism to
retain and mobilize assimilated nitrogen derived from purine ca-
tabolism (Takagi et al., 2016). In fact, legumes use allantoin and
allantoic acid more globally as vehicles for transporting and
storing symbiotically fixed nitrogen (Smith and Atkins, 2002).
Recent studies on Arabidopsis plants treated with allantoin or
blocked in allantoin synthesis or catabolism have also connected
allantoin to seedling establishment by regulating peroxisome
function and to stress protection by increasing the levels of os-
moprotectants and the stress hormones ABA and jasmonic acid
(Watanabe et al., 2014; Takagi et al., 2016). Consequently, it is
possible that allantoin has hormone-like activity in maize, and thus
theincreased level seeninatg12leaves experiencing fixed-carbon
deficits might represent a direct stress signal. The increased ABA
levels seen in atg12 leaves could in turn be a secondary effect
triggered by heightened allantoin levels. Clearly, further analyses
of maize mutants altered in allantoin biosynthesis and metabolism
are needed to test this intriguing possibility.

We notethat two other metabolites, trehalose-6-phosphate and
shikimic acid, are thought to function as metabolic stress signals in
Arabidopsis that influence sugar and amino acid turnover in
response to carbon deficits. In our studies with maize, neither
fixed-carbon starvation nor the atg72 mutations affected treha-
lose-6-phosphate levels and only modestly increased shikimate
levels (approximately two-fold), suggesting that maize leaves do
not rely on these metabolites as signals. By contrast, both fixed-
carbon stress and the atg72 mutations synergistically increased
ABA levels, which might be the key stress hormone signal under
these conditions. SA-induced senescence might also function as
a secondary response in Arabidopsis autophagy mutants sub-
jected to nitrogen starvation (Masclaux-Daubresse et al., 2014;
Havé et al., 2019). For maize, no changes in SA levels were ob-
served in the atg72 mutants grown under either nutrient-rich or
nitrogen- or fixed-carbon-deficient conditions (McLoughlin et al.,
2018; this report). Nor were diagnostic SA-induced genes upre-
gulated, such as PAD4 and PR1 involved in SA biosynthesis and
signaling, respectively, even though GO analysis identified re-
sponse to SA as a significant category (Figure 6D). Consequently,
we are uncertain whether maize activates an SA-mediated stress
response in the absence of autophagy.

Taken together, the maize omics analyses described here
combined with prior studies (Wang et al., 2013; Masclaux-
Daubresse et al., 2014; Avin-Wittenberg et al., 2015; Barros
etal.,, 2017; Hirota et al., 2018; McLoughlin et al., 2018; Fan et al.,
2019; Havéetal., 2019; Izumi et al., 2019) illustrate the importance
of autophagy to plant physiology through its effect on energy flux,
lipid and carbohydrate turnover, and the composition and
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housekeeping of plant proteomes. Nevertheless, it remains in-
triguing that mutants null for macroautophagy (and possibly mi-
croautophagy) are phenotypically normal and produce progeny
(albeit at lower efficiency) when grown in nutrient-rich conditions
(Doelling et al., 2002; Li et al., 2015; Barros et al., 2017; Sera et al.,
2019), strongly implying the existence of robust metabolic net-
works that can overcome these deficiencies and backup mech-
anisms that can mitigate energy and proteotoxic stress when
autophagy is blocked. Our proteomic analyses also provide alarge
data set of potential autophagic substrates that presumably ex-
tends the reach of autophagy to many cellular compartments and
most, if not all, aspects of plant growth, development, and stress
protection. Of the 605 proteins whose levels rose over four-fold in
carbon-starved atg12 plants (P = 0.01; Figure 9D), 86% displayed
little change in the corresponding mRNA levels (0.5 < FC < 2) and
thus represent candidate autophagy substrates for further study.
Eventually, through such an integrated approach, a number of
autophagy-dependent and energy-related processes should
emerge whose manipulation could be exploited to modify crop
metabolism and ultimately optimize yield and stress resilience,
especially as they pertain to nutrient recycling.

METHODS

Plant Materials, Growth Conditions, and Phenotypic Analysis

The maize (Zea mays) atg12-1 (mu02975) and atg12-2 (mu02196) mutants
generated by UniformMu transposon mutagenesis of the W22 inbred
background were grown as described by Li et al. (2015) and McLoughlin
et al. (2018). Plants used for omics analyses were grown in a randomized
arrangement in Metromix 360 soil (SunGro), which was subsequently
fertilized with modified Hoagland solution containing 15 mM nitrogen. After
2 weeks of growth in a controlled environment chamber at 25°C undera 16-
h-light/8-h-dark long-day photoperiod provided by 300 umol m=2 s—1
white light, the middle part of the second leaf was tightly covered with
aluminum foil for 2 d (Figure 1A). In the early afternoon (between 1:00 and
2:00 pwm), the leaf section 1 cm inside the covering was harvested; samples
from five leaves were pooled for each biological replicate, ground to a fine
powder in liquid nitrogen, and stored at —80°C. To visualize starch content,
count lipid droplet numbers, and measure F, and F,,, chlorophyll fluo-
rescence, the plants were grown in a greenhouse for 14 d at 300 wmol m—2
s~ light, and the middle part of the second leaf was covered as above for
2d.

Metabolome and lonome Profiling

Leaf sections from five biological replicates were subjected to unbiased
metabolite profiling using four independent platforms in conjunction with
Metabolon (www.metabolon.com), as previously described by McLoughlin
et al. (2018). Each platform employed a Waters ACQUITY ultra-high-
performance liquid chromatograph in combination with a Q-Exactive Plus
high-resolution/accurate mass spectrometer (Thermo Fisher Scientific)
interfaced with a heated electrospray ionization source and an Orbitrap
mass analyzer operated at 35,000 mass resolution (Evans et al., 2009;
Ohta et al., 2009). The tissues were extracted, dried, and reconstituted in
solvents compatible to each of the four platforms, each of which was
spiked with a collection of MS standards at fixed concentrations to as-
sess injection and chromatographic consistency. Hydrophilic compounds
were separated with a C18 column (Waters UPLC BEH C18;2.1 X 100 mm,
1.7 um) by a water/methanol gradient containing 0.05% (v/v) per-
fluoropentanoic acid and 0.1% formic acid and analyzed in positive ion

mode. More hydrophobic compounds were separated with the same C18
column by a methanol/acetonitrile/water gradient containing 0.05% (v/v)
perfluoropentanoic acid and 0.01% formic acid and analyzed in positive ion
mode. More basic compounds were separated with a second C18 column
by a methanol/water gradient containing 6.5 mM ammonium bicarbonate
(pH 8.0) and analyzed in negative ion mode. Additional compounds were
separated with a HILIC column (Waters UPLC BEH-amide; 2.1 X 150 mm,
1.7 um) by a water/acetonitrile gradient containing 10 mM ammonium
formate (pH 10.8) and analyzed in negative ion mode. All four MS analyses
alternated between MS and data-dependent MS scans using dynamic
exclusion.

Metabolites (405 total) were identified by automated comparisons with
the retention times, ion features, and MS/MS fragmentation patterns of
a reference chemical library (Supplemental Data Set 7; Dehaven et al.,
2010). Metabolite abundances were normalized based on the values
obtained from metabolites considered least variable among the samples
(sp/average) to correct for technical variations. Compounds were clustered
into subgroups based on function and/or metabolic pathway and plotted
using Cytoscape (Shannon et al., 2003).

Elemental ion profiles were obtained from all five biological replicates by
jon-coupled MS as described by McLoughlin et al. (2018) at the USDA-
Agricultural Research Service Plant Genetics Facility at the Donald Dan-
forth Plant Science Center. Lyophilized and pulverized leaf samples (~75
mg) were digested in 2.5 mL of HNO,, mixed with "In (BDH Chemicals) as
an internal standard, and heated to 105°C for 2 h before analysis (Ziegler
et al., 2013).

Transcriptome Profiling

Total RNA was extracted from 50 to 100 mg of powdered leaf tissue using
an RNeasy Plant Mini kit (Qiagen). mRNA was then enriched by poly(A)
selection and deep sequenced (>21 million reads per sample) as 100-mers
using the lllumina HiSeqg-2500 platform (DNA Sequencing Facility, Uni-
versity of Wisconsin Biotechnology Center). Raw data were processed as
described by McLoughlin et al. (2018). Transcripts were aligned to the B73
reference files Zea_mays_AGPv3.31.gff3 and Zea_mays.AGPv3.31.dna.
toplevel.fafrom ENSEMBL Plants (http://plants.ensembl.org) using Bowtie 2
(Langmead and Salzberg, 2012), with the default settings set at very_sen-
sitive. The fragment-length-mean and fragment-length-sd parameters are
summarized in Supplemental Data Set 8.

qRT-PCR Analysis

One microgram of total RNA isolated as described above was treated with
DNase | (Invitrogen), converted to cDNA using the SuperScript Ill first-
strand synthesis system (Invitrogen) and oligo(dT),, primers, and subjected
to gRT-PCR using a CFX Connect Real-time PCR Detection System (Bio-
Rad) in combination with the LightCycler 480 SYBR Green | master mix
(Roche Diagnostics) as described by McLoughlin et al. (2018). The relative
transcript abundance for each locus was determined by the comparative
threshold cycle method (Pfaffl, 2001), using the Fpgs (GRMZM2G393334)
and Lug (GRMZM2G425377) reference genes as internal controls (Manoli
et al., 2012). Two technical replicates were analyzed for each of three
biological replicates; all transcript measurements were then normalized to
the values obtained from non-starved W22 leaves. Details of oligonucle-
otide primers are provided in Supplemental Data Set 9.

Proteome Profiling

Proteins were extracted at 4°C from pulverized leaf tissue into 50 mM
HEPES (pH 7.5), 5 MM Na,EDTA, 2 mM DTT, and 1X plant protease in-
hibitor cocktail (Sigma-Aldrich; Aguilar-Hernandez et al., 2017), using
a Pyrex Potter-Elvehjem tissue grinder (Fisher Scientific). After clarification
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by centrifugation at 16,000g, 150 p.L of the protein extract was precipitated
in 4:1:3 (v/v) methanol:chloroform:water and collected by centrifugation
(McLoughlin et al., 2018). The resulting pellet was lyophilized to dryness,
resuspended in 100 pL of 8 M urea, and reduced at 22°C for 1 h with 6 L of
200 mM DTT, followed by alkylation with 25 pL of 200 MM iodoacetamide
for 1 h. The reaction was quenched with 25 pL of 200 mM DTT, diluted with
900 p.L of 25 mM ammonium bicarbonate to reduce the urea concentration
below 1.5 M, and digested overnight at 37°C with 0.5 ug of sequencing-
grade modified porcine trypsin (Promega). The resulting peptides were
lyophilized to a final volume of ~250 ulL, acidified with 0.5% (v/v) tri-
fluoroacetic acid (pH < 3.0), and desalted and concentrated usinga 100-p.L
Bond Elut OMIX C18 pipette tip (Agilent Technologies) according to the
manufacturer’s instructions. Bound peptides were eluted in 50 pL of 75%
(v/v) acetonitrile and 0.1% acetic acid, lyophilized, and resuspended in
20 pL of 5% (v/v) acetonitrile and 0.1% formic acid. Each sample was
analyzed in quadruplicate; the first two runs were performed without an
exclusion list, while the third and fourth runs were performed with an
exclusion list containing the 5000 most abundant peptides that were
detected in the first two runs, to increase sample coverage by maximizing
the suppression of abundant peptides (McLoughlin et al., 2018). Raw MS2
files from all four runs were merged, resulting in two technical replicates per
sample. Additional mass spectrometric details are described by McLoughlin
et al. (2018).

The resulting MS data sets were queried by Proteome Discoverer
(version 2.0.0.802; Thermo Fisher Scientific) against the maize B73 pro-
teome database (Zea-mays.AGPv3.21.pep.all from www.maizegdb.org)
and a list of common protein contaminants. Peptides were assigned by
SEQUEST HT (Eng et al., 1994), allowing a maximum of two missed tryptic
cleavages, aminimum peptide length of 6, a precursor mass tolerance of 10
ppm, and fragment mass tolerances of 0.02 D. Carbamidomethylation of
Cys and oxidation of Met were specified as static and dynamic mod-
ifications, respectively. Protein abundances among genotypes/conditions
were normalized based on the average values from 150 proteins con-
sidered least variable among the samples (sp/average; Supplemental Data
Set 5), which was validated by comparing the abundances of amply de-
tected histones (McLoughlin et al., 2018).

Immunoblot Detection

Abundances of representative proteins that were affected by the atg72
backgrounds were verified by immunoblot analysis using available anti-
bodies at the indicated dilutions: ATG8 (1:1000; Thompson et al., 2005),
NBR1 (1:3000; Jung et al., 2020), Cys protease2 (1:1000; Agrisera AS16
3110), catalase (1:1000; Agrisera AS09 501), ascorbate peroxidase
(1:5000; Agrisera AS06 180), VDAC (1:500; Subbaiah et al., 2006), RPN1
(1:3000; Yang et al., 2004), RPN5 (1:3000; Smalle et al., 2002), and RPT4
(1:3000; Gemperline et al., 2019). Immunoblot detection of histone H3 with
anti-histone H3 antibodies (1:100,000; Abcam AB1791) was used to
confirm nearly equal protein loading. Silver staining of the crude protein
extract was conducted as described by McLoughlin et al. (2018).

Starch, Chlorophyll, and Protein Quantification

Starch was assayed using the protocol described by Smith and Zeeman
(2006). Pulverized leaf tissue (~200 mg) was heat extracted for3minin5mL
of 80% (v/v) ethanol and clarified by centrifugation at 5000g for 10 min. The
pellet was rewashed twice with 80% ethanol, dried, resuspended in 3 mL of
water, and heated to the boiling point for 10 min. The gelatinized starch
granules (500 pL) were mixed with 500 pL of 200 mM sodium acetate (pH
5.5) and incubated at 37°C for 4 h, either alone or after mixing with 6 units of
amyloglucosidase (Roche) and 1 unit of a-amylase (Roche) to convert
starch to glucose. After clarification, glucose in the supernatant was
measured spectrophotometrically at 340 nm based on the formation of
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NADH in the presence of 1 unit of hexokinase and 1 unit of glucose-6-
phosphate dehydrogenase (Roche) in 1 mL (total volume) of 100 mM
HEPES (pH 7.5), 0.5 mM ATP, 1 mM NAD, and 4 mM MgCl,. Reaction
volumes were adjusted between 20 and 500 pL, depending on the
treatment/genotype, to ensure signal linearity. OD,,, values for control
samples were subtracted from the values of digested samples to account
for spurious hydrolysis. Starch content was calculated by dividing the
change in OD,,, by the millimolar extinction coefficient of NADH (6.22) and
multiplied by the mass of anhydroglucose (162 D; Smith and Zeeman,
2006). Five independent biological replicates were measured for each
genotype/treatment.

To detect starch by iodine staining, leaf sections were heated to the
boiling point in 80% (v/v) ethanol for ~20 min to remove chlorophyll, in-
cubated for 10 min in a 1:10 dilution of Lugol’s iodine solution (Ward’s
Science, Weigert formulation, 470301-328), and washed twice in water
(Dinges et al., 2003). Cross sections were hand dissected and visualized
using a BX60 epifluorescence microscope, a PlanApo 60X oil objective
(numerical aperture 1.40), and a DP 72 camera (Olympus). Total protein
content was determined using a Pierce BCA protein assay kit (Thermo
Fisher Scientific). Protein from equal amounts of tissue (fresh weight) was
extracted from pulverized tissue, precipitated with methanol/chloroform as
described by McLoughlin et al. (2018), and assayed using BSA as the
standard.

Chlorophyll and Photosynthesis Efficiency Assays

Chlorophyll content was measured spectrophotometrically from the
second leaf of 14-d-old plants grown at 25°C, after extracting 300 mg of leaf
tissue into 5 mL of 80% (v/v) acetone (McLoughlin et al., 2018). Photo-
synthetic efficiency was measured in situ based onthe Fyand F,,, values of
chlorophyll fluorescence as described by Tschiersch et al. (2017). Plants
were dark adapted and fluorescence was measured in a closed FluorCam
800MF (Photon Systems Instruments) using the following settings: shutter = 1,
sensitivity = 30, act1 = 100, act2 = 0, super = 100; F;: duration = 2's, period =
200 ms; F,.: pulse duration = 960 ms; a1 = Fj duration + 40 ms, a2 = al +
480 ms (n = 3).

Lipid Droplet Quantification

For the lipid droplet assays, plants were grown for 14 d and subjected to
fixed-carbon starvation as above. The second leaf of each plant was
harvested at 1:00 pwm, stored on ice, and stained with 125 mg/L Nile Blue A
for 15 min after the epidermis was peeled (Jose and Burgess, 2006). Lipid
droplets were imaged with a 780 Zeiss laser-scanning microscope
equipped with a 40X objective (numerical aperture 1.10), using excitation/
emission wavelengths set at 488/550 to 620 nm, respectively. Z-stacks
containing 10 slides were obtained in 1-um increments starting at the
cortical sides of the mesophyll cells (total thickness = 10 um). Lipid droplet
areas were calculated and normalized to the total area of each cell with NIH
ImagedJ (https://imagej.nih.gov/ij). For each genotype, 42 to 84 mesophyll
cells from the second leaves of two separate plants were analyzed.

Mapping Metabolic Pathways

Changes in metabolite, protein, and/or transcript abundances were
superimposed onto metabolic pathway maps obtained from Metabolon
(www.metabolon.com) and the KEGG maps as modified for the maize
metabolome (https://www.genome.jp/kegg-bin/show_organism?menu_
type= pathway_mapsandorg=zma). Transcripts and proteins were as-
sociated with their corresponding metabolic conversions using KEGG; if
multiple transcripts or proteins were identified, the FC range was indicated
for each.
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Statistical Analyses

Statistical analyses of the metabolites were conducted using the Qiagen
Array Suite software package (www.omicsoft.com/array-studio/) and R
(www.cran.r-project.com/). Following log, transformation and imputation
of missing values, ANOVA contrasts identified metabolites whose con-
centrations differed significantly among experimental groups (P = 0.05;
McLoughlin etal., 2018). FDRs were calculated for multiple comparisons to
estimate the significant difference in a metabolite above the P value cutoff.
Metabolites whose levels significantly differed in both atg 72 alleles, or were
significant in one and approached significance in the other (0.05 =P < 0.1),
were normalized to their wild-type equivalent to generate heat maps in
Perseus (Tyanova et al., 2016). A similar approach was applied to study the
effect of fixed-carbon starvation on wild-type leaves where only the sig-
nificantly affected metabolites (P = 0.05) were selected and plotted.
Comparisons between the effects of fixed-carbon and nitrogen starvation
were conducted using the nitrogen-starvation data sets described by
McLoughlin et al. (2018), which were obtained from the same leaf at
aslightly older developmental stage (3 weeks versus 2 weeks). PCAamong
genotypes was calculated in Perseus using a Benjamini-Hochberg FDR
cutoff of 0.05 without relative enrichment. Based on the composite
Z-scores for each of the 405 metabolites, the three biological replicates
with values closest to the mean response were further evaluated by
transcriptomic and proteomic analyses.

Metabolic topology-based pathway over-representation analyses of
significantly altered metabolites were conducted using MetaboAnalyst
(Chong et al., 2019). Metabolites were assigned to pathways within the
Arabidopsis (Arabidopsis thaliana) KEGG pathway library and tested for
pathway over-representation using a hypergeometric test. Pathway impacts
were calculated using relative-betweeness centrality, which accounts for the
positions of the metabolites within the pathway to provide an estimate of
pathway importance. P values reflected the over-representation of each
category, while the pathway impact weighed the importance of the affected
metabolites within the pathway.

Significant differences in starch levels, lipid droplet area, ion content,
and transcript abundances (as measured by gRT-PCR) were determined
using one-way ANOVA followed by Tukey’s posthoc test to correct for
multiple comparisons using SPSS (http://www-01.ibm.com/software/
analytics/spss/). Differentially expressed transcripts in the RNA-seq data
sets were identified by EBSeq v1.12.0 (Leng et al., 2013), using pairwise
comparisons between genotypes/conditions. Library sizes were median-
normalized prior to 10 iterations of the EBtest algorithm set to a 5% FDR
threshold. Only those genes showing consistent differential expression
(posterior probability of equal expression = 0.05) in both atg72-1 and
atg12-2 versus the wild type were used for comparisons.

Protein identifications based on FDR = 0.05% were included in the
analysis and grouped according to the principle of parsimony (strict). Label-
free MS1 quantification was performed as previously described by Silva
et al. (2006) using Proteome Discoverer with a minimum Quan value
threshold set to 0.0001 using unique peptides and “3 Top N” peptides used
for area calculation. The resulting values were log, transformed, and
missing values were imputed assuming a normal distribution, a width
distribution shrinkage of 0.3, and a downshift of 1.8 standard deviations,
using the Perseus computational platform (Tyanova et al., 2016). Signifi-
cant changes in protein abundance were calculated by ANOVA contrasts (P
= 0.05), excluding proteins with FDR > 0.05 in either or both atg72-1 or
atg12-2 to account for multiple comparisons.

Enrichments of GO protein categories were identified by the AgriGO v2
analysis toolkit (Tian et al., 2017), using a singular enrichment analysis
(Z. mays AGP v3.30), where the lists of identified proteins provided the
reference to avoid biases toward abundantly detected GO categories.
Displayed GO categories were selected based on their uniqueness,
significance, and degree of completeness. Pearson’s correlation co-
efficient and fit (R2) values were calculated in Perseus (Tyanovaetal., 2016).

Cellular location(s) of individual proteins predicted from the RNA-seq data
sets or identified by MS were assigned by GO. For proteins with multiple
locations, all possibilities were included in the analysis.

Accession Numbers

The gene identifiers for the various genomic loci and corresponding
proteins (GRMZM locators) derived from the genomic sequence of the
reference B73 cultivar available at http://www.maizegdb.org can be found
in the various Supplemental Data Sets. The raw data for the metabolomic,
jonomic, transcriptomic, and proteomic data sets can be found in
Supplemental Data Sets 3, 7, 10, and 11, respectively. RNA-seq data sets
were deposited at the National Center for Biotechnology Information
Sequence Read Archive database under the submission number
PRJNA606338 (https://www.ncbi.nim.nih.gov/sra). The .raw, .msf, and
xml files for the MS data sets are available in the ProteomeXchange
database under accession number PXD017077 within the PRIDE re-
pository (http://www.proteomexchange.org/). Protein identifiers and the
corresponding gene accession numbers for the catalog of maize proteins
identified here are provided in Supplemental Data Set 6. If any data sets are
unavailable through the links stated above, they can be obtained from the
corresponding author upon request.

Supplemental Data

Supplemental Figure 1. The fixed-carbon starvation regime has
a minimal effect on photosynthesis.

Supplemental Figure 2. Autophagy defects and fixed-carbon and
nitrogen starvation differentially affect the maize leaf metabolome.

Supplemental Figure 3. Cytoscape survey of metabolite changes in
wild-type (WT) versus atg72-1 maize leaves after fixed-carbon
starvation.

Supplemental Figure 4. Cytoscape surveys of metabolites in wild-
type (WT) versus atg72-1 maize leaves that are differentially affected
by fixed-carbon or nitrogen starvation.

Supplemental Figure 5. Autophagy and fixed-carbon starvation have
modest effects on the maize leaf ionome.

Supplemental Figure 6. The maize leaf transcriptomic and proteomic
data sets were consistent when comparing biological replicates.

Supplemental Figure 7. gRT-PCR verifying the effect of the atg72
mutations and fixed-carbon starvation on the abundance of represen-
tative maize transcripts.

Supplemental Figure 8. Volcano plots showing the effect of the atg12
mutations on the maize leaf proteome from samples grown with or
without fixed carbon.

Supplemental Figure 9. Proteins from specific GO subcategories
differentially accumulated in wild-type (WT) and atg72 maize leaves.

Supplemental Figure 10. Fold changes in mRNA and protein
abundances comparing wild-type (WT) versus atg72-1 and atg12-2
maize leaves grown with or without fixed carbon.

Supplemental Figure 11. Maize autophagy mutants upregulate
glutathione and purine metabolism during fixed carbon starvation.

Supplemental Figure 12. Changes in abundance for transcripts
encoding several maize proteases in atg12 versus wild-type leaves.

Supplemental Data Set 1. ANOVA tables.

Supplemental Data Set 2. Metabolome analysis: WT versus atg12
+/— carbon.
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Supplemental Data Set 3. lonome raw data: WT versus atg72 +/—
carbon.

Supplemental Data Set 4. Transcriptome analysis: WT versus atg12
+/— carbon.

Supplemental Data Set 5. Normalization protein list and values used
for sample correction.

Supplemental Data Set 6. Proteome analysis: WT versus atg12 +/—
carbon.

Supplemental Data Set 7. Metabolome raw data: WT versus atg12
+/— carbon.

Supplemental Data Set 8. Transcriptomics fragment length and
correlation variation values.

Supplemental Data Set 9. Oligonucleotide primers used for gqRT-
PCR.

Supplemental Data Set 10. Transcriptome raw data: WT versus atg12
+/— carbon.

Supplemental Data Set 11. Proteome raw data: WT versus atg12
+/— carbon.
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