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(ATGS8a), and bZIP transcription factor 87 (bZIP87). Plants
comprising the constructs and methods of using the plants
are also provided.
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MANIPULATING AUTOPHAGY TO
ENHANCE NUTRIENT UTILIZATION AND
CROP RESILIENCE

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This patent application claims the benefit of U.S.
Provisional Application No. 63/749,220 filed on Jan. 24,
2025, the entire contents of which are incorporated herein by
reference.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

[0002] This invention was made with government support
under 1840687 awarded by the National Science Founda-
tion. The government has certain rights in the invention.

SEQUENCE LISTING

[0003] The contents of the electronic sequence listing
(96029604740_SL.xml; Size: 17,084 bytes; and Date of
Creation: Jan. 19, 2026) are herein incorporated by reference
in their entirety.

BACKGROUND

[0004] Current agricultural practices heavily rely on the
application of fertilizers, which are both expensive and
polluting, contributing to 5% of the global greenhouse gas
emissions. Plants can recycle cellular components to maxi-
mize growth under low nutrient conditions through a cellular
process called autophagy. Autophagy is the primary pathway
that controls the degradation of organelles and cytoplasmic
components for nutrient recycling and cellular protection in
all eukaryotes. In animals, the targeted activation of
autophagy through intermittent fasting, exercise, and dietary
modifications results in multiple health benefits and pro-
longed lifespan. Whereas autophagy is an essential process
for animal survival, it is not for plants because plants have
developed additional multilayered cellular recycling path-
ways that allow them to adjust their growth to environmental
cues and survive under fluctuating environments. Most of
these adaptive strategies reduce growth under unfavorable
conditions.

[0005] Accordingly, there is a remaining need in the art for
a more detailed analysis of autophagy components and their
regulation in plants to establish methods for recycling nutri-
ents more efficiently, increasing plant productivity, improv-
ing stress resistance, and decreasing fertilizer application.

SUMMARY

[0006] Genetically modified plant cells and methods of
using and generating these plant cells and plants derived
from the cells are provided. The methods and plants pro-
duced by the methods demonstrate increased stress tolerance
and yield for the plants and decreased fertilizer requirements
for the plants. The genetically modified plant cells and plants
comprise a heterologous promoter operably connected to a
polynucleotide encoding at least one protein selected from
the group consisting of ATG1, ATG8 (ATGRa), ATGY,
ATG12, bZIP87, and combinations thereof.

[0007] In another aspect, methods of increasing at least
one phenotypic trait of a genetically modified plant as
compared to the non-genetically modified control plant are
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provided. The genetically modified plant is modified to
over-express at least one autophagy protein including at
least one of ATG1, ATGS, ATG9, ATG12, bZIP87. The
methods may include introducing an expression cassette
with a promoter operably connected to a polynucleotide
encoding at least one autophagy protein including at least
one of ATG1, ATGS8, ATG9, ATG12, bZIP87 into cells of the
plant and growing the plant. The phenotypic trait increased
may be one of biomass, yield, stress tolerance, heat toler-
ance, and low fertilizer tolerance or a decrease in need for
fertilizer or amount of fertilizer.

[0008] In another aspect, methods of decreasing the
amount of fertilizer used to grow plants are provided. These
methods include growing a genetically modified plant that
overexpresses at least one of ATG1, ATGS, ATG9, ATG12,
bZIP87 as compared to a control non-modified plant. The
plant may comprise a promoter operably connected to a
polynucleotide encoding at least one of ATG1, ATGS8, ATG9,
ATG12, and bZIP87. The genetically modified plant may be
provided at least 10% less fertilizer as compared to a control
plant to produce similar results.

[0009] In yet another aspect, methods of generating plants
with increased stress tolerance or yield are provided. The
methods include growing a genetically modified plant that
overexpresses at least one of ATG1, ATG8, ATG9, ATG12,
bZIP87 as compared to a control non-modified plant. The
plant may comprise a promoter operably connected to a
polynucleotide encoding at least one of ATG1, ATGS8, ATG9,
ATG12, and bZIP87. The genetically modified plant may
have increased stress tolerance or increased yield as com-
pared to a control plant.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] FIG. 1 illustrates the higher biomass phenotype of
4-week old W22 maize seedlings overexpressing YFP-
Atg8a under either high (15 mM NO;~) or low N (0.15 mM
NO;7), as compared to the corresponding wild-type W22
seedlings under the same N treatment.

[0011] FIG. 2 shows higher biomass production in the
4-week-old plants of FIG. 1. Plants overexpressing YFP-
Atg8a exhibit higher biomass than the wild-type W22 con-
trol plants, under either (A) high Nitrogen (15 mM NO;™) or
(B) low Nitrogen (0.15 mM NO,"). Biomass was measured
by calculating shoot fresh weight (gr). Asterisks denote
statistical differences between WT (W22) and YFP-Atg8
seedling (t-test; p<0.05). Bars indicate standard deviation.
[0012] FIG. 3 illustrates the higher chlorophyll phenotype
of 4-week old maize seedling leaves overexpressing YFP-
Atg8a. Higher chlorophyll can be observed under both high
N (15 mM NO;7) (bottom, left) or low N (0.15 mM NO;7)
(bottom, right) treatments, as compared to wild-type W22
seedlings for each N treatment (top).

[0013] FIG. 4 shows higher total chlorophyll content of
the 4-week-old plants of FIG. 3. Higher chlorophyll content
(mg/g fresh weight (FW)) was observed under both (A) high
N (15 mM NO;7) and (B) low N (0.15 mM NO;") treat-
ments, as compared to wild-type W22 seedlings for each N
treatment. Asterisk denotes statistical differences between
WT (W22) and YFP-Atg8 seedling (t-test; p<0.05). Bars
indicate standard deviation.

[0014] FIG. 5 illustrates field-grown maize plants overex-
pressing mCherry-Atg9 (top, right) or YFP-Atg8a (bottom,
right), as compared to control plants expressing only
mCherry (top, left) or wild-type W22 plants (bottom, left),
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respectively. This experiment was conducted under conven-
tional growing conditions (high N).

[0015] FIG. 6 shows biomass accumulation of the plants
of FIG. 5. Biomass measurements were collected on (A)
shoot height (cm) per plant, (B) shoot dry weight (gr)
(DW=stem DW and total leaf DW), and (C) total chloro-
phyll content (mg/g FW). Asterisk denotes statistical differ-
ences between both overexpressing mCherry-Atg9 and
YFP-Atg8a, as compared to their controls, mCherry and
wild-type W22, respectively (t-test; p<<0.05). Plants express-
ing mCherry-Atg9 exhibited significantly greater plant
height and shoot dry weight than mCherry control plants.
Plants expressing YFP-Atg8a exhibited significantly greater
plant height but lower shoot dry weight than W22 control
plants. No significant differences were observed for total
chlorophyll for either mCherry-Atg9 or YFP-Atg8a plants,
as compared to their respective control plants. Bars indicate
standard deviation.

[0016] FIG. 7 shows several phenotypes of maize plants
overexpressing YFP-Atg8a and mCherry-Atg9 as grown in
the field. Phenotypes include (A) pollen production (cm?)
per plant, (B) number of days for tasseling per plant, and (C)
the period between the release of pollen and the formation
of stigmas (ASI) per plant. Plants expressing mCherry-Atg9
or YFP-Atg8a produced a significantly greater volume of
pollen, a smaller number of days to tasseling, and a smaller
AS], as compared to mCherry and W22 control plants,
respectively. Asterisk denotes statistical differences between
both overexpressing mCherry-Atg9 and YFP-Atg8a and
their control mCherry and W22 (t-test; p<0.05).

[0017] FIG. 8 illustrates more fully developed ears har-
vested from field-grown maize plants overexpressing
mCherry-Atg9 (top, right) or YFP-Atg8a (bottom, right), as
compared to mCherry or W22 control plants (left), respec-
tively, under high N.

[0018] FIG. 9 shows grain yield components as measured
from the ears of FIG. 8. Yield components include (A)
number of ears per plant, (B) number of kernels (grains) per
plant, and (C) dry weight of 20 kernels (gr) per plant. Plants
expressing mCherry-Atg9 or YFP-Atg8a produced a signifi-
cantly greater number of ears per plant, a greater number of
kernels per plant, and a greater 20-kernel dry weight per
plant, as compared to mCherry and W22 control plants,
respectively. Asterisk denotes statistical differences between
both overexpressing mCherry-Atg9 and YFP-Atg8a and
their control mCherry and W22 (t-test; p<0.05).

[0019] FIG. 10 shows quantification of phenotypic param-
eters of maize plants overexpressing mCherry-Atg9 (mCh-
Atg9) or mCherry alone (mCh) grown in the field. Three
independent transformation events were analyzed. Biomass
accumulation measured as plant height (A), fresh weight
(FW) and water content of stem (B and C), leaves per plant
(D), and FW and water content of leaves (E and F). Asterisk
denotes statistical differences between overexpressing
mCherry-Atg9 and mCherry lines (n=10, t-test; p<0.05).
Bars indicate standard deviation.

[0020] FIG. 11 shows yield of maize plants overexpress-
ing mCherry-Atg9 or mCherry and grown in the field. The
yield was measured as the number of ears (A and B), ear
fresh weight (FW) (C), number of kernels (grains) per plant
(D), dry weight (DW) of 100 kernels (gr) per plant (E) and
total yield (Kermnel DW) per plant (F). Asterisk denotes
statistical differences between mCherry-Atg9 and mCherry
control plants (n=10, t-test; p<0.05).

Jul. 30, 2026

[0021] FIG. 12 shows phenotypic characterization of
maize plants overexpressing YFP-Atg8a grown in the field.
Only one transformation event is available for YFP-Atg8a.
Biomass accumulation measured as plant height (A), fresh
weight (FW) and water content of stem (B and C), leaves per
plant (D), and FW and water content of leaves (E and F).
Asterisk denotes statistical differences between both over-
expressing YFP-Atg8 and W22 (n=10, t-test; p<0.05). Bars
indicate standard deviation.

[0022] FIG. 13 shows yield of maize plants overexpress-
ing YFP-AtgRa in the field. The yield was measured as the
number of ears (A and B), ear FW (C), number of kernels
(grains) per plant (D), and the dry weight (DW) of 100
kernels (gr) per plant (E) and total yield per plant (F).
Asterisk denotes statistical differences between overexpress-
ing YFP-Atg8a control W22 (n=10, t-test; p<0.05).

[0023] FIG. 14 shows the phenotype of maize plants
overexpressing mCherry-Atg9 grown under nitrogen star-
vation. Biomass accumulation in control condition for
mCherry and mCherry-Atg9 (A and B, respectively), and
under nitrogen starvation for mCherry and mCherry-Atg9 (C
and D, respectively), for three independent transformation
events measured as plant height (E), leaf area (F), chloro-
phyll content as SPAD values (G) and leaf area over time
(H). Asterisk denotes statistical differences between plants
overexpressing mCherry-Atg9 and mCherry (n=5, t-test;
p<0.05). Bars indicate standard deviation.

[0024] FIG. 15 shows the phenotype of maize plants
overexpressing YFP-Atg8a grown under nitrogen starvation.
Biomass accumulation in control conditions for W22 and
YFP-Atg8a (A and B, respectively), and under nitrogen
starvation for W22 and YFP-Atg8a (C and D, respectively),
measured as plant height (E), leaf area (F), chlorophyll
content as SPAD values (G) and leaf area over time (H).
Asterisk denotes statistical differences between both over-
expressing mCherry-Atg9 and mCherry (n=5, t-test; p<0.
05). Bars indicate standard deviation.

[0025] FIG. 16 shows pollen and ear production of maize
plants overexpressing mCherry-Atg9 or YFP-Atg8a, grown
under nitrogen starvation. Pollen volume (A), ears with
kernels (seeds) per plant (B), and number of kernels per
plant (C and B) for mCherry and mCherry-Atg9 lines under
either control or nitrogen starvation conditions. Pollen vol-
ume (E) and number of ears per plant (F) for W22 and
YFP-Atg8a under control and nitrogen starvation condi-
tions. The asterisks represent significant differences between
genotypes for the control and nitrogen starvation treatments
(n=5, t-test; p<0.05).

[0026] FIG. 17 shows the phenotypes of maize seedlings
overexpressing Zip87, Atgla, and Atgl2 grown under either
high (15 mM NO;7) or low N (0.15 mM NO;"). Images of
2" leaves (A), and graphs showing chlorophyll content (B),
shoot height (C), and shoot FW (D) in 4-weeks-old plants
under control or N starvation conditions. Asterisk denotes
statistical differences between control line (mCherry E7) and
the overexpressing lines seedling (n=4, t-test; p<0.05). Bars
indicate standard deviation.

DETAILED DESCRIPTION

[0027] The present invention provides novel DNA con-
structs for producing transgenic plants. The DNA constructs
encode autophagy proteins and transcriptional regulators
involved in autophagy in plants. Plants and plant cells
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comprising the constructs and methods of using the geneti-
cally modified plants are also provided.

[0028] In the present application, the inventors have
developed novel constructs and methods for increasing
autophagy in plants. By conducting multi-omic and gene
network analyses, the inventors identified key genes that
mediate various steps in autophagy, including autophagy
genes and transcription factors of autophagy, in plants. The
proteins encoded by these key genes include Autophagy-
related Protein 1 (ATG1), Autophagy-related Protein 8a
(ATGS8a), Autophagy-related Protein (ATG9), Autophagy-
related Protein 12 (ATG12), and bZIP transcription factor 87
(bZ1P87). As described in the Examples, the inventors
developed constructs comprising a heterologous promoter
and one or more of the autophagy genes, transcriptional
regulators of autophagy, or combinations thereof. The con-
structs were then expressed in trans in plant cells and plants
to increase protein expression, and the phenotypes of the
resulting plants were measured. More specifically in the
initial examples, at least one of ATG8a and ATGY genes
were fused to marker genes (YFP or mCherry) and expres-
sion was driven by the heterologous maize Ubiquitin-1
promoter (ZmUbil) to allow tracking of expression and
increase their expression, respectively, as compared to the
wild-type control plants. The constructs were transformed
into maize and backcrossed to inbred lines W22 and LH244.
Further constructs for expressing each of the listed proteins
without a corresponding marker fusion were generated and
plants generated from these constructs were also evaluated
and found to perform similarly.

[0029] The transgenic plants were then grown in the
greenhouse and under field conditions and subjected to
variable rate fertilizer application treatments. Phenotypic
traits of commercial importance (e.g., biomass, yield, stress
resistance, and low fertilizer tolerance) were measured, as
compared to the control plants. The inventors discovered
that transformed greenhouse-grown plants exhibited greater
biomass, yield and stress resistance than the control plants
under low N. The inventors are also conducting similar
experiments under low N in the field. These results indicate
that overexpressing autophagy proteins leads to an increase
in nutrient utilization efficiency, which will allow for a
reduction in fertilizer application while still achieving the
same phenotype or even greater productivity as compared to
non-transformed plants as shown in the Examples. Thus, the
constructs and methods of the invention provide additional
genetic tools for increasing autophagy and reducing fertil-
izer application in maize. Several of these genes and proteins
are highly conserved in sorghum (over 88% identity), and
rice and homologs of the proteins described here may be
overexpressed in these plants as well.

Modified Plants and Plant Cells

[0030] The present invention provides a genetically modi-
fied plant cell comprising a promoter operably connected to
a polynucleotide encoding at least one protein selected from
the group consisting of ATG1, ATG8a, ATGY, ATG12,
bZIP87, and combinations thereof. The promoter may be a
heterologous promoter to allow for over-expression of the
proteins.

[0031] As demonstrated in the Examples, generating plant
cells and plants genetically modified to increase the expres-
sion of several autophagy proteins by expressing them in
trans using the maize ZmUDbil heterologous promoter
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resulted in plants having desirable phenotypic traits such as
a reduced need for fertilizer. The key proteins identified
mediate various steps in autophagy in plants, including
autophagy proteins Autophagy-related Protein 1 (ATG1),
Autophagy-related Protein 9 (ATG9), Autophagy-related
Protein 12 (ATGI12), Autophagy-related Protein 8a
(ATGS8a), and bZIP transcription factor 87 (bZIP87). These
proteins were overexpressed in plant cells by introducing the
polynucleotides encoding these proteins into plant cells. The
polynucleotides were operably connected to a heterologous
promoter to allow for increased expression as compared to
a plant or plant cells to which the polynucleotides encoding
at least one protein selected from ATG1, ATG8a, ATGY,
ATG12, bZIP87, or combinations thereof, were introduced.
In the Examples, the inventors utilized proteins from maize
to genetically modify maize plants. However, the invention
may be used with a “homolog” protein, a protein related to
a second protein by descent from a common ancestral
protein. In addition, while the inventors used maize proteins
in their constructs, “ortholog” proteins, or proteins separated
by speciation, may also be used. For example, maize genes
may be used in a distinct crop plant such as sorghum, or
sorghum autophagy protein orthologs may be used in maize.
[0032] As used herein, the terms “protein” or “polypep-
tide” or “peptide” may be used interchangeably to refer to a
polymer of amino acids. A “protein” as contemplated herein
typically comprises a polymer of naturally occurring amino
acids (e.g., alanine, arginine, asparagine, aspartic acid, cys-
teine, glutamine, glutamic acid, glycine, histidine, isoleu-
cine, leucine, lysine, methionine, phenylalanine, proline,
serine, threonine, tryptophan, tyrosine, and valine).

[0033] In some embodiments, one or more of these spe-
cific proteins, or a variant(s) thereof, is/are utilized. As used
herein, a “variant” refers to a protein having an amino acid
sequence that differs from a disclosed protein reference. A
variant may have one or more insertions, deletions, or
substitutions of an amino acid residue relative to a reference
molecule. For example, a disclosed protein variant may have
one or more insertion, deletion, or substitution of at least one
amino acid residue relative to the reference disclosed pro-
teins (SEQ ID NOs: 2, 4, 6, 8, and 10) disclosed herein. A
variant may also refer to a polynucleotide having a sequence
that differs from a disclosed polynucleotide reference. One
or more variant(s) may arise due to natural genetic variation
between lines or cultivars of the same species or due to
artificial sequence variation due to sequencing errors or
instrument biases. Such variation manifests in sequence
databases, such as NCBI, as multiple accession versions of
the same gene or protein. It is important to account for such
unavoidable variation that is real or artificial.

[0034] A “deletion” in a disclosed protein or polynucle-
otide refers to a change in the amino acid or nucleotide
sequence resulting in the absence of one or more amino acid
or nucleotide residues. A deletion may remove at least 1, 2,
3, 4, 5, 10, 20, 50, 100, 200, or more amino acid or
nucleotide residues. A deletion of a reference polypeptide
may include an internal deletion and/or a terminal deletion
(e.g., an N-terminal truncation, a C-terminal truncation or
both).

[0035] “Insertions” and “additions” in a disclosed protein
or nucleotide refers to changes in an amino acid or nucleo-
tide sequence resulting in the addition of one or more amino
acid or nucleotide residues. An insertion or addition may
referto 1, 2, 3, 4, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100,
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150, 200, or more amino acid or nucleotide residues. A
variant or homolog of a disclosed protein may have N-ter-
minal insertions, C-terminal insertions, internal insertions,
or any combination of N-terminal insertions, C-terminal
insertions, and internal insertions.

[0036] A “substitution” in a disclosed protein refers to a
change of at least one amino acid or nucleotide in a sequence
to another amino acid or nucleotide. A substitution may be
a single amino acid or nucleotide substitution or more than
one amino acid or nucleotide. An amino acid substitution
may be a conservative change preserving the size and
hydrophobicity of the original amino acid or may change
either the length of the amino acid side chain or the charge
or reactive group associated with the amino acid side chain.
A nucleotide substitution may be a conservative change or
deleterious change.

[0037] Disclosed protein sequence identities may be mea-
sured over the length of an entire defined polypeptide
sequence, for example, as defined by a particular SEQ 1D
number, or may be measured over a shorter length, for
example, over the length of a fragment taken from a larger,
defined polypeptide sequence, for instance, a fragment of at
least 15, at least 20, at least 30, at least 40, at least 50, at least
70 or at least 150 contiguous residues. Such lengths are
exemplary only, and it is understood that any fragment
length supported by the sequences shown herein, in the
tables, figures or Sequence Listing, may be used to describe
a length over which percentage identity may be measured.
[0038] Therefore, the invention provides for variants of
the proteins of the invention. In one embodiment, the amino
acid sequence of the ATG1 protein comprises SEQ ID NO:
2 or a sequence with at least 70%, 75%, 80%, 85%, 90%,
95%, 96%, 97%, 98% or 99% sequence identity to SEQ ID
NO: 2; the amino acid sequence of the ATGY protein
comprises SEQ ID NO: 4 or a sequence with at least 70%,
75%, 80%, 85%, 90%, 95%, 96%, 97%, 98% or 99%
sequence identity to SEQ ID NO: 4; the amino acid sequence
of the ATG12 protein comprises SEQ ID NO: 6 or a
sequence with at least 70%, 75%, 80%, 85%, 90%, 95%,
96%, 97%, 98% or 99% sequence identity to SEQ ID NO:
6; the amino acid sequence of the ATG8a protein comprises
SEQ ID NO: 8 or a sequence with at least 70%, 75%, 80%,
85%, 90%, 95%, 96%, 97%, 98% or 99% sequence identity
to SEQ ID NO: 8; and/or the amino acid sequence of the
bZiP87 protein comprises SEQ ID NO: 10 or a sequence
with at least 70%, 75%, 80%, 85%, 90%, 95%, 96%, 97%,
98% or 99% sequence identity to SEQ ID NO: 10. In another
embodiment, the amino acid sequence of the protein is
selected from the group consisting of SEQ ID NO: 2, SEQ
ID NO: 4, SEQ ID NO: 6, SEQ ID NO: 8; SEQ ID NO: 10,
sequences having at least 95% identity to one of SEQ ID
NO: 2, 4, 6, 8, 10, and combinations thereof.

[0039] The invention also provides for variants of the
polynucleotide sequences encoding the proteins described
herein. The polynucleotide sequence encoding ATG1 may
comprise SEQ ID NO: 1 or a sequence with at least 70%,
75%, 80%, 85%, 90%, 95%, 96%, 97%, 98% or 99%
sequence identity to SEQ ID NO: 1; the polynucleotide
sequence encoding ATG9 may comprise SEQ ID NO: 3 or
a sequence with at least 70%, 75%, 80%, 85%, 90%, 95%,
96%, 97%, 98% or 99% sequence identity to SEQ ID NO:
3; the polynucleotide sequence encoding ATG12 may com-
prise SEQ ID NO: 5 or a sequence with at least 70%, 75%,
80%, 85%, 90%, 95%, 96%, 97%, 98% or 99% sequence
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identity to SEQ ID NO: 5; the polynucleotide sequence
encoding ATG8a may comprise SEQ ID NO: 7 or a sequence
with at least 70%, 75%, 80%, 85%, 90%, 95%, 96%, 97%,
98% or 99% sequence identity to SEQ ID NO: 7; and/or the
polynucleotide sequence encoding bZiP87 may comprise
SEQ ID NO: 9 or a sequence with at least 70%, 75%, 80%,
85%, 90%, 95%, 96%, 97%, 98% or 99% sequence identity
to SEQ ID NO: 9. In some embodiments, the polynucleotide
sequence encoding the protein is selected from the group
consisting of SEQ ID NO: 1, SEQ ID NO: 3, SEQ ID NO:
5, SEQ ID NO: 7, SEQ ID NO: 9, sequences having at least
95% identity to one of SEQ ID NO: 1, 3, 5, 7, 9, and
combinations thereof. Those of skill in the art are aware of
the degeneracy of the genetic code and that different organ-
isms have preferred codon utilization. Thus the polynucle-
otides presented herein may be codon optimized for use in
other related species.

[0040] The plant cell may further comprise a second
polynucleotide. The second polynucleotide may encode any
of the other autophagy related proteins noted above or may
encode an ATG8a protein. The second polynucleotide may
be operably connected to a second heterologous promoter. In
some embodiments, the amino acid sequence of the ATG8a
protein comprises SEQ ID NO: 8 or a sequence with at least
70%, 75%, 80%, 85%, 90%, 95%, 96%, 97%, 98% or 99%
sequence identity to SEQ ID NO: 8.

[0041] “Percentage of sequence identity” is determined by
comparing two optimally aligned sequences over a compari-
son window. The aligned sequences may comprise insertions
or deletions (i.e., gaps) relative to each other for optimal
alignment. The percentage is calculated by determining the
number of matched positions at which an identical nucleic
acid base or amino acid residue occurs in both sequences,
dividing the number of matched positions by the total
number of positions in the window of comparison and
multiplying the result by 100. Protein and nucleic acid
sequence identities can be evaluated using the Basic Local
Alignment Search Tool (“BLAST”), which is well known in
the art (Karlin and Altschul, Methods for assessing the
statistical significance of molecular sequence features by
using general scoring schemes. Proc. Natl. Acad. Sci. USA
(1990) 87:2267-2268; Altschul et al. Gapped BLAST and
PSI-BLAST: a new generation of protein database search
programs. Nucl. Acids Res. (1997) 25:3389-3402). The
BLAST programs identify homologous sequences by iden-
tifying similar segments between a query amino acid or
nucleic acid sequence and a test sequence, which is prefer-
ably obtained from a protein or nucleic acid sequence
database. The BLAST programs can be used with the default
parameters or with modified parameters provided by the
user.

[0042] In the Examples, the inventors demonstrate that
overexpression of autophagy proteins or their regulators, or
combinations thereof, increases autophagy in plants. The
increase in autophagy may be phenotypically identified as
increasing biomass, yield, stress tolerance and heat tolerance
of the plant or may allow the plant to require less fertilizer
to grow. Thus, the present invention provides methods of
producing a “genetically modified” plant and a genetically
modified plant produced by said methods. The invention
also provides plants comprising the genetically modified
cells. The term “plant” is used broadly herein to refer to a
plant at any stage of development or a part of a plant,
including a plant cutting, a plant cell, a plant cell culture, a
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plant organ, a plant tissue, or a plantlet. Particularly useful
parts of a plant include harvestable parts and parts that can
be used for propagation of progeny plants. A harvestable part
of a plant can be any useful part of a plant, for example,
flowers, pollen, seedlings, tubers, leaves, stems, fruit, seeds,
roots, and the like. A part of a plant useful for propagation
includes, for example, seeds, fruits, cuttings, seedlings,
tubers, rootstocks, and the like.

[0043] A “plant cell” is the basic structural unit of the
plant, comprising a protoplast and a cell wall. A plant cell
can be in the form of an isolated single cell or aggregate of
cells (e.g., a friable callus or a cultured cell) or can be part
of a higher organized unit. The cell or tissue culture will
preferably be capable of regenerating plants. In some
embodiments, the plant cell is a Zea mays cell. In other
embodiments, the plant cell is a sorghum cell, a millet cell,
arice cell, a wheat cell, a soy cell, a tomato cell, or a cotton
cell.

[0044] The terms “genetically modified”, “genetically
engineered”, “transformed” and “transgenic” are used inter-
changeably. Similarly, the term “genetic transformation” is
used interchangeably with “genetic modification”. As used
herein, the terms “modified” or “modifying” refer to using
any laboratory methods available to those of skill in the art
including, without limitation, genetic engineering tech-
niques (i.e. CRISPR/Cas gene editing techniques or Recom-
binant DNA/transgenic technologies), traditional breeding/
selection techniques, or forward genetic techniques to affect
the enzyme activity or expression of a protein in a plant cell.
Plant cells may be genetically modified using techniques
available to those of skill in the art including agrobacterium
mediated transformation, transfection, transduction, elec-
troporation or any other means of introducing nucleic acids
into a plant cell. The nucleic acids introduced may be DNA
or RNA and should be introduced in such a way as to allow
expression of proteins encoded by the nucleic acids. The
methods also include plants engineered to have more than
one copy of the native gene linked to the native promoter or
a heterologous promoter which may be engineered to
through a means such as CRISPR based genetic editing to
overexpress a native protein.

[0045] As used herein, “enzyme activity” refers to the
ability of a disclosed protein to catalyze a particular chemi-
cal conversion. The enzyme activity of a disclosed protein
may be increased by at least 5%, 10%, 20%, 30%, 40%,
50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%, or
more as compared to a control plant cell. As used herein, a
“control plant” or a “control plant cell” is a plant or cell that
has not been modified as described herein. Exemplary
control plants and cells may include those from a natural or
wild-type plant species and may be a plant of the same
variety or cultivar as the particular plant being modified. The
term “expression” may refer either to the levels of an RNA
encoding a disclosed protein in a cell or the levels of the
disclosed protein in a cell. The expression of the disclosed
protein is increased by at least 5%, 10%, 20%, 30%, 40%,
50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%, or
more as compared to a control plant cell in the methods of
increasing the expression of the ATG1, ATGY9, ATG12,
ATGS8a, bZIP87 proteins as described here. In a further
embodiment, the expression or enzyme activity of the at
least one protein is increased as compared to a control plant
cell by at least 10%.
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Constructs:

[0046] The genetically modified plants may include a
construct or expression cassette, which may be integrated
into the plant chromosome or maintained extra-chromoso-
mally. The construct or expression cassette may comprise a
native or a heterologous promoter operably connected to a
polynucleotide encoding at least one protein selected from
the group consisting of ATG1, ATGY9, ATG12, ATGS8a,
bZIP87, and combinations thereof. The construct or expres-
sion cassette may also include a second promoter operably
connected to a polynucleotide encoding an ATG8a polypep-
tide or any of the other polypeptides including ATG1, ATG9,
ATGI2 or bZIP87.

[0047] As used herein, the term “construct” refers to a
recombinant polynucleotide, i.e., a polynucleotide that was
formed by combining at least two polynucleotide compo-
nents from different sources, natural or synthetic. For
example, a construct may comprise the coding region of one
gene operably linked to a promoter to allow for expression
of a protein. The combination of a promoter operably
connected to a gene such that a protein is made from the
construct after introduction into a cell is an “expression
cassette”. An expression cassette may be part of a construct
and may be maintained extra-chromosomally or may be
integrated into the chromosome via traditional homologous
recombination or via Crispr/Cas or a related form of gene
editing. The polynucleotides encoding proteins may encode
a protein that is (1) found within the same genome, (2) from
the genome of a different species, or (3) synthetic. A
construct may comprise a marker gene or selectable marker
gene operably linked to a promoter or the linked in frame to
the coding region of the polynucleotide. As used herein, the
term “marker gene” refers to a gene that encodes a marker
protein that has a detectable phenotype in the plant, or part
thereof. Exemplary marker genes include yellow fluorescent
protein (YFP), mCherry, or any other marker known to those
of'skill in the art. The construct may also include a selectable
marker such that cells containing the marker have a survival
advantage. The promoter used in the constructs and expres-
sion cassettes may be a native promoter for the polynucle-
otide to which it is operably connected or a heterologous
promoter. Constructs can be generated using conventional
recombinant DNA methods.

[0048] The terms “polynucleotide,” “nucleic acid,” and
“oligonucleotide” are used interchangeably to refer a poly-
mer of DNA or RNA. A polynucleotide may be single-
stranded or double-stranded and may represent the sense or
the antisense strand. A polynucleotide may be synthesized or
obtained from a natural source. The polynucleotide may be
all or part of a gene sequence, including the upstream and/or
downstream regulatory elements, signal peptides, introns or
may include only a cDNA or may be codon optimized when
a polynucleotide from one organism is used for expression
of a protein in a distinct organism. In some embodiments,
the plant cell comprises a polynucleotide selected from the
group consisting of ATG1 (SEQ ID NO: 1), ATG9 (SEQ ID
NO: 3), ATG12 (SEQ ID NO: 5), ATG8a (SEQ ID NO: 7),
bZIP87 (SEQ ID NO: 9), and combinations thereof. In
another embodiment, the plant cell further comprises a
second polynucleotide encoding a second autophagy pro-
tein. The second autophagy protein may be an ATGS8a
protein. The second polynucleotide is operably connected to
a second promoter. In a further embodiment, the second
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polynucleotide encodes ATG8a (SEQ ID NO: 8) or other
combinations of ATG1, ATG9, ATG12 and bZIP87.

[0049] The term “promoter” refers to a DNA sequence that
regulates the expression of a gene. Typically, a promoter is
a regulatory region that is capable of binding RNA poly-
merase and initiating transcription of a downstream (3'
direction) sequence. However, a promoter may be located at
the 5' or 3' end, within a coding region, or within an intron
of a gene that it regulates. Promoters may be derived in their
entirety from a native gene, may be composed of elements
derived from multiple regulatory sequences found in nature,
or may comprise synthetic DNA. A promoter is “operably
linked” or “operably connected” to a polynucleotide if the
promoter is connected to the polynucleotide such that it can
affect transcription of the polynucleotide. It is understood by
those skilled in the art that different promoters may direct the
expression of a gene in different tissues or cell types, at
different stages of development, or in response to different
environmental conditions. Suitable promoters for use with
the present invention include, but are not limited to, consti-
tutive, inducible, temporally regulated, developmentally
regulated, chemically regulated, tissue-preferred, and tissue-
specific promoters. The promoter may be a native promoter.
As used herein, the term “native” refers to a promoter that
is endogenous to the plant and drives expression of the
natively associated gene. Native promoters may be modified
by CRISPR-Cas9 technologies to enhance their expression
and/or the expression of the genes they regulate.

[0050] The term “heterologous promoter” is defined as a
promoter that is not operably connected to the wild-type
gene in the plant, i.e. the promoter is not natively associated
with the gene. The heterologous promoter may be a plant
promoter or may be derived from a virus or other organism.
Suitable promoters for expression in plants include, without
limitation, the 35S promoter of the cauliflower mosaic virus,
ubiquitin (Ubi), bundle sheath promotor, tCUP cryptic con-
stitutive promoter, the Rsyn7 promoter, pathogen-inducible
promoters, the maize In2-2 promoter, the tobacco PR-la
promoter, glucocorticoid-inducible promoters, Act promot-
ers, estrogen-inducible promoters and tetracycline-inducible
and tetracycline-repressible promoters. Those of skill in the
art are familiar with a wide variety of additional promoters
for use in various cell or tissue types. In the Examples, the
heterologous maize promoter used was the Ubiquitin-1
(ZmUbil) promoter.

Methods of Making the Plants and Plant Cells

[0051] It will be apparent to one of ordinary skill in the art
that there are multiple potential ways to increase the activity
or expression of the disclosed proteins in a plant or plant
cells to generate plants with an increase in at least one
phenotypic trait. These include, but are not limited to,
modifying the gene encoding any one of these proteins by,
for example, introducing targeted mutations; modifying a
mRNA (or levels thereof) encoding any one of these proteins
using, for example, transgenic techniques; or by enhancing
the activity of the disclosed proteins at the protein level. One
method of generating a genetically modified plant comprises
introducing an expression cassette into plant cells. The
expression cassette may be part of a construct and may be
introduced into plant cells via any method available to those
of skill in the art. In the Examples, the expression cassette
is introduced by transforming an explant with a DNA
construct comprising a heterologous maize promoter oper-
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ably connected to a polynucleotide sequence encoding at
least one autophagy protein selected from Autophagy-re-
lated protein 1 (ATG1), Autophagy-related protein 9
(ATGY9), Autophagy-related protein 12 (ATG12),
Autophagy-related protein 8a (ATGS8a), bZIP transcription
factor 87 (bZIP87), or combinations thereof. The expression
cassette may optionally include a marker gene, and/or a
selectable marker. Inclusion of a marker gene or selectable
marker allows one to contact the explant with a selective
agent and select explants or select cells expressing the
marker which indicates that the introduction of the poly-
nucleotide was successful. Finally, the explant or cells are
regenerated to produce a transformed plant from the trans-
genic cells. The marker gene may be fused to the polynucle-
otide sequence to join the genes such that they are tran-
scribed and translated as a single unit, producing a single
fusion polypeptide, but a marker-less protein may also be
used.

[0052] As used herein, the term “explant” refers to a cell,
organ, or piece of tissue from a plant that has been trans-
ferred to a nutrient medium. Explants are the target material
for transformation. They comprise meristematic tissue,
which consists of undifferentiated cells that give rise to
multiple plant structures (e.g., stems, roots, leaves, germline
tissue, and seeds). Plant tissues that can be used as explants
include, without limitation, embryos, cotyledons, hypoco-
tyls, leaf bases, mesocotyls, plumules, protoplasts, and
embryonic axes. A plant cell can be in the form of an isolated
single cell or aggregate of cells (e.g., a friable callus or a
cultured cell) or can be part of a higher organized unit. The
cell or tissue culture will preferably be capable of regener-
ating plants.

[0053] After the explants are transformed with the con-
struct, they may be cultured/grown in the presence of a
selective agent. As used herein, the term “selective agent”
refers to a compound that terminates or retards the growth of
most of the plant cells into which the construct has not been
delivered. Thus, a selective agent permits differentiation
between cells that were successfully transformed with the
construct and cells that were not transformed. Exemplary
selective agents include, but are not limited to, kanamycin,
hygromycin, streptomycin, chloramphenicol, ampicillin,
erythromycin, spectinomycin, tetracycline, bialaphos, gly-
phosate, glufosinate, rifampicin, or dicamba, and the like.
For example, in some embodiments, the selectable marker is
encoded by the aadAla gene and the selective agent is
spectinomycin. In other embodiments, the selectable marker
is encoded by the hra gene and the selective agent is
imazapyr. The transformed explants are then regenerated
into plants. The invention thus provides a plant comprising
the genetically modified cells of the invention, as well as a
seed, part, progeny or asexual propagate of a plant compris-
ing the genetically modified plant cell(s).

[0054] Insome embodiments, the method comprises intro-
ducing an expression cassette. Therefore, the invention
provides a method of making an expression cassette and
introducing it into the plant cell. An “expression cassette” is
a polynucleotide comprising a sequence encoding a poly-
peptide or a functional RNA as well as elements needed to
express the encoded polypeptide or RNA (e.g., a promoter).
The sequences controlling the expression of the gene are
commonly referred to as a regulatory unit. Most parts of the
regulatory unit are located upstream of coding sequence of
the gene and are operably linked thereto. The expression
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cassette may also contain a downstream 3' untranslated
region comprising a polyadenylation site or other terminator
sequences. The regulatory unit may be directly linked to the
sequence to be expressed or separated therefrom by inter-
vening DNA, e.g., by the 5'-untranslated region of a gene.
[0055] The expression cassette may be designed to modify
expression of the protein(s) of interest in order to achieve
one or more desirable phenotypic traits, such as traits of
agronomic or industrial interest. In one embodiment, the
expression or activity of the at least one protein is increased
as compared to a control plant cell by at least 5%, 10%, 20%,
30%, 40%, 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%,
90%, 95%, or more as compared to a control plant cell. In
another embodiment, the expression or activity of the at least
one protein is increased as compared to a control plant cell
by at least 10%. Examples of traits of agronomic interest
include, but are not limited to, disease, insect, or pest
tolerance; herbicide tolerance; quality improvements, such
as yield, fiber quality, nutritional enhancements (e.g., oil
modification), or improved flavor; environmental or stress
tolerances; low fertilizer tolerance; any desirable changes in
plant physiology, growth, development, morphology; and
plant product production (e.g., starch, biopolymers, phar-
maceutical peptides, etc.).

[0056] The genetically modified plants described here
have at least one phenotypic trait that is distinct from the
control plants lacking the genetic modification of increased
expression of at least one autophagy protein selected from
ATG1, ATG8a, ATGY, ATG12, bZIP87 and combinations
thereof. The phenotypic traits are selected from the group
consisting of biomass, grain yield, stress tolerance, heat
tolerance, and low fertilizer tolerance. As noted above, the
phenotypic trait may be increases by at least 10%, 20%,
30%, 40%, 50%, 60%, 70%, 80%, 90% or even more than
100% as compared to a control plant. The increased expres-
sion of at least one of the proteins listed may allow the
genetically modified plants to be planted in areas that would
otherwise not be suitable or commercially viable for the
plant. For example, the plant may be planted in areas that
experience drought or require large fertilizer inputs and the
genetically modified plants may perform better than the
control plants when used in these areas.

Methods of Using the Genetically Modified Plants and Plant
Cells

[0057] Methods of increasing at least one phenotypic trait
of a genetically modified plant are also provided. The
methods include modifying a plant to over-express at least
one autophagy protein including one of ATG1, ATGS,
ATGY, ATG12, bZIP87 as compared to a control plant not
modified to over-express these proteins. The methods may
include introducing an expression cassette into cells of the
plant and growing the plant. The expression cassette may
comprise a promoter operably connected to a polynucleotide
encoding at least one autophagy protein selected from the
group consisting of ATG1, ATG8a, ATG9, ATG12, bZIP87
and combinations thereof. The methods may include geneti-
cally editing the plant for over-expression of at least one of
ATG1, ATG8, ATG9, ATG12, bZIP87. The phenotypic trait
may include increased biomass, yield, stress tolerance, heat
tolerance, and reduction in fertilizer input. The genetically
modified plant demonstrates an increase in the phenotypic
trait as compared to a control plant. The genetically modified
plants may include the plant cells expressing the autophagy
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proteins at an increased level as compared to control plants
and plant cells. The plant may be grown from a seed derived
from the genetically modified plants provided here.

[0058] Inthe Examples, expression of autophagy proteins
and regulators of autophagy was increased in transgenic
plants through use of a strong heterologous maize promoter
and phenotypic data was collected on the resulting plants, as
grown in the greenhouse or the field. Specific phenotypic
traits collected on the transgenic plants of the invention
include but are not limited to biomass, shoot or stem height
or dry weight, chlorophyll content, pollen production, plant
height, maturity, days to reproductive maturity, days to
tasseling, anthesis silk interval (ASI), grain yield, number of
ears per plant, number of kernels per plant or per ear, kernel
dry weight, kernel protein and starch content, stress toler-
ance, heat tolerance, and low fertilizer tolerance. Other
phenotypic traits related to yield and stress tolerance are also
expected to perform better in the genetically modified plants
provided as compared to control plants. In one embodiment,
the method of increasing at least one phenotypic trait of a
genetically modified plant comprises increasing yield, and
the yield is measured by the number or weight of seeds
produced by the genetically modified plant. In one embodi-
ment, the phenotypic trait is increased by at least 5%, 10%,
20%, 30%, 40%, 50%, 55%, 60%, 65%, 70%, 75%, 80%,
85%, 90%, 95%, or more as compared to a control plant. In
another embodiment, the phenotypic trait is increased by
10-20% in the genetically modified plant as compared to the
control plant.

[0059] Methods of using the genetically modified plants
described herein are also provided. The methods may
include planting any one of the plants described herein in an
area likely to experience a stress or a risk to the plant. The
area may be at risk of drought, heat or other abiotic stress.

[0060] Methods of decreasing the amount of fertilizer used
to grow plants are also provided. The methods include
growing a genetically modified plant that overexpresses at
least one of ATG1, ATG8a, ATGY9, ATGI12, bZIP87 as
compared to a control non-modified plant. The plant may
comprise a heterologous or native promoter operably con-
nected to a polynucleotide encoding at least one autophagy
protein selected from the group consisting of ATG1, ATG8a,
ATGY9, ATG12, bZIP87 and combinations thereof. The
genetically modified plant is provided at least 10, 20%, 30%,
40%, 50% less fertilizer as compared to growing a control
plant and similar results may be achieved as compared to a
fully fertilized control plant or superior results may be
achieved when a control plant is given similar fertilizer
amounts.

[0061] Inoneembodiment, the method comprises decreas-
ing the amount of fertilizer applied to the plant during the
growing season. The amount of fertilizer used to grow the
genetically modified plant to the point of harvest as com-
pared to a control plant grown under the same conditions is
reduced by at least 10%, 15%, 20%, 30%, 40%, 50%, 60%,
70%, 80%, 90%, 95% or more. In another embodiment, the
method comprises decreasing the amount of fertilizer used
to grow the plant. The amount of fertilizer used to grow the
genetically modified plant to the point of harvest is 10%,
20%, 25%, 30%, 40%, 50%, 60%, 70%, 80% of the amount
used to grow a control plant grown under the same condi-
tions.
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[0062] The methods may further include applying one or
more fertilizers to the plant(s) of the invention or to the area
they are planted in. As used herein, the term “fertilizer”
refers to any nutrient input applied to the soil that is
biologically available to a plant. As used herein, “applying”
may be carried out through any of the variety of procedures
used to apply fertilizers to plants that will be apparent to the
skilled artisan. Suitable application methods may include,
without limitation spraying or dusting. Other suitable appli-
cation procedures can be envisioned by those skilled in the
art. In the studies disclosed herein, the inventors grew
transgenic maize plants under variable fertilizer treatments
to determine if they exhibited improvements in the desired
phenotypic traits compared to the control plants. As
described in the Examples, the inventors grew the transgenic
plants under high Nitrogen (N) (15 mM NO,7) and low N
(0.15 mM NO;") fertilizer application rates in the green-
house and the field. The inventors discovered that the
genetically modified plants exhibited increased biomass,
yield, and resistance to abiotic and biotic stress, as compared
to the control plants, under several different fertilizer appli-
cation rates. The inventors observed an increase in beneficial
phenotypic traits even under lower Nitrogen application
rates. Thus, in some embodiments, the method comprises
reducing nitrogen application by 10% when growing the
genetically engineered plant as compared to a control plant.

[0063] Methods of generating plants with increased stress
tolerance or yield are provided. The methods include grow-
ing a genetically modified plant that overexpresses at least
one of ATG1, ATG8a, ATG9, ATG12, bZIP87 and the stress
tolerance and yield are increased as compared to a control
non-modified plant. The plant may comprise a promoter
operably connected to a polynucleotide encoding at least one
of ATG1, ATG8a, ATG9, ATG12, and bZIP87. The geneti-
cally modified plant may have increased stress tolerance
and/or increased yield as compared to a control plant. The
stress tolerance may include heat, drought, pests, disease, or
other forms of stress.

[0064] The present disclosure is not limited to the specific
details of construction, arrangement of components, or
method steps set forth herein. The compositions and meth-
ods disclosed herein are capable of being made, practiced,
used, carried out and/or formed in various ways that will be
apparent to one of skill in the art in light of the disclosure
that follows. The phraseology and terminology used herein
is for the purpose of description only and should not be
regarded as limiting to the scope of the claims. Ordinal
indicators, such as first, second, and third, as used in the
description and the claims to refer to various structures or
method steps, are not meant to be construed to indicate any
specific structures or steps, or any particular order or con-
figuration to such structures or steps. All methods described
herein can be performed in any suitable order unless other-
wise indicated herein or otherwise clearly contradicted by
context. The use of any and all examples, or exemplary
language (e.g., “such as”) provided herein, is intended
merely to facilitate the disclosure and does not imply any
limitation on the scope of the disclosure unless otherwise
claimed. No language in the specification, and no structures
shown in the drawings, should be construed as indicating
that any non-claimed element is essential to the practice of
the disclosed subject matter. The use herein of the terms
“including,” “comprising,” or “having,” and variations
thereof, is meant to encompass the elements listed thereafter
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and equivalents thereof, as well as additional elements.
Embodiments recited as “including,” “comprising,” or “hav-
ing” certain elements are also contemplated as “consisting
essentially of” and “consisting of” those certain elements.
[0065] Recitation of ranges of values herein are merely
intended to serve as a shorthand method of referring indi-
vidually to each separate value falling within the range,
unless otherwise indicated herein, and each separate value is
incorporated into the specification as if it were individually
recited herein. For example, if a concentration range is
stated as 1% to 50%, it is intended that values such as 2%
to 40%, 10% to 30%, or 1% to 3%, etc., are expressly
enumerated in this specification. These are only examples of
what is specifically intended, and all possible combinations
of numerical values between and including the lowest value
and the highest value enumerated are to be considered to be
expressly stated in this disclosure. Use of the word “about”
to describe a particular recited amount or range of amounts
is meant to indicate that values very near to the recited
amount are included in that amount, such as values that
could or naturally would be accounted for due to manufac-
turing tolerances, instrument and human error in forming
measurements, and the like. All percentages referring to
amounts are by weight unless indicated otherwise.

[0066] No admission is made that any reference, including
any non-patent or patent document cited in this specifica-
tion, constitutes prior art. In particular, it will be understood
that, unless otherwise stated, reference to any document
herein does not constitute an admission that any of these
documents forms part of the common general knowledge in
the art in the United States or in any other country. Any
discussion of the references states what their authors assert,
and the applicant reserves the right to challenge the accuracy
and pertinence of any of the documents cited herein. All
references cited herein are fully incorporated by reference,
unless explicitly indicated otherwise. The present disclosure
shall control in the event there are any disparities between
any definitions and/or description found in the cited refer-
ences.

[0067] The following examples are meant only to be
illustrative and are not meant as limitations on the scope of
the invention or of the appended claims.

EXAMPLES
Example 1

Development of Transgenic Lines

[0068] In the following example, the inventors describe
the development of transgenic lines overexpressing maize
Atg8a (SEQ ID NO: 7) and Atg9 (SEQ ID NO: 3) fused to
fluorescent proteins, Yellow Fluorescent Protein (YFP) and
mCherry, respectively.

[0069] The plasmid pMCG1005-YFP-Atg8a expressing
YFP fused to the N terminus of wild-type maize Atg8a
(Zm00001eb105850) and expressed under the control of the
heterologous maize Ubiquitin-1 (ZmUbil) promoter were
transformed into maize line HI-II. YFP-Atg8a plants
expressing strong YFP signals were backcrossed at least four
times into maize W22 inbred background (Li, F., Chung, T.,
Pennington, J. G., Federico, M. L., Kaeppler, H. F., Kaep-
pler, S. M. et al. (2015) Autophagic recycling plays a central
role in maize nitrogen remobilization Plant Cell 27, 1389-
1408 10.1105/tpc.15.00158).
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[0070] The plasmid pRC7771-mCherry-Atg9 expressing
mCherry fused to the C terminus of wild-type maize Atg9
(Zm00001eb010620) and expressed under the control of the
ZmUbil promoter was transformed into the LH244 inbred
line. The TO mCherry-Atg9 plants expressing strong
mCherry signals were self-crossed (LH244 inbred back-
ground). A plasmid expressing only mCherry was used as a
control.

Results from Growth Assays:

1. Nitrogen (N) Treatments in Greenhouse Conditions:

[0071] YFP-Atg8a-overexpressing maize plants were
grown in pots (0.5 L; 12 cm diameter and 12 cm height),
typically filled up to 11 cm with a well-rinsed (>20 volumes)
Pro-line Germinating Mix (Jolly Gardener)/Vermiculite 2:1
soil mixture, in a growth chamber under a 16 h light/8 h dark
photoperiod and day/night temperatures of 27° C./21° C.

[0072] The plants were grown for 2 weeks at 25° C. and
fertilized twice a week with modified Hoagland solution
containing 15 mM N. Two weeks after planting, the pots
were washed with distillated water and fertilized with 50 ml
of 15 mM (high N treatment) or 0.15 mM N (low N
treatment), for two weeks (4 applications total). At the end
of the 4-week experiment, we measured the shoot fresh
weight and total chlorophyll content in the 2" leaf.

[0073] The solution used for the low N treatment con-
tained 0.15 mM KNO;, 0.1 mM CaCl,), 0.75 mM KHSO,,
0.25 mM KH,PO,, 0.65 mM MgSO,, 0.1 mM Fe-EDTA,
0.01 mM boric acid, 0.005 mM NH  tetramolybdate, and
micronutrients (1 mM MnSO,, 1 mM ZnSO,, 0.5 mM
CuS0,). For the high-N treatment, the solution was adjusted
by adding KNO, to a final concentration of 15 mM NO,.

[0074] We found that the YFP-Atg8a seedlings produced
50-60% more biomass (shoot fresh weight) and ~50% more
total chlorophyll under both N-high and N-low conditions
than their wild type (W22) controls (FIG. 1, FIG. 2, FIG. 3,
and FIG. 4).

2. Field Trials:

[0075] To assess the phenotype and yield for field-grown
maize, the lines overexpressing YFP-Atg8a and mcherry-
Atg9 and their corresponding controls were grown at the
West Madison Agricultural Research Station during summer
2024 under well fertilized soil conditions (150-175 kg N per
ha. equivalent to 15 15 mM NO,™). Phenological param-
eters, shoot biomass, total chlorophyll content, pollen pro-
duction and grain yield were analyzed.

[0076] Both the mCherry-Atg9 and YFP-Atg8a transgenic
lines 1) grew taller than their controls (FIG. 5 and FIG. 6),
2) produced more ears, 3) produced more pollen, 4) reached
the reproductive stage earlier, 5) showed a shorter ASI (the
period between pollen release and stigma formation) (FIG.
7), and 6) showed increased grain yield. Indeed, the
mCherry-Atg9 expressing lines produce on average 1.9
times more grain (kernels) than transgenic control lines
expressing only mCherry, while YFP-Atg8 plants produce
2.0 times more grain than their wild-type counterparts
(W22) (FIG. 8 and FIG. 9). This means that in both inbred
backgrounds, LH244 and W22, overexpression of a single
autophagy gene can double the grain yield per plant under
field conditions.
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Example 2

Development of Transgenic Lines:

[0077] In the following example, the inventors describe
the development of transgenic lines that overexpress the
maize Atg8a (SEQ ID NO: 7) and Atg9 (SEQ ID NO: 3)
genes fused to either yellow fluorescent protein (YFP) or
mCherry, respectively. Wild type plants or transgenic lines
expressing mCherry alone were used as controls.

[0078] The plasmid pMCG1005-YFP-Atg8a, which
expresses YFP fused to the N-terminus of the wild-type
maize Atg8a protein (Zm00001eb105850) and whose
expression is controlled by the maize Ubiquitin-1 promoter
(ZmUbil), was transformed into the HI-II background.
YFP-Atg8a plants exhibiting a strong YFP signal were
backcrossed at least four times with the W22 inbred line (Li
et al., 2015).

[0079] The plasmid pRC7771-mCherry-Atg9, which
expresses mCherry fused to the C-terminus of the wild-type
maize Atg9 protein (Zm00001eb010620) and whose expres-
sion is controlled by the ZmUDbil promoter, was transformed
into the LH244 inbred line. TO mCherry-Atg9 plants exhib-
iting a strong mCherry signal were self-pollinated. Same
plasmid but with only mCherry (no Atg9) was transformed
into the LH244 inbred were generated to use as negative
control.

Results from Growth Assays:

1. Field Trials:

[0080] To assess the phenotype and yield for field-grown
maize, the lines overexpressing YFP-Atg8a and mcherry-
Atg9 as well as their corresponding controls (Wild type W22
inbred line for YFP-Atg8a and mCherry alone for mCherry-
Atg9) were grown at the West Madison Agricultural
Research Station during the summer 2025, under well fer-
tilized soil conditions. Phenological parameters such as
shoot biomass and grain yield were analyzed (FIGS. 10-13).
Both the mCherry-Atg9 and YFP-Atg8a transgenic lines 1)
Produce more stem dry matter (expressed as FW and less
water content; FIG. 10C and FIG. 12C). 3) Show increases
kernel yield, due both to an increase in the number of kernels
per ear (FIG. 11D and FIG. 13D), and an increase in the dry
weight (gr) of the kernel per plant (FIG. 11F and FIG. 13F).
Indeed, the lines overexpressing mCherry-Atg9 showed an
average total grain dry weight yield 1.4 times higher than the
transgenic control lines expressing mCherry alone, while the
YFP-Atg8 plants produced an average of 1.8 times more
grain dry weight than their wild-type counterparts (FIG. 11
and FIG. 13). This means that, in both genetic backgrounds,
LH244 and W22, overexpression of a single autophagy gene
can increase 50% to 80% grain yield per plant under field
conditions.

2. Nitrogen (N) Treatments in Greenhouse Conditions:

[0081] Maize plants overexpressing YFP-Atg8a and
mCherry-Atg9 were grown in 3.5-gallon pots filled with
vermiculite to 85% capacity. The pots were watered until
saturated 10 times to ensure the removal of any residual
nutrients. The control treatment consisted of watering plants
with liquid fertilizer twice a week and only once a week for
the nitrogen starvation treatment, with the second watering
consisting of plain water. The greenhouse room conditions
were: 16-hour light/8-hour dark photoperiod and day/night
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temperatures of 27° C./21° C. Data on plant height, leaf area,
chlorophyll content (measured using a SPAD meter on the
10th leaf), leaf area measurements were taken at 45, 65, and
85 days after planting (DAP) for mCherry-Atg9 and at 65
and 85 DAP for YFP-Atg8a. Pollen production (measured in
volume; cm®) was recorded at 85 DAP, while the number of
ears produced was recorded 15 days after pollination.

[0082] The collected data shows that plants overexpress-
ing mCherry-Atg9 and YFP-Atg8a are less affected than
their control mCherry and W22 (FIGS. 14 and 15), after
nitrogen starvation treatments. Atg-OE plants are not
affected in terms of leaf area and chlorophyll content when
exposed to low nitrogen conditions (FIG. 14F, FIG. 14G,
FIG. 15F, and FIG. 15G), and have shown better responses
on leaf area over time compared to their controls (FIG. 14H
and FIG. 15H).

[0083] The improvement in biomass production and chlo-
rophyll content in Atg-OE plants is correlated with higher
ear with kernels production (FIG. 16B), with mCherry-Atg9
lines approximately doubling the number of ears compared
to its control when exposed to nitrogen starvation, and with
an important improvement on the kernel production in both
conditions (FIG. 16C).

3. Low Nitrogen Treatments in Grow Chamber Conditions
for New Atg-OE Lines:

[0084] T1 plants overexpressing bZip87, atgla, and Atgl2
were grown under nitrogen starvation using 0.5 L pots (12
cm diameter and 12 cm height) filled up to 11 cm with
well-rinsed (>20 volumes) Pro-line Germinating Mix (Jolly
Gardener)/vermiculite 2:1 soil under a 16 h light/8 h dark
photoperiod and day/night temperatures of 25° C./21° C.
Plants were grown for 2 weeks at 25° C. and fertilized twice
a week with modified Hoagland solution containing 15 mM
N. Then, pots were washed with distilled water and fertilized
with 50 ml of 15 mM (high N treatment) or 0.15 mM N (low
N treatment), for two weeks (4 applications total). At the end
of the 4-week experiment, measurements of shoot heights,
shoot FW and total chlorophyll content in the 2nd leaf were
taken (FIGS. 17A and 17B). The solution used for the low
N treatment contained 0.15 mM KNO;, 0.1 mM CaCl,),
0.75 mM KHSO,, 0.25 mM KH,PO,, 0.65 mM MgSO,, 0.1
mM Fe-EDTA, 0.01 mM boric acid, 0.005 mM
NH tetramolybdate, and micronutrients (1 mM MnSO,, 1
mM ZnSO,, 0.5 mM CuSO,). For the high-N treatment, the
solution was adjusted by adding KNOj to a final concentra-
tion of 15 mM NO,.

[0085] Compared to their mCherry control, lines overex-
pressing Atgla or Atgl2 showed increased and decreased
shoot height under control and nitrogen deprivation condi-
tions, respectively (FIG. 17C). Plants overexpressing Zip87
contain more chlorophyll and showed increased shoot fresh
weight under low nitrogen (FIGS. 17B and 17D). Increased
chlorophyll content was also observed in seedlings overex-
pressing Atgla after the low-nitrogen treatment compared to
the mCherry control (FIG. 17B). As mentioned, these are
preliminary results that will be repeated with at least three
transformation events and longer growth periods.
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EMBODIMENTS

[0087] 1. A genetically modified plant cell comprising a
heterologous promoter operably connected to a poly-
nucleotide encoding at least one protein selected from
the group consisting of ATG1, ATG9, ATG12, bZI1P87,
and combinations thereof.

[0088] 2. The plant cell of embodiment 1, wherein the
amino acid sequence of the protein is selected from the
group consisting of SEQ ID NO: 2, SEQ ID NO: 4,
SEQ ID NO: 6, SEQ ID NO: 10, sequences having at
least 95% identity to one of SEQ ID NO: 2, 4, 6, 10, and
combinations thereof.

[0089] 3. The plant cell of embodiment 1 or 2, wherein
the plant cell further comprises a second polynucleotide
encoding an ATGS8 protein, wherein the second poly-
nucleotide is operably connected to a second promoter
and optionally wherein the amino acid sequence of the
ATGS protein is selected from the group consisting of
SEQ ID NO: 8 or sequences having at least 95%
identity to SEQ ID NO: 8.

[0090] 4. The plant cell of any one of embodiments 1-3,
wherein the heterologous promoter is selected from the
group consisting of a constitutive promoter, an induc-
ible promoter, and a tissue-specific promoter.

[0091] 5. The plant cell of embodiment 4, wherein the
heterologous promoter is Ubiquitin-1.

[0092] 6. The plant cell of embodiment 4, wherein the
heterologous promoter is a bundle sheath promoter.
[0093] 7. The plant cell of any one of embodiments 1-6,
wherein the plant cell is a Zea mays cell, a sorghum
cell, a millet cell, a rice cell, a wheat cell, a soy cell, a

cotton cell, or a tomato cell.

[0094] 8. The plant cell of any one of embodiments 1-7,
wherein the cell is genetically modified via genetic
transformation or gene editing.

[0095] 9. The plant cell of any one of embodiments 1-8,
wherein the expression or protein activity of the at least
one protein is increased as compared to a control plant
cell by at least 10%.

[0096] 10. A plant comprising the cell of any one of
embodiments 1-9.

[0097] 11.A seed, part, progeny or asexual propagate of
a plant comprising the plant cell of any one of embodi-
ments 1-9.

[0098] 12. A method of increasing at least one pheno-
typic trait of a genetically modified plant, comprising
introducing an expression cassette into cells of the plant
and growing the plant, wherein the expression cassette
comprises a promoter operably connected to a poly-
nucleotide encoding at least one autophagy protein
selected from the group consisting of ATG1, ATGS,
ATGY9, ATGI12, bZIP87 and combinations thereof,
wherein the phenotypic trait is selected from the group
consisting of biomass, yield, stress tolerance, heat
tolerance, and low fertilizer tolerance, and wherein the
genetically modified plant demonstrates an increase in
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the phenotypic trait as compared to a control plant not
over-expressing the autophagy protein.

[0099] 13. The method of embodiment 12, wherein the
plant comprises the genetically modified plant cell of
any one of embodiments 1-9.

[0100] 14. The method of embodiment 12, wherein the
plant is the plant of embodiment 10 or is grown from
the seed of embodiment 11.

[0101] 15. The method of any one of embodiments
12-14, wherein the phenotypic trait is increased by
10-20% in the genetically modified plant as compared
to the control plant.

[0102] 16. The method of any one of embodiments
12-15, wherein the phenotypic trait is yield and the
yield is measured by the number or weight of seeds
produced by the genetically modified plant.

[0103] 17. The method of any one of embodiments
12-16, further comprising reducing nitrogen applica-
tion by 10-20% when growing the genetically engi-
neered plant as compared to a control plant.

[0104] 18. A method of decreasing the amount of fer-
tilizer used to grow plants comprising: growing a
genetically modified plant, wherein the plant is geneti-
cally modified to overexpress at least one autophagy
protein selected from the group consisting of ATG1,
ATGS8, ATGY9, ATGI12, bZIP87 and combinations
thereof as compared to a control plant and wherein the
genetically modified plant is provided at least 10% less
fertilizer as compared to the control plant.

[0105] 19. A method of generating plants with increased
stress tolerance or yield comprising growing a geneti-
cally modified plant, wherein the plant is genetically
modified to overexpress at least one autophagy protein
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selected from the group consisting of ATG1, ATGS,
ATGY, ATG12, bZIP87 and combinations thereof as
compared to a control plant, wherein the genetically
modified plant has increased stress tolerance as com-
pared to the control plant.

[0106] 20. The method of embodiment 19, wherein the
stress tolerance is selected from the group consisting of
increasing drought tolerance, pest resistance, heat tol-
erance, and low fertilizer tolerance.

[0107] 21. The method of embodiment 19, wherein
increased yield is selected from the group consisting of
increased biomass, increased seed production, or a
decreased fertilizer requirement.

[0108] 22. The method of any one of embodiments
18-21, wherein the genetically modified plant com-
prises a heterologous promoter operably connected to a
polynucleotide encoding at least one autophagy protein
selected from the group consisting of ATG1, ATGS,
ATGY, ATG12, bZIP87 and combinations thereof.

[0109] 23. The method of any one of embodiments
18-22, wherein the amount of fertilizer used to grow the
genetically modified plant to the point of harvest as
compared to a control plant grown under the same
conditions is reduced by at least 20%, 30%, 40%, 50%
or more.

[0110] 24. The method of any one of embodiments
18-23, wherein the amount of fertilizer used to grow the
genetically modified plant to the point of harvest is
10% of the amount used to grow a control plant grown
under the same conditions.

[0111] 25. The method of any one of embodiments
18-24, wherein the plant comprises the genetically
modified plant cell of any one of embodiments 1-9

SEQUENCE LISTING

Sequence total quantity: 10

SEQ ID NO: 1 moltype = DNA 1length =
FEATURE Location/Qualifiers
source 1..1617

1617

other DNA

SEQUENCE: 1
atggacgagg
ggctegtteyg
aaggcgatcg
gagatactca
acgaacatga
cacaagcacg
gggctgaagg
ctectatcaa
tegetggtge
gaaatttggce
cttttteage
caaaatgtca
cctgattgea
tttgaagaaa
catgctgtag
aagtctggaa
cgagaatatg
aagtccacaa
gggtetgtte
ggatgtgete
ccacctgatt
cttgeteggg
ttattaacta
ggtgaaaaat
atgaatgtag
agtgggttta

aggaaaggga
ccgaggtgea
accgecgect
ggagcatcga
tgtacctggt
gceeggetgec
tgctgagggg
ccaacgggga
atgaaaattt
aagggaagga
tagtcacagg
tggctaccga
ttgatttgtg
tcttecaatca
aattaagaga
gtattgaatc
tgcttgttee
aggatgatat
agaaccaaat
ctgtggtceat
atattacaag
aaaagctatc
tctggaaaga
tctetaaate
tacaaggatt
tgaaggcata

mol_type =
organism =

ggaggtggga
cegtgecgey
cgtcgacaag
ccaccccaac
gctggagtac
ggaggccgta
gaggaacatc
tgacatcgta
agctgctaca
ctatgatgca
gaagttgcca
tgatcttaac
cagaagactc
caagtttttg
taactgccag
aaaaaatccg
ggaaaactgt
ggatacaaga
cagagacttt
ttcacaggag
acttcattct
taaaggectyg
ggcacttgat
ttgtcaagaa
ggatttcact
tgatcgtgea

Zea mays

gagtacaagc
caccgecgea
cgegtecacyg
atcctecgece
tgcgacggag
gccaaggact
gtgcaccggyg
ttgaaaattg
atatgtgggt
aagtcggact
ttcaccggga
ttcectteag
ctgcacegtyg
gcaacaacaa
acaatcacct
aaagtttttg
acttctatgg
acggtcaget
actgacacag
tcagecactg
ctgaatcaat
tacctggagg
gcatgtaget
catttcettg
cggacggett
gagaagatat

tgcaagggtt
ctggegegee
acggcatcet
tcctegacac
gcgacctgga
tgatgeggea
acctcaaacc
gtgactttgg
cgccatatta
tgtggagtgt
gtaatgettt
aaattgaagc
atccaaagaa
ggaaatgcta
cteetgttgt
attcatggga
aaatgtctte
atggtaggtc
ctactggtgt
tggattgtag
atgttettgt
cgttatcaat
tgctcatgga
ctaagagtgg
ctatttttte
cacatgtatt

ggttgggagg 60
cgecggeggte 120
gcaggagagg 180
catcgacacc 240
cgcgtttcte 300
gctcgcggaa 360
acagaacctt 420
gtttgccagg 480
tatggcacca 540
tggtatcatt 600
tcagctgcac 660
tgatttatgt 720
gagaataagt 780
tgaatcctgt 840
cctaaaaaca 900
gtggattgaa 960
actcaacatc 1020
cactggcaaa 1080
acaaagccat 1140
acgagggaaa 1200
tcttgeggat 1260
tgaacttgta 1320
tacatcagat 1380
ccactcacct 1440
ttggcttgaa 1500
acggaaaagt 1560
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-continued

gatgataaca ccgagatgcce

SEQ ID NO: 2
FEATURE
source

SEQUENCE: 2
MDEEEREEVG
EILRSIDHPN
GLKVLRGRNI
EIWQGKDYDA
PDCIDLCRRL
KSGSIESKNP
GSVQNQIRDF
LAREKLSKGL
MNVVQGLDET

EYKLQGLVGR
ILRLLDTIDT
VHRDLKPQNL
KSDLWSVGII
LHRDPKKRIS
KVFDSWEWIE
TDTATGVQSH
YLEALSIELV
RTASIFSWLE

SEQ ID NO: 3
FEATURE
source

SEQUENCE: 3
atgatgtcct
agccaatege
gactaccgga
ggcgtcaagg
ttctgegeaa
ctttttatgg
catttgaaat
gccattaage
atggtcataa
agtacactca
caaactatat
ctatgtgttg
aattatttga
cctggggcetyg
aagtcccttg
tgtgtaagga
ggcattgcaa
ctaaggcatg
aacttatcaa
atgaacaaca
tccatcatgg
attggatttg
tatactattg
caagtttttg
aagcgatgge
ccgtatacta
cttatttctg
atatatgtag
ggaaatagaa
aagatggaga
tag

tecegttegaa
cgttatcage
gattgccaag
aagaacctat
aagggctcag
tatgctgtat
gecggtgtgga
atgatccatt
tgacagctta
atgttcgtea
catggcccaa
ttagggatct
ttgggatggt
gceccaactgy
aatggacctt
aagagttttt
tgcttatcct
ctgaagaaat
ggtggatctt
gegetgttea
ctaaatttgt
tgggtgaatc
tttttggaac
acccagaagg
gtggtaaaga
taatcatgct
aggtacctaa
acggagtggg
actatgggtce
aatcattctt

SEQ ID NO: 4
FEATURE
source

SEQUENCE: 4

MMSFRSKDAH AQTRLNWPWR
GVKEEPIPDL DIFFERLYEY
HLKCGVEALE SGEKPCDLMK
STLNVRQFYY DRLKVNDLEI
NYLIGMVNKG ILSFPIHSCV
CVRKEFLTSP DVLRKRLIFV
NLSRWIFREY NEVDHFFRHR
IGFVGESILE GHIFGRNLLW
KRWRGKENSE LVRREFETLF
IYVDGVGDVC SLSLFNFKKH

SEQ ID NO: 5
FEATURE
source

agatgcagtg gatgttacat

moltype = AA 1length
Location/Qualifiers
1..538
mol_type =
organism =

protein
Zea mays

GSFAEVHRAA
TNMMYLVLEY
LLSTNGDDIV
LFQLVTGKLP
FEEIFNHKFL
REYVLVPENC
GCAPVVISQE
LLTIWKEALD
SGFMKAYDRA

HRRTGAPAAV
CDGGDLDAFL
LKIGDFGFAR
FTGSNAFQLH
ATTRKCYESC
TSMEMSSLNI
SATVDCRRGK
ACSLLMDTSD
EKISHVLRKS

moltype = DNA Ilength
Location/Qualifiers
1..1803
mol_type =
organism =

other DNA
Zea mays

ggacgcacat
gcagctgett
ttctegaage
ccetgatetyg
gtgtatcatt
cgggttettt
ggcacttgag
agttcecctte
tggacttacc
gttctactat
aataattgag
ctcagageat
caataaaggc
atcacatgag
aaactggtge
gacaagccca
atcaccctge
ttataatcac
tagggaatat
ttctttaaat
atcttttgtt
tattcttgaa
aatagcagcet
ggccatgtge
gaacagcgaa
acttgaagag
gcgagttgat
agatgtatgce
accattcaat
aaggtacatg

gcacaaacaa
gttgatatte
gagagcccat
gacattttet
accaaatgga
ttcttatttg
tetggggaga
acattgccca
aactttctca
gacagactta
aaagttgtce
gatattatca
attctttett
catggcagga
atctttcaaa
gatgtgttga
cttgtgatat
cctagtacag
aacgaggttg
tacttgaage
tctggtgget
ggacatattt
ataagtcgaa
ctcgetgtte
cttgtacgaa
atggccteca
gacattctge
agtctaagcet
gcetettaaag
cagtttcaag

moltype = AA 1length
Location/Qualifiers
1..600
mol_type =
organism =

protein
Zea mays

SQSPLSAQLL
FCAKGLRCII
AIKHDPLVPF
QTISWPKIIE
PGAGPTGSHE
GIAMLILSPC
MNNSAVHSLN
YTIVFGTIAA
PYTIIMLLEE
GNRNYGSPEN

VDIPPEIELS
TKWIIEILNV
TLPKMITVGS
KVVLLQKSQK
HGRRNYLILP
LVIFPLVYVI
YLKQFPTPLV
ISRKVVADEL
MASIFITPYL
ALKGLRSSQG

moltype = DNA Ilength
Location/Qualifiers
1..276

tccaaactge tttgtaa

= 538

KAIDRRLVDK
HKHGRLPEAV
SLVHENLAAT
QNVMATDDLN
HAVELRDNCQ
KSTKDDMDTR
PPDYITRLHS
GEKFSKSCQE
DDNTEMPDAV

RVHDGILQER
AKDLMRQLAE
ICGSPYYMAP
FPSEIEADLC
TITSPVVLKT
TVSYGRSTGK
LNQYVLVLAD
HFLAKSGHSP
DVTFQTAL

= 1803

gacttaactg
cacctgaaat
ctggacttet
ttgaaaggct
taatagagat
ttgattggga
aaccatgtga
aaatgataac
agttctttgt
aggtcaatga
tgctecagaa
tgagaatcat
ttccaattca
gaaactatct
gtatgttcga
gaaagcgact
ttccattggt
catcatctag
atcacttett
aatttccaac
tggctggtge
ttggaagaaa
aagtagtggce
accaaacaca
gagaatttga
ttttcatcac
gcttcatcte
tgtttaactt

gactcaggag
tatttctttt

gccatggaga
agagttgtec
ccatgacgaa
ttacgaatat
cctcaatgta
tactcttatt
tcttatgaag
tgttggatca
acagttaaga
tcttgagatt
atctcaaaaa
gaggaaagaa
ttcttgtgtg
gatacttcca
tagtaaattt
tatatttgtt
gtacgtcatt
acggtggtca
tagacacaga
cccactggtt
tctaataatc
tettetetygg
cgatgagett
ttacatgcca
gacattattt
tecttacttg
agacttcaca
caaaaaacat
ctecccaaggy
acttttttac

= 600

DYRRLPSSRS
LFMVCCIGFF
MVIMTAYGLT
LCVVRDLSEH
KSLEWTLNWC
LRHAEEIYNH
SIMAKFVSFV
QVFDPEGAMC
LISEVPKRVD
KMEKSFLRYM

ESPSGLLHDE
FLEVDWDTLI
NFLKFFVQLR
DIIMRIMRKE
IFQSMFDSKF
PSTASSRRWS
SGGLAGALII
LAVHQTHYMP
DILRFISDFT
QFQVFLLLFY

= 276

1617

60

120
180
240
300
360
420
480
538

60
120
180
240
300
360
420
480
540
600
660
720
780
840
900
960
1020
1080
1140
1200
1260
1320
1380
1440
1500
1560
1620
1680
1740
1800
1803

60

120
180
240
300
360
420
480
540
600
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13

-continued

SEQUENCE: 5
atggcegegy
atcctgaagce
tttettegte
ccaaacccag
gtggtaaatt

aggcagatca
aatccaaatt
gacaactgca
atgaactggt
atgetttate

SEQ ID NO: 6
FEATURE
source

SEQUENCE: 6
MAAEADQKVV VHVRSTGDAP
PNPDELVIDL YNNFGIDGKL

SEQ ID NO: 7
FEATURE
source

SEQUENCE: 7

atggccagga
aggatcaggy
gatgtcceeg

tttgtctatg
gtgaagaaca
gacgaggatg

cctettteaa
ataagtatcce
agattgataa
tggtgaggaa
ccttgecace
gcttecttta

SEQ ID NO: 8
FEATURE
source

SEQUENCE: 8
MARTSFKMEH DLEKRQSESA
FVYVVRKRIK LSPEKAIFVF

SEQ ID NO: 9
FEATURE
source

SEQUENCE: 9
atggcgcaag
ccattegtee
aatttcttygg
gcecttatec
acagagcgta
tcatggecaa
accactgagt
agcatgaggg
aactacgagce
gcaggccaag
aagaccgaga
aaggcctacg
ctgcatggag
agttcaggeg
cacatgacgg
atcgtegagyg
agatccgacyg
ctctggatgg
cctetegegyg
gaggaggcge
gctagtecte
cttgacagge
accttgeacce
atcagcgagt
ccaactecte
acgaccgage

gtgaggagag
aagcagtcge
agttgcaacc
atggcacccg
agacagctgg
tgagtcatct
cgagetcagg
cegactetgg
aaggactcgg
acaagggaaa
ggcgattgge
tacagcagcet
cacgctcaca
ctgtgatttt
agctecagge
actgcatgeg
tgttecacct
gagggttecceg
agccgeaget
tegtgcaggg
tcagcgacgg
tcgacaccct
agatgcggceg
accaccgeeg
caagcgaggg
aagctctece

SEQ ID NO:
FEATURE
source

10

other DNA
Zea mays

mol_type =
organism =

gaaagtcgtyg
caagatttca
tcaggataca
aatagacttg
ggcagcatgyg

gtgcacgtge
ggacgagata
ctgtttgtet
tataataact
ggctaa

moltype = AA 1length
Location/Qualifiers
1..91

mol_ type =
organism =

protein
Zea mays

ILKQSKFKIS GRDKFLKVIE
VVNYALSAAW G

moltype = DNA Ilength
Location/Qualifiers
1..360
mol_type =
organism =

other DNA
Zea mays

aatggagcac
cgacagaatt
gaagaagtac
gagaatcaag
aactgecctet
catgacctac

gacctcgaga
cctgtgattyg
cttgtecectyg
ctgageecag
ttgatgtctg
agtggtgaaa

moltype = AA 1length
Location/Qualifiers
1..119
mol_type =
organism =

protein
Zea mays

RIRDKYPDRI PVIVEKAGKT
VKNTLPPTAS LMSAIYEENK

moltype = DNA Ilength
Location/Qualifiers
1..1557
mol_type =
organism =

other DNA
Zea mays

ctegtggtge
gtgtggaacc
tgcagcagcet
tacatctgtt
ataccttgca
acagcagcca
tcagaacagt
acagcgtcag
agccgeagcea
gcatggatcc
ccagaacaga
agagacgagt
gggtctgtte
cgacatggag
cgtgetgeag
gcactacgac
gatgaccgge
tcecttetgaa
gatagggatg
gcttcagecag
cgcgaatgte
cgagagettt
gatcctgacy
ccteegegece
cgtegttgeg
tcegtaccac

atggcgagca
caaaggcgeg
gctecttatt
gatcacggca
gctaggecec
tacagtggta
atgccacaga
gagettttga
accacagcte
acaaggaaag
gaagctgcga
cggatcagge
ccgggaggag
tacgceceggt
ccccagatea
gagetgttee
ctgtgggcega
atcctcaaga
tacaatctge
ctgcaccagt
gccaactaca
taccgccagg
acccgecaga
ctcageteeg
gecgcagaga
catagccage

moltype = AA 1length
Location/Qualifiers
1..518

ggtcaacggg cgatgcgecyg
agtttctgaa ggtcatagag
atatcaacag tgcatttteg
ttggaattga tgggaagcta

= 91

FLRRQLHODT LFVYINSAFS

= 360

aaaggcagtce
ttgagaaagce
ctgatctcac
agaaggccat
caatctacga
acaccttegyg

cgaatctgec
tggcaaaact
tgtcggecag
ctttgtettt
agagaacaag
ctectgectag

= 119

DVPEIDKKKY
DEDGFLYMTY

LVPADLTVGQ
SGENTFGSA

= 1557

tagagctgea
acaacctgec
gttggaggag
tgatgtggac
gatcttcect
agtagggagc
gtceccaggy
tgatgattac
gcagcatgca
gttagacgce
gctgagaaaa
cgagcaggag
tggagacttg
cgacaccaag
cctgggggec
catgctegea
gegatgette
gcagctcgac
ggagcagacc
cgeegtggge
ggccctggea
gaggcagcag
cttegtetec
gtcececgeect
tacagggacyg
cttectga

gcgatcatgg
cttetgcege
actttggtga
tgatcggaag
ccacactgga
actcgcacte
cecgagetggt
tggtgactgt
caatctttca
acggcaggcet
ggaagagcag
ttcagcaaat
gtggtgcgge
ggctagaaga
tcgacgegaa
acctgagggce
ccacggccga
tgctgatacc
aacggtcgte
cgectggcegga
ccgctceteat
cggacagcct
cggeteggtyg
tctgggcate
atgttagccce
cgttecectgg

= 518

60

120
180
240
276

60
91

60

120
180
240
300
360

60
119

60
120
180
240
300
360
420
480
540
600
660
720
780
840
900
960
1020
1080
1140
1200
1260
1320
1380
1440
1500
1557
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14
-continued

mol type = protein

organism = Zea mays
SEQUENCE: 10
MAQGEESSWC MASSDHGRAA PFVQAVACGT QRRASAAQPA NFLELQPAAA APYYFGELEE 60
ALIHGTRTSV DHGMIGSDVD TERKTAGYLA ARPPTLEIFP SWPMSHLQQP YSGNSHSVGS 120
TTESSSGQONS MPQTELVSPG SMRADSGQRQ ELLMVTVDDY NYEQGLGAAA TTAPIFQQHA 180
AGQDKGKHGS TRKDGRLLDA KTERRLAQNR EAARKSRLRK KAYVQQLETS RIRLQQIEQE 240
LHGARSQGLF PGGGGAAGDL SSGAVIFDME YARWLEDDTK HMTELQAVLQ PQIIDANLGA 300
IVEDCMRHYD ELFHLRAMLA RSDVFHLMTG LWATTAERCF LWMGGFRPSE ILKMLIPQLD 360
PLAEPQLIGM YNLQRSSEQT EEALVQGLQQ LHQSLADAVG ASPLSDGANV ANYTALMALA 420
LDRLDTLESF YRQADSLRQQ TLHQMRRILT TRQTARCFVS ISEYHRRLRA LSSVWASSRP 480
PTPPSEGVVA AAENVSPTGT TTEQALPPYH HSQPFPGF 518

What is claimed:

1. A genetically modified plant cell comprising a heter-
ologous promoter operably connected to a polynucleotide
encoding at least one protein selected from the group
consisting of ATG1, ATG9, ATG12, bZIP87, and combina-
tions thereof.

2. The plant cell of claim 1, wherein the amino acid
sequence of the protein is selected from the group consisting
of SEQ ID NO: 2, SEQ ID NO: 4, SEQ ID NO: 6, SEQ ID
NO: 10, sequences having at least 95% identity to one of
SEQ ID NO: 2, 4, 6, 10, and combinations thereof.

3. The plant cell of claim 1, wherein the plant cell further
comprises a second polynucleotide encoding an ATG8 pro-
tein, wherein the second polynucleotide is operably con-
nected to a second promoter and optionally wherein the
amino acid sequence of the ATG8a protein is selected from
the group consisting of SEQ ID NO: 8 or sequences having
at least 95% identity to SEQ ID NO: 8.

4. The plant cell of claim 1, wherein the heterologous
promoter is selected from the group consisting of a consti-
tutive promoter, an inducible promoter, and a tissue-specific
promoter.

5. The plant cell of claim 4, wherein the heterologous
promoter is Ubiquitin-1.

6. The plant cell of claim 4, wherein the heterologous
promoter is a bundle sheath promoter.

7. The plant cell of claim 1, wherein the plant cell is a Zea
mays cell, a sorghum cell, a millet cell, a rice cell, a wheat
cell, a soy cell, a cotton cell, or a tomato cell.

8. The plant cell of claim 1, wherein the cell is genetically
modified via genetic transformation or gene editing.

9. The plant cell of claim 1, wherein the expression or
protein activity of the at least one protein is increased as
compared to a control plant cell by at least 10%.

10. A plant comprising the plant cell of claim 1.

11. A seed, part, progeny or asexual propagate of a plant
comprising the plant cell of claim 1.

12. A method of increasing at least one phenotypic trait of
a genetically modified plant, comprising introducing an
expression cassette into cells of the plant and growing the
plant, wherein the expression cassette comprises a promoter
operably connected to a polynucleotide encoding at least one

autophagy protein selected from the group consisting of
ATG1, ATG8a, ATG9, ATG12, bZIP87 and combinations
thereof, wherein the phenotypic trait is selected from the
group consisting of biomass, yield, stress tolerance, heat
tolerance, and low fertilizer tolerance, and wherein the
genetically modified plant demonstrates an increase in the
phenotypic trait as compared to a control plant not over-
expressing the autophagy protein.

13. The method of claim 12, wherein the phenotypic trait
is increased by 10-20% in the genetically modified plant as
compared to the control plant.

14. The method of claim 12, wherein the phenotypic trait
is yield and the yield is measured by the number or weight
of seeds produced by the genetically modified plant.

15. The method of claim 12, further comprising reducing
nitrogen application by 10-20% when growing the geneti-
cally engineered plant as compared to a control plant.

16. A method of decreasing the amount of fertilizer used
to grow plants or increasing the stress tolerance or yield of
plants comprising: growing a genetically modified plant,
wherein the plant is genetically modified to overexpress at
least one autophagy protein selected from the group con-
sisting of ATG1, ATG8a, ATG9, ATG12, bZIP87 and com-
binations thereof as compared to a control plant.

17. The method of claim 16, wherein the genetically
modified plant is provided at least 10% less fertilizer as
compared to the control plant to produce similar results.

18. The method of claim 16, wherein the stress tolerance
is selected from the group consisting of increasing drought
tolerance, pest resistance, heat tolerance, and low fertilizer
tolerance.

19. The method of claim 16, wherein increased yield is
selected from the group consisting of increased biomass,
increased seed production, or a decreased fertilizer require-
ment.

20. The method of claim 16, wherein the genetically
modified plant comprises a heterologous promoter operably
connected to a polynucleotide encoding at least one
autophagy protein selected from the group consisting of
ATG1, ATG8a, ATG9, ATG12, bZIP87 and combinations
thereof.





