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¢ Crop yield must increase to achieve food security in the face of a growing population and
environmental deterioration. Grain size is a prime breeding target for improving grain yield
and quality in crop.

e Here, we report that autophagy emerges as an important regulatory pathway contributing
to grain size and quality in rice. Mutations of rice Autophagy-related 9b (OsATG9b) or
OsATG13a causes smaller grains and increase of chalkiness, whereas overexpression of either
promotes grain size and quality.

e We also demonstrate that THOUSAND-GRAIN WEIGHT 6 (TGWS6), a superior allele that
regulates grain size and quality in the rice variety Kasalath, interacts with OsATG8 via the
canonical Atg8-interacting motif (AIM), and then is recruited to the autophagosome for selec-
tive degradation. In consistent, alteration of either OSATG9b or OsATG173a expression results
in reciprocal modulation of TGW6 abundance during grain growth. Genetic analyses con-
firmed that knockout of TGW6 in either osatg9b or osatg13a mutants can partially rescue
their grain size defects, indicating that TGWS®6 is one of the substrates for autophagy to regu-
late grain development.

¢ We therefore propose a potential framework for autophagy in contributing to grain size
and quality in crops.
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Introduction accumulation of carbohydrates and its derivatives in the endo-
sperm, such as storage starch (Butardo et 4/, 2019). Therefore,

Population growth, climate change, and decreases in arable land
area create demand for higher crop yields (Butardo ez al., 2019;
Park et al, 2019). Breeding new elite rice varieties with high-
yield and superior-quality is definitely desired (Ren ez al., 2023).
Grain size is a key determinant for both yield and quality and
thus a prime target for cereal crop breeding. However, rice yield
and quality are usually antagonistic to each other due to the com-
plex trade-off between agronomic traits underlying grain size and
grain quality, thereby preventing the application of the cloned
grain-associated genes deployed in rice breeding (Ren
et al., 2023). For example, increase in grain size by photosyn-
thetic carbon fixation driving carbohydrates translocation from
vegetative source organs generally results in the decrease in eating
and cooking quality (ECQ) in grain, which stems from the
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further elucidating the crosstalk between the known regulatory
pathways governing grain size and quality, and deciphering
potential novel gene resources have become one of the most
important issues to be tackled.

Autophagy is a highly conserved ‘self-eating’ mechanism
executing the degradation of unneeded components in bulk for
nutrient recycling and metabolic homeostasis, eventually facilitat-
ing the survival of plants under suboptimal environments (Mar-
shall & Vierstra, 2018). To date, the regulatory mechanism of
autophagy and the scores of the responsible components have
been well-documented, especially Autophagy-related (ATG) pro-
teins. The ATGs and other components together operate the
canonical route of autophagic machinery. Briefly, ATGI3 is
rapidly dephosphorylated, which then leads to enhancing
ATG1-ATGI13 interaction, as well as ATG13-ATG17 binding,

resulting in the formation of the ATGI kinase complex. Once
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activated, the ATG1 kinase complex would then recruit other
downstream ATG proteins to initiate autophagosome formation
(Li et al., 2014; Yao et al., 2023). ATG is a lipid scramblase that
is activated and incorporated into a vesicle (termed ATGY vesi-
cle) at the Golgi apparatus, and then is recruited to the phago-
phore assembly site (PAS) and functions as an initial membrane
source for the isolation membrane (IM; Zhuang et al, 2017;
Matoba ez al., 2020). Subsequently, the decoration of the phago-
phore is performed by the conjugation of ATGS8 to phosphatidy-
lethanolamine (PE; termed as ATGS8-PE) adduct (Marshall &
Vierstra, 2018). Meanwhile, ATGS8 interacts with cargo receptors
or proteins containing either the Atg8-interacting motif (AIM)
that is consist of consensus sequences (W/F/Y-X-X-V/I/L) or
the newly defined ubiquitin-interacting motif (UIM), and then
delivers them into the autophagosome for degradation within the
vacuole (Noda et al, 2010; Farré et al, 2017; Marshall
etal., 2019).

Autophagy in plant is mainly evident to function in response
to various stresses (Marshall & Vierstra, 2018). Relatively, roles
of autophagy in terms of plant growth and development still
remain extensively elusive. To date, several biological functions
of ATGs have been characterized, including regulating pollen
development, leaf senescence, and seedling growth, nitrogen use
efficiency (NUE) in plants, as well as grain yield (Kurusu
et al, 2014; Li et al, 2015; Wada et al, 2015; Erlichman
et al., 2023). For example, overexpressing OsATG8a significantly
increases the grain yield, grain number, and panicle number (Yu
et al., 2019; Fan er al, 2020). A recent study reveals a new
mechanism underlying Heading date 1 (Hd1) protein homeosta-
sis by which Hd1 is degraded by autophagy for controlling rice
flowering (Hu er al, 2022). Moreover, the selective autophagy
cargo receptor OsNBR1 was reported to deliver the Brown
Planthopper 14 (BPH14)-interacting salivary protein (BISP) to
OsATGS for degradation, thereby enabling rice to resist the
BPHs without compromising yield performance in the natural
habitats (Guo ez 4l., 2023). However, it is still an open issue that
if autophagy can be exploited to boost agronomic productivity
and yield by altering the degradation of specific constituents
(Marshall & Vierstra, 2018), in particular the traits directly
related to yield and quality, such as grain size and quality in cereal
crops.

THOUSAND-GRAIN WEIGHT 6 emerged during breeding
selection of rice (Oryza sativa; Ishimaru er al., 2013) as a superior
target and has been successfully deployed for molecular breeding
of high-yielding elite varieties with superior grain quality (Li
et al., 2019; Mao et al, 2021). Loss of function of TGW6
increases the grain length and grain yield, accompanied with the
lower chalky grain ratio under high temperature (Ishimaru
et al., 2013). Notably, how TGW6 is dynamically regulated dur-
ing grain development is still unclear, which limits its further
exploitation.

Here, we demonstrate that autophagic machinery controls
TGW6-mediated grain development in rice. Therefore, our find-
ings uncover a novel regulation mechanism of the TGW6, and
manipulation of ATGs-TGW6 module likely enables the poten-

tial for simultaneously improving grain size and quality in crops.
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Materials and Methods

Plant materials and growth conditions

Oryza sativa subsp. japonica cv Zhonghua 11 (ZH11, WT) was
used in this study. The knockout mutants osazg96, osatgl3a,
osarg5, osatg/, and rgw6 were generated by CRISPR/Cas9-
mediated gene editing (Supporting Information Fig. S1). To gen-
erate the double-knockout mutants of w6 osatg9b, tgw6
osatgl3a-1, tqw6 osatgl3a-2, and tgw6 osargl3a-3, TGWG6 was
mutated by CRISPR/Cas9-mediated gene editing in the 052196
or osatgl3a-1 background, respectively (Fig. Slc). The detailed
editing sequences were shown in Table S1. T'1 generation lines of
each allelic mutation were back-crossed once, and then the result-
ing homozygous allelic lines without transgenes were identified
and selected for the study. In transgenic plants overexpressing
OsATG9b, OsATGI13a, or OsATG8b, the transgenes were driven
by the maize Ubiquitin promoter. All transgenes and correspond-
ing binary plasmids were sequencing-verified and then trans-
formed into Agrobacterium (Agrobacterium tumefaciens) strain
EHA105 before being transformed into ZH11 or corresponding
osatgs mutants calli. More than 20 independent positive calli
(T0) were obtained, and five independent T2 homozygous over-
expression lines for OsATG96, OsATGI13a, and OsATG8b each
were chosen for this study. Line no. 1 of OF-OsATG9 was
selected as a representative for this study because it had the high-
est expression level of OsATG9% (Fig. S2), as well as line no. 1 of
OF-OsATG13a (Fig. S3). To generate the 0sa1g96-C complemen-
tation line, the Ubi:pro:OsATG96-GFP construct was trans-
formed into the osazg96 mutant. To generate osazg9b OE-
OsATG8b and  osatgl3a OE-OsATGS8b transgenic plants,
Ubipro:: GFP-OsATG8b  transgenic plants were crossed with
osatg9b and osatgl3a, respectively, and the homozygous osatg9b
OE-OsATG8b and osatgl3a OE-OsATG8b were selected for this
study.

Plants were grown and routinely managed at the paddy field in
the South China Agricultural University Wushan Campus
Teaching & Research Base (Guangzhou, China, 113°21E,
23°9'N), Zengcheng Campus Teaching & Research Base
(Guangzhou, China, 113°49'E, 23°18'N), and Lingshui (Hai-
nan, China, 18°22'E, 109°45'N). Nicotiana benthamiana seed-
lings were grown in a growth chamber at 28°C under a
16 h:8 h, light:dark photoperiod. Rice seeds were surface-
sterilized using 70% (v/v) ethanol and 25% (v/v) NaClO and
washed several times. Rice etiolated seedlings used for protoplasts
isolation were grown on Yi-strength Murashige and Skoog
(¥AMS) medium with 3% (w/v) sucrose, and 0.8% (w/v) agar in
the dark at 30°C for 1 wk.

Plasmid construction

To generate the overexpression lines of the Ubipro:: GFP-
OsATG8b, Ubipro:: RFP-OsATG8b, Ubipro:OsATG9-GFP, and
Ubipro:OsATG13a-GFP  constructs, the full-length coding
sequences (CDSs) of them were individually amplified from
ZH11 seedlings and then cloned into the binary vector
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pCAMBIA1301. To knockout OsATG9b, OsATGI13a, and
TGWS, specific oligonucleotides for targeted mutagenesis were
designed online (http://skl.scau.edu.cn/; Table S1) and then
cloned into a CRISPR/Cas9 plant expression vector as described
previously (Zeng ez al., 2018). The coding regions of OsATG9%
(Os10g0163100), OsATG13a (Os02¢0644500), OsATG8a
(0s07g0512200), OsATG8b (Os04g0624000), OsATGSc (Os08
20191600), OsATG8d (0s11g0100100), and TGWE (Os06g06
23700) were cloned to generate pNC-Green-subN-OsATG8b and
PNC-mCherry-N-TGW6 for subcellular localization analyses;
pMerYCgate-TGW6 and pPR3-NubG-OsATGSs (OsATG8a-d)
for yeast-two hybrid (Y2H) assays; TGW6-nEYFP and cEYFP-
OsATG8s for bimolecular fluorescence complementation (BiFC)
assays; 1GW6-nLuc, cLuc-OsATGSs for split luciferase comple-
mentation (LUC) assays; TGWG6-MBP and GST-OsATGSs for
pull-down assays. To generate the depletion of AIM2 or AIM3 in
TGW6, we mutated the corresponding residues of the two AIMs
to Alanine within full-length TGW6, resulting in TGWEAAM2
(Y148A L150A) or TGWG6~A™3 (W282A 1.284A), respectively.
To generate the deletions of LDS (LIR/AIM docking site) or
UDS (UIM docking site) in OsATG8a, we mutated the corre-
sponding residues of them into Alanine according to previous
study (Marshall ez al., 2019), resulting in OsATG8a%"P% (YS0A
L51A) or OsATG8a*"PS (I77A V78A V79A; Table S2).
Then, the resulting TGW6" ™2 TGW6 ™3 OsATG84" 75,
and OsATG8a" Y™ were individually cloned into pNC-mCherry-
N-TGW6 4™, pNC—mCher@/-N-TGW&A[Mj, pMetYCgate-
TGWE ™2 pMetYCgate-TGWE™3,  TGW6™"™_nEYFP,
TGWG6 "™ _nEYFP, cEYFP-OsATG84""™", cEYFP-
OATG84" ™, TGW6 "™ nLuc, TGW6 " nLuc,
TGWE ' ™2_MBP, and TGW6™™3_MBP for subcellular colo-
calization assays, Y2H assays, BiFC assays, LUC assays, and pull-
down assays, respectively. All primers used for cloning are listed
in Table S2. The constructs mCherry-AtRERIB (Golgi marker;
Sato et al., 1999; Takeuchi ez al, 2000), mCherry-OsRac3 (PM
marker; Chen ez al., 2010), mCherry-KTII (ER marker; Jofuku
& Goldberg, 1989), and A:TZF1-mCherry (cytosolic foci marker;
M. C. Pomeranz et al., 2010) were kindly provided by Prof. Yao-
guang Liu (Han ez al., 2022).

Grain size measurement

Grain size traits described in this study (grain length and grain
width) were measured using a rice digital seed test machine (Green-
pheno). Grain size and the thousand-grain weight were measured
in > 20 replicates, with each replicate consisting of > 500 grains.

Observations of spikelet hull cells

To observe the inner parenchyma cells of spikelet hulls, transverse
sections of spikelet hulls were used to prepare semithin sections.
Samples were stained with 1% (w/v) toluidine blue for 5s and
subsequently examined under an optical microscope (Motic
BA200; Motic, Amoy, China).

The outer epidermal cells of spikelet hulls were observed in
mature grains. The samples were observed under a ZEISS EVO
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MA 15 scanning electron microscope. The cell length, cell width,
and lemma length were determined by IMAGE].

Protoplast isolation and transformation

The shoots of 1-wk-old rice seedlings were used for protoplast
isolation with an enzymatic digestion solution (1.5% (w/v) cellu-
lose R-10, 0.75% (w/v) macerozyme R-10, 0.4 M mannitol,
20 mM MES pH 5.7, 10 mM CaCl,, 0.1% (w/v) BSA). The pro-
toplasts were filtered through 100 pm nylon mesh and then
washed with W5 solution (154 mM NaCl, 125mM CaCl,,
5 mM KCI, 2 mM MES pH 5.7) and suspended in MMG solu-
tion (0.4 M mannitol, 15 mM MgCl,, 4 mM MES pH 5.7). An
equal volume of 40% PEG solution (40% (w/v) PEG 4000,
0.1 M CaCl,, 0.2 M mannitol) was added to the prepared proto-
plast cells that contained plasmid DNAs. Finally, the transformed
protoplasts were washed with W5 solution and incubated in W5
solution overnight in the dark.

Subcellular localization

Protoplasts were isolated from 10-d-old rice seedlings. For subcel-
lular colocalization of OsATGI13a, the Ubipro:OsATGI13a-GFP
was cotransfected with the different organelles marker, respec-
tively, including mCherry-AtRERIB (Golgi marker), mCherry-
OsRac3 (PM marker), mCherry-KTII (ER marker), A:7ZFI-
mCherry (cytosolic foci marker), as well as with Ubipro:: RFP-
OsATG8b; for subcellular colocalization of OsATG9b, the Ubipro:-
OsATG9H-GEP was cotransfected with mCherry-AtRERIB (Golgi
marker) or Ubipro:: RFP-OsATG8b as reported previously (Zhang
et al., 2011). To determine the localization pattern of TGW6 with
OsATGS8b, the pNC-Green-subN-OsATG8b and pNC-mCherry-
N-TGWG6 were transformed into Agrobacterium GV3101 pSoup,
and subsequently cotransformed into the leaves of N. benthamiana
as reported (Sparkes ez al, 2006). The fluorescence signal was
observed using a laser scan confocal microscope (Leica STEL-
LARIS 5; Leica, Wetzlar, Germany).

Autophagy induction or inhibition treatment

The root tips of 7-d-old WT, osatg9b, osatgl3a, OE-OsATG9b,
and OF-OsATG13a seedlings were soaked in liquid ¥2MS med-
jum containing 1 uM Concanamycin A (ConA; BVT-0237-
MO001; Adipogen, San Diego, CA, USA) or 1 pM wortmannin
(52405ES03; Yeasen Biotechnology, Shanghai, China) for 12 h
in the dark as reported (Izumi ez al., 2015). Monodansylcadaver-
ine (MDC; 30432; Sigma-Aldrich) staining was performed
according to previous report (Pu & Bassham, 2016). In terms of
transient investigation of autophagy activity, rice protoplasts were
cultured in W5 solution containing 1 uM ConA for 12 h in the
dark according to previous report (Nolan ez 4l., 2017).

In N. benthamiana, transient expression was performed by leaf
agroinfiltration as reported previously (Luo er al, 2023). For
ConA treatment, leaves were infiltrated with 1 pM ConA solu-
tion for 36 h after Agrobacterium infiltration as reported (Luo
et al., 2023).
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Testing of the anti-OsATG8 antibody and generation of the
polyclonal anti-TGW6 antibody

The ATGS antibody was purchased from Agrisera (AS14 2811;
Agrisera, Vannis, Sweden). To test the specificity of the anti-
ATGS antibody in rice, an immunoblot was performed on 10-d-
old WT and GFP-OsATGS8b seedlings. A band of ¢ 15kDa
representing  OsATG8b was detected in both WT and
GFP-OsATG8b; another specific band of ¢. 40 kDa representing
the GFP-OsATG8b fusion was detected in the GFP-OsATG8b
seedlings but not in WT (Fig. S4a). The same ¢. 40 kDa band
was detected with an anti-GFP antibody; the anti-GFP antibody
also detected a protein of ¢. 25 kDa representing free GFP in the
GFP-OsATGS8b  seedlings (Fig. S4a), indicating that the
anti-ATG8 antibody can be used to identify OsATG8b. The
anti-TGWG6 polyclonal antibody was produced by PhytoAB
Company (San Jose, CA, USA) by using the specific peptide
HHKVTGRRDR. The predicted molecular weight of full-length
TGWG6 is ¢. 38kDa (Ishimaru ez al, 2013). A specific band of
the appropriate size was detected by the anti-TGW6 antibody in
WT but was absent in the #zgw6 mutant (Fig. S4b), indicating
that the anti-TGW6 antibody specifically detects TGW6.

Protein isolation and immunoblot analysis

Total protein extraction was conducted using 2x SDS gel load-
ing buffer (100 mM Tris—HCI pH 6.8, 4% (w/v) SDS, 0.2% (w/
v) bromophenol blue, 20% (v/v) glycerol, 200 mmol 1! DDT).
OsATGS8-PE detection was conducted according to the previous
report (Chung ez al., 2010). Briefly, total protein was separated
by SDS-PAGE with 6 M urea and blotted with a polyclonal anti-
body raised against Arabidopsis ATG8 to detect OsATG8 and
OsATGS8-PE. The GFP-OsATG8b detection was assessed as pre-
vious study (Izumi et al., 2015). The calculation of GFP : GFP-
OsATGS8Db ratio was determined by the intensity of free GFP
moiety bands, normalized by the corresponding intensity of full-
length GFP-OsATG8b bands. The anti-GFP antibody (632381;
TaKaRa Bio, Kusatsu, Japan) was used in this study.

Quantification of the protein band intensity from immuno-
blots was performed with the software IMAGE]. Each experiment
was performed at least three times, and one representative result
is shown.

Yeast split-ubiquitin system

Yeast-two hybrid assays were performed according to previous
report (Song et al., 2021). Cub and NubG were used as negative
controls. The combinations of pPR3-NubG-OsATGSs (represent-
ing cEYFP-OsATG8a, cEYFP-OsATG8b, cEYFP-OsATG8c, and
cEYFP-OsATG8d) with  pMetYCgate-TGW6,  pPR3-NubG-
OsATG8b with pMerYCgate-TGW6™""™ and  pPR3-NubG-
OsATG8b with pMerYCgate- TGWGE*™3) were co-infiltrated
into strain NMY51 and examined on SD/—Trp/—Leu, SD/—
Trp/—Leu/—His/—Ade and SD/—Trp/—Leu/—His/—Ade/X-
Gal plates for 24-36 h. The interactions were verified by testing
for LacZ activity.
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BiFC assays

Bimolecular fluorescence complementation assays were performed
according to previous report (Han ez al, 2022). The combinations
of TGWG6-nEYFP with cEYFP-OsATGSs (representing cEYFP-
OsATG8a, cEYFP-OsATG8b, cEYFP-OsATGSc, and  cEYFP-
OsATG8d), TGWG "™ nEYFP or TGWG6" ™ -nEYFP with
CEYFP-OsATG8b, and TGWG-nEYFP with OsATG84*™ or
OATG84" "™ were co-infiltrated into N. benthamiana leaves as
previously reported (Sparkes ez al, 2006). YFP fluorescence was
monitored using a confocal microscope (Leica STELLARIS 5).

LUC reporter assays

The combinations of ¢Luc-OsATG8s (representing cLuc-
OsATG8a, cLuc-OsATG8b, cLuc-OsATG8c, and cLuc-OsATG84)
with nLuc-TGWS6, cLuc-OsATG8b with nLuc-TGW6*"™ and
cLuc-OsATG8b with nLuc-TGW6E>™3) were transformed into
Agrobacterium GV3101 pSoup, and the appropriate pairs of cell
suspensions were infiltrated into N. benthamiana leaves as pre-
viously reported (Sparkes et al., 2006). Subsequently, luciferase
activity was measured using a dual-luciferase reporter assay sys-
tem (E1910; Promega).

Pull-down assays

The recombinant proteins (GST-OsATG8s, TGW6**™>-MBP,
TGW6*™>_MBP, TGWG6-MBP, GST, and MBP) were puri-
fied from Escherichia coli strain BL21 and used for GST pull-
down assays as reported previously (He ez al, 2023). Detection
of GST- and MBP-fused proteins was performed with anti-GST
(CW0084M; 1:5000; CWBIO, Beijing, China) and anti-MBP
antibodies (E8032S; 1:5000; New England Biolabs, Ipswich,
MA, USA), respectively.

Determination of AC and chalkiness

The percentage chalkiness is the number of grains showing
chalkiness (as determined by visual assessment) divided by 100,
sampled from random dehulled grains from each plant. The
chalkiness degree was analyzed with a rice appearance quality
detector (Greenpheno). The grain chalkiness ratio is the percen-
tage of chalkiness multiplied by chalkiness degree. Flour ground
from milled grain was used to measure the amylose starch content
as previously described (Wu ez al., 2022).

RT-gPCR analysis

Total RNA was extracted from the indicated samples with Trizol
reagent (P118-05; GenStar, Beijing, China) and first-strand
cDNAs were synthesized using an Evo M-MLV Reverse Transcrip-
ton Premix Kit (G490; Applied Biological Materials Inc., Rich-
mond, BC, Canada). qPCR was performed with three biological
replicates. Data are presented as means + standard deviation (SD).
The relative expression level of the tested genes was normalized to

that of OsUBIQUITINI (OsUBII, LOC_Os06g46770) and
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calculated by the 272" method (Livak & Schmittgen, 2001).
The primers used for qPCR are listed in Table S3.

Results

Involvements of OsATG9b and OsATG173a in regulation of
grain size

The rice genome encodes 33 OsATGs, each participating in some
aspects of autophagy (Xia e¢r a/, 2011). Transcriptome profiling
showed that 14 OsATGs are highly expressed in panicle (Fig. S5;
Yang ez al., 2022), which might be the key factor directly related
to yield and quality in rice. Among them, OsATG5 and OsATG7
are known to regulate heading date and pollen development that
ahead of grain development (Kurusu er al, 2014; Hu
et al., 2022) and thus was not adaptable for studying grain related
traits in this study. Out of the rest OsATGs, we selected
OsATGI3a, encoding a putative autophagy induction compo-
nent, and OsATG9%, encoding a putative autophagosome bio-
genesis component, as representatives to dissect the role of
autophagy in regulating agronomic traits in rice since they are
supposed to function in the key steps of autophagic machinery
(induction of autophagy and formation of autophagosome,
respectively; Marshall & Vierstra, 2018). ATG13 is a scaffold
protein in ATG1 kinase complex, and its phosphorylation status-
regulated phase separation controls the initiation of autophagy
(Fujioka ez al., 2020; Qi ez al., 2022; Nguyen & Faesen, 2023).
ATGY is a scramblase that regulates phagophore expansion
(Chumpen Ramirez et al., 2023; Olivas et al., 2023). We vali-
dated the high expression of OsATG9b in panicles at the heading
stage and high expression of OsATGI13a in the panicle 1d after
fertilization by reverse transcription quantitative PCR (RT-
qPCR; Fig. 1a). Therefore, we speculated that these two OsATGs
may be involved in regulating grain development.

To address above issue, we generated o0sazg96 and osatgl3a
mutants by clustered regularly interspaced short palindromic repeat
(CRISPR)/CRISPR-associated nuclease 9 (Cas9)-mediated gene
editing; we obtained one o0satg9% allele with a 1-bp insertion, lead-
ing to a frameshift and the introduction of a premature stop codon
(Fig. Sla). Phenotypic characterization revealed that the grain
length of 0satg9b was significantly reduced 10.9% as compared to
that of wild-type (WT; Fig. 1b,d), but the grain width between
o0satg9b and WT was not significantly different (Fig. 1c,e), finally
leading to the 18.5% loss of grain weight of 0sazg96 (Fig. 1f). In
addition, the plant height, panicle length, and branch number of
osatg9b were significantly reduced but the tiller number was signifi-
cantly increased compared with those of WT (Fig. S6). Given only
one allele of 0sa2¢9b was generated, a genetic complementation was
performed to exclude the off-target editing effect for osazg9 pheno-
type, showing that the grain defects of osazg9b mutant were fully
rescued by the OsATG9b transgene (Fig. S7). Similarly, 0satg96-C
exhibited normal plant height, panicle length, branch number, and
tiller number, similar to that of WT (Fig. S6).

In respect to the osazgl3a mutants, we generated two osatgl3a
alleles: osazgl3a-1 with a 13-bp deletion and osazgl3a-2 with a
4-bp deletion, both introducing premature stop codons
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(Fig. S1a). Similar to osazg9b, the average grain length of osargl3a-
1 and osatgl3a-2 were also reduced 13.2% and 11.5% as compared
to that of WT (Fig. 1b,d), respectively. Interestingly, the average
grain width of them was increased 14.0% and 13.7% as compared
to that of WT (Fig. 1c,e), respectively, eventually leading to 20.6%
and 13.6% decrease of thousand-grain weight (Fig. 1f), indicating
that OsATG13a is responsible for both grain elongation and expan-
sion. In addition, the plant height, panicle length, and tiller num-
ber of osatgl3a were significantly reduced but branch number was
significantly increased (Fig. S8).

To preclude the compensatory roles of O0sA7G9a and
OsATG13b in osatg9b and osatgl3a mutants, we examined the
expression levels of OsATG9a and OsATG130b in their respective
mutant lines. The results showed that the expression levels of
OsATG9a and OsATG13b in their respective mutants were not
significantly different from those in WT (Fig. §9), which indi-
cated that the altered grains size were owned to the mutant them-
selves. Taken together, our results suggested that OsATG9H and
OsATG13a are involved in grain growth in rice.

Alteration of the cell size in osatgs mutants

Spikelet hull is thought to dictate final grain size (Li e 4/, 2019).
To unravel the reason of grain defect in both osazg96 and
osatgl3a, cytological analyses of their spikelet hulls were executed
and then demonstrated that the epidermal cell length and width
of o0sarg9bh were smaller than that of WT (Fig. 2a,b), while cell
number of 0sazg9b was not significantly different from WT in the
longitudinal but increased in the transverse directions (Fig. 2a,b).
We observed similar changes in cell size and number in osatgl3a-
I (selected as the osargl 32 mutant representative for the following
studies), with a more pronounced increase in cell number in the
transverse direction (Fig. 2a,b). We examined cross-sections of
transverse sections from spikelet hulls at their apical region and
observed that the palea in inner parenchymal cells (ipc) were sig-
nificantly shorter in the osatg96 and osatgl3a-1 mutants com-
pared with WT (Fig. 2¢,d). These observations suggest that ipc
length determines the final size of the cells.

To assess how OsATG9b and OsATG13a regulate grain develop-
ment, we also investigated grain growth of 0sazg96 and osatg13a-1
along nine developmental stages of spikelet from 35 to 2325 cm
in length. We observed that the grain length of both 0s2¢96 and
osatgl3a mutants was different from that of WT from the 10 to
13 cm stage onward (Fig. 2e). Grain width in osazg9b was first
reduced at the 8-10cm stage compared with WT, but then
returned to WT levels at the 15-17 cm stage (Fig. 2e), finally
resulting in the same grain width in 0s22¢96 and WT. Grain width
of osatgl3a gradually expanded from the 10 to 13 cm stage until
maturity (Fig. 2e), eventually leading to the observed greater grain
width phenotype in this mutant. Further analysis demonstrated
that the shape of the osatgl3a endosperm was distinctly abnormal
from that of WT and 0sa1¢96 from days after ferdlization (DAF) 5
(Fig. S10), seeming that the elongation of endosperm was limited
by the hull. We thus proposed that this may be the cause of the
greater width of osatgl3a. Consistently, the expression of cell cycle
genes was significantly upregulated in both osazgs mutants at the 3—
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Fig. 1 Characterization of osatg9b and osatg73a grains. (a) Relative expression levels of OSATG9b and OsATG173a in various organs in rice (Oryza sativa).
The relative expression level was normalized to OsUBIQUITINT (OsUBI1, LOC_Os06g46770). The error bars represent SD (n =3). (b, ¢) Representative
images of grain length (b) and grain width (c) from wild-type (WT; ZH11), osatg9b, osatg13a-1 and osatg713a-2. Bars, 1 cm. (d—f) Grain length (d), grain
width (e) and thousand-grain weight (f) of the grains shown in (b, ¢; n> 20 plants, with at least 500 grains per plant). Data are means + SD. Asterisks repre-
sent significant differences between mutants and WT by Student's t-test: ***, P<0.001; ns, no significant difference.

5 cm stage (Fig. 2f), suggesting that the developmental cellular des-
tiny (division and expansion) was perturbed in these mutants at an
early developmental stage. Taken together, our results indicate that
OsATGs modulate grain development at the early stage.

Contribution of OsATGs to both grain size and quality

in rice

We also produced lines overexpressing OsATG9% (OE-OsATG9b)
or OsATGI13a (OE-OsATG134) to confirm the role of these two
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genes in regulating grain development. Five independent overex-
pression lines of OsATG9% or OsATG13a were generated. The line
1 of OsATG9b-overexpressing plant (termed as OFE-OsATG9b)
with highest expressions of OsATG9b was selected for the following
study (Fig. S2b), as well as the line 1 of OsATG13a-overexpressing
plant (termed as OE-OsATG13a; Fig. S3b). Opposite from the
osatgs mutants, both OF-OsATG96 and OE-OsATG13a lines pro-
duced bigger grains that were longer and wider to WT (Fig. 3a,c,
d), and therefore heavier (Fig. 3e), indicating that the two genes
indeed positively regulate grain size in rice. Previous study
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Fig. 2 Developmental analysis of osatg9b and osatg73a grains. (a) Scanning electron micrograph of the epidermal cell of wild-type (WT; Oryza sativa
subsp. japonica cv Zhonghua 11), osatg9b and osatg13a spikelet hulls at the mature stage. Bars, 20 um. (b) Cell length, cell width, cell number in longitudi-
nal and cell number in crossover of grains shown in (a; n >3 grains). (c) Cross-sections of inner parenchyma cells of WT, osatg9b and osatg73a spikelet
hulls. Bars, 10 um. ipc, inner parenchyma cells; Le, lemma; opc, out parenchymal cell; Pa, palea. (d) Ipc length in the palea of WT, osatg9b and osatg13a
(n>75). (e) Grain size of osatg9b and osatg13a at different developmental stages. Quantification of grain length (left) and grain width (right) in grain of
WT, osatg9b and osatg13a from different length of florescence. The error bars represent SD (n = 3). (f) The relative expression levels of cell cycle genes in
young panicles of WT, osatg9b and osatg13a. The relative expression level was normalized to OsUBIQUITINT (OsUBI1, LOC_Os06g46770). The error
bars represent SD (n=3). CDKA, Cyclin-Dependent Kinase A; CDKB2,1, Cyclin-Dependent Kinase B 2;1;, CYCA3,2, Cyclin A 3,2; CYCB1;1, Cyclin B 1,1,
CYCD4,1, Cyclin D 4;1. Data are means =+ SD. Asterisks represent significant differences between mutants and WT by Student's ¢-test: *, P <0.05; **,
P<0.01; *** P<0.001; ns, no significant difference.
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sativa subsp. japonica cv Zhonghua 11), osatgob, osatg13a (osatgi3a-1, representative of osatg73a), OE-OsATG9b and OE-OsATG173a. Bar, 0.5 cm.

(b) Milled rice morphology of WT, osatg9b, osatg13a, OE-OsATG9b, OE-OsATG13a. Bar, 2 cm. The rice was analyzed by the Rice Appearance Quality

Detector. The white milled rice grains in the middle are the chalky grain. (c—e) Quantification of grain length (c), grain width (d) and thousand grain
weight (e) of the grains in (a). The error bars represent SD (n> 20 plants). (f, g) Quantification of grain chalkiness (f) and amylose content (g) of WT,
osatgob, osatg13a, OE-OsATG9b, OE-OsATG13a. ND, not detected. (h) The relative expression levels of starch synthesis genes in 7 DAF panicles of
WT, osatg9b, osatg13a, OE-OsATGIb, OE-OsATG13a. The relative expression level was normalized to OsUBIQUITINT (OsUBI1, LOC_Os06g46770).
The error bars represent SD (n=3). DAF, day after fertilization; ISAT, Isoamylase 1; ISA2, Isoamylase 2; ISA3, Isoamylase 3; PUL, Pullulanase; SSlla,
Starch synthase (SS) lla; Wx, Waxy. (i) Scanning electron micrographs of cracked mature caryopses of rice grains under different magnifications. Bars,
5 um. Asterisks represent significant differences between transgenic lines and WT by Student's ¢-test: *, P<0.05; **, P<0.01; *** P<0.001; ns, no

significant difference.

indicated that overexpressing OsA7G8b increased the rice yield,
which may be resulted from the altered grain size (Fan
et al., 2020). Here, we showed that the grain length was indeed
increased in  OsATG8b-overexpressing (OE-OsATG8b)  rice
(Fig. S11). Moreover, the dosage effect was shown in all of the
OsATG overexpression lines (Figs S2, S3, S11).

Considering that change of grain size is generally accompanied
by variation of grain quality (Kurusu er 4/, 2014), we reasoned
that autophagy might also modulate grain quality, which can be
assessed by observing grain chalkiness. Chalkiness is caused by
the accumulation of carbohydrate-derived starch granules (SGs)
and is an undesirable appearance, quality, and milling quality
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www.newphytologist.com

trait in rice (Lisle er 4/, 2000; Siebenmorgen ez al., 2013). The
previous studies revealed that chalkiness was seen in osazg/7-1 and
OsATG86-RNAI (Sera et al., 2019; Fan et al., 2020). Here, our
result showed that chalkiness was greater in 0sa2¢96 grains but less
in OE-OsATG9% and OE-OsATGI13a grains compared with WT
grains (Fig. 3b,f). Higher chalkiness is associated with lower head
rice yield (Fitzgerald ez al., 2009). Due to the irregular shape of
most osatgl3a grains, it was not possible to precisely evaluate
chalkiness in this background (Figs 3b,f, S10). Amylose content
(AC), which is determined by starch composition, is a crucial
indicator of rice eating and cooking quality (Li ez al, 2016),
which was significantly lower in OE-OsATG96 and OE-
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OsATG13a grains compared with WT (Fig. 3g). We noticed a
drop in AC in o0satg9b and osatgl3a (Fig. 3g). Amylose biosynth-
esis genes (STARCH SYNTHASE Ila (S5112) and Waxy (WX))
were expressed to lower levels in OF-OsATGs lines and osatgs
mutants relative to WT, whereas amylopectin biosynthesis genes
(ISOAMYLASE 1 (ISAI), ISA2, ISA3 and PULLULANASE
(PUL)) were more highly expressed (Fig. 3h), eventually contri-
buting to the lower AC seen in OE lines and osazgs mutants. The
brown rice ratio and inferior head rice ratio were significantly
higher in the OF-OsATG95 and OE-OsATG13a but lower in
osatgl3a compared with WT (Table S4), further suggesting that
grain quality improved when OsATGs were overexpressed. SGs in
cross-sections of OE-OsATGs lines were smaller and irregularly
arranged compared to those in WT and osazgs mutants, which
showed a polyhedral structure (Fig. 3i). Taken together, our
results implicated that overexpression of OsA7Gs can potentially
promote grain size, appearance quality, milling quality, and ECQ
in rice.

Characterization of OsATG9b and OsATG13a

The functions of ATG9 and ATGI13 in autophagy have been
well-studied in Arabidopsis (Arabidopsis thaliana; Suttangkakul
et al., 2011; Zhuang et al.,, 2017), but remain uncertain in rice.
We wished to validate the roles of OsATG96 and OsATG13a in
regulating autophagic activity. We transiently transfected proto-
plasts with the autophagic body marker RFP-OsATG8b, which
underscored the differences in autophagic bodies in the various
osatgs mutants and OF-OsATGs-lines. We detected fewer RFP-
positive puncta in osazg9b or osatgl3a protoplasts and more
puncta in the ones of OF-OsATG9% and OE-OsATG13a follow-
ing ConA treatment (Fig. 4a,b). Moreover, the number of GFP-
OsATG8b-labeled autophagic bodies in osatg96 and osargl3a
background was fewer than that of WT under concanamycin A
(ConA; stabilize autophagic bodies in the vacuole and thus aids
in their detection; Izumi et 4/, 2015) or ConA plus wortmannin
(wort; it can inhibit autophagy; Izumi ez al, 2015) treatments
(Fig. 4c,d). Furthermore, the autofluorescent drug MDC stain-
ing, a specific indicator labeling acid vesicles, primarily autopha-
gosomes (Contento et al, 2005), detected significantly fewer
autophagosomes in both osazgs mutants but more autophagosome
vesicles in OE-OsATG9 and OFE-OsATGI13a background as
compared to WT after treatment (Fig. S12). All the results indi-
cated that OsATG9% and OsATG13a participate in the autophagy
process.

Free GFP assay is typically used to measure autophagic influx,
because the GFP fusion protein is often rapidly released proteoly-
tically and degraded once inside the vacuole, whereas the freed
GFP is substantially more stable and accumulates; therefore, the
ratio of free GFP to fused GFP provides a quantitative measure
of autophagic flux, and the appearance or absence of GFP easily
confirm that a potential autophagic substrate is degraded by
autophagy (Huang e al., 2019). Accordingly, we determined the
ratio of free GFP to GFP-OsATGS8b in various osazgs mutants
backgrounds at seedling stage and seed developing stage. We
detected lower abundance for both GFP-OsATGS8b and free

© 2023 The Authors
New Phytologist © 2023 New Phytologist Foundation

Research™9 ™

GFP in o0satg9b and osargl3a mutant seedlings grown under nor-
mal conditions, although their free GFP : GFP-OsATG8b ratio
was comparable to that of WT (Fig. 4e,f). After an 8-d period of
growth in darkness to induce autophagy, the abundance of free
GFP and GFP-OsATG8b, as well as the ratio of free GFP : GFP-
OsATG8b, significantly decreased in both osazgs mutants relative
to WT (Fig. 4e,f). Furthermore, the significant reduction of the
ratio of free GFP : GFP-OsATG8b in both 052296 and osatgi3a
compared with WT was shown during the DAF1 to DAF5
(Fig. $13), indicating that OsATG96 and OsATG13a are required
for autophagic influx during seed developing stages.

Detection of ATG8-PE (phosphatidylethanolamine) is
another stringent criterion that reflects the autophagic flux (Mar-
shall & Vierstra, 2018). Using the ATG8-antibody, our immu-
noblotting analyses revealed that OsATG8-PE abundance was
higher in 0sa1¢96 and osargl3a, but lower in osazg5 or osarg7
(Fig. 4gh), in agreement with a previous study (Chung
et al., 2010; Zhuang et al., 2017), indicating that OsATG9% and
OsATG13a are functional in autophagic machinery.

Furthermore, we tested the subcellular localization of
OsATG9H and OsATGI13a. OsATG96-GFP is colocalized with
the Golgi marker, mCherry-AtRER1B (Fig. S14a; Sato
et al., 1999; Takeuchi et al., 2000), which is consistent with pre-
vious studies (Suttangkakul ez af, 2011; Zhuang et al., 2017).
The localization of ATG13 was not reported before; hence, we
assessed the subcellular localization of OsA7TG13a by cotransfect-
ing rice protoplasts with constructs encoding the fusion protein
OsATG13a-GFP and AtTZF1-mCherry (Cytoplasmic Foci, CF
marker; M. C. Pomeranz et al., 2010), OsRac3 (Plasma Mem-
brane, PM marker; Chen et 4/, 2010), KTI1 (ER marker; Jofuku
& Goldberg, 1989) or mCherry-AtRER1B (Sato ez al, 1999;
Takeuchi et al, 2000). Our results revealed that OsATG13a-GFP
is highly colocalized with the CF marker, which was reported to
be localized in processing bodies (M. C. Pomeranz et al., 2010),
rather than other markers (Fig. S14b). In agreement with the
notion that ATG9 and ATG13a contribute to the initiation and
formation of autophagosomes in the cytoplasm (Suttangkakul
et al., 2011; Zhuang et al., 2017), we determined that OsATG9b-
GFP and OsATGI13a-GFP also colocalized with the autophago-
some marker RFP (red fluorescent protein)-OsATG8b
(Fig. Sl4c; Fan er al, 2020). We therefore propose that
OsATG9b and OsATG13a are likely to be responsible for the bio-
genesis of autophagosomes in the cytoplasm in rice. Together, we
concluded that the OsATG96 and OsATG13a positively regulate
autophagy, and thus the changes in grain size and quality of the
osatgs and OE-OsATGs were predominately resulted from the
corresponding variations of autophagy activity.

Identification of TGW6 as the OsATG8-interacting protein

Given autophagy is implicated to be charge of protein turnover,
we then speculated that autophagy modulates grain growth by
selectively degrading certain grain associated regulators. To
address this issue, we performed a Y2H assay to identify proteins
interacting with the core autophagy component OsATGS8b,
which yielded TGWG6 as a candidate (Table S5). ATGS-
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Fig.4 OsATG9b And OsATG13a positively regulate autophagy. (a, b) Transient expression of RFP-OsATG8b fusion protein in rice protoplasts of wild-type
(WT; Oryza sativa subsp. japonica cv Zhonghua 11), osatg9b, osatg13a, OE-OsATG9b, OE-OsATG13a. The rice protoplasts were treated with ConA or
DMSO for 12-h darkness and observed by confocal microscopy (a). The white arrows indicate part of RFP-OsATG8b-labeled autophagic bodies that
appeared as red puncta in vacuole. Bars, 10 um. Quantification of puncta in the protoplasts (b) were observed using epifluorescence microscopy, with at
least 25 protoplasts observed per transgenic plant for each condition (a). (c, d) Detection of punctate GFP-OsATG8b-labeled autophagic bodies (up) in
WT, osatg9b, osatg13a. Five-day-old seedlings were treated with DMSO, wortmannin, and/or ConA for 12-h darkness (c). After treatment the puncta per
root cell was calculated by Imace) (d). The white arrows indicate part of autophagic bodies appearing as green puncta within cells. ConA, Concanamycin A.
Bars, 10 um. The number of puncta (down) in each image was counted and averaged from at least 100 cells of per transgenic plant for each condition. (e,
f) Anti-GFP immunoblot (e) was performed using protein extracts of WT or osatgs seedlings expressing pUBI::GFP-OsATG8b. Eight-day-old seedlings were
incubated under normal condition or dark condition for 8 d before protein extraction. Anti-Actin immunoblots are shown as loading control. Quantification
of the protein bands (f) shown in (e). The GFP : GFP-OsATG8b ratio was determined by the intensity of free GFP moiety bands, normalized by the corre-
sponding intensity of full-length GFP-OsATG8b bands (n = 3 biological replicates). (g, h) Detection of OsATG8b-PE of WT and osatgs seedlings. The seed-
lings of WT, osatg9ob, osatg13a, osatg5 and osatg7 were incubated under darkness for 8 d and examined for the production of OsATG8b-PE by urea-SDS-
PAGE and immunoblotting using anti-ATG8 antibodies (g). Quantification of the protein bands (h) shown in (g). The OsATG8b-PE : OsATG8b ratio was
determined by the intensity of OsATG8b-PE moiety bands, normalized by the corresponding intensity of full-length OsATG8b bands (n = 3 biological repli-
cates). The error bars represent SD. Asterisks represent significant differences between transgenic lines and WT by Student's ¢-test: *, P <0.05; **,

P<0.01; *** P<0.001; ns, no significant difference.

et al., 2014; Jacomin er al., 2016; Table S6), further implying
that it might be the substrate candidate in terms of selective

interacting proteins generally possess canonical AIMs (Liu
et al., 2021). We detected seven putative AIMs in TGW6 by
iLIR  analysis  (https://ilir.warwick.ac.uk/index.php; Kalvari ~ autophagy-mediated grain development. To test this possibility,
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we first examined that interaction between TGW6 and OsATG8s
(represented by the four OsATGS8 isoforms OsATG8a,
OsATG8b, OsATG8c, and OsATG8d) by targeted Y2H, show-
ing that they interacted with each other (Fig. S15a). Next, pull-
down assay was conducted to validate TGW6-OsATG8s interac-
tion, indicating that they interacted with each other in vitro
(Fig. S15b). In addition, the BiFC was also performed to confirm
the interaction between TGW6 and OsATGS8s (Fig. S15¢).
Moreover, the LUC assay further proved that TGW6 indeed
interacted with OsATGS8s in vivo (Fig. S15d). As mentioned
above that TGW6 possesses putative AIMs, we then verified
whether TGWO6 interacts with OsATG8s dependent on AIM-
LDS (LIR/AIM docking site) but not UIM-UDS (UIM docking
site) manner. As a result, mutation of the LDS (Y50A L51A in
OsATG8a (ALDS)) rather than UDS (I77A V78A V79A in
OsATG8a (AUDS)) in OsATG8a (as a representative) absolutely
blocked its interaction with TGWG6 (Fig. S15¢), indicating that
TGW6 interacts with OsATGS8 via the canonical AIM-LDS man-
ner. Furthermore, the AIM2 (DAYMGL) with anchor potential
and AIM3 (GYWIAL) with highest PSSM score in TGW6 by the
iLIR analysis (Jacomin ez al., 2016; Table S6) were selected for
further investigation of their associations with OsATGS8. To test
the role of AIM2 and AIM3 in OsATGS8 binding, we mutated
the key residues of AIM2 (TGW6“*™2:Y148A L150A) or AIM3
(TGW6AAM3:\7282A 1284A) to alanine within full-length
TGW6 (Fig. 5a), and performed Y2H, BiFC, pull-down, and
LUC assays between OsATG8b and these TGWG6 variants.
TGW6“A™? no longer interacted with OsATG8b, whereas
TGW6A™3 il interacted with OsATG8b (Fig. 5b—e). These
results demonstrate that AIM2 of TGW6 is essential for the
OsATGS8-TGWoG interaction.

Considering that autophagy generally employs ATGS to trans-
port a target protein to the autophagosome for degradation
(Marshall & Vierstra, 2018), we hypothesized that TGW6 might
be recruited by OsATGS8s to the autophagosome for selective
degradation. To test the above hypothesis, we transiently
expressed a construct encoding mCherry-TGW6 in N. benthami-
ana leaves and then treated them with ConA. We detected many
mCherry-TGW6 puncta within vacuoles upon ConA treatment
compared with the DMSO control (Fig. S15f,g). We also
observed the colocalization of mCherry-TGW6 puncta with the
autophagic body marker EGFP (enhanced green fluorescent
protein)-OsATG8b in the vacuole (Fan ez al., 2020) after ConA
treatment (Fig. S15h). Together, our results demonstrate that
TGW6 is recruited by OsATG8s and then delivered to autopha-
gic machinery for selective degradation in vacuole. We next
examined whether AIM2 is required for the degradation of
TGWG6 by detecting mCherry-TGW6“A™? and TGW6A™?3
puncta within vacuoles upon ConA treatment compared with the
DMSO control. As shown in Fig. 5(f), we observed that
TGW6“A™? rather than TGW6“™? puncta were colocalized
with OsATG8b-labled autophagic bodies within vacuole upon
ConA treatment, indicating that AIM2 mutation of TGW6 dis-
turbs its delivery into autophagosomes. Therefore, we concluded
that AIM2, but not AIM3, is necessary for the autophagic degra-
dation of TGWG.

© 2023 The Authors
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Control of TGW6-mediated grain development by selective
autophagy

We speculated that autophagy may control TGW6 homeostasis to
regulate grain development. To further confirm above idea, we
evaluated TGW6 abundance in osazgs mutants and OE-OsATGs
lines by producing a specific polyclonal antd-TGW®6 antibody
(Fig. S4b). Using this antibody, we observed that TGW6 protein
gradually accumulated in WT grains from 1 to 5d after fertiliza-
ton (DAF), in accordance with a previous study (Fig. 6a,b; Ishi-
maru ez al., 2013). By contrast, TGW6 was more abundant in
osatg9b and osatgl 3a grains but accumulated to lower levels in OF-
OsATG9b and OFE-OsATG13a grains compared with WT (Fig. 6a,
b). In addition, similar decrease of TGWG6 was also detected in
OE-OsATG8b lines in comparable of that in WT during grain
development (Fig. S16), further indicating that TGW6 homeosta-
sis is controlled by autophagy during grain development.

To investigated whether TGW6 was the sole regulator of grain
size being degraded by autophagy, we then isolated the double-
knockout mutants tgw6 0satg9b, tgw6 osatgl3a-1, tgw6 osatgl3a-
2, and 1gw6 osatgl3a-3 by knocking out 7GW6 in the osarg9b
and osatgl3a-1 background (Fig. S1c). Immunoblotting analyses
revealed that TGW6 protein was totally eliminated in #gw6, tgw6
0satg9b, tgwG osatgl3a-1, tgw6 osatgl3a-2, and tgw6 osatgl3a-3
mutants (Fig. S17). The shorter grain length seen in o0sazg96 or
osatgl3a was only partially rescued in zgw6 osatg9b and tgw6
osatgl3a, and was significantly shorter than that of the zgw6 single
mutant (Fig. 6¢,d). With respect to grain width, we observed no
significant difference between the double knockout mutants and
their respective 0satg9b or osatgl3a-1 mutants (Fig. 6¢,e). Taken
all together, our results elaborate that selective autophagy modu-
lates the grain size and quality at least by degrading TGW6, and
other grain size regulators might also be degraded via autophagy
during grain development (Fig. 7).

Discussion

There is a long-lasting paradox between grain size and quality
since increasing grain size for high yield is generally accompanied
by increase of carbohydrates derived high starch and chalkiness in
endosperm (Li ez 4/, 2019), ultimately leading to the decrease in
taste quality. In this study, we demonstrate that autophagy con-
tributes to both grain size and quality by selective degradation of
TGWO6, thereby dissecting a potential exploitation of autophagy
in rice breeding.

Autophagy is operated by multiple ATGs and related compo-
nents, which are highly conserved among various species (Mar-
shall & Vierstra, 2018). Our results indicate that either
OsATG9b or OsATGI13a positively regulate grain length and
width by activating the autophagy activity, suggesting that
manipulation of ATG genes or autophagy related components
may have similar effects in various crop, especially cereal crop.
This possibility would greatly expand gene resources for sustain-
ably improving grain size and quality.

The ATG1/13 kinase complex is the key regulator of autop-

hagy induction, which initiates autophagosome formation in
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Fig. 5 The AIM2 sequence is required for the TGW6-OsATGS interaction and the autophagic degradation of TGW6. (a) Schematic representation of putative
ATG8-interacting motifs (AIMs: W/L/Y-X-X-L/1/V) in TGWS, including AIM2 and AIM3 predicted by iLIR (up), as well as the mutated AIM2 and AIM3
(down). Red text represents the substituted amino acid of the AIMs in TGW6. (b) Yeast-two hybrid (Y2H) assays between TGW62A"™2 or TGW6A™M3 and
OsATG8b. The transformants were plated on control medium (SD/—Trp-Leu medium) or seletetive medium (SD/—Trp-Leu-His-Ade medium) with or without
X-Gal. (c) The interactions of TGW6, TGW6A™2 or TGW6E*A™3 with OsATG8b were detected by immunoblot with anti-GST after MBP pull-down. TGWe6-
MBP, TGW6A™M2_MBP and TGW6*AM3-MBP was detected using anti-MBP antibody. GST-OsATG8b was detected using anti-GST antibody. (d) Bimolecular
fluorescence complementation (BiFC) assays of TGW6, TGW6*A™M2 or TGWE-AM3 with OsATG8b in Nicotiana benthamiana. Bars, 20 um. (e) Luciferase com-
plementation (LUC) assays of TGW6, TGW6*A™2 or TGWEA™M3 with OsATG8b. nLUC-tagged TGW6, nLUC-tagged TGW6°~™? or nLUC-tagged
TGW6AM3 with cLUC-tagged OsATG8b were co-transformed into tobacco (N. benthamiana) leaves. (f) Representative images showing colocalization of
EGFP-OsATG8b with mCherry-TGW62A™2 or mCherry-TGW6>A™2 in tobacco (N. benthamiana) leaf cell. Leaves were treated with DMSO or 1 uM ConA
under 12-h darkness conditions and imaged by confocal microscopy (OC, overlap coefficient; PC, Pearson’s correlation). ConA, Concanamycin A. The puncta
in the vacuole were the EGFP-OsATG8b-labled autophagic bodies. The white arrows indicate puncta where GFP and mCherry signals overlap in vacuole. Bars,

10 um. These experiments were repeated three times with similar results.
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Fig. 6 Relative quantity of TGW6 and genetic analysis. (a, b) The pattern of relative quantity of TGW6 (up) in panicle of WT (Oryza sativa subsp. japonica
cv Zhonghua 11), osatg9b, osatg13a, OE-OsATG9b, OE-OsATG13a from 1, 3, 5 d after fertilization (DAF). TGW®6 protein abundance was determined by
immunoblotting. Actin was used as loading control. Relative quantity of TGW6 (down) was based on the density analysis of immunoblots using Imace). The
error bars represent SD (n =3 biological replicates). Asterisks represent significant differences by Student t-test: *, P<0.05; **, P<0.01; ns, no significant
difference. (c—e) Phenotypes (c) of the knockout mutant osatg9b, osatg?3a and double knockout mutant tgwé osatg9b, tgwé osatgi3a-1, tgwé osatg13a-
2, tgwé osatg13a-3. Bar, 1 cm. Quantification of grain length (d) and grain width (e) of the grains in (c). The error bars represent SD (n =50 grains). Differ-
ent letters indicate the significant differences determined by one-way ANOVA (P <0.05).

response to nutrient demands. However, it is still unclear where
this complex senses the stress signals to activate autophagy.
Therefore, we were particularly interested in verifying the subcel-
lular localization of OsATG13a. By assessing the colocalization of
OsATGI13a with different organelles markers, we propose that
OsATGI13a likely localizes in the cytoplasmic foci (CF;
Fig. S14b). In eukaryotic cells, when mRNAs fail to pass the
quality control or translation is repressed, mRNAs cannot be
translated or degraded in the cytoplasm after being exported from

© 2023 The Authors
New Phytologist © 2023 New Phytologist Foundation

the nucleus, and thus mRNA-protein complexes are temporarily
stored in CFs, also known as processing bodies (PBs; M. Pomer-
anz et al., 2010). Upon nutrient starvation, CFs/PBs were formed
and autophagy was activated, leading to the growth arrest and
translation repression of the cell (Marshall & Vierstra, 2018;
Guzikowski ez al., 2019). Notably, the CF components DExD/
H-box RNA helicase (Dhh1) directly associates with ATG1 and
ATG13 mRNAs and facilitates their translations under nitrogen
starvation conditions, thereby ensuring the proper level of
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Fig. 7 Proposed model of the selective autophagy of TGW6 in the regulation grain size in rice (Oryza sativa). ATG13 is responsible for the initiation of
autophagy during grain development. Once the autophagy activated, ATG9 mediates the delivery of lipid to the emerging phagophore, leading to the

expansion of membranes and vesicle nucleation. Meanwhile, ATG8 interacts with cargo receptors or proteins, such as TGW6 and other unknown grain size

proteins, and then transports them into the autophagosomes for degradation within the vacuole, finally determining the grain size and quality in rice.

Dashed arrows, regulations identified in this study; dotted arrows, putative regulations. ER, endoplasmic reticulum; PAS, phagophore assembly site.

autophagy in the face of nitrogen starvation (Hurto & Hop-
per, 2011; Liu er al, 2019). Therefore, we postulate that
OsATG13a may be synthesized in CFs upon sensing the nutrient
starvation signals and then activates the autophagy.

In this study, we identified the TGW6 as one of the autophagy
substrates in terms of the grain development. Similar to many
known autophagy substrates that possess AIM (Hu ez al., 2022;
Shao et al., 2022), we also demonstrate that the AIM2 in TGWG6
is critical for the TGW6-OsATGS interaction. Mutation of the
AIM2 impaired the TGW6-OsATGS interaction (Fig. 5b—e),
and also blocked TGW6 degradation (Fig. 5f), indicating that
the AIM2 is essential for autophagy-mediated TGW6 degrada-
tion.

Previous study elaborated that TGW6 encodes an Investment
Adviser Association (IAA)-glucose hydrolase, which can hydrolyze
IAA-glucose into IAA and glucose by liquid chromatography-
electrospray ionization-tandem mass spectrometry (Ishimaru
et al, 2013). Surprisingly, a recent research suggested that
OsTGW6 and TaTGW6 might not regulate grain size via the
hydrolysis of IAA-glucose, because OsTGW6 and its clade I
homologues are expressed in early inflorescences but not in devel-
oping kernels by microarray data analysis and RNA-seq analyses,
as well as wheat grains had undetectable levels of ester IAA in com-
parison with free IAA (Kabir & Nonhebel, 2021). However, we
found that increased levels of TGW6 were detected in panicles of
DAF1, DAF3, and DAF5 by Western blotting analyses (Figs 6a,
S16), suggesting that TGW6 functions in developing seeds.

Indeed, our results demonstrated that autophagy is operated in
the developing seeds (Fig. S13). As a result, the loss of OsATG9%
and OsATG13a function in the osatgs mutant results in impaired
autophagy and thus blocks the autophagic degradation of TGW6
in the developing seeds, leading to increased TGW6 levels in the
developing seeds in the osazgs mutant (Fig. 6a). By contrast, the
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TGWoO6 levels was reduced in the developing seeds of OE-OsATGs
lines that possess higher autophagy level (Figs 6b, S16). Together,
we propose that autophagy monitors TGW6 homeostasis for
determining the final grain size.

It has been implicated that less starch content but chalky
appearance was identified in osatg7-1 and osatg86 grain endo-
sperm (Sera et al, 2019; Fan et al, 2020), while overexpres-
sion of OsATG8b showed no variation of starch (Fan
et al., 2020). Interestingly, less chalkiness was found in the
OE-OsATGs grains in this study (Fig. 3b,f), presumably the
higher expression of OsATGs the less chalkiness. Notably, SGs
in cross-sections of OE-OsATGs lines (Fig. 3i) were reminis-
cent of the zgw6 mutant (Han er al, 2018), suggesting that
OsATGs modulate grain quality by degrading TGW6. In addi-
tion, OF-OsATGs also produces the bigger grain (Fig. 3a,c,d).
Therefore, dramatically boosting OsATGs may be an efficient
strategy to simultaneously promote grain appearance and taste
quality.

Notably, genetic analysis demonstrated that TGW6 is not the
sole target for autophagy underlying grain size regulation,
because the grain defect of osazgs mutants is unable to be fully
restored by knockout of 7GW6 (Fig. 6¢,d), suggesting there may
be other substrates controlled by autophagy during grain devel-
opment. Similar to the TGW6, several key negative regulators of
grain size, including the TGW3 (Ying et al., 2018), Grain Size 3
(GS3; Fan et al.,, 2006), and Grain Length 3.1 (GL3.1)/qGL3
(Qi et al., 2012; Zhang er al., 2012), seem containing the puta-
tive AIMs if identified by iLIR analysis, implying they may be
also recruited by OsATGS8 for autophagic degradation during the
grain development in rice.

In summary, our results demonstrate that the abundance of
TGW6, and perhaps that of other grain size regulators are fine-
tuned by OsATGs-mediated selective autophagy during grain
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development (Fig. 7). Therefore, manipulation of the ATGs-
TGW6 axis (and perhaps other grain size factors) may be applic-
able for further improving grain size and quality in crops.
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