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Starch and storage proteins determine the weight and quality of cereal grains. Synthesis of these two grain components has been
comprehensively investigated, but the transcription factors responsible for their regulation remain largely unknown. In this
study, we investigated the roles of NAM, ATAF, and CUC (NAC) transcription factors, OsNAC20, and OsNAC26 in starch and
storage protein synthesis in rice (Oryza sativa) endosperm. OsNAC20 and OsNAC26 showed high levels of amino acid sequence
similarity. Both were localized in the aleurone layer, starchy endosperm, and embryo. Mutation of OsNAC20 or OsNAC26 alone
had no effect on the grain, while the osnac20/26 double mutant had significantly decreased starch and storage protein content.
OsNAC20 and OsNAC26 alone could directly transactivate the expression of starch synthasel (SSI), pullulanase (Pul), glutelin Al
(GluA1), glutelin B4/5 (GluB4/5), a-globulin, and 16 kD prolamin and indirectly influenced plastidial disproportionating enzymel
(DPET) expression to regulate starch and storage protein synthesis. Although they could also bind to the promoters of ADP-Glc
pyrophosphorylase small subunit 2b (AGPS2b), ADP-Glc pyrophosphorylase large subunit 2 (AGPL2), and starch branching enzymel
(SBEI), and the expression of the three genes was largely decreased in the osnac20/26 mutant, ADP-Glc pyrophosphorylase and
starch branching enzyme activities were unchanged in this double mutant. In addition, OsNAC20 and OsNAC26 are main
regulators of Pul, GluB4, a-globulin, and 16 kD prolamin. In conclusion, OsNAC20 and OsNAC26 play an essential and redundant
role in the regulation of starch and storage protein synthesis.

Rice (Oryza sativa) is one of the most important staple
foods worldwide. Its endosperm is composed of ~80%
starch and 10% storage protein. Starch is the main di-
etary source of energy, and protein plays an important
role in the quality of rice grains. Therefore, revealing the
basis of the regulation underlying starch and storage
protein accumulation is essential for improvement of
rice grain quality.

Although starch is a simple combination of Glc
molecules, its biosynthesis in plant endosperm involves
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a series of complex and coordinated enzymatic actions.
In the first step, ADP-Glc pyrophosphorylase (AGPase)
converts Glc-1-phosphate into ADP-Glc, the substrate
of starch synthesis (Beckles et al., 2001). Starch phos-
phorylasel (Phol) plays a critical role in starch initia-
tion by extending the chain length of the initial primer
(Satoh et al., 2008). Granule-bound starch synthasel
(GBSSI)/Waxy (Wx) produces amylose (Denyer et al.,
2001). Amylopectin synthesis is mainly controlled by
three types of biosynthetic enzymes, starch synthases
(SSs), starch branching enzymes (SBEs), and debranch-
ing enzymes (DBEs; Nakamura, 2002; Davis et al., 2003;
Tetlow, 2006). SSs and SBEs contribute to the extension
of glucan chains and the formation of branch points,
respectively. DBEs trim the irregular glucan structure
created by SSs and SBEs to obtain ordered amylopectin
branch chains. In addition, plastidial disproportionating
enzymel (DPE1) has also been reported to take part in
starch synthesis by transferring maltooligosyl groups
from amylose and amylopectin to amylopectin (Dong
et al., 2015).

Only a few regulators have been reported to partici-
pate in the regulation of starch synthesis, and most of
these reports focus on rice and maize (Zea mays). Rice
YB1 directly binds to the G-box of the Wx promoter and
activates Wx transcription (Bello et al., 2019). Maize
ZmEREB156 positively modulates ZmSSIlla through
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the synergistic effect of Suc and abscisic acid (ABA;
Huang et al.,, 2016; Li et al., 2018b). ZmbZIP91 is ho-
mologous to AtVIP1 and complements the altered
starch phenotype of the vipl mutant in Arabidopsis
(Arabidopsis thaliana) leaves. Further analyses indicate
that ZmZIP91 directly binds to the promoters of the
starch synthesis-related genes AGPS1, SSI, SSIIla, and
ISAT (Chen et al., 2016). In addition, OsbZIP33 has also
been inferred to play a role in regulation of starch
synthesis, as it is able to interact with the ACGT element
buried in the promoter of SBEl and Wx (Cai et al., 2002).
Recently, Song et al. (2020) reported that TubZIP28 in
Triticum urartu and its homolog, TabZIP28 from com-
mon wheat (Triticum aestivum), play a role in the regu-
lation of starch synthesis as TubZIP28 binds to the
promoter of cytosolic AGPase and enhances its tran-
scription and activity. Apart from the above-mentioned
regulators that directly bind to the promoters of starch
synthesis-related genes to regulate their expression,
some other regulators such as ZmaNAC36, ZmNAC34,
rice starch regulatorl (RSR1), disulfide isomerasel-2
protein (TaPDIL1-2), ZmMADSla, and G protein
v-subunit DEP1/qPE9-1 also have an indirect or un-
known role in the regulation of starch synthesis (Fu and
Xue, 2010; Zhang et al., 2014, 2019a; Dong et al., 2019a,
2019b; Peng et al., 2019).

The major storage proteins in rice endosperm include
acid- and alkaline-soluble glutelins, alcohol-soluble
prolamins, and saline-soluble a-globulin. They com-
prise ~70%, 20%, and 3% of the total storage proteins,
respectively (He et al., 2013). Based on their sequence
similarity, glutelin genes are classified into four sub-
families, designated as GluA, GluB, GIuC, and GluD.
Prolamin genes are divided into three families, desig-
nated as 10 kD, 13 kD, and 16 kD. The GluA, GluB, 10 kD,
and 13 kD subfamilies are composed of several mem-
bers (Saito et al., 2012; He et al., 2013).

Cis-regulatory elements, such as O2/02-like and
prolamin boxes, have been widely detected in the
storage protein synthesis-related genes in cereal crops
(Washida et al., 1999; Wu et al., 2000). Maize O2 directly
binds to the O2 box to modulate almost all zein genes,
except for genes encoding 16-kD y- and 18-kD &-zein,
whereas O2 displays different activation activity for
different zein genes (Cord Neto et al., 1995; Schmidt
et al, 2011; Li et al., 2015). The maize endosperm-
specific Dof (DNA binding one zinc finger) transcrip-
tion factor (TF), prolamin box binding factorl (PBF1),
specifically recognizes the prolamin box to regulate 22-
kD a-zein and 27-kD vy-zein genes (Vicente-Carbajosa
et al., 1997; Wu and Messing, 2012). Likewise, rice O2-
like protein, bZIP58 (also called RISBZ1) and the PBF
subfamily member RPBF also play a role in the regu-
lation of storage protein synthesis. Individual knock-
down mutants of bZIP58 and RPBF show little change
in most storage proteins, but a double knockdown
mutant has a pronounced decrease of most storage
protein, as bZIP58 and RPBF are able to directly activate
the expression of GluAl, GluA2, GluA3, GluB1, GluD1,
10 kD Prolamin, 13 kD prolamin, and 16 kD prolamin
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(Yamamoto et al., 2006; Kawakatsu et al., 2009). In ad-
dition, maize O2 hetero-dimerizing proteinl (OHP1),
OHP2, ZmbZIP22, and ZmMADS47 also can regulate
zein gene transcription directly (Zhang et al., 2015; Qiao
et al., 2016; Li et al., 2018a).

There are several TFs showing a regulation role in
both protein and starch metabolism. Apart from the
function in zein regulation, O2 and PBF1 also play a role
in starch synthesis by directly binding to the promoters
of PPDK1, PPDK2, and SSIII and by indirect regulation
of SSlla and SBEI (Zhang et al., 2016). Likewise, Osb-
ZIP58 not only regulates storage protein accumulation,
it can also bind directly to the promoters of the starch
synthesis-related genes OsAGPL3, Wx, OsSSlIla, SBEI,
OsBEIIb, and ISA2 to regulate their expression (Wang
et al., 2013; Kim et al., 2017). OPAQUE11 (O11), a basic
helix-loop-helix-type TF, directly modulates O2 and
PBF1, which gives it a modulated function in both
starch and storage protein accumulation (Feng et al.,
2018). Recently, Zhang et al. (2019b) reported that de-
ficiency of ZmNAC128 and ZmNACI130 decreases
starch and protein accumulation, as ZmNAC128 and
ZmNAC130 directly regulate 16-kD y-zein and AGPS2
(Bt2) expression by binding to their promoters.

In general, starch and storage protein syntheses have
been comprehensively investigated, but the plant reg-
ulators responsible for the syntheses remain largely
unknown. NAM, ATAF1/2, and CUC2 (NAC) TFs are
one of the largest plant-specific TF families (Souer et al.,
1996; Aida et al., 1997; Zhao et al., 2016a). The most
notable feature of the NAC TF family is that they con-
tain a conserved NAC domain responsible for the
binding properties in the N terminus. The C terminus of
NAC TFs normally confers a diversified transcriptional
regulatory region (TRR) that contributes to its activa-
tion or repression properties (Ooka et al., 2003; Olsen
et al., 2005). NAC TFs have been reported to participate
in various processes, such as biotic and abiotic stress
responses, formation of a secondary cell wall, senes-
cence, meristem regulation, and so on (Kubo et al., 2005;
Fang et al.,, 2008, Yamaguchi et al.,, 2008; Balazadeh
et al., 2011; Wu et al., 2012; Mao et al., 2017; Li et al.,
2019; Sun et al., 2019, Sakuraba et al., 2020). However,
their functions in the endosperm have not been fully
elucidated.

A search of transcriptome data, a rice expression profile
database (http:/ /ricexpro.dna.affrc.gojp/), and pub-
lished papers (Fang et al., 2008; Nie et al., 2013; Mathew
et al., 2016) yielded eight endosperm-specific NAC TFs:
OsNAC20 (LOC_Os01g01470/0s01g0104500), OsNAC23
(LOC_0s02g12310/ Os02g0214500), OsNAC24
(LOC_0Os05g34310/0s05g0415400), OsNAC25
(LOC_0Os11g31330/0s11g0512000), OsNAC26
(LOC_0Os01g29840/0s01g0393100), OsNAC127
(LOC_Os11g31340/0s11g0512100), OsNAC128
(LOC_Os11g31360/ Os11g0512200), and OsNAC129
(LOC_Os11g31380/0s11g0512600). Herein, the most
highly expressed OsNAC26 (previously ONAC026) and
its homologous gene, OsNAC20 (previously ONAC020),
were selected for further analysis to detect whether they
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have a function in rice endosperm. We employed a re-
verse genetic approach to unveil the functions of
OsNAC20 and OsNAC26 in synthesizing starch and
storage protein in rice endosperm. Clustered regularly
interspaced short palindromic repeats (CRISPR)/
CRISPR-associated protein 9 (Cas9)-generated osnac20
and osnac26 single mutants showed no alterations in
their grain phenotype, but their double mutant, osnac20/
26, displayed a floury grain caused by decreased starch
and storage protein content. A series of assays were
utilized to determine the target genes of OsNAC20 and
OsNAC26. These results could enrich our knowledge of
the regulatory network of starch and storage protein
synthesis and accumulation.

RESULTS

OsNAC20 and OsNAC26 Are Specifically Expressed
in Grain

OsNAC20 and OsNAC26 share 89% sequence simi-
larity in their coding sequence (CDS) and 85% sequence
similarity in their amino acid sequence (Supplemental
Fig. S1). Reverse transcription quantitative PCR (RT-
gPCR) analysis showed that OsNAC20 and OsNAC26
were not detectable in a range of organs, including the
root, stem, leaf, panicle, leaf sheath, embryo, and peri-
carp, but were expressed only in developing endosperm,
with a peak at 13 d after flowering (DAF; Fig. 1, A and B;
Supplemental Fig. S2A). The protein level was fur-
ther analyzed by immunoblot. Anti-OsNAC20 and
anti-OsNAC26 were produced against the synthetic
peptide CRIFHKSSGIKKPVPVAPHQ and the expressed
protein (160-333 amino acids), respectively (Supplemental
Fig. S2B). The protein sizes for OsSNAC20 and OsNAC26
are 35.74 and 37.39 kD, respectively. As shown in Figure 1,
C and D, only one band was observed at ~36 kD for anti-
OsNAC20, but two bands were observed, at ~36 kD and
38 kD, for anti-OsNAC26, which indicated that the anti-
OsNAC20 is specific but anti-OsNAC26 can detect both
OsNAC20 and OsNAC26. Interestingly, OsNAC20 and
OsNAC26 both were detected not only in endosperm
but also in the embryo at the protein level, although
no mRNA in the embryo was detected by RT-qPCR
assays (Fig. 1, A-D). In endosperm, OsNAC26 was
expressed after 4 DAF, while OsNAC20 showed an
obvious protein level at 10 DAF (Fig. 1D). Immuno-
fluorescence assays with anti-OsNAC20 and anti-
OsNAC26 showed that the fluorescence signals
were situated in the nuclei of starchy endosperm and
the aleurone layer (Fig. 1, E-G). The signals were
also broadly distributed in the whole embryo nuclei
(Fig. 1, H-J). In addition, subcellular localization of
355:0sNAC20-GFP and 355:0sNAC26-GFP expressed
in Nicotiana benthamiana leaves was concentrated in the
nuclei (Supplemental Fig. S3), which indicated that
both OsNAC20 and OsNAC26 function in the nucleus.
In conclusion, OsNAC20 and OsNAC26 are grain-
specific instead of endosperm-specific genes, as both
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were located in nuclei of the aleurone layer, starchy
endosperm, and embryo.

OsNAC20 and OsNAC26 Can Interact with Each Other

To determine whether OsNAC20 and OsNAC26 can
form homo- or heterodimers, we performed bimolecular
fluorescence complementation assays. Both OsNAC20
and OsNAC26 interacted with themselves (Supplemental
Fig. S4A). More importantly, OsNAC20 and OsNAC26
could interact with each other in the nuclei (Supplemental
Fig. 54A), which is consistent with the result for onion
(Allium cepa) epidermal cells (Mathew et al., 2016). A His
pull-down assay confirmed their heterodimerization
(Supplemental Fig. S4B). Therefore, OsNAC20 can phys-
ically interact with OsNAC26 in plant cell nuclei.

Phylogenetic Analysis of OsNAC20 and OsNAC26

The most similar proteins to OsNAC20 and OsNAC26
are from wild rice species (Oryza spp.; Supplemental Fig.
S5). Their whole protein sequences share 43% to 72%
similarity with OsNAC20 and OsNAC26. The sequence
similarity of other homologous proteins is limited to the
NAC domain, which shows ~70% similarity with
OsNAC20 and OsNAC26. Phylogenetic analysis indi-
cated that these homologous proteins with known func-
tions are ZmNAC128 and ZmNAC130 in maize, and
AtNACS87 in Arabidopsis. ZmNAC128 and ZmNAC130
have been reported to take part in the regulation of stor-
age product accumulation (Zhang et al., 2019b). Expres-
sion of AfNACS7 is changed in response to Cabbage leaf
curl virus in Arabidopsis (Ascencio-Ibafiez et al., 2008).
These results indicated that OsNAC20 and OsNAC26
might play a role in storage product synthesis and stress
response.

Simultaneous Deficiency of OsNAC20 and OsNAC26
Results in Floury Grains

To investigate whether deficiency of OsNAC20 and/
or OsNAC26 affects grain development, we generated
knockout mutants through the CRISPR/Cas9 tech-
nique. Each target locus was scanned for possible off-
target matches through mapping of the whole genome
(http:/ /cbi.hzau.edu.cn/cgi-bin/CRISPR; Supplemental
Table S1) to ensure the specificity of these target sequences.

Two targets in the CDS regions were mutated to
derive the single mutant for each gene, and the result-
ing mutants were designated as osnac20-1, osnac20-2,
osnac26-1, and osnac26-2 (Supplemental Fig. S1A). For
osnac20-1 and osnac26-1, unfortunately, we didn’t gen-
otype the corresponding single mutants, as the target
sequences for these two mutants were highly similar
and both genes were mutated in the two single mutants.
The target for osnac20-2 is specific and no possible off-
target sequence was detected (Supplemental Fig. S1A;
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Figure 1. Expression analysis of -
OsNAC20 and OsNAC26 in rice. A i
and B, RT-qPCR analysis of OsNAC20 Ty

and OsNAC26 expression in different
organs and in developing endosperms
(EN) of cv ZH11. Actin was used as an
internal control. The y axis represents

1-.._ (AN 20 iy | TANAL 26
. . [ 2]
- . | an
the expression level relative to that of 14 ™
the control. Samples of root (R), stem = R L . . . Frepepy

'1--*'\":\_7'.'-:"{"-:‘# e e

(S), leaf (L), and leaf sheath (LS) were
derived from plants at the four-leaf
stage. Panicles (P) were harvested at C

3 d before heading. Both pericarp (PE) 5 hII“ WS
and embryo (EM) tissues were col-

lected from developing caryopses at 8 A5 kI

DAF. Three biological experiments A ki

(three technical replicates for each bio- 35 kN

logical experiment) were conducted in A A

and B. Values are means = sp. C and D,

Immunoblot analysis of OsNAC20 and [ kD

OsNAC26 expression profiles in differ-
ent organs and developing endosperms.
HSP90 antibody was used as a sample
loading control. Total protein samples
were extracted from pooled tissues. M,
Protein marker. E to J, Immunofluores-
cence assays of OsNAC20 and OsNAC26
in endosperm (E-G) and embryo (H-)) at 8
DAF. Both endosperm and embryo were
transversely sectioned. Samples without
anti-OsNAC20 and anti-OsNAC26 were
used as control (E and H). AL, Aleurone
layer; SE, starchy endosperm. Scale bars
=150 uwm.

Supplemental Table S1). Although the target site for
osnac26-2 was also similar to the counterpart of OsNAC20,
OsNAC20 was not mutated in the osnac26-2 mutant
(Supplemental Figs. S1A and S6A; Supplemental Table
S1). Therefore, the osnac20-2 and osnac26-2 mutants were
used for further analysis. As shown in Supplemental Fig.
S7, the single mutation of OsNAC20 and OsNAC26 had no
effect on grain development.

The sites targeted for osnac20-1 and osnac26-1 were
mutated to effectively derive the double mutant
(Fig. 2, A and B; Supplemental Fig. S1A). Two ho-
mozygous independent double mutants were named
osnac20/26-1 and osnac20/26-2 (Fig. 2, A and B). The
possible off-target risk in OMTN1 (LOC_0Os02g36880)
in the double mutant was excluded (Supplemental
Fig. S6B; Supplemental Table S1). Immunoblot analysis
verified the loss of function of OsNAC20 and OsNAC26
in the two mutants (Fig. 2C). Phenotypic characteriza-
tion showed no detectable change in such traits as plant
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height, panicle number, and flowering date was ob-
served in the o0snac20/26-1 and osnac20/26-2 mutants
compared to cv Zhonghuall (ZH11; Supplemental Fig.
S8A), but the mutant grains showed a floury phenotype
(Fig. 2D). The grain width, thickness, and 1,000-grain
weight were significantly reduced (Fig. 2, E-H). Follow-
up phenotyping of the two mutants revealed a consis-
tent grain phenotype (Supplemental Fig. S8, B-F),
which further indicated that this phenotype was caused
by the deficiency of OsNAC20 and OsNAC26. The
o0snac20/26-1 line was used for further study in the fol-
lowing experiments.

Simultaneous Deficiency of OsNAC20 and OsNAC26
Results in a Significant Decrease in Starch Accumulation

Shape observation of developing caryopsis showed
no obvious differences between cv ZH11 and osnac20/
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Figure 2. Mutation sequence and seed phenotypic analysis of the osnac20/26 mutant. A and B, Mutation of the CDS in OsNAC20
(A) and/or OsNAC26 (B) mutants. Two homozygous independent transgenic plants were derived for each mutation. All of these
mutations resulted in loss of function of OsNAC20 and OsNAC26 due to a frame shift. Solid boxes represent the exons, solid lines
the introns, and open boxes the untranslated region. C, Immunoblot analysis of anti-OsNAC20 and anti-OsNAC26 in the
osnac20/26 double mutant. Anti-HSP90 antibody was used as the internal control. Total proteins were extracted from pooled
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26-1 caryopses before 4 DAF, but the osnac20/26-
1 caryopsis became smaller after 4 DAF, and this
difference was continuously detected with caryopsis
development and was ascribed to defective dry matter
accumulation (Fig. 3, A and B). In rice grains, most of
the dry matter is starch. Two lines of evidence indicated
that the significantly decreased dry matter/grain
weight in the 0snac20/26-1 mutant was mainly due to
the significantly reduced starch content (Fig. 2I). First,
the grain-filling rate was reduced in the osnac20/26-1 mu-
tant after 4 DAF (Fig. 3B). Second, the starch granules in
the 0snac20/26-1 mutant were always packed less tightly
than the corresponding region of cv ZH11 during the
development stage (Fig. 3C).

Interestingly, the morphology of starch granules did
not show a significant difference between cv ZH11 and
the o0snac20/26-1 mutant, both of which displayed a
polygonal shape in the central, dorsal, ventral, and
lateral regions of the kernel. It was only that the size of
starch granules in the mutant was less homogeneous
than that of the control (Supplemental Fig. S9, A and B).
The starch also showed a similar M, distribution, except
that the amylose content of the mutant was slightly
higher than that of the control (Supplemental Fig. S9C;
Supplemental Table S2), which was consistent with the
results obtained from the iodine colorimetric method
(Fig. 2K). In addition, starches from cv ZH11 and
osnac20/26 had an A-type crystalline structure and
similar gelatinization properties (Supplemental Fig. S9,
D and E). Overall, the deficiency of OsNAC20 and
OsNAC26 significantly changed starch accumulation
but did not have a remarkable influence on starch
morphology, molecular structure, and physicochemical
properties.

Simultaneous Deficiency of OsNAC20 and OsNAC26
Results in a Pronounced Decrease in Storage Protein
Content and a Defective Protein Body

Apart from starch, storage protein is also an impor-
tant component of dry matter in rice grains. The storage
protein amount showed a pronounced decrease in the
osnac20/26 mutant (Fig. 2J). The storage proteins accu-
mulate in the protein body (PB), and therefore, the PB
was further investigated using semithin sections
stained with acid fuchsin and Coomassie brilliant blue,
two dyes that are specific for protein staining (Fig. 4, A
and B; Supplemental Fig. S10). The PBs were mainly
distributed in the subaleurone region in cv ZH11 and

osnac20/26-1 plants, but those in the double mutant
were less densely packed than those in the control
(Fig. 4, A and B; Supplemental Fig. 510). Furthermore,
the number and area of PBs were investigated by
transmission electron microscopy (TEM). PBI, which
derives from the endoplasmic reticulum (ER) and con-
sists of prolamin, showed spherical morphology and
was surrounded by rough ER attached with ribosomes
(Fig. 4C). Glutelin- and globulin-containing PBII accu-
mulated in protein storage vacuoles (PSVs) and dis-
played an irregular shape (Fig. 4C). Although PBI
morphology was similar in the 0snac20/26-1 mutant, the
density and area were decreased by ~40% and 30%,
respectively (Fig. 4, E and F). With regard to PBII, its
filling was significantly affected. As shown in Figure 4D,
PSVs were not completely occupied by storage proteins,
and in some cases were empty, resulting in an extremely
small PBII area in the osnac20/26-1 mutant compared to
cv ZH11 (Fig. 4F). The above results indicated that
storage protein synthesis is severely affected in this
double mutant.

Identification of Genes Regulated by OsNAC20
and OsNAC26

RNA-sequencing (RNA-seq) analysis was conducted
to investigate the molecular mechanism of pheno-
typic defects in the 0snac20/26 mutant (Supplemental
Fig. S11). A total of 2,564 differentially expressed
genes (DEGs) were characterized, including 1,631
downregulated genes and 933 upregulated genes
(Supplemental Table S3). The Gene Ontology (GO)
enrichment termed “response to stress” suggested
again a potential function of OsNAC20 and OsNAC26
in stress, which is consistent with the result of phylo-
genetic analysis (Fig. 5A; Supplemental Fig. S5). Most
importantly, the “nutrient reservoir” terms, mainly in-
cluding glutelin, prolamin, and globulin synthesis-
related genes, broadly changed expression profile in
the osnac20/26-1 mutant; in which 11 DGEs were
downregulated, and the reduction levels ranged from
68% to 93% (Table 1). Furthermore, we detected that
several starch synthesis-related genes, including
AGPS2b, AGPL2, SS1, SBEI, Pul, and DPEI, were sig-
nificantly downregulated (Table 1). Among them, the
transcription levels of AGPS2b and Pul were most
markedly decreased, by 91.3% and 93.6%, respectively.
RT-qPCR confirmed the decreased expression levels of
these DGEs (Supplemental Fig. S12A).

Figure 2. (Continued.)

endosperm samples at 13 DAF. M, Protein marker. D, Grain phenotypic features of cv ZH11, osnac20/26-1, and osnac20/26-2.
Images shown were digitally extracted and scaled for comparison. Scale bar = 1.5 mm. E to H, Measurement of 1,000-grain
weight (E), grain length (F), grain width (G), and grain thickness (H) of the wild type and the osnac20/26 mutant (n = 3 [E] and 50
[F-H]). Ito L, Starch content (1), storage protein content (J), amylose content (K), and soluble sugar content (L) in mature grains of
cv ZH11 and the osnac20/26 mutant. Data in E to L were measured from mature grains. Values are means = sp from two () and K)
and three (I and L) biological replicates. The asterisk indicates a statistically significant difference between cv ZH11 and the
osnac20/26 mutants, as calculated by Student’s t test (*P < 0.05, **P < 0.01, and ***P < 0.001).
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Function of OsNAC20 and OsNAC26 in Rice

Figure 3. Phenotype, weight, and starch ac-
cumulation in developing caryopsis of the
osnac20/26-1 mutant. A, Phenotype of the
developing caryopsis. Scale bar = 2 mm. B,
Fresh weight (FW) and dry weight (DW) of
developing caryopsis. Thirty caryopses from
the same part of three plants (10 for each plant)
were considered as one replicate, and the

i

M

Frevk er e weighl ol carvepis (imp prais) m

—— FHI1-DW
= e IO T -1V

weight of one caryopsis was calculated. Three
replicates were conducted. Values are means
+ sp. The asterisk indicates a statistically sig-
nificant difference between cv ZH11 and the
osnac20/26-1 mutant, as calculated by Stu-
dent’s ttest (*P < 0.05, **P < 0.01, and ***P <
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0.001). C, Microphotographs of iodine-stained
transverse sections of developing caryopses at
the midregion. Scale bars = 0.5 mm. Images

shown in A and C were digitally extracted and
scaled for comparison.

Next, SDS-PAGE, immunoblot, and/or enzyme ac-
tivity assays were performed in rice endosperm to ex-
amine whether the change in RNA expression of these
DEGs affected the protein amount and/or enzyme ac-
tivity. Similar to the reduced protein abundance, SSI
and DPE1 activities were decreased by ~34% and 80%,
respectively. Pul activity was decreased ~70% (Fig. 5,
B-G). However, the activity levels of AGPase and SBE
in the osnac20/26-1 mutant were not significantly dif-
ferent from those in cv ZHI11, although AGPS2b,
AGPL2, and SBEI were remarkably downregulated
(Fig. 5, E and G; Table 1). In addition, the protein a-
bundance of some other starch synthesis-related en-
zymes was similar between cv ZH11 and the double
mutant, as was the RNA level (Supplemental Fig. S12B;
Supplemental Table S3).

For storage proteins, decreased accumulation of
glutelin acidic and basic subunits was detected in the
mutant compared to cv ZH11 (Fig. 5H). When further
separating glutelin acidic subunits, it was detected that
the GluA2 band was not significantly different between
cv ZH11 and osnac20/26-1, and the GluA1 abundance
was slightly lower in the mutant than in cv ZH11, while
GluB4 was severely decreased in the osnac20/26-1 mu-
tant compared to cv ZHI11 (Fig. 5H). Immunoblot
analysis indicated that total GluA and GluB acidic
subunits were decreased by ~17% and 32%, respec-
tively, in the osnac20/26-1 mutant compared to cv

Plant Physiol. Vol. 184, 2020

ZH11 due to the respective reductions in GluA1l and
GluB4 (Fig. 5I). Most notably, a-globulin and 16 kD
prolamin were almost completely absent from the
osnac20/26-1 mutant (Fig. 5, H and I). These data in-
dicated that decreased starch and storage protein syn-
thesis are mainly attributed to the reduced expression
of starch and storage protein synthesis-related genes,
and they further suggested possible roles of OsNAC20
and OsNAC26 in the regulation of starch and storage
protein synthesis in rice endosperm.

OsNAC20 and OsNAC26 Directly Target Endosperm
Starch and Storage Protein Synthesis-Related Genes

According to RNA-seq, RT-qPCR, SDS-PAGE, im-
munoblot, and enzyme activity assay results, starch
and storage protein synthesis-related genes, includ-
ing AGPS2b, AGPL2, SSI, SBEI, Pul, DPE1, a-glolulin,
16 kD prolamin, GluB4, and GluAl, were further in-
vestigated through a dual-luciferase (dual-luc) re-
porter assay to detect whether they can be directly
transactivated by OsNAC20 and/or OsNAC26 (Figs.
5 and 6; Table 1). As shown in Figure 6, B to K, both
OsNAC20 alone and OsNAC26 alone transactivated
these genes well except in the case of DPE1; however,
their activation level varied among different pro-
moters. For example, OsNAC20 showed a 323-fold
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Figure 4. Storage protein analysis in endosperm
of the osnac20/26-1 mutant. A, Microphotographs
of Coomassie brilliant blue-stained transverse
sections of midregion caryopses from cv ZH11
(left) and osnac20/26 (right) at 10 DAF. Scale bar
= 0.3 mm. B, Images are magnifications of the
regions marked by a red line at the far right in the
full-scale images of A (left and right, respectively).
Scale bars = 10 um. C and D, TEM photographs of
PBI and PBII in endosperm of cv ZH11 (C) and
osnac20/26 (D) at 10 DAF. The red asterisk in D
indicates the empty PSV in the osnac20/26-1 mu-
tant. Scale bars = 2 um. Images shown in A to D
were digitally extracted and scaled for compari-
son. E and F, Number and area of the PB in the

same endosperm region of cv ZH11 and osnac20/
26at 10 DAF. Numbers of PBs were counted in the
TEM photographs with the same magnification
and area (500 um?), and their means and sps were
calculated from five TEM photographs. The areas
of PBI and PBII were individually measured using
Photoshop Software, and their means and sps were
calculated from all PBs in the above-mentioned
five TEM photographs. The asterisk indicates a
statistically significant difference between cv
ZH11 and the osnac20/26-1 mutant, as calculated
by Student’s t test (*P < 0.05 and ***P < 0.001).
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luciferase increase in activating the AGPS2b pro-
moter, but OsNAC26 only produced a 117-fold in-
crease; with regard to the 16 kD prolamin promoter,
the two proteins showed a similar activation level,
but coexpression did not enhance the LUC expression
level compared to that of OsNAC20 or OsNAC26
alone. This result indicated that although OsNAC20
and OsNAC26 can interact with each other, they in-
dependently regulated the expression of starch and
storage protein synthesis-related genes.

To further confirm the binding of OsNAC20 and
OsNAC26 to these gene promoters, an electropho-
retic mobility shift assay (EMSA) was conducted. As
shown in Supplemental Table S4, the promoters of
AGPL2, SSI, SBEI, Pul, GluB4/5, and 16 kD prolamin
contain the ACGCAA motif, an element that has been
reported to interact with maize NAC TFs to take part
in storage product accumulation (Zhang et al,
2019b). Among these, SBEI and 16 kD prolamin pro-
moters were further investigated to demonstrate their

1782
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interaction with OsNAC20 and OsNAC26. The result
showed that OsNAC20 and OsNAC26 were able to
bind to the ACGCAA motif (Fig. 7, A and B;
Supplemental Table S5). In the case of AGPS2b, there
is no ACGCAA motif in its promoter. Therefore, the
truncated AGPS2b promoters were produced to de-
tect the cis-element targeted by OsNAC20 and
OsNAC26. As shown in Figure 8, A and B, compared
to the F+R, F1+R and F2+R fragments, which dis-
played strong transactivation activity, F3+R showed
significantly decreased activity, F4+R demonstrated
relatively weak activity, and F5+R had no activity.
This result placed the cis-element at the —340, —286,
and —177 sites in the AGPS2b promoter, especially
the —340 site, which is mainly responsible for the
binding activity. EMSA results showed that DNA
sequences that contain the —340 and —286 sites were
specifically bound by OsNAC20 and OsNAC26, re-
spectively, but those containing the —177 fragment
were not, which might be because some other NAC
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binding sites exist in it (Figs. 7A and 8C; Supplemental
Table S5). Although there is also no ACGCAA element in
the GluA1 and a-glolulin promoters, they contain the core
binding sites of the —340 binding site (Supplemental
Table S4).

Previous studies have reported that subdomains C
and D in the NAC domain may interact with cis-acting
elements (Wang and Culver, 2012). We generated two
truncated versions of OsNAC20 and OsNAC26,
OsNAC20NAC, OsNAC26NAC, and OsNAC20/26¢P,
and tested the binding of these three proteins to the
target sequence to investigate whether the NAC do-
main or C and D subdomains are required for DNA
binding. Results showed that the NAC domain, but not
the C and D subdomains, was able to bind to the cis-
elements (Fig. 7C), which might be due to the fact that
except for the C and D subdomains, other subdomains

Plant Physiol. Vol. 184, 2020

are also required for assistance in binding to DNA
sequences.

DISCUSSION
Expression Patterns of OsNAC20 and OsNAC26 in Seeds

The thinner caryopsis phenotype and decreased dry
weight after 4 DAF in the osnac20/26 mutant indicated
that OsNAC20 and OsNAC26 function after 4 DAF in
the caryopsis. Starch and storage protein contents sig-
nificantly increased between 4 and 10 DAF, and few of
them are synthesized at the late developing stage (after
17 DAF,; Fig. 3B; Yamagata et al., 1982). However, only
faint bands of OsNAC20 and OsNAC26 were detected
between 4 and 10 DAF, whereas higher content of these
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Table 1. Decreased expression of starch- and storage protein synthesis-related genes

((f{;n;_ﬁizz)ﬂer Gene Name CEZLdge False Discovery Rate
0Os08g0345800 AGPS2b 0.087 8.86E—41
0Os01g0633100 AGPL2 0.279 3.17E—48
0Os06g0160700 SSi 0.358 3.66E—32
0Os06g0726400 SBEI 0.201 8.01E-09
0Os04g0164900 Pul 0.064 8.34E—14
0s07g0627000 DPE1 0.399 1.56E—17
0Os01g0762500 GluAT 0.268 3.79E-07
Os10g0400200 GluA2 0.320 7.86E—07
0s02g0249800 GluB-1a 0.222 2.63E-06
0s02g0249900 GluB-1b 0.165 5.57E—14
050280249600 GluB2 0.205 0.00012
0s02g0268300 GluB4 0.136 0.00064
0s02g0268100 GluB5 0.105 0.00091
0s02g0453600 GluC 0.157 1.80E—05
0Os05g0499100 a-globulin 0.114 3.66E—12
0s07g0206400 13 kD prolamin 0.072 9.42E-06
0s06g0507200 16 kD prolamin 0.077 4.92E-38

proteins was observed at the late stage (Fig. 1D). It is
inferred that OsNAC20 and OsNAC26 might have a
function in late seed development. Interestingly, we
observed a preharvest sprouting phenotype (Supplemental
Fig. 513), which is related to ABA-controlled seed
dormancy. After 17 DAF, the seed prepares to enter
into the dormancy stage. Combined with the down-
regulated OsRCAR1 (Os06g0527800; ABA receptor)
expression in the double mutant (Supplemental Table
S3), we reasonably speculated that OsNAC20 and
OsNAC26 might have a function in controlling seed
dormancy.

In previous studies, OsNAC20 and OsNAC26 are
reported as endosperm-specific genes, as embryo tissue
was not included in the investigated organs (Fang et al.,
2008; Nie et al., 2013). In this study, OsNAC20 and
OsNAC26 transcripts were not detected in the embryo
at 8 DAF, but their proteins were detected by immu-
noblot and immunostaining at this stage (Fig. 1, A-D
and H-J), which might be due to the fact that mRNA is
transcribed first, followed by protein translation.

OsNAC20 and OsNAC26 Regulate Starch Synthesis

In the o0snac20/26-1 mutant, the starch content was
reduced by ~30% (Figs. 2I and 3B), which was attrib-
uted to the reduced expression and activity of SSI, Pul,
and DPEI instead of the unchanged AGPase and SBE
activity, although OsNAC20 and OsNAC26 can bind to
the promoters of AGPS2b, AGPL2, and SBEI to regulate
their expression (Figs. 5-8; Table 1).

Several studies have reported that the cytosolic iso-
forms, including AGPS2b and AGPL2 in rice and
AGPSla (Bt2) and AGPL1 (Sh2) in maize, are mainly
responsible for the AGPase activity in endosperm. Any
mutation of these four genes can produce a significant
reduction of AGPase activity, resulting in a shrunken
seed phenotype due to the marked decrease of starch
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synthesis (Yano et al., 1984; Giroux and Hannah, 1994;
Tuncel et al., 2014). One interesting result worth noting
in the osnac20/26-1 mutant is that although the ex-
pression levels of AGPS2b and AGPL2 were markedly
decreased, the AGPase activity in this double mutant
paralleled that of cv ZH11 (Fig. 5G; Table 1). Therefore,
the decreased starch content in the 0snac20/26-1 mutant
is unrelated to the reduced expression of AGPS2b and
AGPL2. A similar case is detected in the mutant of
ZmbZIP22, a gene that encodes a bZIP-type TF and
regulates the 27-kD y-Zein gene in maize (Li et al,
2018a). In the zmbzip22 mutant, the expression of
AGPS1a and AGPL1 are also significantly reduced. Al-
though AGPase activity was not examined in the study
of Li et al. (2018a), we speculate that it is unchanged, as
the total starch level is essentially unchanged in the
zmbzip22 mutant. Furthermore, we investigated the
gene expression of other plastid-localized AGPase
subunits in 0snac20/26-1 endosperm, and the results
showed that the expression levels of AGPS1 (Os09¢0298200)
and AGPL3 (0s03g0735000) were not significantly dif-
ferent between cv ZH11 and the osnac20/26-1 mutant,
and that of AGPL1 (Os0550580000) was ~58% reduced
in the mutant (Supplemental Table S3). This indicated
that AGPase complementation did not happen in
this double mutant. A recent study has reported that
AGPase is phosphorylated in wheat seeds, which in-
dicated that AGPase can undergo posttranslational
modification (Ferrero et al., 2020). Therefore, we infer-
red that the lack of change in AGPase activity in the
osnac20/26 mutant might have been due to posttrans-
lational modification of the residual transcripts of
AGPS2b and AGPL2, which could maintain full AGPase
activity.

OsNAC20 and OsNAC26 can bind to the SBEI pro-
moter to regulate its expression, but the total SBE activity
was not decreased in the double mutant. Two possibilities
exist: either the SBEI activity was not changed, although
its RNA and protein levels were decreased, or the reduced
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SBEI activity was complemented by SBEIla and SBEIIb.
We are inclined to favor the former hypothesis, as an extra
SBEIIb activity has a remarkable effect on the molecular
structure of starch (Tanaka et al., 2004), whereas the mo-
lecular structure and physicochemical properties of starch
in the osnac20/26-1 mutant were not significantly changed
(Supplemental Fig. S9, C-E). In addition, SBEI can be
phosphorylated (Tetlow et al., 2004; Qiu et al., 2016), a
posttranslational modification that might keep its full
enzyme activity in the double mutant, even if its mRNA
and protein level are decreased. With regard to DPEI,
although OsNAC20 and OsNAC26 could not directly
bind to its promoter to regulate its expression (Fig. 6G), its
RNA level, protein amount, and enzyme activity were
significantly decreased (Fig. 5, B and F). This might be
attributed to a physical/functional interaction of DPE1
with other starch synthetic enzymes, and therefore, it was
reduced along with other components in the isozyme
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C ACPED Figure 6. OsNAC20 and OsNAC26

3&0 - z stimulate the expression of starch and

storage protein-related genes. A, Sche-
matic diagram of the effector and re-
porter vectors for dual-luc assays. LUC,
Firefly luciferase; REN, Renilla lucifer-
ase; Ter, Terminator. B to K, Relative
luciferase activity was examined in N.
benthamiana leaves cotransfected with
the reporter and different effector con-
structs. A 1- to 3-kb region upstream of
the start codon in these genes was se-
lected as the gene promoter for firefly
luciferase. Values are means * so from
at least three biological replicates. Dif-
ferent lowercase letters indicate signifi-
cant difference (P < 0.05) as determined
by one-way ANOVA and Tukey’s hon-
estly significant difference (HSD) mean-
separation test.

complex. Hwang et al. (2016) reported that Phol assem-
bles with DPE1 to form a protein complex that enhances
the synthesis of malto-oligosaccharides. However, Phol
was not significantly different between cv ZH11 and the
osnac20/26-1 mutant. Therefore, this hypothesis might be
impossible. More evidence is needed to demonstrate why
DPE1 was affected in this double mutant.

Generally, a decrease in starch content is accompanied
by a change in starch morphology. In the o0snac20/26-
1 mutant, starch showed a heterogeneous size, but it
exhibited a polygonal shape (Supplemental Fig. S9, A
and B). In addition, the amylose content in this double
mutant was increased (Fig. 2K; Supplemental Fig. S9C;
Supplemental Table S2). Previous reports have indicated
that single mutations of SSI and Pul do not affect starch
morphology and amylose content (Satoh et al.,, 2003;
Fuijita et al., 2006, 2009), whereas DPE1 deficiency results
in changes in starch morphology and increased amylose
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Figure 7. OsNAC20 and OsNAC26 di- A

rectly bind to the promoters of AGPS2b,

SBEI, and 16 kD prolamin. A and B, EMSA

of OsNAC20 (A) and OsNAC26 (B) with His-0sNACID
the promoters of starch and protein His
synthesis-related genes, respectively. Pro, Labled Iro
Promoter; mPro, mutated promoter. Both ZiHd- ol unlabled Pro
His-OsNAC20 and His-OsNAC26 were Labled mPro

able to bind to the promoters of SBEl and

16 kD prolamin and induced a mobility

shift (lane 3), while addition of an unla-

beled probe competitively interacted with

the recombinant proteins and resulted in

a compromised band (lane 4). In addition,

His and the mutated fragment alone did

not cause this mobility shift (lanes 2 and

5, respectively). C, EMSA confirming the B

domain that interacts with the DNA se- a3
quence. 20/26°P indicates the same I"I‘F'I::h%‘“Jl"l_lfr
subdomain C and D in OsNAC20 and ;

OsNAC26 (Supplemental Fig. S1B). 20NAC Labled Fre
and 26NA€ represent the NAC domains 200-Tokd walabled Pro
in OsNAC20 and OsNAC26, respec- Labkled mPro

tively. Numbers 1 and 2 represent the
probe and mutated probe, respectively.
Probe sequences are listed in Supplemental
Table S5. The red arrow indicates the
positive band.

Pro: AGPS2H Y Pra: SHEI PFro: 16 kD prolamin
1 @ 3 4 % 1 3} 4 5 i1 3} 3 4 5

+ - - = E L k. * - . - - -

ey (W~

Pro: AGPS25 M0 Pro: SBEI

-1 L e

Pro: 16 kD) prolamin

1 i 4 4 3 1 F I 4 % 1 I 3 4 5

- . . > - - . + -+ + - - - " "

ﬂ-— - |

c 1.?1[”151:! JEa PR D 07260 p ] T
1.2 12 12 & 1 2 131 12
§ = - = =P e
o - - g
4 H
% g
B =
o 5
e = = L ey o

content, similar to those observed in the osnac20/26-
1 mutant (Dong et al, 2015), indicating that in the
osnac20/26-1 mutant, the slight changes in starch mor-
phology and amylose content were caused by decreases
in DPE1 expression and activity. However, the starch
content in DPEI-deficiency transgenic lines does not
show a significant difference from that of the wild type
(Dong et al., 2015). Therefore, it is concluded that the
significantly decreased starch content in the osnac20/26-
1 mutant is a combined result of the reduced expression of
SSI, Pul, and DPEL In addition, Pul was decreased largely
at RNA and enzyme activity levels, which implies that
OsNAC20 and OsNAC26 are the main regulators for Pul.

OsNAC20 and OsNAC26 Regulate Storage
Protein Synthesis

OsNAC20 and OsNAC26 directly bound to the
promoters of GluAl, GluB4, a-globulin, and 16 kD
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prolamin to regulate storage protein synthesis (Figs. 6
and 7). OsNAC20 and OsNAC26 deficiency caused
an almost complete loss of a-globulin and 16 kD
prolamin and severely decreased GluB4 (Fig. 5, H and
I; Table 1); therefore, OsNAC20 and OsNAC26 are the
main regulators for the three genes. The 16 kD pro-
lamin protein is located in PBI, and its loss resulted
in a pronounced decrease in PBI number and area
(Fig. 4, C-F), indicating that 16 kD prolamin is re-
quired for PBl initiation and filling. A similar case in
which prolamin is responsible for PB initiation has
been reported in the maize 27-kD y-zein protein, but
27-kD vy-zein is not required for the bulk of PB filling
(Lopes and Larkins, 1995; Moro et al., 1995; Guo
et al., 2013). GluAl, GluB4 and a-globulin are con-
tained in PBII, and reduction of these proteins led to
deficient filling of PBII.

We found that storage protein accumulation
was not always mainly limited by its transcript
amount. For example, GluA2, GluB1, GluB2, and
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Figure 8. Identification of cis-elements targeted by OsNAC20 and OsNAC26 in the AGPS2b promoter. A, Schematic
representation showing predicted NAC binding sites in the AGPS2b promoter. F to F5 and R represent the primers designed
inthe AGPS2b promoter. Black vertical bars represent the predicted NAC binding sites. Pro:AGPS2b, APGS2b promoter. B,
Relative luciferase activity of different truncated AGPS2b promoters bound by OsNAC20 and OsNAC26. Values are means
+ sp from at least three biological replicates. REN, Renilla luciferase; LUC, firefly luciferase. Different lowercase letters
indicate significant difference (P < 0.05) as determined by one-way ANOVA and Tukey’s honestly significant difference
(HSD) mean-separation test. C, EMSA identifying binding activity of the three DNA fragments containing the —340, —266,
and —177 binding sites with OsNAC20 and OsNAC26. The red arrow indicates the positive band. M, Mutated probe. Probe
sequences are listed in Supplemental Table S5. The core binding sites were deleted in the mutated probes.

GluC transcripts were reduced to ~32%, 22%, 20%,
and 16% of cv ZH11 levels, respectively, whereas
their protein abundance was comparable to control
levels (Fig. 5, H and I; Table 1; Supplemental Fig.
512C). Although GluAl transcripts were dramati-
cally decreased, the protein was not reduced to quite
the same extent (Fig. 5H; Table 1). A similar phe-
nomenon has also been reported in maize by other
groups. Guo et al. (2013) observed that in 19- and 22-kD
a-zein RNA interference transgenic plants, dramatic
reduction of the transcripts of these two proteins does
not result in a corresponding reduction of their protein
abundance. Li et al. (2018b) found that in the zmbzip22
mutant, an obvious transcript increase in 15-kD B-zein
did not cause a noticeable increase in this zein at the
protein level. This finding suggests that an excessive
transcript level of storage protein, available amino
acids, and translational machinery may also be re-
sponsible for storage protein abundance (Guo et al.,
2013).

The expression of genes encoding major prola-
mins and globulin was decreased (Table 1), but the
expression of 05120269100, Os03g0766350, and
05050116000, which encode minor prolamins and
globulin, was increased (Supplemental Table S3).
The supplementary expression of the three genes is
promoted to counterbalance the deficit. (Kusaba
et al., 2003; Kawakatsu et al., 2010; Lee et al., 2015).
A similar protein rebalancing phenomenon has also
been reported in other species, including barley
(Hordeum wvulgare; Hansen et al., 2007), rapeseed
(Brassica napus; Rolletschek et al., 2020), wheat
(Barro et al., 2016), soybean (Glycine max; Schmidt
et al., 2011), and maize (Wu and Messing, 2014).

Plant Physiol. Vol. 184, 2020

However, the compensatory mechanism has not
been identified.

OsNAC20 and OsNAC26 Are Redundantly Required for
Starch and Storage Protein Synthesis

Three lines of evidence indicate that OsNAC20 and
OsNAC26 have a redundant function in the regulation of
starch and storage protein syntheses. First, OsNAC20
and OsNAC26 proteins share high similarity and they
activate the same targets. They have almost identical
NAC domains, except for three amino acid deletions in
the NAC domain of OsNAC20, and their TRR domains
share 76% sequence similarity (Supplemental Fig. S1).
The NAC domain is responsible for cis-element interac-
tion and the TRR domain contributes to its activation or
repression properties (Ooka et al.,, 2003; Olsen et al,,
2005). In this study, the NAC domains of OsNAC20 and
OsNAC26 bind to the same cis-elements and activate the
same starch and protein synthase-related genes (Figs.
6-8). Second, their promoters share 91% sequence simi-
larity in that they have highly similar cis-elements in
their promoters (Supplemental Table S6), meaning that
OsNAC20 and OsNAC26 might have similar expression
patterns. This is further demonstrated by the RT-qPCR
result, which showed that both OsNAC20 and OsNAC26
are only detected at developing endosperm and both
have their lowest and highest expression at 4 and 13
DATF, respectively (Fig. 1, A and B). Third, single muta-
tion of OsNAC20 and OsNAC26 did not affect the grain
phenotype, but simultaneous mutation of these two
genes resulted in a floury grain phenotype (Fig. 2;
Supplemental Figs. S7 and S8). The normal phenotype in
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their respective single mutants is due to the increased
expression level of the other OsNAC to compensate for
the loss of function (Supplemental Fig. S514).

Several Other NAC TFs Might Take Part in Storage
Product Accumulation

In RNA-seq data, we detected 8 other NAC TFs that
changed their expression. OsNAC25 (Os11g0512000),
OsNAC41 (Os01g0925400), OsNAC128 (Os11g0512200),
and OsNAC129 (Os11g0512600) were downregulated
in the endosperm of the 0snac20/26 mutant. OsNAC25,
OsNAC128, and OsNAC129 are endosperm-specific
genes, and OsNAC25 has a similar expression pat-
tern to that of OsNAC20 and OsNAC26. OsNAC41
(0Os01g0925400) is a candidate for high-yield genes in
rice (Huang et al., 2018). These four NAC TFs might play
a role in storage product accumulation, but how they
take part in this process and how they are regulated by
OsNAC20 and OsNAC26 are worth further investiga-
tion. Four stress-associated genes, OsNAC2/OMTN?2
(Os04g0460600), OsNAC11/OMTN4 (Os06g0675600),
OsNAC39/0sCUC1T (0s03g0327100), and OsNAC45
(Os11g0127600), were upregulated in the endosperm of
the osnac20/26 mutant (Fang et al., 2008, 2014; Zheng
et al., 2009), which might contribute to the function of
OsNAC20 and OsNAC26 in the stress response. In
addition, their upregulation might be to compensate for
the deficiency of OsNAC20 and OsNAC26 in the
osnac20/26 mutant.

In conclusion, OsNAC20 and OsNAC26 redundantly
and directly transactivate the expression of SSI, Pul,
GluA1l, GluB4/5, a-globulin, and 16 kD prolamin and in-
directly influence DPE1 expression to regulate starch
and storage protein synthesis. These findings have also
expanded our understanding of the NAC family in the
regulation of endosperm starch and storage protein
synthesis in plants.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

The CRISPR/Cas9 constructs were generated in a japonica rice (Oryza sativa)
‘Zhonghuall’ (ZH11) background using a CRISPR/Cas9 Kit (Biogle) that con-
tains CRISPR plasmids BGK032 (for the single mutant) and BGK032-DSG (for the
double mutant). Briefly, for the single mutant, the synthesized target single guide
RNA (sgRNA) sequences were inserted between the OsU6 promoter and the
sgRNA scaffold by recombination reaction. For the double mutant, one target was
inserted between the OsU6 promoter and the sgRNA and another between OsU3
and the sgRNA. The transgenic T1 to T4 plants were planted in the transgenic
closed experiment field of Yangzhou University (Yangzhou, Jiangsu Province,
China) under natural field conditions from May to September during the period
2016 to 2019. T3 plants and T4 grains were used for analysis in this study. In
addition, the T3 plants used for follow-up seed phenotype observation were
planted in Sanya (Hainan Province, China) from December 2017 to April 2018.

Protein Extraction, SDS-PAGE, and Immunoblot

The protein extraction for SDS-PAGE and immunoblot analysis of storage
protein was conducted as described by Tian et al. (2013). All other protein
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samples were extracted as described previously (Wang et al., 2018). SDS-PAGE
and immunoblot analyses were conducted according to the methods of Tian
et al. (2013) and Wang et al. (2018). The starch synthesis- and storage protein
synthesis-related antibodies were described previously (He et al., 2013; Liu
etal., 2014).

Subcellular Localization Assays and Bimolecular
Fluorescence Complementation

Both OsNAC20 and OsNAC26 were cloned into a 355-GFP vector, 355-1305,
for subcellular localization analysis in Nicotiana benthamiana leaves. Both
OsNAC20 and OsNAC26 were fused to pXY106 (nYFP-C) and pXY104
(N-cYFP) to observe their interactions in N. benthamiana leaves. The detailed
transformation into the Agrobacterium tumefaciens strain and the infiltration into
N. benthamiana leaves were performed as previously described (Cui et al., 2016).
The primers used in this article are listed in Supplemental Table S7.

Immunofluorescence Analysis

The hulled grains at 8 DAF were fixed in phosphate buffer with parafor-
maldehyde and then embedded into paraffin. The samples were incubated with
anti-OsNAC20 or anti-OsNAC26, followed by incubation with fluorescent
secondary antibodies. The detailed immunofluorescence analysis was per-
formed following the method of Wang et al. (2018).

Microscopic Observation

Semithin sections of developing and mature grains were investigated fol-
lowing the method of Zhao et al. (2016b). These sections were stained with
iodine solution to observe starch granules, and stained with Coomassie brilliant
blue and acid fuchsin to observe storage proteins. The stained sections were
observed and photographed with a fluorescence microscope (BX51, Olympus).
Transmission electron microscopy was conducted as described previously
(Tian et al., 2013).

Pull-Down Assay

The CDSs of OsNAC20 and OsNAC26 were inserted into pET-32a and pGEX-
6P-1 vectors, respectively. The empty and recombinant plasmids were trans-
formed into Escherichia coli BL21 cells to express the fused protein, followed by
protein purification using the corresponding beads. Glutahione S-transferase
(GST)- or OsNAC26-GST coupled beads were used to capture His or OsNAC20-
His and then their interaction was detected with anti-His antibodies.

Determination of Starch, Storage Protein, Amylose, and
Soluble Sugar Contents and Starch M, Distribution

The starch, storage protein, amylose, and soluble sugar contents were de-
termined as described by Man et al. (2014) and Wang et al. (2018). The M,
distribution of starch was analyzed using gel-permeation chromatography
described by Man et al. (2014).

Analyses of Thermal and Crystalline Properties

The thermal and crystalline properties of starch were investigated using
differential scanning calorimetry and X-ray powder diffraction as described
previously (Man et al., 2014).

Enzyme Activity Assay

Endosperm samples at 10 DAF were derived and homogenized on ice in
extraction buffer (50 mm HEPES-NaOH [pH 7.4], 2 mm MgCl,, and 12.5% [v/v]
glycerol). The resulting supernatant was used for further enzyme activity
analysis. Native PAGE/activity staining assays for DBE and SS were conducted
following the method of Nishi et al. (2001). AGPase activity was recorded based
on the amount of Gle-1-P produced by coupling its formation to NADH pro-
duction using phosphoglucomutase and Glc-6-P dehydrogenase (Nishi et al.,
2001). The detailed procedure was conducted using the ADPG Pyrophos-
phorylase Assay Kit (Solarbio). DPE1 assessment was based on a published
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paper (Akdogan et al., 2011). Total SBE activity was measured using a SBE
Assay Kit (Solarbio).

Transcriptome Analysis

Endosperm at 10 DAF was collected and used for RNA isolation with the
Qiagen RNeasy mini kit. Paired-end libraries were synthesized through the
TruSeq RNA Sample Preparation Kit (Ilumina). Purified libraries were deep-
sequenced using an Illumina HiSeq 2500. All sequencing raw data were pre-
processed by filtering out other nonrelated reads and sequencing adapters and
then mapped into the rice reference genome with two mismatches.

Dual-Luc Assay

Coding sequences of OsNAC20 and OsNAC26 were cloned into the 355-
1305 vector. The promoter sequences of starch synthesis- and storage
protein synthesis-related genes were inserted into pGreenlI-0080 vector.
Then, all the recombinant vectors were transformed into Agrobacteria
GV3101 or, in the case of the pGreenII-0080 constructs, cotransformed with
pSoup-P19. The following procedures were conducted according to the
method of Hellens et al. (2005). The activity of Renilla and LUC was de-
termined using the Dual-Luciferase Reporter (DLR, Promega) and detected
by BioTek Synergy2 (BioTek).

EMSA

The Web site http:/ /plantpan2.itps.ncku.edu.tw/ was used to analyze the
1- to 3-kb upstream region of selected genes for the analysis of NAC protein
binding sites. DNA fragments (30-50 bp) containing NAC protein biding sites
were synthesized and labeled with the EMSA Probe Biotin Labeling Kit
(Beyotime). The labeled probes were incubated with His-tagged OsNAC20 or
OsNAC26 protein and then this mixture was run on an 8% (w/v) native pol-
yacrylamide gel. After transferring to a nylon membrane, cross-linking, and
blocking, the signal was detected with the Chemiluminescent EMSA Kit
(Beyotime).

Statistical Analysis

The significance of intergroup differences was investigated by one-way
ANOVA and Tukey’s honestly significant difference (HSD) mean-separation
test. Significance of difference between two groups of data was assessed by
Student’s ¢ test.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL
data libraries under accession numbers OsNAC20 (LOC_Os01g01470),
OsNAC26 (LOC_Os01g29840), AGPS2b (LOC_Os08g25734), AGPL2
(LOC_Os01g44220), SBEI (LOC_Os06g51084), SBEIla (LOC_Os04g33460),
SBEIIb (LOC_0s02g32660), Phol (Os04g0164900; LOC_Os03g55090), Pul
(LOC_Os04g08270), GBSSI (LOC_Os06g04200), ISA1 (LOC_Os08g40930), SSI
(LOC_Os06g06560), SSIIa (LOC_Os06g12450), SSIIa (LOC_Os08g09230),
DPE1 (LOC_0Os07g43390), GluA1 (LOC_Os01g55690), GluA2 (LOC_Os10g26060),
GluB1 (LOC_Os02g15178), GluB2 (LOC_Os02g15150), GluC (LOC_Os02g25640),
13 kD prolamin (LOC_Os07g10570), and 16 kD prolamin (LOC_Os06g31070).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Alignment analysis of coding and amino acid
sequences of OsNAC20 and OsNAC26.

Supplemental Figure S2. Primers for RT-qPCR and antigen sequence for
anti-OsNAC20 and anti-OsNAC26.

Supplemental Figure S3. Subcellular localization of OsNAC20-eGFP and
OsNAC26-eGFP in N. benthamiana leaves.

Supplemental Figure S4. Interaction assay between OsNAC20 and
OsNAC26.
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Supplemental Figure S5. Phylogenetic analysis of OsNAC20 and
OsNAC26.

Supplemental Figure S6. Sequencing results of possible off-target matches.

Supplemental Figure S7. Grain phenotypic analysis of the osnac20 and
osnac26 single mutants.

Supplemental Figure S8. A follow up phenotype observation in the
osnac20/26 mutant.

Supplemental Figure S9. Morphology, crystalline, and gelatinization
properties of starch in cv ZH11 and osnac20/26.

Supplemental Figure S10. Storage protein phenotype analysis in endo-
sperm of the osnac20/26-1 mutant.

Supplemental Figure S11. Repeatability between three independent bio-
logical replicates of RNA-seq.

Supplemental Figure S12. RT-qPCR and immunoblot analysis of starch
synthesis- and storage protein synthesis-related genes and protein
expressions.

Supplemental Figure S13. The preharvest sprouting and fast germination
phenomenon in seeds from the osnac20/26 mutant.

Supplemental Figure S14. Relative expression levels of OsNAC20 and
OsNAC26 in their respective single mutants.

Supplemental Table S1. Possible off-target matches.

Supplemental Table S2. M, distribution of starch isolated from mature
seeds.

Supplemental Table S3. Differentially expressed genes between cv ZH11
and the 0snac20/26-1 mutant.

Supplemental Table S4. Predicted NAC binding sites in the promoters of
target genes.

Supplemental Table S5. DNA sequences for the EMSA in this article.

Supplemental Table S6. Predicted cis-elements in the OsNAC20 and
OsNAC26 promoters.

Supplemental Table S7. Primers used in this article.
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