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Abstract

Drought, which can induce osmotic stress, is the leading environmental constraint on crop productivity. Plants in both agri-
cultural and natural settings have developed various mechanisms to cope with drought stress. The identification of genes as-
sociated with drought stress tolerance and understanding the underlying regulatory mechanisms are prerequisites for
developing molecular manipulation strategies to address this issue. Here, we reported that the G-BOX FACTOR 14-3-3f
(14-3-3 protein OsGF14f) positively modulates osmotic stress tolerance in rice (Oryza sativa). OsGF14f transgenic lines had
no obvious change in crucial agronomic traits including yield and plant height. OsGF14f is transcriptionally induced by PEG
treatment, and in rice, overexpression or knockout of this gene leads to enhanced or weakened osmotic stress tolerance, re-
spectively. Furthermore, OsGF14f positively regulates abscisic acid (ABA) responses by interacting with the core ABA-respon-
sive transcription factor BASIC LEUCINE ZIPPER 23 (OsbZIP23) to enhance its transcriptional regulation activity toward
downstream target genes. Further genetic analysis showed that OsGF14f is required for the full function of OsbZIP23 in
rice osmotic response, and OsGF14f-mediated osmotic stress tolerance partially depends on OsbZIP23. Interestingly,
OsGF14f is a direct target gene of OsbZIP23. Taken together, our findings reveal a genetic and molecular framework by which
the OsGF14f-OsbZIP23 complex modulates rice osmotic response, providing targets for developing drought-tolerant crops.

Introduction environmental stresses is drought, which contributes to over
40% of crop losses worldwide. This proportion is continuously

The global demand for crop praduction is expected to roughly increasing due to climate change (Fabregas et al. 2018). Rice

double by 2050 due to our growing population, diet shifts, and (Oryza sativa) is one of the most important food crops in
increasing biofuel use (Ray et al. 2012, 2013). However, the ex-  the world, making it a critical target for drought tolerance im-
pected crop production growth rate falls short of the increas- provement. It is also a semiaquatic plant, meaning that it re-
ing demand (Ray et al. 2012, 2013). The achievement of higher  quires much more intensive irrigation and a larger water
and more consistent crop production relies on our ability to supply than other cereal crops such as maize (Zea mays)
overcome the various environmental stresses that seriously  and wheat (Triticum aestivum). Therefore, the improvement
hamper crop yield and quality. One of the most critical of drought tolerance is an important target in rice breeding.
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Drought causes osmotic stress to cells, and the osmotic
stress leads to reduced water uptake and dehydration
(Nakashima and Yamaguchi-Shinozaki 2013). The tolerance
of plants to drought-induced osmotic stress is derived from
a series of complex traits controlled by multiple genes. In
the past, numerous quantitative trait loci (QTLs) associated
with drought tolerance have been identified and used in the
development of drought-tolerant rice varieties. However, in
previous studies, increased drought tolerance in transgenic
plants has generally come at the cost of reduced growth
(Nakashima et al. 2007; Shao et al. 2008; Tardieu 2012; Weng
et al. 2014). Hence, the discovery of genes balancing rice
growth and stress tolerance will hold promise for developing
rice varieties with both drought tolerance and high yield.

14-3-3 proteins, a class of highly conserved, acidic, soluble
proteins in all eukaryotes, are widely associated with plant
growth and stress responses (Denison et al. 2011; Liu et al.
2016c¢). They generally work as molecular chaperones and can
regulate the intracellular localization, protein stability, and pro-
tein activity of their binding partners to exert function
(Denison et al. 2011; Liu et al. 2016¢). The rice 14-3-3 family con-
tains 8 members, some of which are reported to regulate rice
growth and stress responses (Liu et al. 2016c). These rice pro-
teins can interact with BRASSINAZOLE-RESISTANT 1
(OsBZR1), an important positive factor in brassinosteroid sig-
naling, and reduce its nuclear localization, thereby regulating
BR-regulated rice growth (Bai et al. 2007).

Recently, our studies have shown that 14-3-3s are involved
in rice disease defense responses (Liu et al. 2016a, 2016b,
2016¢ Yan et al. 2021; Ma, Yang et al. 2022). For example,
G-BOX FACTOR 14-3-3e (OsGF14e) and G-BOX FACTOR
14-3-3b (OsGF14b) have been found to positively regulate
panicle blast resistance in rice (Liu et al. 2016a, 2016b).
Further studies showed that OsGF14b is a target gene of
WRKY transcription factor 71 (OsWRKY71), which positively
regulates rice resistance to panicle blast (Liu et al. 2016a).
Proteomics and metabolomics analyses have revealed that
OsGF14b can activate the gibberellin biosynthetic, auxin,
and jasmonic acid signaling pathway during blast infection
(Yan et al. 2021). Most recently, it has been discovered
that OsGF14f positively regulates leaf blast and bacterial
blight resistance in rice via the salicylic acid—dependent sig-
naling pathway (Ma, Yang et al. 2022). Other labs have used a
transgenic approach to experimentally confirm the role of
G-BOX FACTOR 14-3-3c (OsGF14c) and OsGF14b in rice
drought tolerance (Ho et al. 2013; Liu et al. 2019), while
the details of the regulatory mechanisms involved in
14-3-3—mediated drought signal response in rice are still
unclear.

Abscisic acid (ABA) is a well-known stress hormone that co-
ordinates the complex networks of stress responses. Osmotic
stress caused by drought stress rapidly triggers ABA accumu-
lation in plants (Zhu 2002). Many proteins involved in the
ABA-mediated stress signaling pathway have been identified
(Lee and Luan 2012; Zhu 2016), among which several
bZIP-type transcription factors have been found to function
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as key regulators, such as ABSCISIC ACID INSENSITIVE 5
(ABI5) in Arabidopsis (Arabidopsis thaliana) and OsbZIP23
in rice. The bZIP-type transcription factors regulate the expres-
sion of ABA-responsive genes by binding to the G-box or
ABA-responsive elements (ABREs) in their promoters, trigger-
ing a series of physiological reactions to respond to environ-
mental stimuli (Yoshida et al. 2010; Zong et al. 2016).

In rice, OsbZIP23 is acutely induced by drought, high salt, PEG,
and ABA treatments (Xiang et al. 2008). Transgenic rice plants
overexpressing OsbZIP23 display increased sensitivity to ABA
and improved drought and salinity tolerance, whereas the
osbzip23 mutant exhibits opposite phenotypes (Xiang et al.
2008). Genome-wide studies have revealed that OsbZIP23 can
activate the expression of a variety of stress-responsive
genes, for examples, LATE EMBRYOGENESIS ABUNDANT
PROTEIN 3-2 (OsLEA3-2) and RESPONSIVE TO ABSCISIC ACID
16A (OsRab16A) (Zong et al. 2016), thus positively modulating
rice drought tolerance. Several studies have shown that the func-
tion of OsbZIP23 is tightly controlled by its interacting partners.
For example, a SnRK2 protein kinase osmotic stress/ABA—acti-
vated protein kinase 2 (SAPK2) interacts with and phosphorylates
OsbZIP23 to activate its transcriptional activity (Zong et al. 2016).
SUMO protease OVERLY TOLERANT TO SALT 1 (OsOTS1) in-
teracts with and de-SUMOylates OsbZIP23 to reduce its stability
(Srivastava et al. 2017). Despite these findings, the exact mechan-
isms underlying OsbZIP23-mediated transcriptional regulation
require further study.

In this study, we have shown that rice 14-3-3 protein OsGF14f
is a positive regulator of osmotic stress tolerance. OsGF14f inter-
acts with OsbZIP23 and enhances its transcriptional regulation
function to modulate the expression of stress-responsive genes.
Disruption of OsGF14f largely attenuates the osmotic
stress-tolerant phenotype of the OsbZIP23-OE plants. In turn,
OsGF14f-mediated osmotic stress tolerance is partially depend-
ent on OsbZIP23. Interestingly, OsGF14f is a direct target gene of
OsbZIP23, causing the feedbacked activation of OsbZIP23. Thus,
these results unravel one of the molecular mechanisms regarding
OsGF14f-OsbZIP23-mediated osmotic stress tolerance in rice.

Results

OsGF14f transcription is induced by osmotic stress

Our previous studies have revealed that 14-3-3 genes are in-
volved in rice disease defense responses (Liu et al. 2016a,
2016b; Yan et al. 2021; Ma, Yang et al. 2022). In this study,
we aim to further clarify the roles of these proteins during
rice growth, development, and stress response. To begin, we
analyzed the expression profiles of all 8 members of the rice
14-3-3 protein family based on the available transcriptomics da-
tabases (http://bar.utoronto.ca/; http://rice.uga.edu/). We
found that all were ubiquitously expressed in the examined tis-
sues, and OsGF14f showed a relatively higher expression than
the others (Supplemental Fig. STA). In addition, most 14-3-3
genes were actively responsive to at least 1 kind of abiotic stres-
ses, such as drought, high salt, and cold (Supplemental Fig. S1B).
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Interestingly, OsGF14f was strongly induced by drought
stress (Supplemental Fig. S1B), indicating that this gene
may play an important role during rice drought response.
To verify this, we used reverse transcription quantitative
PCR (RT-qPCR) to monitor OsGF14f expression upon
PEG-mimicked drought stress. As shown in Fig. 1A, the ex-
pression level of OsGF14f in shoots rapidly and significantly
increased following 20% PEG6000 treatment, peaking at 4 h
after treatment. In roots, OsGF14f showed increased expres-
sion at early stage (1 h) but decreased expression at late
stages (4 to 9h) following 20% PEG6000 treatment
(Supplemental Fig. S2).

To determine whether osmotic stress treatment influences
the subcellular localization and protein stability of OsGF14f,
we generated transgenic rice plants expressing OsGF14f-GFP
driven by a UBQ10 promoter in Nipponbare (Nip) back-
ground. Confocal observation showed that OsGF14f-GFP
protein was mainly distributed in the cytoplasm, with a small
proportion in the nucleus under normal conditions (Fig. 1B).
Moreover, the fluorescence intensity and localization pattern
of OsGF14f-GFP were not noticeably altered after a 24-h
PEG6000 treatment (Fig. 1B). These results were further con-
firmed by an immunoblotting assay (Fig. 1, C and D). As
shown in Fig. 1C, the total amount of OsGF14f-GFP protein
was not changed after 24-h PEG6000 treatment.
Furthermore, a cell fractionation assay revealed that 24-h
PEG6000 treatment did not affect the nucleolus—cytoplasmic
distribution of OsGF14f-GFP (Fig. 1D). Collectively, these re-
sults indicate that the influence of osmotic stress on OsGF14f
mainly occurs at the transcriptional level.

OsGF14f positively regulates osmotic stress tolerance
in rice

To dissect the detailed biological functions of OsGF14f in rice,
we have previously generated transgenic rice plants, which
overexpress OsGF14f (Ma, Yang et al. 2022). Three independ-
ent homozygous lines (OE-2, OE-3, and OE-5) were selected
for phenotypic analyses. Under normal conditions, there
were no significant phenotypic differences between the 3
OE lines and the wild-type Nip plants, including the plant
height, tillering number, and grain vyield per plant
(Supplemental Fig. S3). Therefore, these 3 lines were used
for further study of osmotic stress tolerance in rice.

In this study, 2-wk-old plants were subjected to a 20%
PEG6000 treatment for 6 d and then allowed to recover
growth for 7 d under normal conditions. As presented in
Fig. 2A, the 3 OsGF14f-OE lines showed much better growth
than Nip after stress treatment, as manifested by more green
leaves after a 7-d recovery. The survival rates of all 3 OE lines
were over 60%, which was significantly higher than that of
Nip (23%) (Fig. 2B). We then measured the water loss rate
of detached leaves of all OE lines, as this is a widely used index
for evaluating drought and osmotic stress tolerance in plants
(Hu et al. 2006). The water loss rates of the OsGF14f-OE
plants were much lower than that of the Nip control
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(Fig. 2C), demonstrating their enhanced tolerance to osmotic
stress.

To further confirm the regulatory function of OsGF14f in rice
osmotic stress response, we generated loss-of-function mutants
using the CRISPR-Cas9 gene editing system (Ma et al. 2015). As
shown in Fig. 2D, we obtained 2 homozygous transgenic lines,
Crispr-5 and Crispr-11, in which OsGF14f was knocked out by
the deletion of 94 and 13 nucleotides in the coding region, re-
spectively. This led to a frameshift and the premature termin-
ation of the predicted protein. Under normal growth
conditions, these 2 mutants displayed no obvious phenotypic
differences from Nip (Supplemental Fig. S3). In contrast to
the OsGF14f-OE plants, the OsGF14f-Crispr plants were much
more sensitive to osmotic stress than Nip controls (Fig. 2E).
After a 4-d treatment with 20% PEG6000 and a 7-d recovery
period, 90% of the Nip plants survived, while only 39%
Crispr-5 and 42% Crispr-11 plants survived (Fig. 2F).
Consistent with the survival rate discrepancy, the leaf water
loss rates of Crispr-5 and Crispr-11 plants were higher than
that of Nip at different time points (Fig. 2G).

Given that leaf water loss is mainly controlled by stomata
(Verslues et al. 2006), we checked stomatal apertures of
OsGF14f transgenic and Nip plants. As shown in
Supplemental Fig. S4, A and B, the percentages of completely
closed, completely open, and partially open stomata were
not obviously different among different genotypes under
normal conditions. However, after 20% PEG6000 treatment,
44.2% and 40.4% of stomata were completely closed, and
103% and 13.3% of stomata were completely open in
Crispr-5 and Crispr-11 lines. Nip leaves showed 62.6% com-
pletely closed and 5.8% completely open stomata.
However, OE-3 and OE-5 leaves showed 68.3% and 69.5%
completely closed and 4.4% and 2.8% completely open sto-
mata. Then, we measured stomatal conductance of osmotic-
ally stressed plants. The stomatal conductance was lower in
OE plants, while higher in Crispr plants, when compared to
those in Nip plants (Supplemental Fig. S4C). Together, these
results indicate that OsGF14f does not affect the normal
growth of transgenic plants but does positively regulate
the osmotic stress tolerance response in rice.

OsGF14f affects the expression of osmotic
stress—responsive genes

To determine the molecular mechanisms of OsGF14f in rice
osmotic stress tolerance, we performed RNA sequencing
(RNA-Seq) assays to evaluate genome-wide gene expression
differences between OsGF14f-Crispr seedlings and Nip plants
under osmotic stress conditions. In Nip plants, after a 20%
PEG6000 treatment, 5,868 differentially expressed genes
(DEGs; defined as fold change [FC] > 2 and false discovery
rate [FDR] < 0.05) (Fig. 3A, Supplemental Data Set 1) were
identified, indicating the treatment is effective. Compared
with Nip, 848 DEGs were found in Crispr-5 under osmotic
stress conditions (Fig. 3A, Supplemental Data Set 2). Of these
848 DEGs, 496 and 352 genes were up- and downregulated,

€20z Jaquisldas 0 uo Jasn Aseiqr ABojouyos | g 9ousiog [euoneN Aq 0LEEEZ//L L ZPeoN/|1991d/€601 "0 /10p/a|onie-a0uBApe/||82]d/Wwoo dno-olwapeoe)/:sdiy Wol) papEojuMO(]


http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad211#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad211#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad211#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad211#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad211#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad211#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad211#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad211#supplementary-data

4 THE PLANT CELL 2023: Page 1 of 17 Ma et al.

A = Normal B
OsGF14f wmPEG

OsGF14f-GFP

*%

c
el
w
w
o
3
T 2
4]
=
©
4]
o

|—I
s

4 6 9
Treatment time (h)
c D Normal 20% PEG
o C N C N
¢ KDE OsGF14f-GFP

B OsGF141-GFP 50— ’F*gtF';GFF’
' i ase

" ™ Anti-GFP 37— - Anti-FBPase

—— ” Histone 3 | Histone 3

= Anti-H3 15— e e Anti-H3

Figure 1. The response of OsGF14f transcripts and protein to osmotic stress treatment. A) RT-qPCR analysis showing OsGF14f gene expression in
shoots following a 20% PEG6000 treatment. Two-week-old Nip seedlings were exposed to a 20% PEG6000 treatment and harvested at the indicated
time points for total RNA extraction and gene expression analysis. Each sample contained 5 uniform seedlings. Data represents means =+ sp of 3
independent experiments. *P < 0.05 and **P < 0.01 (unpaired 2-tailed Student’s t test). B) Confocal images of OsGF14f-GFP in root cells of
proUBQ10:0sGF14f-GFP transgenic rice plants. Two-week-old seedlings were treated with 20% PEG6000 or a mock substance for 24 h, and then
the GFP signal was captured using confocal microscopy. The arrow indicates the nucleus. Scale bars =25 um. About 5 seedlings were observed
with similar results. C) Immunoblot analysis of OsGF14f-GFP protein following a 20% PEG6000 treatment. Two-week-old proUBQ10:
OsGF14f-GFP seedlings were treated with 20% PEG6000 or a mock substance for 24 h, and then total proteins were extracted and subjected to im-
munoblot analysis using anti-GFP and anti-H3 antibodies. D) The nucleo—cytoplasmic distribution of OsGF14f-GFP protein following a 20%
PEG6000 treatment. Two-week-old proUBQ10:0sGF14f-GFP seedlings were treated with 20% PEG6000 or a mock substance for 24 h, and then
the nuclear and cytosol fractionations were extracted for immunoblot analysis using an anti-GFP antibody. Histone 3 and FBPase were used as

the nuclear and cytoplasm markers, respectively. C, cytoplasmic fraction; N, nuclear fraction.

respectively (Supplemental Data Set 2). Among these DEGs,
516 (61%) were osmotic stress—responsive in Nip plants
(Fig. 3A), suggesting that OsGF14f is required for the correct
expression of numerous osmotic stress—responsive genes un-
der osmotic stress conditions.

To further investigate how OsGF14f affects gene expres-
sion, we performed a clustering analysis using the 516 genes
determined to be involved in osmotic stress response (Fig. 3,
B to D). This analysis revealed that 225 of the upregulated
genes (45%) in Crispr-5 plants showed downregulated ex-
pression patterns in Nip plants, while 265 downregulated
genes (75%) in Crispr-5 plants showed upregulated expres-
sion patterns in Nip plants (Fig. 3, B to D). These results indi-
cate that OsGF14f plays an important role in osmotic stress—
responsive gene expression.

To further clarify the biological functions of the 516 os-
motic stress—responsive DEGs, we retrieved the Molecular
Breeding Knowledgebase (an integrated database that col-
lected the known genes for rice, soybean [Glycine max],
and wheat; https://www.mbkbase.org/) and found that 106
out of 516 DEGs have been functionally characterized
(Supplemental Data Set 3). Interestingly, 84 genes were in-
volved in various abiotic or biotic stress responses.
Moreover, 16 genes are drought- and ABA-related genes,

and 7 out of these 16 genes were functionally confirmed
by transgenic assay (Fig. 3E). To check the reliability of
RNA-Seq data, we selected 4 genes with known function (2
genes positively and 2 genes negatively regulate drought tol-
erance) for RT-qPCR verification. As shown in Fig. 3F, the ex-
pression trends of them were well consistent with the results
obtained from the RNA-Seq analysis, indicating that the
RNA-Seq data are reliable. Furthermore, the expression levels
of the selective genes were comparable in Nip and
OsGF14f-Crispr plants under normal conditions, indicating
that OsGF14f did not affect their basal expression.

OsGF14f positively regulates ABA response and
interacts with OsbZIP23

In plants, the hormone ABA plays a central role in the regu-
lation of drought response (Zhu 2016). To test whether
OsGF14f is involved in ABA signaling, we first determined
its ability to respond to ABA treatment. The RT-qPCR results
showed that the expression level of OsGF14f was significantly
increased after treatment with different concentrations of
ABA (Fig. 4A). Next, an ABA sensitivity assay was performed
to further confirm the gene’s involvement in ABA response.
Without ABA treatment, OsGF14f transgenic plants and Nip
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Figure 2. OsGF14f positively regulates osmotic stress tolerance in rice. A) Phenotypes of Nip and OsGF14f-OE seedlings upon osmotic stress treat-
ment. Two-week-old seedlings were treated with 20% PEG6000 (dehydration mimic) for 6 d and allowed to recover growth for 7 d before being
photographed. Scale bars =5 cm. OE, overexpression transgenic line. B) Survival rates of the osmotic stress-treated seedlings as shown in A).
Data represent means =+ sb of 3 biological replicates with 16 seedlings used for each replicate. **P < 0.01 (unpaired 2-tailed Student’s t test). C)
Water loss rate of detached leaves from 2-wk-old Nip and OsGF14f-OFE seedlings. Data represent means + sp of 3 individual plants per genotype.
UTR, untranslated regions. D) CRISPR/Cas9-mediated target mutagenesis of OsGF14f. The protospacer adjacent motifs (PAMs) in the native se-
quences are underlined. Deletions are shown as dashed lines. Red letters represent amino acid sequences. Asterisks indicate the termination of pro-
tein translation. Crispr, knockout transgenic line by CRISPR/Cas9 gene editing system. E) Phenotypes of Nip and OsGF14f-Crispr seedlings following
osmotic stress treatment. Two-week-old seedlings were treated with 20% PEG6000 for 4 d and allowed to recover growth for 7 d before being photo-
graphed. Scale bars =5 cm. F) Survival rates of the osmotic stress—treated seedlings as shown in E). Data represent means =+ sp of 3 biological re-
plicates with at least 16 seedlings used for each replicate. **P < 0.01 (unpaired 2-tailed Student’s t test). G) Water loss rate of detached leaves of
2-wk-old Nip and OsGF14f-Crispr seedlings. Data represent means =+ sp of 3 individual plants per genotype.

displayed similar amounts of growth based on the shoot and ~ OsbZIP23, which functions as a major transcription factor in
root length (Fig. 4, B to D). Application of 3 um ABA inhibited ~ the ABA signaling pathway (Xiang et al. 2008). So, we cloned
the shoot and root growth of seedlings from all genotypes,  the full-length OsbZIP23 into prey vector and conducted Y2H
but the extent of inhibition differed between the groups.  experiment to verify the OsbZIP23—-OsGF14f interaction
When compared to Nip, the OE plants had shorter roots (Fig. 4E). The interaction was further verified in Nicotiana
and shoots while the Crispr plants had longer ones (Fig. 4, benthamiana leaves by a coimmunoprecipitation (Co-IP) assay
B to D), indicating that OsGF14f positively regulates  (Fig. 4F). In the Co-IP assay, OsbZIP23 was fused with a GFP tag
ABA-repressed seedling growth. (OsbZIP23-GFP), while OsGF14f was fused with a 6HA tag

To get insights into the mechanism by which OsGF14f regu- (OsGF14f-6HA). The OsGF14f-6HA was then coexpressed
lates osmotic stress tolerance in rice, we searched for proteins  with either OsbZIP23-GFP or GFP alone in N. benthamiana
that interact with OsGF14f. With this aim, we screened a  leaves via Agrobacterium (Agrobacterium tumefaciens) infiltra-
2-wk-old rice seedling cDNA library using OsGF14f as the bait  tion. Following a Co-IP assay using GFP-Trap, it was found
in the yeast 2-hybrid (Y2H) screen. In this assay, we identified ~ that the OsGF14f-6HA protein could be bound by
21 potential OsGF14f-interacting proteins (Supplemental OsbZIP23-GFP, but not by GFP, demonstrating the association
Data Set 4). Among them, we were highly interested in of OsGF14f and OsbZIP23 in planta (Fig. 4F).
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Figure 3. OsGF14f affects the expression of osmotic stress—responsive genes. Venn diagrams showing the genes regulated by OsGF14f and 20%
PEG6000 treatment based on the RNA-Seq analysis. N, normal; D, 20% PEG6000. B, C) Venn diagrams showing the overlap of
OsGF14f-regulated and osmotic stress—responsive genes. N, normal; D, 20% PEG6000. D) Heatmap showing the expression of (225 + 265) DEGs
in Nip and OsGF14f-Crispr-5 plants. N, normal; D, 20% PEG6000. The heatmap was plotted using the OmicShare tools, a free online platform for
data analysis (www.omicshare.com/tools) with Euclidean distance clustering algorithm. E) Heatmap showing the expression of 16 drought- and
ABA-related DEGs in Nip and OsGF14f-Crispr-5 plants. “+” indicates genes that positively regulate drought tolerance; “—" indicates genes that nega-
tively regulate drought tolerance. N, normal; D, 20% PEG6000.The heatmap was plotted using the OmicShare tools, a free online platform for data
analysis (www.omicshare.com/tools) with Euclidean distance clustering algorithm. F) Validation of RNA-Seq data by RT-gPCR. Two-week-old Nip
seedlings were exposed to a 20% PEG6000 treatment and harvested after 4 h for total RNA extraction and gene expression analysis. Each sample
contained 5 uniform seedlings. Data represent means =+ so of 3 independent experiments. *P < 0.05 and **P < 0.01 (unpaired 2-tailed Student’s t
test). ns, no significance; N, normal; D, 20% PEG6000; Nip, Nipponbare; Crispr, knockout transgenic line by CRISPR/Cas9 gene editing system.

14-3-3 proteins generally interact with client proteins by To further confirm the OsbZIP23-OsGF14f interaction and
using canonical 14-3-3 binding motifs to exert their regula-  determine the effects of ABA on this interaction, we performed
tory function (Smith et al. 2011; Coblitz et al. 2006). By ana-  a firefly luciferase complementation imaging (LCl) assay. No ob-
lyzing the protein sequence of OsbZIP23, we identified a  vious fluorescent signal was detected when either the
canonical 14-3-3 binding motif (RRTLTGPW-COOQOH) at the OsbZIP23-nLUC/cLUC or nLUC/cLUC-OsGF14f constructs
C-terminal end (Fig. 4G). To test whether this 14-3-3 binding ~ were coexpressed in N. benthamiana leaf cells. However, a strong
motif is responsible for the interaction between OsbZIP23  fluorescent signal appeared after coexpressing OsbZIP23-nLUC/
and OsGF14f, we generated an AD-OsbZIP23m vector lack-  cLUC-OsGF14f constructs (Fig. 4H), demonstrating that an inter-
ing the 14-3-3 binding motif and performed a Y2H experi-  action between OsbZIP23 and OsGF14f had occurred.
ment. As shown in Fig. 4G, OsbZIP23m failed to interact Interestingly, a visibly enhanced fluorescent signal was observed
with OsGF14f in yeast (Saccharomyces cerevisiae) cells, indi- in the leaf regions that had been treated with 10 um ABA, indi-
cating that the 14-3-3 binding motif is necessary for  cating that ABA promotes the OsbZIP23-OsGF14f interaction
OsbZIP23-0sGF14f interaction. (Fig. 4H). Taken together, these results demonstrate that
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Figure 4. OsGF14f modulates rice ABA responses and interacts with OsbZIP23. A) RT-qPCR analysis showing OsGF14f expression following ABA
treatment. Two-week-old Nip seedlings were treated with 5, 10, 50, and 100 um ABA or a mock substance for 12 h and then harvested for total
RNA extraction for gene expression analysis. Each sample contained 5 uniform seedlings. Data represent means =+ s of 3 independent experiments.
*P < 0.05 and **P < 0.01 (unpaired 2-tailed Student’s t test). N, normal. Numbers indicate the concentration of ABA. B) ABA sensitivity assay for Nip
and OsGF14f transgenic plants. The seeds were germinated and grown on 1/2 MS medium plates containing either 0 or 3 ym ABA for 7 d before being
photographed. Scale bars =5 cm. OE, overexpression transgenic line; Crispr, knockout transgenic line by CRISPR/Cas9 gene editing system. C, D)
Statistical data of shoot length C) and root length D) as shown in B). Data represent mean =+ sp of 13 individual plants per genotype. *P < 0.05 and
**P < 0.01 (unpaired 2-tailed Student’s t test). E) Y2H assay showing the interaction between OsGF14f and OsbZIP23. Protein interaction was de-
termined by the growth of the yeast cells cotransformed with the indicated combinations of the plasmids on a synthetic dropout medium lacking
Leu and Trp (SD-2) and a synthetic dropout medium lacking Leu, Trp, His, and adenine (SD-4). AD, pGADT7; BD, pGBKT?7. Triangles represent the
concentration gradients. F) Co-IP assay showing the interaction between OsGF14f and OsbZIP23 in vivo. GFP or OsbZIP23-GFP was transiently co-
expressed in N. benthamiana leaves with OsGF14f-6HA, and Co-IP experiments using GFP-Trap were performed 3 d after Agrobacterium infiltration.
Immunoblots were developed with anti-GFP antibodies to detect OsbZIP23 and with anti-HA to detect OsGF14f. G) Y2H assay depicting the inter-
action between OsGF14f and OsbZIP23m. The amino acid sequence of the 14-3-3 binding site located at the C-terminal end of OsbZIP23. Protein
interaction was determined by the growth of the yeast cells cotransformed with various combinations of the plasmids on a synthetic dropout me-
dium lacking Leu and Trp (SD-2) and a synthetic dropout medium lacking Leu, Trp, His, and adenine (SD-4). AD, pGADT7; BD, pGBKT?7. Triangles
represent the concentration gradients. H) LCl assay showing the interaction between OsGF14f and OsbZIP23 following ABA treatment in the leaves
of N. benthamiana. Three days following infiltration, the indicated infiltrated regions were injected with 10 um ABA for 4 h before being photo-
graphed. Left: a representative leaf image. Right: the colored scale bar indicates luminescence intensity.

OsGF14f interacts with OsbZIP23 and plays a critical role in ABA
signaling.

protein analysis. As shown in Supplemental Fig. S6, the levels
of OsbZIP23-GFP protein were dramatically increased upon
PEG6000 and ABA treatments; however, these protein levels
were comparable in  OsbZIP23-GFP-9, OsbZIP23-GFP-9/

OsGF14f does not affect the protein stability of OsGF14f-Crispr-5, and OsbZIP23-GFP-9/OsGF14f-OE-5 plants un-

OsbZ1P23

14-3-3 proteins have been reported to regulate the stability of
their client proteins (Sirichandra et al. 2010; Chen et al. 2013;
Liu et al. 2017). To explore this possible effect, we tested whether
OsGF14f impacts the protein expression of OsbZIP23. First, we
constructed proUBQ10:0sbZIP23-GFP overexpressing transgenic
rice plants in Nip background (Supplemental Fig. S5A). We fur-
ther crossed OsbZIP23-GFP-9 with OsGF14f-Crispr-5 and
OsGF14f-OE-5 to generate OsbZIP23-GFP-9/0sGF14f-Crispr-5
and OsbZIP23-GFP-9/0sGF14f-OE-5 plants, respectively. We sub-
jected the resulting 2-wk-old rice seedlings to 20% PEG6000 and
100 um ABA treatment for 24 h, before harvesting them for

der normal, PEG6000, and ABA treatment conditions. These
data indicate that OsGF14f does not impact the protein stability
of OsbZIP23.

OsGF14f promotes the transcriptional regulation
activity of OsbZIP23

It is well established that OsbZIP23 functions as a transcrip-
tion factor that can directly bind to the G-box (CACGTG) to
modulate downstream gene expression (Zong et al. 2016).
Therefore, we first tested whether OsGF14f affects the
DNA-binding activity of OsbZIP23. To do so, we selected
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the well-studied gene OsLEA3-2 to use as an example for our
investigation. Following a 20% PEG6000 treatment, when
compared with Nip, OsLEA3-2 showed a significantly higher
expression in OsGF14f-OE-5, but lower in OsGF14f-Crispr-5
plants (Fig. 5A). A 46-bp DNA sequence, containing 2
G-box motifs in the OsbZIP23 binding region, was used as
a probe for electrophoretic mobility shift assay (EMSA)
(Fig. 5B). As expected, GST-OsbZIP23, but not GST or
GST-OsGF14f proteins, could bind to the DNA probe, con-
firming the direct binding of ObZIP23 to OsLEA3-2
(Fig. 5C). Accordingly, the results of chromatin immunopre-
cipitation (ChIP) quantitative PCR (ChIP-qPCR) assays
showed that OsbZIP23-GFP could be highly enriched in the
G-box-containing region (F1) of the OsLEA3-2 promoter
after 20% PEG6000 treatment (Fig. 5D). Interestingly, this en-
richment was reduced in plants from an OsGF14f-Crispr-5
background, indicating that a functional OsGF14f is required
for the effective binding of OsbZIP23 to its target gene
OsLEA3-2. These results together suggest that although
OsGF14f does not have DNA binding ability, it is required
for the full binding of OsbZIP23 toward downstream target
genes.

OsbZIP23 is known to have strong transcriptional activa-
tion activity (Xiang et al. 2008), so we used a dual-luciferase
(LUC) reporter assay to examine if OsGF14f can alter this ac-
tivity (Fig. 5, Eand F). Consistent with previous studies (Xiang
et al. 2008), our results indicated that both OsbZIP23 and
OsbZIP23m (lacking the 14-3-3 binding motif) had obvious
transcriptional activation activity (Fig. 5F). We also observed
that OsGF14f showed weak transcriptional activation activity
(Fig. 5F), similar to the 14-3-3 protein ATF1 in Arabidopsis
(Wang et al. 1999). Interestingly, coexpressing pro35S:
OsGF14f with pBD-OsbZIP23 resulted in a significantly higher
LUC/REN ratio than that of pBD-OsbZIP23 alone (Fig. 5F),
suggesting that the coexpression of OsGF14f could enhance
the transcriptional activation activity of OsbZIP23. But the
enhancement disappeared in pBD-OsbZIP23m pairs
(Fig. 5F), indicating that the promotion of OsGF14f to the
transcriptional regulation activity of OsbZIP23 depends on
the OsGF14f-OsbZIP23 interaction.

Mutation of OsGF14f largely attenuates the osmotic
stress tolerance of OsbZIP23-GFP plants

Having ascertained that OsGF14f interacts with and affects the
transcriptional regulatory activity of OsbZIP23 (Figs. 4 and 5),
we sought to determine whether the full action of OsbZIP23
in osmotic stress response requires a functional OsGF14f. To
test this, we compared the osmotic stress tolerance perfor-
mances  of  OsbZIP23-GFP-9,  OsGF14f-Cripsr-5,  and
OsbZIP23-GFP-9/0sGF14f-Crispr-5 plants. Consistent with
results from previous studies (Xiang et al. 2008),
OsbZIP23-GFP-9 plants exhibited an increased tolerance, while
OsGF14f-Cripsr-5 plants showed a decreased tolerance to os-
motic stress when compared to Nip (Fig. 6A). However, the
OsbZIP23-GFP-9/0sGF14f-Crispr-5 plants displayed significantly

Ma et al.

weaker osmotic stress tolerance than OsbZIP23-GFP-9 plants
(Fig. 6, A and B). After a 7-d recovery growth period, about
70% of the OsbZIP23-GFP-9 plants survived, whereas the
OsbZIP23-GFP-9/0sGF14f-Crispr-5 plants were similar to the
Nip control, with a survival rate of only 23% (Fig. 6B).

To determine the osmotic stress response at a molecular
level, we used a RT-qPCR assay to analyze the OsLEA3-2 ex-
pression in Nip, OsbZIP23-GFP-9, OsGF14f-Cripsr-5, and
OsbZIP23-GFP-9/0sGF14f-Crispr-5 plants. Under normal con-
ditions, the expression of OsLEA3-2 had no significant differ-
ences among these genotypes examined (Fig. 6C). Upon a
20% PEG6000 treatment, the transcription of OsLEA3-2 was
increased in all lines, but when compared with Nip controls,
it was higher in OsbZIP23-GFP-9 plants and lower in
OsGF14f-Crispr-5 plants (Fig. 6C). Moreover, the expression
level of OsLEA3-2 was much lower in the OsbZIP23-GFP-9/
OsGF14f-Crispr-5 plants than in the OsbZIP23-GFP-9 plants
(Fig. 6C). Both the phenotypic and expression data demon-
strate that OsGF14f is required for the full function of
OsbZIP23 in the rice osmotic stress response.

The increased osmotic stress tolerance of OsGF14f-OE
plants also requires a functional OsbZIP23

To investigate whether OsGF14f-regulated rice osmotic stress
tolerance needs a functional OsbZIP23, we generated
OsbZIP23-Crispr transgenic rice plants (Supplemental Fig. S5B).
We then performed an osmotic stress tolerance assay using
Nip, OsGF14f-OE-5, OsbZIP23-Crispr-3, and OsGF14f-OE-5/
OsbZIP23-Crispr-3 transgenic plants. After a 6-d drought stress
treatment and a 7-d recovery, the survival rates of Nip,
OsGF14f-OE-5,  OsbZIP23-Crispr-3, and  OsGF14f-OE-5/
OsbZIP23-Crispr-3 seedlings were about 35%, 71%, 17%, and
38%, respectively (Fig. 7, A and B). Next, we assessed the tran-
script levels of all tested plants by RT-qPCR assay. We found
that the transcript level of OsLEA3-2 was significantly higher in
OsGF14f-OE-5 plants than that in Nip after the 20% PEG6000
treatment. Moreover, the expression level of OsLEA3-2 was
much lower in OsGF14f-OE-5/0sbZIP23-Crispr-3 transgenic
plants than in that of OsGF14f-OE-5 plants (Fig. 7C). These results
suggest that OsbZIP23 is partially related to OsGF14f-mediated
osmotic stress tolerance in rice.

The rice genome encodes 89 OsbZIP proteins (Nijhawan
et al. 2008), and a phylogenetic tree analysis has revealed
that OsbZIP23 and 10 other OsbZIPs were grouped into
the A clade (Nijhawan et al. 2008; Lu et al. 2009)
(Supplemental Fig. S7A). Interestingly, most members in
this clade contain a canonical 14-3-3 binding motif at the
C-terminal end (Supplemental Fig. S7A). This prompted us
to investigate whether these OsbZIPs also interact with
OsGF14f. To test this, we chose basic leucine zipper 46
(OsbZIP46) and basic leucine zipper 72 (OsbZIP72) as exam-
ples to perform a Y2H assay and observed their interaction
with OsGF14f in yeast cells (Supplemental Fig. S7B). Similar
to OsbZIP23, OsbZIP46 and OsbZIP72 have also been func-
tionally confirmed as positive regulators of drought tolerance
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Figure 5. OsGF14f enhances the transcriptional regulation activity of OsbZIP23. A) RT-gPCR analysis showing OsLEA3-2 expression in Nip and
OsGF14f transgenic plants under normal and osmotic stress conditions. Two-week-old seedlings were treated with 20% PEG6000 or a mock sub-
stance for 4 h and then harvested for total RNA extraction and gene expression analysis. Each sample contained 5 uniform seedlings. Data represent
means =+ sp of 6 independent experiments. **P < 0.01 (unpaired 2-tailed Student’s t test). O, overexpression transgenic line; Crispr, knockout trans-
genic line by CRISPR/Cas9 gene editing system. B) Schematic diagram showing the gene structure of OsLEA3-2 and binding by OsbZIP23. The data
were obtained from http://bioinfo.sibs.ac.cn/plant-regulomics/index.php. The G-box motifs are marked with red letters. The probe sequence (P1) for
the EMSA is underlined. The F1 segment is used for ChIP-gPCR analysis shown in D). C) EMSA showing the binding ability of OsbZIP23 toward the
OsLEA3-2 promoter (P1) in vitro. Glutathione S-transferase (GST) protein was used as a negative control. D) ChIP-gPCR analysis showing the in vivo
binding of OsbZIP23 to the OsLEA3-2 promoter (F1, shown in B) in Nip, OsbZIP23-GFP-9, and OsbZIP23-GFP-9/0sGF14f-Crispr-5 seedlings under
normal and osmotic stress conditions. Two-week-old seedlings were treated with 20% PEG6000 or a mock substance for 4 h and then harvested
for ChIP assay. Each sample contained 2 g seedlings. Data represent means + sp of 3 independent experiments. E) Diagram of constructs used
for a transcription activity assay as shown in F). pBD-OsbZIP23, pBD-OsGF14f, and 355-OsGF14f were used as effectors. F) Transcription activity
analysis showing the effect of OsGF14f on the transactivation activity of OsbZIP23. LUC/REN ratios represent the transcription regulation activities
and were normalized to the activity of negative control pBD. Values are means + sb of 3 independent experiments. *P < 0.05 (unpaired 2-tailed
Student’s t test). ns, no significance.

response in rice (Lu et al. 2009; Tang et al. 2012); thus, they
may be a functional redundancy of OsbZIP23 in
OsGF14f-regulated osmotic stress response in rice.

samples. We then selected a 27-bp sequence around this
peak, containing the first G-box as a DNA probe, to conduct
an EMSA. The results showed that OsbZIP23 could bind to
the probe in a G-box-dependent manner (Fig. 8B).

OsGF14f is a target gene of OsbZIP23

To further explore the function relevance between OsGF14f
and OsbZIP23, we analyzed the promoter sequence of
OsGF14f and found 2 G-box motifs (CACGTG) (Fig. 8A). This
prompted us to test whether OsGF14f is a direct target gene
of OsbZIP23. First, we analyzed the previously published
ChIP-Seq data of OsbZIP23 (Zong et al. 2016). As shown in
Fig. 8A, a distinctive peak was detected approximately 1.5 kb
upstream of the ATG start codon of OsGF14f in OsbZIP23-OE

We also found that OsbZIP23 positively regulated the os-
motic stress—induced expression of OsGF14f (Fig. 8C). The
transcript levels of OsGF14f were similar among Nip,
OsbZIP23-GFP-9, and OsbZIP23-Crispr-3 plants under normal
conditions. However, under a 20% PEG6000 treatment,
the OsGF14f transcripts were much higher in the
OsbZIP23-GFP-9 lines but lower in the OsbZIP23-Crispr-3
lines (Fig. 8C) compared to the Nip control, indicating that
OsbZIP23 is an activator of OsGF14f under osmotic stress
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20% PEG6000 for 6 d and allowed to recover growth for 7 d before being photographed. Crispr, knockout transgenic line by CRISPR/Cas9 gene
editing system. Scale bars = 5 cm. B) Survival rates of the osmotic stress—treated seedlings as shown in A). Data represent means =+ so of 3 biological
replicates with at least 16 seedlings used for each replicate. **P < 0.01 (unpaired 2-tailed Student’s t test). C) RT-qPCR analysis of OsLEA3-2 expres-
sion in Nip, OsGF14f-Crispr-5, OsbZIP23-GFP-9, and OsbZIP23-GFP-9/0sGF14f-Crispr-5 plants under normal and osmotic stress conditions.
Two-week-old seedlings were treated with 20% PEG6000 or a mock substance for 4 h and then harvested for total RNA extraction and gene ex-
pression analysis. Each sample contained 5 uniform seedlings. Data represent means + sp of 3 independent experiments. **P < 0.01 (unpaired

2-tailed Student’s t test).

conditions. Collectively, these results demonstrate that
OsGF14f is a target gene of OsbZIP23.

Discussion

In this study, we showed that the 14-3-3 protein OsGF14fis a
positive regulator of rice osmotic stress tolerance, and we ex-
plored the underlying molecular mechanisms. When plants
encounter an osmotic stress, the endogenous ABA accumu-
lates rapidly, leading to the increased transcription of
OsGF14f and OsbZIP23. OsGF14f proteins interact with
OsbZIP23 and enhance its transcriptional regulatory func-
tion to activate the expression of downstream stress-
responsive genes (e.g. LEA3-2). Additionally, OsbZIP23 can
directly target to and activate OsGF14f, enhancing its func-
tion and generating a positive feedback loop, thus conferring
better tolerance to osmotic stress (Fig. 8D).

OsGF14f interacts with OsbZIP23 and enhances its
transcriptional activity

Based on prior studies, it has generally been believed that 14-3-3
proteins exert functional changes by affecting the action of their

client proteins (de Boer et al. 2013; Zhao et al. 2021). Three ca-
nonical 14-3-3 binding motifs in client proteins have been de-
fined so far: mode | RSXpS/pTXP, mode Il RXF/YXpS/pTXP,
and a C-terminal mode Il motif p(S/T) X;.,-COOH (Coblitz
et al. 2006; Smith et al. 2011). All are necessary for the full func-
tion of client proteins. For example, a mode Ill 14-3-3 binding
motif is present at the C-terminus of ABRE BINDING FACTOR
3 (ABF3), which is required for interaction with 14-3-3 proteins
and self-stability (Sirichandra et al. 2010; Chen et al. 2013). In our
study, we found that OsGF14f interacts with OsbZIP23, and this
interaction depends on the C-terminal mode Il motif (Fig. 4, E to
G). However, immunoblotting results showed that OsGF14f
does not affect the stability of OsbZIP23 under normal, drought,
and ABA treatment conditions (Supplemental Fig. S6).
Previously, 14-3-3 plant proteins were found to be part of a
DNA binding complex that can associate with the G-box in
vivo. However, it is known that 14-3-3 proteins do not have
DNA binding ability in vitro (Lu et al. 1992; Schultz et al.
1998). How the 14-3-3 proteins take part in this transcription
regulation complex remains unknown. In this study, we showed
that OsGF14f plays important roles in the OsbZIP23-mediated
transcription regulation machinery, in which OsGF14f is
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gene editing system. Scale bars =5 cm. B) Survival rates of the osmotic stress—treated seedlings as shown in A). Data represent means + sp of 3
biological replicates with 16 seedlings used for each replicate. **P < 0.01 (unpaired 2-tailed Student’s t test). C) RT-qPCR analysis of OsLEA3-2 ex-
pression in Nip, OsGF14f-OE-5, OsbZIP23-Crispr-3, and OsGF14f-OE-5/0OsbZIP23-Crispr-3 plants under normal and osmotic stress conditions.
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required for the full DNA binding activity of OsbZIP23 to the
OsLEA3-2 promoter (Fig. 5D). Furthermore, a dual-luciferase re-
porter assay showed that OsGF14f has a weak transcriptional
activation activity but can promote that of OsbZIP23
(Fig. 5F). Consistent with this, the induced expression of
OsLEA3-2 was largely compromised in plants with an
OsGF14f-Crispr background (Figs. 5A and 6C). Further genetic
analysis showed that a disruption of OsGF14f can largely at-
tenuate the osmotic stress—tolerant phenotype of the
OsbZIP23-GFP plants (Fig. 6), confirming the critical role of
OsGF14f in  the OsbZIP23-mediated stress response.
Collectively, these results provide support for our conclusion
that OsGF14f interacts with OsbZIP23 and enhances its tran-
scriptional activity, making it crucial for rice osmotic stress
tolerance.

OsGF14f-mediated osmotic stress tolerance is
partially dependent on OsbZIP23

An osmotic stress tolerance test showed that the depletion of
OsbZIP23 could decrease the tolerance of OsGF14f-OE plants,
but the OsGF14f-OE-5/0sbZIP23-Crispr-3 plants had a much

better performance than OsbZIP23-Crispr-3 plants (Fig. 7).
This indicates that OsbZIP23 only partially contributes
to OsGF14f-mediated osmotic stress tolerance in rice.
Phylogenetic analysis showed that OsbZIP23, OsbZIP46, and
OsbZIP72 are classified into the group A bZIPs (Supplemental
Fig. S7A). The Y2H assay showed that OsbZIP46 and OsbZIP72
also interact with OsGF14f (Supplemental Fig. S7B), indicating
the function of these OsbZIPs may be redundant in
OsGF14f-mediated osmotic stress response.

Similar to OsbZIP23, OsbZIP72 could also bind to the ABRE
and transactivate the downstream stress-responsive genes,
and overexpression of OsbZIP72 in plants resulted in en-
hanced drought tolerance (Lu et al. 2009). Overexpression
of a constitutively active form of OsbZIP46 (OsbZIP46CA1,
with a deletion of domain D) also led to increased drought
tolerance (Tang et al. 2012). Transcriptomic analysis revealed
that the overlapping of differentially regulated genes be-
tween OsbZIP46CA1 and OsbZIP23 was less than 25%.
OsbZIP46CA1 can also regulate a different set of genes
than OsbZIP23 (Tang et al. 2012). These findings suggest
that OsGF14f may also regulate the transcription of
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loop to promote the formation of the OsGF14f/OsbZIP23 complex.

OsbZIP46/72-dependent genes to confer stronger osmotic
stress tolerance. This is most likely why a mutation of
OsbZIP23 only partially, but not completely, disturbed the
increased osmotic stress tolerance of OsGF14f-OE plants
(Fig. 7, A and B).

OsbZIP23 can bind to OsGF14f and induce feedback
regulation

In this study, we have confirmed that OsGF14f can interact
with OsbZIP23 to positively regulate drought-induced osmotic
stress tolerance in rice. Interestingly, we also found that the

OsGF14f promoter has 2 G-box motifs, which are the binding
sites of OsbZIP23 (Fig. 8A), implying that OsbZIP23 can bind
to OsGF14f. Both the ChlIP-Seq data analysis (Fig. 8A) and the
EMSA experiment (Fig. 8B) confirmed the binding compatibil-
ity of OsbZIP23 to OsGF14f. Furthermore, under osmotic stress
conditions, the expression level of OsGF14f was significantly
lower in the OsbZIP23-Crispr-3 lines but higher in
OsbZIP23-GFP-9 lines than that in Nip plants (Fig. 8C). Thus,
OsbZIP23 can bind to OsGF14f and positively regulate its ex-
pression. These results together suggest that the positive regu-
lation of OsGF14f to OsbZIP23 and the feedback regulation of
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OsbZIP23 to OsGF14f modulate the ABA-mediated osmotic
stress response in rice (Fig. 8D). Similar results were reported
in a previous study (Zong et al. 2016). OsbZIP23 is known to
directly and positively regulate the expression level of
OsPP2C49 (encoding a PP2C protein negatively regulates ABA
signaling) and OsNCED4 (encoding a key enzyme involves in
ABA biosynthesis) to generate a feedback regulation of ABA sig-
naling in response to drought stress (Zong et al. 2016).

In summary, we have confirmed the positive regulatory
roles of OsGF14f in rice osmotic stress tolerance. Our results
suggest that the positive regulation of OsGF14f to OsbZIP23
and the feedback regulation of OsbZIP23 to OsGF14f modu-
late ABA-mediated osmotic stress response in rice. We have
also observed that OsGF14f transgenic lines had no obvious
change in the crucial agronomic traits including yield and
plant height. Thus, our study provides insight into the regu-
latory mechanisms of rice in response to osmotic stress and
offers a promising target for drought-tolerant rice breeding.

Materials and methods

Plant materials and growth conditions

The rice (O. sativa) japonica cultivar Nip was used in this
study. Rice seeds were naturally air-dried and oven incubated
at 49 °C for 3d to break dormancy. Then, rice seeds were
soaked in tap water for 2 d and allowed 2 d for germination
at 30 °C. Germinated seeds were pregrown in a 1/4 Kimura B
nutrient solution for 5 d and then in a 1/2 Kimura B nutrient
solution for another 7-d period. The 2-wk-old seedlings were
then treated in a 1/2 Kimura B nutrient solution containing
20% PEG6000 (w/v). All rice plants were grown in a 30 °C
greenhouse with a 10-h light/14-h dark cycle (200 pymol
photons m™2s™").  Arabidopsis (A. thaliana) ecotype
Columbia-0 (Col-0) was grown in a 22 °C plant growth chamber
with a 16-h light/8-h dark cycle (120 ymol photons m™>s™").
Nicotiana benthamiana plants were grown in a 25 °C plant
growth chamber with a 16-h light/8-h dark cycle (120 ymol
photons m™>s™").

Osmotic stress treatment and tissue sampling

For the osmotic stress tolerance assay, the seedlings were
treated with 20% PEG6000 and allowed to recover for 7
d. Seedlings were regarded as survivors if healthy and young
green leaves emerged after recovery. Three biological repli-
cates (at least 16 seedlings for each biological replicate)
were used. For the gene expression analysis, the seedlings
were sampled after treatment over a series of time points.
Each sample contained 5 uniform seedlings. All harvested
samples were rapidly frozen in liquid nitrogen and stored
at —80 °C for further RNA extraction.

Plasmid construction and rice transformation

To generate the OsGF14f overexpression vector, we obtained
the full-length coding region of the gene from Nip leaf cDNA
by using PCR GF14f-OE-F/R primers and cloned the fragment
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into the PHQSN (modified from pCAMBIA1390) digested by
Sal1 and Spe1 (Liu et al. 2016a). To create the proUBQT10:
OsbZIP23-GFP and proUBQ10:0sGF14f-GFP vector, the full-
length coding sequences of OsbZIP23 and OsGF14f were
PCR-amplified and cloned into the pCAMBIA1300-GFP vec-
tor by homologous recombination (Ma, Dong et al. 2022). To
create the CRISPR constructs, PCR products containing 2
sgRNAs of OsbZIP23 and OsGF14f were digested and inserted
into a pYLCRISPR/Cas9 vector (Ma et al. 2015). The primers
for creating the above constructs are listed in Supplemental
Data Set 5. Transgenic rice plants were generated through
A. tumefaciens (EH105)-mediated rice transformation by
Wuhan Biorun Biosciences Co., Ltd (Wuhan, China). The de-
tails of mutants or transgenic lines are presented in
Supplemental File 1.

Water loss rate assay, stomatal conductance
measurements, and scanning electron microscopy
analysis of stomata

For the measurement of water loss, leaves were collected
from Nip and OsGF14f transgenic plants grown in a 1/2
Kimura B nutrient solution for 2 wk. Immediately after de-
tachment, each leaf was weighed on a piece of weighing pa-
per and placed in an oven at 30 °C, with additional weighing
at the designated time intervals. Three individual plants per
genotype were performed, and the water loss rate was calcu-
lated by lost weight/the initial weight of the plants X 100%.
For the stomatal conductance measurement, the second
fully expanded leaves were applied to measure stomatal con-
ductance with a portable gas analysis system (LI-6400XT,
LI-COR, USA). For scanning electron microscopy (SEM) ana-
lysis, leaves of 2-wk-old Nip and OsGF14f transgenic plants
with 20% PEG6000 treatment for 24 h or normal growth
were detached and immediately fixed with 2.5% glutaralde-
hyde. Then the pictures of stomata were acquired by a
SEM (S-3400N, Hitachi, Japan). The percentages of stomatal
completely open, partially open, and completely close were
calculated.

ABA sensitivity assay

Nip and OsGF14f transgenic seeds were surface-sterilized and
planted on 1/2 MS solid medium plates containing either 0
or 3 um ABA. Plates were grown in a 12-h light (28 °C)/
12-h dark (26 °C) photoperiod. The shoot and root lengths
were measured after 7 d of ABA treatment.

RNA isolation and RT-qPCR analyses

Total RNA was extracted using the Hipure plant RNA Mini
Kit (Magen, China). The RNA was then reverse transcribed
into cDNA using the Primescript RT reagent Kit with
gDNA Eraser (Perfect Real Time) (TaKaRa, China) according
to the manufacturer’s instructions. TB Green Premix Ex Taq Il
(Takara, China) was used for RT-qPCR analysis. The following
PCR program on a CFX Connect real-time PCR detection
system (Bio-Rad, USA) was used: 95 °C for 2 min, 45 cycles
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of 95 °C for 10 s, and 60 °C for 15 s, followed by a melting
curve program. The rice Ubiquitin (UBQ) gene was used as
an internal control. Relative expression levels of genes were
calculated using the 27AACT method (Livak and
Schmittgen 2001). Primers used for RT-qPCR are listed in
Supplemental Data Set 5.

RNA-Seq assays

For RNA-Seq analysis, 2-wk-old Nip and OsGF14f-Crispr-5
seedlings were harvested at 4 h after a 20% PEG6000 treat-
ment to extract total RNA with 3 biological replicates. For
each replicate, 5 uniform seedlings for each genotype were
used. The RNA samples were then sequenced on an
lllumina NovaSeq 6000 platform and analyzed by Wuhan
Metware Biotechnology Co. Ltd (Wuhan, China). DEGs
were selected using DESeq2 (Love et al. 2014; Varet et al.
2016) with a relative change threshold of 2-fold (FDR <
0.05). Venny (https://bioinfogp.cnb.csic.es/tools/venny/)
was used to perform the comparisons of DEGs. The heat-
maps of gene expression profiles were generated on the
OmicShare tools platform (http://www.omicshare.com/
tools).

Y2H screening

A Y2H screening was performed according to Matchmaker
Yeast Two-Hybrid System (Clontech, USA). The cDNA library
from the 2-wk-old rice seedlings of Nip was cloned as prey in
plasmid vector pGADT7 using SMART cDNA Library
Construction Kit (Clontech, USA, Code No. 634901). The
coding region of OsGF14f was cloned into the pGBKT7 vector
and used as the bait. Yeast (S. cerevisiae) transformants
(strain Y187) were exhaustively selected on SD/-Ade/-
His/-Leu/-Trp/X-a-Gal/AbA according to the manufacturer’s
instructions (Clontech, USA). The gene identities of all iso-
lated positive plasmids were confirmed by DNA sequence
analysis. The screening experiments were done by
Guangzhou Ruizhen Biotechnology Co. Ltd (Guangzhou,
China). The interaction between the OsGF14f and interactor
candidates was reconfirmed with a targeted Y2H assay.

Targeted Y2H assay

The coding sequence regions of OsbZIP23, OsbZIP23m (lack-
ing the 14-3-3 binding motif), OsbZIP46, and OsbZIP72 were
each ligated into the pGADT?7 vector by homologous recom-
bination. The full length of OsGF14f was ligated into the
pGBKT7 vector by homologous recombination. Yeast trans-
formation was completed according to the manufacturer’s
instructions (Clontech, USA). The bait and prey vectors
were cotransformed into the yeast strain AH109 and
cocultured on an SD medium lacking Leu and Trp. After 3
to 4 d of incubation at 30 °C, the yeast cells were spotted
in 10-, 100-, and 1000-fold dilutions on selection plates
containing an SD medium lacking Leu, Trp, Ade, and
His. These plates were further incubated at 30 °C until the
yeast cells formed colonies. All primers used are listed in
Supplemental Data Set 5.

Ma et al.

Co-IP assay

The full-length coding sequence of OsbZIP23 was inserted
into the pPCAMBIA13000-GFP vector by homologous recom-
bination (Ma, Dong et al. 2022), while the coding sequence of
OsGF14f was inserted into the pGreen-355-6HA vector by
homologous recombination (Ma, Dong et al. 2022). All pri-
mers used are listed in Supplemental Data Set 5. The recom-
binant constructs were transiently expressed in 5-wk-old
N. benthamiana leaves by Agrobacterium infiltration (strain
GV3101). Proteins were extracted with a Co-IP buffer
(50 mm Tris-HCI [pH 8.0], 150 mm NaCl, 1 mm EDTA, 0.5%
Triton X-100, 1 mm DTT, 1 mm PMSF, and 1X protease inhibi-
tor cocktail). The extracted proteins were incubated with
GFP-Trap magnetic beads (Chromotek, Germany) for 3 h
at 4 °C. The beads were then washed with the Co-IP buffer
5 times and collected by centrifugation. Then, the beads
were resuspended in a protein extraction buffer and vortexed
on the highest speed for 3 min to disassociate the proteins.
Proteins were separated by SDS—-PAGE and detected with
anti-GFP (ab290, Abcam, UK, 1:3,000) and anti-HA (ab9110,
Abcam, UK, 1:3,000) antibodies. The original images of blots
are presented in Supplemental File 2.

Firefly LCI assay

The coding sequences of OsGF14f and OsbZIP23 were
inserted into the pCAMBIA1300-cLUC vector and
pCAMBIA1300-nLUC vector by homologous recombination,
respectively (Ma, Dong et al. 2022). All primers used are listed
in Supplemental Data Set 5. These plasmids were trans-
formed into A. tumefaciens strain GV3101 and infiltrated
into 5-wk-old N. benthamiana leaves. Three days after infil-
tration, the luminescence activity was captured with the
Tanon-5200 chemiluminescent imaging system (Tanon,
China). For ABA treatment, 10 um ABA treatment was ap-
plied to Agrobacterium-infiltrated N. benthamiana leaves
4 h before imaging.

Transcriptional activation assay

The transcriptional activation activity of OsbZIP23 was mea-
sured using a dual-luciferase reporter assay in Arabidopsis
(A. thaliana) protoplasts (Yang et al. 2018). The coding se-
quences of OsGF14f, OsbZIP23, and OsbZIP23m were ampli-
fied and inserted into pBD vector by homologous
recombination (Yang et al. 2018). All primers used are listed
in Supplemental Data Set 5. 5XGAL4-LUC was used as the re-
porter. The coding sequences of OsGF14f were amplified
and inserted into the pGreen vector to generate pro35S:
OsGF14f by homologous recombination. pBD-OsGF14f,
pBD-OsbZIP23, pBD-OsbZIP23m, and pro35S:0sGF14f were
used as effector plasmids. The indicated constructs were
transfected into Arabidopsis protoplasts. After incubation
in darkness for 16 h, the firefly and Renilla luciferase activities
were measured using a Dual-Luciferase Reporter Assay
System kit (Promega, China) in a 96-microplate luminometer
instrument.
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EMSA

The EMSA experiments were performed as previously de-
scribed (Li et al. 2022). The full-length coding sequence of
OsbZIP23 was cloned into pGEX-4T-3 by homologous recom-
bination and transformed into Escherichia coli strain
Arctic-Express (DE3) to express GST-ObZIP23 protein. The
full-length coding sequence of OsGF14f was cloned into
pGEX-4T-3 by homologous recombination and transformed
into E. coli strain BL21 (DE3) to expression GST-OsGF14f
protein. The recombinant proteins were affinity purified
using mag-beads GST fusion protein purification (Sangon
Biotech, China). Oligonucleotide probes (OsLEA3-2, 5'-
acccgaggeacacgtgtccacctcaccggggeacgtgtegegecgt-3'; OsGF14f,
5’-tggcgecttgecacgtgeccecteect-3') were synthesized and la-
beled with biotin at the 5" end by Sangon Biotech. EMSA was
performed using the EMSA Kit (Viagene, China) according to
the manufacturer’s instructions. Labeled probes were mixed
with purified recombinant protein in a binding buffer at
room temperature for 20 min. The reaction mixtures were
subjected to a 6% (w/v) native polyacrylamide gel and then
transferred onto a nylon membrane and detected using the
EMSA kit.

ChIP-gPCR assays

ChIP assays were performed as previously described (Gendrel
et al. 2005; Yang et al. 2020). About 2 g 2-wk-old rice
transgenic seedlings with either normal or 20% PEG6000
treatment were cross-linked with 1% formaldehyde.
Cross-linking was stopped with 0.125 m glycine. Chromatin
was isolated and fragmented by sonication. The chromatin
complexes were incubated with anti-GFP magnetic beads
(Smart-Lifesciences, China) for 3 h. After washing, the cross-
linking of eluted samples was reversed by incubation at 65 °C
overnight. The coprecipitated DNA was recovered and ana-
lyzed using a qPCR. The chromatin isolated before precipita-
tion was used as an input control. All primers used for
ChIP-gPCR are listed in Supplemental Data Set 5.

Extraction and fractionation of proteins and
immunoblotting

To extract total protein, 0.2 g seedlings were ground in liquid
nitrogen and homogenized with 0.5 mL total protein extrac-
tion buffer (20 mm Tris-HCI [pH 7.5], 150 mm NaCl, 1 mm
EDTA, 1% Triton X-100, and protease inhibitor cocktail ta-
blets (Roche, Switzerland). After the samples were centri-
fuged at 14,000 X g for 15 min at 4 °C, the supernatant was
collected as the total protein. To isolate nuclei and cytoplas-
mic fractions, 0.4 g seedlings were ground in liquid nitrogen
and homogenized with 1 mL lysis buffer (20 mm Tris-HCl at
pH 7.0, 250 mm sucrose, 25% [v/v] glycerol, 20 mm KCI,
2 mm EDTA, 2.5 mm MgCl,, 1% [v/v] Triton X-100, and 1X
protease inhibitor cocktail). The homogenate was then fil-
tered through a layer of wet Miracloth (Millipore, USA)
and centrifuged at 1,400 X g for 10 min at 4 °C to pellet
the nuclei. The cytoplasmic fraction was transferred to a
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new tube and centrifuged at 14,000 X g for 10 min at 4 °C
and the supernatant was collected as the cytoplasmic pro-
tein. The nuclear pellet was washed 5 times in 1 mL washing
buffer (20 mm Tris-HCI [pH 7.0], 25% (v/v) glycerol, 2.5 mm
MgCl,, and 1X protease inhibitor cocktail) by gently pipet-
ting and centrifuged at 1,400 X g for 10 min at 4 °C, and
the supernatant was discarded. Subsequently, the nuclear
pellet was resuspended in 100 uL total protein extraction
buffer. Fifteen microliters of the total proteins or cytoplasmic
and nuclear fractions was subjected to immunoblot analysis
using anti-GFP (ab290, Abcam, UK, 1:3,000), anti-H3 (ab1791,
Abcam, UK, 1:5,000), and anti-FBPase (AS04043, Agrisera,
Sweden, 1:5,000) antibodies, respectively.

Phylogenetic tree construction

The full-length amino acid sequences of group A OsbZIP pro-
teins were downloaded from RGAP database and used to do
the alignment in ClustalW. The neighbor-joining tree was
constructed using MEGA?7.0 with 1,000 bootstrap replicates.
The alignment file is provided in Supplemental File 3. The
Newick format of the phylogenetic tree is provided in
Supplemental File 4.

Statistical analysis

GraphPad Prism 5.0 and Microsoft Office Excel were used for
statistical analysis. The significance of difference was exam-
ined by Student’s t test (*P < 0.05; **P < 0.01). Detailed stat-
istical analysis data are shown in Supplemental Data Set 6.

Accession numbers
Sequence data from this article can be found in Rice Genome
Annotation Project Database (http://rice.uga.edu/): OsGFl14a
(LOC_Os08g37490), OsGF14b (LOC_Os04g38870), OsGF14c
(LOC_0Os08g33370), OsGF14d (LOC_Os11g34450), OsGF14e
(LOC_0s02g36974), OsGF14f (LOC_Os03g50290), OsGFl4g
(LOC_Os01g11110), OsGF14h (LOC_Os11g39540), OsLE
A3-2(LOC_0s03g20680), OsbZIP09 (LOC_Os01g59760), OsbZ
IP10  (LOC_Os01g64000), OsbZIP12 (LOC_Os01g64730),
OsbZzIP23 (LOC_0s02g52780), OsbZIP29 (LOC_Os03g20650),
OsbZIP40 (LOC_Os05g36160), OsbZIP42 (LOC_Os05g41070),
OsbZIP46 (LOC_Os06g10880), OsbZIP62 (LOC_Os07g48660),
OsbZIP66 (LOC_Os08g36790), and OsbZIP72 (LOC_O
s09g28310).

The transcriptome data have been deposited in the NCBI
GEO repository (http://www.ncbi.nlm.nih.gov/geo) with the
accession no. PRJINA913293.
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tree for Supplemental Fig. S7A.
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