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ARTICLE INFO ABSTRACT

Keywords: DNA-binding with one finger (DOF) transcription factors (TFs) play an important role in gene regulation for the
chlorophyll fluorescence proper growth and development of plants. Ocs-element binding factor (OBF) binding protein 4 (OBP4), an
DOF f?mily essential member of the DOF TF family, regulates flowering and abiotic stress. However, the functions of OBP4 in
g?g;;: & rice remain obscure, which limits its potential use in molecular breeding. In this study, rice OBP4 (OsOBP4) was

functionally characterized and its role in flowering and abiotic stress was verified. Phylogenetic analysis revealed
that OsOBP4 is homologous to OBP4 in Arabidopsis. OsOBP4 is modulated by salt, osmotic, and abscisic acid
(ABA) stresses. Additionally, ectopic expression of OsOBP4 complements the phenotype of the Atobp4 mutation
by enhancing root development and protecting the photosynthesis system. Under salt stress and short-day
conditions, OsOBP4 regulated floral development by interacting with AGL7, the upstream component for flo-
ral meristem initiation. These results provide evidence for the role of OsOBP4 in multiple responses to salt stress
and suggest that OsOBP4 could be used as a potential candidate gene to improve tolerance to salt stress.

root development
stress tolerance

2016; Bailey-Serres et al., 2019; Aslam et al., 2022). Thus, an increase in
food products such as rice is necessary to feed the rapidly growing world
population.

1. Introduction

Climate change is a major cause of environmental stress, which

negatively affects the plant life cycle and productivity. It aggravates
biotic and abiotic stresses and substantially affects plant sustainability
and geographical distribution, thus posing a major threat to food secu-
rity (Zhu, 2016; Pandey et al., 2017; Aslam et al., 2020; Park et al.,
2022). Salinity damages approximately 20% of the irrigated land glob-
ally, and if current scenarios prevail, this value may rise to 50% (Ned-
jimi, 2011; Singh et al., 2020). The phenotypes displayed by plants in
response to these stressors include delayed germination, reduced and
deformed root growth, chlorosis, senescence, necrotic lesions, reduced
leaf size, reduced stomatal number and size, wilting, and subsequent
premature death (Meena et al., 2017; Singh et al., 2021). The world
population is expected to grow beyond 9 billion by 2050 (Rose et al.,

Rice (Oryza sativa L.) is an essential crop and a staple food in many
countries around the world (Bhatt et al., 2020; Muthuramalingam et al.,
2022). Biotic and abiotic stresses resulting from climate change are
responsible for reduced rice productivity in many regions worldwide
(Verma et al., 2016; Bailey-Serres et al., 2019; Tang et al., 2020; Kojonna
et al., 2022; Xu et al., 2022). To mitigate the effects of environmental
stress, many pathways in plants are induced to produce and activate
secondary signaling molecules in response to biotic and abiotic stresses.

Thailand is one of the source regions for rice, and many cultivars in
this region exhibit salt tolerance comparable to the standard salt tolerant
variety ‘Pokkali,” such as the cultivars ‘Jao Khao’ and ‘Luang Pratahn’
(Habila et al., 2022). Time course transcriptome with weighted

Abbreviations: ABA, Abscisic acid; CDS, coding sequence; DOF, DNA-binding with one finger; LD, long day; OBF, Ocs-element binding factor; OBP, OBF binding
protein; PSI, photosystem I; PSII, photosystem II; Qa, primary acceptor plastoquinone; Qg, secondary acceptor plastoquinone; ROS, reactive oxygen species; SD, short
day; SNP, single nucleotide polymorphisms; TF, transcription factor; WT, wild-type.
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co-expression network analysis of ‘Luang Pratahn’ seedlings predicted
six gene modules that participate in salt tolerance mechanisms,
including photosynthesis adaptation, root initiation, abscisic acid (ABA)
response, and translational and post translational control. Among these
modules, OsOBP4 was predicted to be one of the key genes contributing
to salt-tolerant phenotypes by interacting with the peptide transport 2
gene (OsPTR2) and SurE (Sonsungsan et al., 2021). However, the func-
tions of these genes in salt tolerance mechanisms are still unclear.

Ocs-element binding factor (OBF) binding proteins (OBPs) are plant-
specific transcription factors (TFs) belonging to the DNA-binding with
one finger (DOF) gene family, and they contain a zinc finger DNA-
binding domain (Shim et al., 2019). DOF TFs possess a bifunctional
N-terminal domain that binds to the AAAG DNA core motif and mediates
protein-protein interactions, and it also has a C-terminal domain that
regulates the transcription factor activity (Yanagisawa and Schmidt,
1999; Xu et al., 2016; Qin et al., 2019). Of the 37 DOF TFs identified in
Arabidopsis, 30 have been reported in rice. DOFs play key roles in
developmental processes and responses to environmental cues (Her-
nando-Amado et al., 2012; Xu et al., 2016). OBPs are involved in gene
regulation and biotic and abiotic stress responses (Lijavetzky et al.,
2003). They interact with OBFs and enhance their binding to the octo-
pine synthase gene (ocs), a feature of pathogen-responsive plant pro-
moters (Zhang et al., 1995; Kang and Singh, 2000; Skirycz et al., 2006).
DOF TFs have been identified and studied using phylogenetic analysis as
well as expression analysis in many plant species, including rice (Gaur
et al., 2011; Khan et al., 2021; Liu et al., 2021), Arabidopsis (Lijavetzky
et al., 2003), soybean (Wang et al., 2007), foxtail millet (Zhang et al.,
2017), Brachypodium distachyon (Hernando-Amado et al., 2012), and
sorghum (Kushwaha et al., 2011); they reportedly regulate flowering
and many developmental processes in plants (Huang et al., 2019). Maize
DOF1 is involved in carbohydrate metabolism and nitrogen assimilation
(Yanagisawa and Schmidt, 1999; Yanagisawa et al., 2004), whereas rice
OsDOF24 is an important regulator of leaf senescence (Shim et al.,
2019).

In Arabidopsis, AtOBP genes are involved in growth and develop-
ment, particularly root growth and development. AtOBP1 participates in
the cell cycle in Arabidopsis roots (Skirycz et al., 2008), whereas AtOBP2,
also called AtDof1 (At1g07640), is involved in defense signaling (Skirycz
et al., 2006). AtOBP3 regulates phytochrome signaling (Ward et al.,
2005) and plays an important role in plant growth and development.
AtOBP3 overexpression leads to altered root development and yellowish
leaves (Kang and Singh, 2000). AtOBP4 regulates root growth during
cell elongation and differentiation but not at the cell division level
(Ramirez-Parra et al., 2017) and lateral root formation in the
AFB3-dependent network under the regulation of the NAC4, a TF in the
nitrate response pathway (Vidal et al., 2013). Moreover, AtOBP4
antagonistically controls Xyloglucan endotransglucosylase 9 (XTH9)
expression to sustain lateral root development (Xu and Cai, 2019).
Although overexpression of AtAFB3 has been shown to enhance salt
stress tolerance in roots, upregulation of AtOBP4 was not detected after
1-2 h of salt stress (Garrido-Vargas et al., 2020). In addition, AtOBP4
regulates root hair growth by binding to ROOT HAIR DEFECTIVEG6-LIKE2
(RSL2) promoter (Rymen et al., 2017).

In this study, we functionally characterized the rice OsDOF8/
LOC_0s02g49440 (OsOBP4) TF by ectopically expressing it in both wild-
type (WT) Arabidopsis and Atobp4 mutant (SALK_118463) and analyzed
its expression patterns under drought and salinity stress. We believe that
our results contribute important findings that connect stress responses in
plants with food production.

2. Materials and methods

2.1. Multiple sequence alignment, motif sequence, and phylogenetic
analysis of OBP4

Multiple sequence alignment was performed using the OBP4 amino
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acid sequences from five representatives of both monocot and dicot
plants. The sequences were retrieved from the phytozome website and
the Rice Genome Annotation Project database (https://phytozome.jgi.
doe.gov/pz/portal.html) (http://rice.uga.edu/, 2022, August 16th),
and the phylogenetic tree was constructed using CLC Genomics Work-
bench v12.0 (CLC Bio, Aarhus, Denmark) using the neighbor-joining
method with the default parameters and a bootstrap test with 1000
replicates. The motif sequence of the OBP4 structures was identified
using MEME (http://memesuite. org/meme) with the default parame-
ters, and the maximum number of motifs was set to 10.

2.2. Plant materials and growth conditions

Arabidopsis thaliana (Col-0; CS60000) was used as the wild-type
plant. All plants used in this study were in the Col-0 background. The
T-DNA mutant line of Atobp4, i.e., SALK 118463 (At5g60850), was
supplied by the Arabidopsis Biological Resource Center (Columbus, OH,
USA). ‘Nipponbare’ rice was used for stress tolerance experiments. The
seeds were surface-sterilized and placed in 9-cm round Petri plates
containing 1/2 Murashige and Skoog (MS) medium with 1% (w/v) su-
crose and 1% (w/v) agar. The plates were incubated for seed stratifi-
cation at 4 °C in the dark for 48 h and grown in a walk-in growth
chamber at 22 °C and a 16 h light/8 h dark cycle with a light intensity of
35 umol m~2 s’l, as previously described (Jakada et al., 2019).

2.3. Vector construction and Arabidopsis transformation

The full-length CDS of OsOBP4 without the stop codon was amplified
from the ‘Pokkali’ rice DNA, and the PCR product was cloned into the
pENTR/D-topo vector (Invitrogen, Carlsbad, CA, USA). The OsOBP4
coding sequence of ‘Pokkali’ rice has the same nucleotide sequence as
‘KDML105’ rice, which is the most popular rice in Thailand. However,
‘Luang Pratahn’ rice has a SNP prior to the stop codon, leading to a
change in the last amino acid proline in ‘Pokkali’ and ‘KDML105’ rice to
leucine in ‘Luang Pratahn’ rice (Supplementary File S1). Positive clones
were recombined with the pPGWB505 destination vector and confirmed
using sequencing. Finally, the construct was transformed into Agro-
bacterium tumefaciens GV3101 strain and subsequently into Arabidopsis
thaliana Atobp4 mutant and wild type by floral dip transformation
(Clough and Bent, 1998). Transgenic plants were selected on 1/2 MS
medium supplemented with 50 pg/mL hygromycin, and T3 homozygous
lines were used for further experiments.

2.4. Transcriptional activation analysis in yeast cells

The OsOBP4 ORF was cloned into pGBKT7 to generate pGBKT7-
OsOBP4 using the primers listed in Supplementary File S2. The yeast
strain AH109 was then transformed with pGBKT7, pGBKT7-53 +
PGADT7-T, or pGBKT7-OsOBP4, and the transformed cells were grown
on synthetic defined (SD) (-Trp) and SD (-Ade/-His/-Leu/-Trp + X-a-gal)
media. The growth status and X-a-gal activity revealed the trans-
activation activity of OsOBP4.

2.5. Subcellular localization

To assess the subcellular localization, the 35 S::0sOBP4-GFP
construct and the control 35 S::GFP empty vector were infiltrated into
the epidermal layers of the onion (Allium cepa) bulb and incubated in the
dark for 36-48 h. The GFP signal was observed under a Zeiss microscope
(ZEISS Axio 10, Germany) at an excitation wavelength of 488 nm.

2.6. RNA extraction and qRT-PCR
Total RNA was isolated using the GENEzol RNA kit (Geneaid, New

Taipei City, Taiwan). The cDNA library was synthesized according to the
manufacturer’s instructions of the cDNA Synthesis Kit for RT-PCR
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(iScript, Bio-Rad, Hercules, CA, USA). The qRT-PCR was performed
using the Luna qPCR SuperMix (M3003L, New England Biolabs, Ipswich,
MA, USA) on a Bio-Rad CFX-96 machine system using the following
reaction conditions: 94 °C for 30 s, and 40 cycles of 94 °C for 5 s, 60 °C
for 15 s, and a melting curve from 65 °C to 95 °C. The fold change in
gene expression in rice and Arabidopsis was measured using OsEF1a and
AtEF1a as internal controls. Primers used are listed in Supplementary
File S2. All reactions were performed in independent biological and
technical triplicates.

2.7. Induction of abiotic stress

‘Nipponbare’ rice was used in this study for the abiotic stress ex-
periments on rice. The 14-day-old rice seedlings were grown in solutions
containing 150 mM NaCl (salinity stress), 300 mM mannitol (osmotic
stress), or 10 pM ABA. Tissue samples were harvested after the required
time point, frozen immediately in liquid nitrogen, and stored at —80 "C
for RNA extraction.

For the germination test of Arabidopsis seedlings, seeds of the wild
type, Atobp4 mutant, and transgenic lines with OsOBP4 expression in the
wild-type (WT) background (oel, oe2) and in the Atopb4 mutant back-
ground (revl and rev2) were surface-sterilized and germinated on 1/2
MS agar medium supplemented with 75 mM NaCl for salinity stress,
75 mM mannitol for osmotic stress, and 0.6 uM ABA for ABA stress. The
germination rate was measured for 8 days after treatment.

For Arabidopsis phenotyping on agar, the seeds of the wild-type,
Atobp4 mutant, oel, oe2, revl, and rev2 lines were surface-sterilized
and germinated on 1/2 MS medium for 6 days. The seedlings were
transferred to 1/2 MS medium supplemented with 75 mM NaCl to
induce salinity stress conditions in square Petri dishes (120 mm x
120 mm). Seedlings transferred to medium without NaCl supplemen-
tation were used as the control. The root length, number of lateral roots,
fresh weight, and dry weight were measured. Seedlings were photo-
graphed using a scanner (Epson V800 photo scanner, Japan) and
analyzed using ImageJ software version 2.00-rc-43/1.50e (National
Institute of Health, Bethesda, MD, USA).

The salt stress effect on flower induction was evaluated during short-
day conditions (8-h light/16-h dark period) only because none of the
lines showed significant differences in flowering time under long-day
conditions (16-h light/8-h dark period). All Arabidopsis lines were
germinated on 1/2 MS medium for 7 days. Then, the seedlings were
transferred to soil and allowed to grow for another 7 days. Fourteen-day-
old seedlings were treated with 250 mM NaCl for salinity stress, while
the control plants were supplemented with filtered water of the same
volume. The flowering time and number of leaves at flowering were
determined. After 30 days of treatment, the plant tissues were frozen in
liquid nitrogen for RNA extraction and gene expression analysis.

For the long-day experiment, chlorophyll fluorescence was deter-
mined using a Pocket PEA fluorometer (Hansatech Instrument Ltd, UK)
on 0, 3, 6,9, 12, 15, 19, and 23 days after treatment. After 27 days of
treatment, the fresh weight of the Arabidopsis plants was measured.
Then, the tissues were incubated at 60 °C for 5 days and the dry weight
was determined.

2.8. Statistical analyses

The results are presented as the means + standard error (SE) of ex-
periments with at least three biological replicates and three technical
replicates. The experiments were performed using three biological rep-
licates and three technical replicates. One-way ANOVA was used to
analyze the gene expression levels, germination rate, root length,
number of lateral roots, fresh weight, dry weight, flowering time, and
number of flowerings. Means were compared using Duncan’s multiple
range test (DMRT) at p<0.05 using IBM SPSS Statistics for Windows,
version 29.0.1 (IBM Corp., Armonk, N.Y., USA).
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3. Results
3.1. Sequence and phylogenetic analysis of OBP4

The peptide sequences (Supplementary File S3) of OsOBP4 from
various crop species, namely, tomato (Solanum lycopersicum, SI), potato
(Solanum tuberosum, St), grape vine (Vitis vinifera, Vv), soybean (Glycine
max, Gm), rice (Oryza sativa, Os), common wheat (Triticum aestivum,
Tae), maize (Zea mays, Zm), cucumber (Cucumis sativus, Cs), and pine-
apple (Ananas comosus, Ac), were compared with that of AtOBP4 from
Arabidopsis thaliana (At). The zinc finger was conserved in all the tested
species (Fig. 1). SIOBP4 had the longest amino acid sequence, whereas
AcOBP4 had the shortest. The highly conserved motif of the DOF gene
family, an N-terminal C2-C2 zinc finger domain (50 aa, PF02701), is
shown with a red box in Fig. 2A and the amino acid sequence of the C2-
C2 zinc finger domain is shown in Fig. 2 B. Clustering of OBP4 sequences
in maize, rice, and common wheat suggests that this gene evolved in
these species after the emergence of the Poaceae family. Notably,
AcOBP4 and CsOBP4 belonged to the same clade, although they were
isolated from monocots and dicots, respectively (Fig. 2C).

3.2. OsOBP4 exhibits transcriptional activity and is localized in the
nucleus

OBPs are among the most highly conserved TFs in plants, and they
are involved in the transcriptional regulation of important genes (Her-
nando-Amado et al., 2012; Cao et al., 2022). Therefore, we conducted an
expression assay in yeast to verify the transcriptional activation of
OsOBP4 using a GAL4 reporter system. We used pGBKT7-53 +
PGADT7-T as a positive control and yeast cells with empty pGBKT7 as a
negative control. pGBKT7-OsOBP4 grew on SD/-Trp and SD -Trp/Hi-
s/-Leu SD media and showed o-gal (a-galactosidase) activity, which
indicates that OsOBP4 is a TF (Fig. 3A). In addition, we determined the
subcellular location of OsOBP4 using a 35 S::0sOBP4-GFP fusion
construct transiently expressed in onion (Allium cepa) epidermal cells.
Our results showed that OsOBP4 was localized to the nucleus (Fig. 3 B).

3.3. OsOBP4 is differentially expressed in different tissues

We then assessed OsOBP4 expression in various ‘Nipponbare’ rice
tissues and in vegetative and flag leaves. The expression in younger
leaves was higher than that in older leaves when detected in 15-day-old
seedlings. During the reproductive stage (45-day-old plants), it was
expressed in the flag leaves, peduncles, and spikelets (Fig. 4). These
results indicate that OsOBP4 is differentially expressed in different or-
gans during plant development.

3.4. OsOBP4 can be induced by salt, drought, and ABA stresses

To investigate whether OsOBP4 could be induced by abiotic stress,
15-day-old ‘Nipponbare’ rice seedlings were treated with nutrient so-
lution supplemented with 150 mM NacCl, 300 mM mannitol, or 10 pM
ABA. Subsequently, OsOBP4 expression was determined in the leaf tis-
sues collected at 0, 3, 6, 12, 24, and 48 h post treatment.

All treatments induced OsOBP4 gene expression. After 6 h of salt
stress treatment, OsOBP4 expression was upregulated by two-fold,
whereas after 24 h of salt stress, OsOBP4 expression was upregulated
by seven-fold relative to that at the beginning of the experiment, indi-
cating the highest induction (Fig. 5A). Drought stress caused by the
application of 300 mM mannitol induced greater OsOBP4 expression
than salt stress. After 3h of drought stress, OsOBP4 expression was
approximately six-times higher than that at the beginning of the
experiment. It then decreased after 12 h but was still higher than that at
the starting point (0 h). The highest expression level was detected after
48 h of drought stress (Fig. 5 B). The ABA treatment induced OsOBP4
expression after 3 h, although the level subsequently declined to normal
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Fig. 1. Multiple sequence alignment of OsOBP4 and OBP4 from other plant species. The plant species are indicated: Sl: Solanum lycopersicum; St: Solanum tuberosum;
Vv: Vitis vinifera; Gm: Glycine max; At: Arabidopsis thaliana; Os: Oryza sativa; Tae: Triticum aestivum; Zm: Zea mays; Cs: Cucumis sativus; and Ac: Ananas comosus.
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Fig. 2. Location of motifs within OBP4 from rice and other plant species (A). The plant species are indicated: Sl: Solanum lycopersicum; St: Solanum tuberosum; Vv:
Vitis vinifera; Gm: Glycine max; At: Arabidopsis thaliana; Os: Oryza sativa; Tae: Triticum aestivum; Zm: Zea mays; Cs: Cucumis sativus; and Ac: Ananas comosus. The
conserved motifs are demonstrated. The red box represents the C2-C2 zinc finger domain, while other colored boxes represent other conserved motifs in OBP4
protein. The sequence of C2-C2 zinc finger domain is shown in (B) and the phylogenetic analysis of this protein is demonstrated in (C). CLC genomics workbench v12
was used to align protein sequences, and a phylogenetic tree was constructed using the neighbor-joining (NJ) method, with a bootstrap value of 1000.

levels after 24 h. Although OsOBP4 expression was enhanced after 24
and 48 h, it was lower than that observed after 3h of treatment
(Fig. 5C).

3.5. OsOBP4 expression can complement Atobp4 mutation in root
development under salt stress

To determine whether OsOBP4 expression can complement the
Atobp4 mutation, OsOBP4 regulated by 35SCaMV promoter was trans-
formed into the Atobp4 mutant and monitored for phenotypic changes in
comparison with non-transformed Atobp4 mutant’s phenotypes under

normal and salt stress conditions.

Homozygous T3 plants were used to determine the response to salt
stress during germination and seedling development. Under normal
conditions, the WT germinated significantly (p<0.05) faster than the
other lines and the Atobp4 (obp4) knockout mutant had the lowest
germination rate after 5 days of germination on 1/2 MS medium. After 2
days, the WT seeds showed a germination percentage of up to 98%,
whereas the other lines had germination percentages of 81-90%. After 6
days, the germination percentages of all the lines were not significantly
different (Fig. 6 A).

ABA inhibits Arabidopsis germination, and Atobp4 mutations cause
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Fig. 3. Assay to assess the transcription activity of OsOBP4. Yeast cells co-transformed with pGBKT7-53 + pGADT7-T, and pGBKT7-OsOBP4. The vectors pGBKT7-53
+ pGADT7-T were used as the positive control, and yeast cells with empty vector pGBKT7 were used as a negative control (A). Yeast cultures containing the
respective vectors were grown on the synthetic medium supplemented with dextrose (SD) in the absence of Trp (SD/-T), and on SD medium with «-galactosidase and
in the absence of Leu, Trp, His, and Ade (SD/-L -T -H -A + X-a-gal). OsOBP4-GFP localized to the nucleus. OsOBP4-GFP localization in the nucleus of onion cell (B).
GFP fluorescence is represented in green and DAPI in the blue channel; scale bars = 20 pm.
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Fig. 4. Expression levels of the OsOBP4 in different tissues at different stages of
development. Gene expression is represented in change of expression against
Arabidopsis OsEF1a calculated using the 2722€T method (Livak and Schmittgen,
2001). Vertical bars indicate + SE. All experiments were performed with three
technical and three biological repeats. The different letters above the bars
represent the significant difference among the means of expression levels
analyzed by DMRT at p<0.05. B: leaf blade, S: leaf sheath, R: root, P: peduncle,
and Sp: spikelet.

susceptibility to ABA. The Atobp4 mutant showed a significant decrease
in the germination percentage after treatment with 0.6 pM ABA.
Moreover, ABA delayed germination in the WT. The maximum germi-
nation percentage was noted after 6 days of germination. The ectopic
expression of OsOBP4 in the oel and oe2 WT lines and revl and rev2
mutant lines did not change the germination percentage when compared
to the background genotypes (Fig. 6 B).

Salt and osmotic stress caused a decrease in germination rates. After
8 days of germination, only 82% and 68% of the WT and Atobp4 mutant
seeds germinated, respectively. The ectopic expression of OsOBP4 in the
mutant lines revI and rev2 caused a decrease in germination percentage
to 49% and 33%, respectively. Only oel line showed a germination

percentage similar to that of the WT, whereas the oe2 germination
percentage decreased (Fig. 6 C). Notably, no significant difference
occurred in the germination rate among these lines under osmotic stress;
however, delayed germination was detected in all lines (Fig. 6 D).

To investigate the effect of Atobp4 mutation at seedling stage, the 7-
day-old seedlings were transferred to the 1/2 MS medium supplemented
with 100 mM NacCl for 7 days and compared with the normally grown
seedlings as a control. Under normal conditions, the Atobp4 mutant had
shorter roots than the WT, whereas the ectopic expression of OsOBP4
enhanced root development by increasing the root length. The fresh and
dry weights of oel and oe2 were similar to those of the WT, whereas
those of revl were similar to those of Atobp4 (Supplementary Fig. S1).

Phenotyping of ectopic expression lines under salinity stress showed
that both oel and oe2 exhibited similar root lengths as the WT. However,
the revl and rev2 lines had significantly (p<0.05) longer roots than the
Atobp4 mutant lines after 6 days of exposure to salt stress (Fig. 7A).

Additionally, the revl and rev2 lines showed a significantly higher
number of lateral roots on day 6 after treatment compared to that of both
the WT and obp4 mutant lines (Fig. 7B). No significant difference was
noted in fresh weight and dry weight among the lines after 12 days
under salinity, although the dry weight of the ectopically expressed
OsOBP4 was higher than that of the WT and Atobp4 mutants (Fig. 7C and
Fig. 7D). The phenotypes of the ectopic expression lines under normal
conditions and salinity stress 12 days after treatment are shown in
Fig. 7E and Fig. 7F, respectively.

To investigate the role of OBP4 during a later plant developmental
stage, STRING analysis was performed to predict the possible interaction
between OBP4 protein and others. OsOBP4 was shown to connect with
proteins related to flowering regulation (OsMADS14), photosynthesis
process, especially with light reaction (OsJ_23098 (photosystem I
protein-like protein) and OsTHF1 (thylakoid formation 1)), expansin
(EXPA7) and aquaporin (TIP4 — 1) (Fig. 8). Therefore, flowering time
under normal and salt stress conditions was monitored.
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Fig. 5. Expression levels of OsOBP4 in response to abiotic stress induction, salt stress (150 mM NaCl) (A), drought stress (300 mM mannitol) (B), and 10 uM ABA (C).
Expression of OsOBP4 was measured at different time points (0, 3, 6, 12, 24, and 48 h after treatment). Gene expression is represented against OsEF1a calculated

using the 2744¢T

method. Vertical bars indicate + SE, and asterisks indicate significantly different values than the control treatment (0 h) (*** p < 0.001). All

experiments were performed with three technical and three biological replications.
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Fig. 6. Germination rate of the WT, obp4, oel, oe2, revl, and rev2 lines under normal conditions (A), 0.6 uM ABA (B), 75 mM NaCl (C), and 75 mM mannitol (D).
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3.6. OsOBP4 expression showed an interaction with flowering regulation
genes under salt stress under short-day (SD) conditions

The different flowering responses were revealed under the short-day
(SD) conditions only. Under the long-day (LD) conditions, similar
flowering times were detected in all lines. For normal-growth conditions
under SD, only 60% of both the WT and obp4 mutant lines flowered at
43-47 days after germination (DAG) (Table 1 and Fig. 9 A), whereas all
oel and rev2 plants (100%) flowered. However, the transgenic lines oe2
and revl showed a lower flowering percentage than oel and rev2,

respectively. Salt stress increased the flowering percentage of all lines,
except obp4 mutant and rev1. Lines oel and rev2 (100%) showed similar
flowering to that under normal growth condition (Table 1).

The flowering time and number of rosette leaves of each line was
investigated as shown in Fig. 9. In the control condition (no stress), the
transgenic lines with OsOBP4 expression, oel, revl and rev2, showed a
decrease in flowering time (Fig. 9 A). The number of rosette leaves at
flowering of the transgenic lines with OsOBP4 expression was signifi-
cantly lower than that of the background genotype (Fig. 9B). Line oe2
was the only transgenic line that showed no significant changes
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Fig. 7. Phenotype of the WT, obp4, oe2, oe3, revl, and rev2 lines, including the root length, under 75 mM NaCl at 6 DAT (A), number of lateral roots under 75 mM
NacCl at 6 DAT (B), fresh weight per plant under 75 mM NaCl at 12 DAT (C), dry weight per plant under 75 mM NaCl at 12 DAT (D), morphology of plants under
normal conditions at 12 DAT (E), and morphology of plants under 75 mM NaCl at 12 DAT (F). All experiments were performed with five replicates. Letters above the
bars represent the significant difference among means (p < 0.05). Error bars show the standard error of five replicates.

(p<0.05) in flowering time and number of leaves at flowering. Salt stress
caused a significantly (p<0.05) shorter flowering time (Fig. 9 A) and
lower number of rosette leaves at flowering in the obp4 mutant but not in
the other lines (Fig. 9 B). These findings support the role of OBP4 in
flowering regulation during salt stress condition.

To confirm the interaction between the OBP4 protein and MADS
protein in flowering regulation, as predicted by STRING, the expression
of OsMAD14 orthologs in Arabidopsis, AT1G69120 (AGL7, AP1) and
AT1G26310 (AGL10, CAL) (Fig. 8), were measured at the end of the
experiment (51 DAG) (Fig. 10). The transgenic lines with OsOBP4
expression, oel and rev2, were used as representatives for AGL7 and
AGL10 expression in comparison with the WT and obp4 mutant.

Under normal conditions, AGL7 expression in the opb4 mutant was
significantly higher than that in the WT and revertant line rev2 (Fig. 10
A). AGL10 expression also showed similar increase (Fig. 10 B). Salt stress
induced the expression of both AGL7 and AGL10 in the WT but signifi-
cantly inhibited AGL7 expression in the obp4 mutant. In the oel line, salt
stress induced both AGL7 and AGL10 expression. In rev2, slight induc-
tion of AGL7, but not AGL10, was detected (Fig. 10 A). These findings
suggested that under salt stress, a lack of OBP4 expression affected AGL7
expression but not AGL10 expression. The expression of OsOBP4 in the
WT could enhance AGL7 and AGL10 expression under salt stress, as
shown in oel.
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Table 1
Flowering (%) when the WT, obp4 mutant, oel, oe2, rev1, and rev2 Arabidopsis
lines were grown under short-day (SD) conditions with normal or salt stress.

line % Flowering
Normal Salt stress

WT 60 80
obp4 60 40
oel 100 100
oe2 50 60
revl 80 60
rev2 100 100

3.7. OBP4 is involved in energy dissipation in photosynthesis under salt
stress condition

Since an interaction was predicted between OsOBP4 and proteins
related to the thylakoid membrane, OsTHF1 and OsJ_23098, that en-
codes photosystem I protein-like proteins, chlorophyll fluorescence
during salt stress was investigated to distinguish the response among the
WT, Atobp4 mutant, oel, oe2, revl, and rev2 lines. After the salt stress
treatment, photosynthesis parameters were determined via JIP-test
analysis (Li et al., 2017) on days 0, 3, 6, 9, 12, 15, 19, and 23 after
treatment. The chlorophyll induction curves or OJIP curves of all lines
were similar at 0-19 days after treatment. At 23 days after the treatment,
differences in the OJIP curves were detected under salt stress conditions
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(Fig. 11).

The chlorophyll induction curve of all the plant lines was similar
under normal conditions (Fig. 11 A). However, when exposed to salinity
stress, the Atobp4 mutant line showed the lowest fluorescence intensity
while rev2 showed the highest fluorescence intensity (Fig. 11 B). This
suggested that the photosystem of the Atobp4 mutant was more sensitive
to salt stress than WT. The expression of OsOBP4 in rev1 and rev2 could
stabilize the chlorophyll fluorescence levels under salt stress conditions
(Fig. 11 A and B), suggesting the role of OsOBP4 in photosystem main-
tenance under salt stress. This finding supported the interaction of
OsOBP4 with proteins functioning in the thylakoid membrane (Fig. 8).

The photosynthetic parameters of the Atobp4, oel, and rev1 lines had
higher performance index of light absorption (PIaps) and total perfor-
mance index (Plyo,1) values under normal conditions (Fig. 11 C). How-
ever, under salinity stress, only the Atobp4 mutant line showed a
different pattern of photosynthetic parameters compared with the other
lines and displayed lower @Eo, @Ro, WyEo, 8Ro, Plags, and Pli, but
higher ABS/RC, TRo/RC, and DIo/RC (Fig. 11 D).

The parameters in the figure are described below (Li et al., 2017):

@PoMaximum quantum yield for primary photochemistry

@EoQuantum yield of the electron transport flux from Qa to Qp

@RoQuantum yield for reduction of end electron acceptors at the PSI
acceptor side

yEoEfficiency/probability with which a PSII trapped electron is
transferred from Qa to Qg

SRokEfficiency/probability with which an electron from Qg is trans-
ferred until PSI acceptor

ABS/RCAbsorbed photon flux per RC

TRo/RCTrapping

ETo/RCElectron transport flux per RC

REo/RCElectron flux reducing end electron acceptors at the PSI
acceptor side per RC

DIo/RCDissipation as heat and fluorescence per RC

PIppsPerformance index on the absorption basis

PliotaTotal performance index up to the PSI end electron acceptors

3.8. Atobp4 mutant became more susceptible to salt stress determined
using plant growth and OsOBP4 expression reversed this effect

To investigate the response of plant growth under salt stress, all lines
were grown in soil for 14 days under LD conditions. Then, salt stress was
induced by the addition of 300 mM NaCl solution, whereas the control
plants were maintained with filtered water at the same volume daily.

Salinity stress had a negative effect on the fresh and dry weights of
the vegetative parts of all lines. The Atobp4 mutant line had the highest
reduction in both fresh weight and dry weight, suggesting the impor-
tance of AtOBP4 in salt tolerance. OsOBP4 expression in Atobp4 mutant
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Fig. 9. Flowering time (A) and number of leaves at the flowering stage (B) of the WT, obp4 mutant, oel, oe2, revl, and rev2 under short-day (8/16 light/dark)
condition. Letters above the bars represent significant difference among means (p < 0.05). Error bars show standard error of at least three replicates.
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Fig. 10. Relative expression of the AGL7 gene (A) and AGL10 gene (B) in the WT, obp4, oel, and rev2 lines under normal and salinity stress (250 mM NacCl). Letters
above the bars represent significant difference among means (p < 0.05). Error bars show the standard error of at least three replicates.
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background could reverse this effect by decreasing the fresh weight and
dry weight reduction percentages to a level similar to that of the WT.
However, ectopic expression of OsOBP4 did not enhance salt tolerance
in the WT background, as shown in the oel and oe2 lines (Fig. 12).
Additionally, to investigate the effect on the reproductive growth, the
number of inflorescences per plant was evaluated. Salt stress caused a
reduction in inflorescence number per plant in all lines, except for the
revl line (Fig. 13 A). In the WT background, the percent reduction in
inflorescence number was increased. However, in the Atobp4 mutant
background, OsOBP4 expression in the revl and rev2 lines could mini-
mize the percent reduction in inflorescence number (Fig. 13 B). More-
over, the fresh weight per inflorescence was similar for all lines (data not
shown). These findings suggest that OBP4 is involved in supporting plant
reproduction under salt stress and LD conditions.

10

4. Discussion

Abiotic stress activates multiple stress-response signaling cascades in
plant cells. TFs that regulate the expression of downstream stress-related
genes enable plants to adapt to harsh environmental conditions.
Therefore, identifying and characterizing genes associated with abiotic
stress responses and flowering in rice is important for improving pro-
duction. However, to the best of our knowledge, the functional char-
acterization of DOFs remains limited, with only 5 out of the 30 predicted
DOFs characterized in detail (Washio, 2003; Yamamoto et al., 2006;
Iwamoto et al., 2009; Li et al., 2009; Santos et al., 2012).

DOFs are plant-specific TFs (Riechmann et al., 2000; Yanagisawa,
2004). OBPs are a class of DOFs that play an essential role in the stress
response and flowering in rice (Riechmann et al., 2000; Ma et al., 2015;
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Fig. 12. Growth parameters of the vegetative parts of the WT, obp4, oel, oe2, revl, and rev2 lines, as indicated by the percent reduction of fresh weight (A) and dry
weight (B) under salinity stress compared to normal conditions. Letters above the bars represent the significant difference among means (p < 0.05). Error bars show

the standard error of four replicates.
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Ramirez-Parra et al., 2017; Qin et al., 2019). Systematic classification
based on sequence alignment, phylogenetics, and gene structure is
essential for functional analysis of OBP4 in different plant species. In
silico analysis revealed the existence of a C2-C2 zinc finger domain in
this protein (Fig. 1). This domain is highly conserved and a character-
istic signature of DOFs in plants (Kushwaha et al., 2011). The C2-C2
domain is important for the regulation and interaction of many genes,
particularly during stress and flowering (Qin et al., 2019). The func-
tional identity of OBPs is determined by their unique signaling domain
of 50 amino acids (PF02701). Many studies have suggested that motif
distribution and gene structure can be used as supporting evidence for
evolutionary relationships between the genes of different plant species
(Gaur et al., 2011; Cao et al., 2022). The rice OBP4 protein was incor-
porated with OBP4 proteins from other species to construct a phyloge-
netic tree, and OsOBP4 was classified into the same clade as OBP4 from
three monocot crop plants: rice, maize, and wheat (Fig. 2 C). A phylo-
genetic tree is important for functional characterization (Hernando-A-
mado et al., 2012). Phylogenetic trees have also been used to
demonstrate the evolutionary conservation of plants (Kushwaha et al.,
2011). Many studies classified OBP4 among the DOFs that have
important functions in plant growth and development (Kushwaha et al.,
2011; Le Hir and Bellini, 2013; Khan et al., 2021). Similar to other OBPs
and DOF proteins, OsOBP4 contains a DOF domain and can activate
transcription in yeast (Fig. 3 A). Additionally, we found OsOBP4-GFP in
onion epidermis localized to the nuclei (Fig. 3 B). The composition and
structure of the motifs of DOFs and many TFs are related to their
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DNA-binding ability, protein-protein interactions, and transcriptional
activity (Khan et al., 2021; Cao et al., 2022). The DOF also determines
the localization and biological functions of OBP genes (Li et al., 2009,
2016; Cao et al., 2022). Consistent with previous studies, OBP4 showed
highly conserved motifs, protein and gene sequences, and phylogenetic
relationships among plants.

Several studies have suggested that plant OBPs regulate develop-
mental and adaptive responses to environmental stress (Ramirez-Parra
et al.,, 2017; Qin et al., 2019; Shim et al., 2019). OsOBP4 showed dif-
ferential expression in different tissues of rice (Fig. 4), and the qPCR data
revealed that OsOBP4 was induced when Oryza sativa was treated with
150 mM NacCl, 300 mM mannitol, or 10 uM ABA (Fig. 5). These findings
are consistent with abiotic stress-related induction of OBP expression in
other species (Li et al., 2016; Liu et al., 2019).

Previous research has suggested that OBP4 regulates cell growth in
Arabidopsis and represses genes involved in root hair development,
water transport, and stress responses (Xu et al., 2016; Rymen et al.,
2017; Xu and Cai, 2019). Ectopic OsOBP4 expression, especially in rev1
and rev2, revealed that the protein affects root developmental response
under salt stress, which is consistent with the function of OBP genes in
other species.

According to the STRING database, OsMADS14 was predicted to be
related to OsOBP4 (Fig. 8). The orthologous genes of OsMADS14 in
Arabidopsis, AGL7 (AT1G69120), and AGL10 (AT1G26310), are
reportedly involved in flowering regulation (Smyth, 2023; Lai et al.,
2021). The mutation in AtOBP4 caused flowering inhibition under salt
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stress and SD conditions (Table 1). The expression of OsOBP4 in rev1 and
revl could rescue this phenotype. However, the flowering time and
number of leaves at flowering in the Atobp4 mutant were significantly
lower than those of the WT, suggesting the role of AtOBP4 in flower
regulation. The OBP genes are important regulators of pathways con-
trolling flowering and responses to environmental stress (Kang and
Singh, 2000; Le Hir and Bellini, 2013). By regulating the expression of
MADS-BOX TRANSCRIPTION FACTOR 14 (MADS14), FLOWERING
LOCUS C (FLC), FLOWERING LOCUS T (FT), and SUPPRESSOR OF
OVEREXPRESSION OF CONSTANS 1 (SOC1), many DOFs regulate
abiotic and biotic stress-related genes and the flowering pathway (Wu
et al., 2015). In addition, DOF proteins are important regulators of
flowering under long-day and short-day photoperiods in rice (Huang
et al., 2019). Similarly, OBP4 was found to regulate phytochrome and
cryptochrome signaling in Arabidopsis leading to the regulation of
flowering time (Ward et al., 2005). Our results support the fact that the
function of the OBP4 gene can regulate the expression level of AGL7
(Fig. 10), which may result in recovery flowering time and number of
leaves when plants are exposed to salinity stress to be similar to WT
(Table 1). This suggests that OBP4 acts upstream of AGL7, which reg-
ulates the action of SOC1 and AGL24 for floral meristem initiation (re-
view: Li et al., 2024). Moreover, this function was found only for the SD
condition, suggesting that OsOBP4 may function in flowering regulation
via the photoperiod scheme.

Two proteins that function in the chloroplast, namely, OsJ_23098,
which encodes photosystem I protein-like protein, and OsTHF1, which
encodes thylakoid formation I, were predicted to interact with OsOBP4
(Fig. 8). Therefore, chlorophyll fluorescence and related parameters
were measured for the response during salt stress. Interestingly, the
Atobp4 mutant showed a decrease in performance index (PIaps and
Pliota)) while the revertants by OsOBP4 (revl and rev2) showed a similar
response as the WT (Fig. 11 D). Moreover, the Atobp4 mutant showed
increased the absorption of photon flux (ABS/RC) and trapping excita-
tion flux (TRo/RC) but high energy dissipation as heat and fluorescence
(DIo/RC). These changes could cause a low level of PIxgs and Pl as
the energy could not be used for photochemical reaction efficiently.
When we focused on the flux ratio of PSII and PSI, the Atobp4 mutant
showed a loss of efficiency because PSII trapped and transferred energy
to Qa and Qp (yEo), efficiency with which an electron from Qg is
transferred until PSI acceptor (8Ro), quantum yield of the electron
transport flux from Qa to Qg (pEo0), and quantum yield for reduction of
end electron acceptors at the PSI acceptor side (pRo) were lowered than
WT and other transgenic lines. These results reveal that the Atobp4
mutant can cause a low performance index of light reaction (Fig. 11) and
a high reduction of fresh weight and dry weight (Fig. 12). The ectopic
expression of OsOBP4 can recover these functions so that the values
resemble those of the WT. The ability of revl and rev2 to maintain the
efficiency of the photosystem may lead to lower reductions in both
vegetative and reproductive tissues under salt stress (Figs. 12 and 13).
However, OsOBP4 did not show positive effects on germination under
salt stress conditions (Fig. 6 C). This suggests that OsOBP4 protein could
not substitute for the function of AtOBP4 in the germination stage.
However, it could partially substitute for the salt-tolerant functions of
AtOBP4 in later developmental stages.

5. Conclusion

Collectively, we demonstrated that OsOBP4 plays an important role
in regulating environmental stress and flowering time under SD condi-
tions. Overexpression of OsOBP4 led to the enhancement of salt toler-
ance by enhancing root growth, AGL7 expression for floral meristem
induction, and light reaction process maintenance in the chloroplast.
These findings could provide a better understanding of the regulation of
environmental stress in rice.
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