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SUMMARY

Caleosins constitute a small protein family with one calcium-binding EF-hand motif. They are involved in

the regulation of development and response to abiotic stress in plants. Nevertheless, how they impact salt

stress tolerance in rice is largely unknown. Thereby, biochemical and molecular genetic experiments were

carried out, and the results revealed that OsClo5 was able to bind calcium and phospholipids in vitro and

localized in the nucleus and endoplasmic reticulum in rice protoplasts. At the germination and early seed-

lings stages, overexpression transgenic lines and T-DNA mutant lines exhibited reduced and increased toler-

ance to salt stress, respectively, compared with the wild-type. Yeast two-hybrid, bimolecular fluorescence

complementation and in vitro pull-down assays demonstrated that the EF-hand motif of OsClo5 was essen-

tial for the interactions with itself and OsDi19-5. Yeast one-hybrid, electrophoretic migration shift and dual-

luciferase reporter assays identified OsDi19-5 as a transcriptional repressor via the TACART cis-element in

the promoters of two salt stress-related target genes, OsUSP and OsMST. In addition, OsClo5 enhanced the

inhibitory effect of OsDi19-5 in the tobacco transient system, which was confirmed by qRT-PCR analysis in

rice seedlings under salt stress. The collective results deepen the understanding of the molecular mecha-

nism underlying the roles of caleosin in the salt stress response. These findings will also inform efforts to

improve salt tolerance of rice.
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INTRODUCTION

Lipid droplets (LDs) are present in various prokaryotic and

eukaryotic cells (Murphy, 2001; Jiang et al., 2008). LDs are

comprised of a hydrophobic core of triacylglycerol (TAG)

matrix enclosed by a monolayer of phospholipids and

unique proteins (oleosins, caleosins and steroleosins).

These proteins have structural and metabolic roles (Huang,

2018). Caleosins are a small family of conserved proteins

that are capable of binding to calcium (Ca2+), and can

embed or attach oleosin-like structures on the surface of

the LD phospholipid monolayer in plants (Chapman et al.,

2012; Rahman et al., 2018). The lipid-associated Ca2+ bind-

ing ability also occurs in fungi and green algae (Naested

et al., 2000; Hanano et al., 2006; Rahman et al., 2018). Cale-

osin gene families have been annotated in castor bean and

flax (Hyun et al., 2013); wheat, barley, rye, rice and Brachy-

podium (Khalil et al., 2014); Arabidopsis (Shen et al., 2014);

Brassicaceae (Shen et al., 2016) and hazelnut (Lamberti

et al., 2020).

Plant caleosins harbor three highly conserved character-

istic structural domains. (i) An N-terminal hydrophilic

domain contains one calcium-binding EF-hand motif that

is exposed to the cytosol (Takahashi et al., 2000). (ii) An

amphipathic a-helix followed by a pair of anti-parallel b-
strands is connected by a proline-knot motif in the

hydrophobic central domain, this domain is responsible

for anchorage in LDs (Chen and Tzen, 2001). (iii) And the

third domain consists of heme-binding sites in the central

region and C-terminal hydrophilic regions containing one

conserved cysteine site and several potential phosphoryla-

tion sites (Charuchinda et al., 2015). Caleosins can form a

hairpin-like structure that binds Ca2+ and phospholipids

in vitro and in vivo. The proteins also exhibit the lipid per-

oxygenase (PXG) activity that is dependent on a heme

© 2020 Society for Experimental Biology and John Wiley & Sons Ltd 1

The Plant Journal (2020) doi: 10.1111/tpj.15074

https://orcid.org/0000-0001-7925-8386
https://orcid.org/0000-0001-7925-8386
https://orcid.org/0000-0001-7925-8386
mailto:xiegsh@mail.hzau.edu.cn


group coordinated by the two invariant histidine residues

(Blee et al., 2012). AtPXG4/AtClo4, a class II caleosin in Ara-

bidopsis, is identified as a calcium-dependent membrane-

associated hemoprotein that catalyzes the PXG reaction

(Blee et al., 2012), indicating its potential roles in enzymatic

activities and Ca2+ signaling in plants.

Caleosins have been demonstrated to play critical roles

in many cellular and biological processes that are coupled

closely to synthesis during the mature stage or degrada-

tion of storage lipids during seed germination, lipid traf-

ficking/turnover and structural stabilization of LDs in plants

(Poxleitner et al., 2006; Huang, 2018; Shao et al., 2019). An

endoplasmic reticulum (ER)-localized caleosin and an LDs-

localized caleosin have been identified in the embryos of

Brassica napus (Hernandez-Pinzon et al., 1999). Seed-speci-

fic caleosins have been detected in high and low erucic

acid cultivars (Katavic et al., 2006). In barley, caleosins par-

ticipate in lipid vesicle trafficking, membrane expansion

and oil body biogenesis (Liu et al., 2005).

Many caleosins have also been associated with plant

growth and development, as well as abiotic and biotic

stress responses in rice (Frandsen et al., 1996), Arabidopsis

(Naested et al., 2000), sesame (Chen et al., 1999), barley (Liu

et al., 2005), rapeseed (Jolivet et al., 2011) and olive (Zien-

kiewicz et al., 2011). Eight caleosin isoforms, AtClo1-8, have

been annotated in Arabidopsis (Shen et al., 2014). AtClo1-4

have been characterized as calcium-binding heme-oxyge-

nases involved in the stress response (Kim et al., 2011). In

addition, AtClo1 is highly expressed in seeds and the hypo-

cotyl of seedlings (Naested et al., 2000), and is involved in

the degradation of oil body storage lipids during the seed

germination (Poxleitner et al., 2006). However, AtClo2 is

associated with the seed dormancy (Toorop et al., 2005).

AtClo3/AtRD20 binds Ca2+ in vitro, and is present in micro-

somes and chloroplast envelope fractions. Importantly, it

has been functionally characterized in the generation of oxi-

dized fatty acids in the stress-related abscisic acid (ABA)

and salicylic acid (SA) signaling pathways (Partridge and

Murphy, 2009). An atrd20 mutant is sensitive to drought

stress, mainly due to the increase in the stomatal aperture

and transpiration rate (Aubert et al., 2010; Blee et al., 2012),

while AtClo4 acts as a negative regulator of the ABA

response (Kim et al., 2011). In wheat, TaClo3 interacts with

the TaGA3 heterotrimeric Ga subunit in the plasma mem-

brane (PM) and with the TaPI-PLC1 phosphoinositide-speci-

fic phospholipase C in the PM and ER. TaClo3 also plays a

role in the Ca2+-triggered feedback regulation of both

TaGA3 and TaPI-PLC1 (Khalil et al., 2011). In 1996, OsEFA27,

also known as OsClo5, was isolated approximately 25 years

ago, and demonstrated to be induced by salt, drought stres-

ses and ABA treatment in rice (Frandsen et al., 1996). How-

ever, the mechanism by which caleosin family protein 5

(OsClo5), also termed caleosin PXG, modulates salt stress

tolerance in rice has not been clarified.

In this study, OsClo5, a small caleosin family protein in

rice that harbors one calcium-binding EF-hand motif, was

identified as a negative co-regulator of salt stress tolerance

at the germination and seedling stages in rice. In addition,

the EF-hand motif (residues 68�95) of OsClo5 was found

to be essential for the interactions with itself and a

drought-induced protein 19-5 (OsDi19-5) in rice. Signifi-

cantly, our experiments demonstrated that OsClo5

enhanced the transcription repression activity of the inter-

acting partner OsDi19-5 to two salt stress-related target

genes, OsUSP and OsMST, via the TACART cis-elements in

their promoters in a transient expression system in

tobacco plants and salt stress in rice seedlings. The data

deepen the understanding of the molecular mechanism

underlying the role of caleosins to affect the salt stress

response. The data also highlight the potentials in develop-

ing a biotechnology approach for improved salt stress in

rice.

RESULTS

Biochemical characterizations of OsClo5 in rice

OsClo5 possesses an N-terminal hydrophilic domain with a

single calcium-binding EF-hand motif, a central hydropho-

bic transmembrane domain and an anchoring region with

a proline-knot motif (PXXXPSPXXP), and four conserved

phosphorylation sites in the C-terminal regions (Fig-

ure S1a,b). Multiple alignments of the 16 caleosin protein

sequences from Arabidopsis and rice also revealed the dif-

ferent N-terminal lengths (Shen et al., 2014). However, they

had a conserved calcium-binding EF-hand motif and a

casein kinase phosphorylation motif (DGSLFE) in the C-ter-

minal regions (Figures S1c and S2).

To ascertain whether OsClo5 could bind calcium in vitro,

glutathione-S-transferase (GST) and GST-OsClo5 proteins

were purified for the in vitro calcium-binding assay (Fig-

ure S3). Compared with GST alone (control), GST-OsClo5

showed a slower migration shift induced by Ca2+ in

sodium dodecyl sulfate�polyacrylamide gel electrophore-

sis (SDS�PAGE) than that produced by the EGTA calcium

chelator (Figure 1a). 8-Anilinonaphthalene-1-sulfonic acid

(100 lM) was incubated with OsClo5 in the presence of

either CaCl2 or EGTA. In the subsequent ANS fluorescence

emission spectrum assay, OsClo5 showed a higher fluores-

cence emission intensity with a peak at 500 nM wavelength

that was induced more by Ca2+ than by EGTA, but GST

alone did not show any fluorescence signal change (Fig-

ure 1b). The results indicated that binding of Ca2+ triggered

a change in the conformation of OsClo5 in vitro.

The significant hydrophilic structures of the N-terminal

and C-terminal domains of caleosins can facilitate its asso-

ciation with phospholipid surfaces (Purkrtova et al., 2007).

Thus, the in vitro phospholipid-binding assay was carried

out to confirm whether OsClo5 could bind phospholipids
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in vitro (Figure 1c). GST-OsClo5, but not GST alone, asso-

ciated with the membrane pellets induced by Ca2+. This

association was repressed by EGTA (Figure 1d,e). These

findings indicated the in vitro Ca2+-induced phospholipid-

binding ability of the OsClo5 protein.

Subcellular localization of OsClo5 in rice protoplasts

To determine the subcellular localization of OsClo5,

35Spro:GFP (control) and 35Spro:OsClo5-GFP fusion pro-

tein gene constructs were individually transferred into rice

leaf protoplasts (Figure 1f). Compared with the GFP con-

trol, OsClo5-GFP exhibited strong green fluorescence sig-

nals in the nucleus and cytoplasm (Figure S4).

Co-localization assays of OsClo5-GFP fusion protein with

ER marker and nucleus dye were also performed in rice

protoplasts. Accordingly, the concurrent ER marker HDEL-

mCherry and 4,6-diamidino-2-phenylindole (DAPI) staining

analysis revealed the localization of the OsClo5 protein in

the nucleus and ER (Figure 1g).

Expression of OsClo5 in different tissues and under abiotic

stresses

Caleosins are present in LDs of aleurone and embryo

scutellum cells in cereal seeds (Liu et al., 2005). To detect

the expression patterns of OsClo5 in different tissues and

under abiotic stresses (salt and drought), transgenic rice

lines with the b-glucuronidase (GUS) reporter gene driven

by the promoter of OsClo5 were developed (Figure 2a).

High transcript levels were observed in plumule, coleoptile,

stem nodes, anthers and pericarp tissues (Figure 2b).

Under salt stress (150 mM NaCl), the coleoptiles showed

stronger GUS staining than the control as the seed germi-

nation progressed (Figure 2c), suggesting that OsClo5 was

involved in the seed germination process in rice.

To determine whether OsClo5 was induced by treatment

with 100 lM ABA, and by stresses due to drought (20%

PEG6000) and excess salt (150 mM NaCl), quantitative

reverse transcriptase-polymerase chain reaction (qRT-PCR)

was employed to analyze the expression patterns of

OsClo5. The transcript levels of OsClo5 were obviously

induced by all three treatments (Figure 2d�f), indicating

that OsClo5 is involved in these stress responses at the

seedling stage.

OsClo5 negatively affects responses to ABA treatment and

salt stress

To elucidate the potential role of OsClo5 in ABA signaling

and salt stress response in rice, overexpression transgenic

lines with NPB (Nipponbare) background and two T-DNA

mutant lines with DJ (Dongjin) background were gener-

ated. The qRT-PCR analysis identified three OsClo5 overex-

pression transgenic homozygous lines (OE-1, OE-2 and

OE-3), which showed transcript levels approximately 100-

fold higher than the NPB wild-type (Figure 3a,b). The qRT-

PCR also identified two different T-DNA mutant lines T-1

(2C-50320) and T-2 (1B-19938) with lower transcript levels

than the DJ wild-type (Figure 3c�e). Therefore, the three

overexpression transgenic lines and two different T-DNA

mutant lines were studied further.

Figure 1. In vitro calcium-binding, calcium-dependent phospholipid binding

assays and subcellular localization observation of OsClo5.

(a) Results of the in vitro electrophoresis migration shift calcium-binding

assay. Ten micrograms of glutathione-S-transferase (GST) and GST-OsClo5

were separately incubated with either 5 mM CaCl2 or 5 mM EGTA for 30 min

at room temperature followed by the sodium dodecyl sulfate�polyacry-

lamide gel electrophoresis (SDS�PAGE) and Coomassie Brilliant Blue R-250

staining.

(b) Results of the in vitro 8-anilinonaphthalene-1-sulfonic acid (ANS) fluo-

rescence emission assay in the presence of CaCl2 or EGTA.

(c) Schematic diagrams of the protocol for calcium-induced phospholipid

binding assays.

(d) Results of the in vitro calcium-dependent phospholipid binding assay of

OsClo5.

(e) The supernatants associated with GST or GST-OsClo5 were measured

after incubation with CaCl2 or EDTA followed by SDS�PAGE.

(f) Schematic diagrams of the constructs used for the subcellular localiza-

tion assays.

(g) Subcellular localization assays of OsClo5 in rice protoplasts. The fusion

construct (35Spro:OsClo5-GFP) and ER marker were co-transformed into

rice protoplasts using 40% PEG-4000 and incubated in the dark at 25°C for

16�20 h. Then, GFP (positive control) and OsClo5-GFP were observed under

the laser confocal fluorescence microscope. 4,6-Diamidino-2-phenylindole

(DAPI) was used to stain the nuclei of cells. Scale bar: 10 lm.
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Knowing that OsClo5 was induced by exogenous ABA,

we further examined the seed germination performance of

the OsClo5 overexpression transgenic line (OE-1) and T-

DNA mutant line (T-1) in the ABA response in rice. The

transgenic and mutant lines showed distinct responses to

ABA treatment during the seed germination process. In

particular, obvious differences in the early germination

rates were observed between the overexpression line and

the wild-type, or between the T-DNA mutant line and the

wild-type (Table S1a,b). The shoot lengths were markedly

reduced by exogenous ABA during the seed germination.

In particular, the overexpressing transgenic line showed

slightly longer shoots lengths than the wild-type upon

exposure to the exogenous ABA with less than 2 lm. How-

ever, they grew much shorter shoots than the wild-type

(2.33 cm versus 2.83 cm) when exposed to exogenous

levels of ABA (> 2 lM). In contrast, the T-DNA mutant line

showed less reduction change in the shoot lengths com-

pared with the wild-type. As the ABA concentrations were

increased from 3 to 4 lM, the shoot lengths of the T-DNA

mutant line were reduced by 12.9%, while the wild-type

(DJ) was decreased by 24.7% (Figure S5a,b), suggesting

that OsClo5 negatively affected the response to ABA dur-

ing germination in rice.

Under normal conditions, there were no significant dif-

ferences between the overexpression transgenic lines and

the wild-type. Under salt stress, the overexpression trans-

genic lines displayed reduced seed germination rates,

much shorter shoots and lower seedling weights than the

NPB wild-type. By contrast, the T-DNA mutant lines had

relatively higher seed germination rates, longer shoots and

higher seedling weights than the DJ wild-type (Fig-

ures 3f�i and S6a,b). Upon exposure to salt stress, the

overexpression transgenic lines displayed significantly

lower survival rates, whereas the T-DNA mutant lines had

an obviously higher survival rate (Figure 4a,b). Salt

stressed overexpression transgenic line seedlings dis-

played much less biomass than the wild-type, but the

T-DNA mutant lines seedlings were of higher biomass (Fig-

ure 4c). In addition, the overexpression transgenic lines

had a higher root-to-shoot ratio than the wild-type,

whereas the ratio of the T-DNA mutant lines was lower

(Figure 4d). Significantly, the overexpression transgenic

lines contained much higher levels of malondialdehyde

(MDA) than the wild-type, but the T-DNA mutant lines con-

tained less (Figure 4e). The transgenic lines contained the

markedly reduced contents of proline (pro) and soluble

sugars than the wild-type, while the contents of T-DNA

mutant lines were increased (Figure 4f,g). These results

convincingly indicated that OsClo5 negatively affected salt

stress tolerance at the germination and early seedling

stages.

OsClo5 interacts with itself and OsDi19-5 in vitro and

in vivo

To determine the mechanism by which OsClo5 negatively

affected salt stress tolerance in rice seedlings, we

attempted to isolate the interacting partners by the yeast

two-hybrid library screening with OsClo5-FL (full-length) or

OsClo5-ΔTMD protein (deletion of the transmembrane

domain comprising of residues 96�118) as baits, respec-

tively. OsClo5 did not show any self-activation activity in

yeast cells (Figure S7a). Four and five candidate proteins

Figure 2. Expression profiling of OsClo5 in different tissues and under

abscisic acid (ABA) treatment and abiotic stress.

(a) Schematic diagrams of the OsClo5 promoter:GUS fused construct used

for the tissue expression assay.

(b) The OsClo5 gene was highly expressed in plumule and coleoptile, stem

nodes, anthers and pericarp tissues as revealed by GUS staining. Scale bar:

30 mm.

(c) GUS staining of Osclo5 revealed the highly induced expressions in

coleoptiles during salt stress induced by 150 mm NaCl. Scale bar: 1.0 cm.

Transcription levels of OsClo5 during treatments with ABA (d), osmotic

stress (e) and salt stress (f). Seven-day-old rice seedlings were treated with

100 lM ABA, 20% PEG-6000 and 150 mM NaCl in the 1/2 Murashige and

Skoog (MS) culture solution for different times. Total RNA was extracted at

the indicated times from the shoots of rice seedlings for quantitative reverse

transcriptase-polymerase chain reaction (qRT-PCR) analysis. OsUBI was

used as the normalized control. Detections were performed at least three

biological replicates and analysed by the t-test analysis. **indicates signifi-

cance at P < 0.01.
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were identified to show their strong interactions with

OsClo5-FL and OsClo5-ΔTMD in yeast cells, respectively,

after three rounds of yeast two-hybrid library screening

(Figure S7b�d). More notably, OsClo5 interacted with itself

in yeast cells. OsDi19-5, a drought-induced protein family

19-5 in rice, was also identified as a common interacting

protein with OsClo5 by screening with two bait proteins,

respectively (Tables S2 and S3).

To determine the specific regions of OsClo5 protein

involved in the interactions with itself and OsDi19-5, six

variants of OsClo5 protein were employed as baits. They

included OsClo5-N, OsClo5-C, OsClo5-ΔTMD, OsClo5-FL,

OsClo5-N-EF-hand Mut and OsClo5-N-ΔEF-hand (Figure 5a,

b). The N-terminal region (residues 1�95) of OsClo5-N was

essential for its interaction with itself and OsDi19-5 (Fig-

ure 5c,d). Furthermore, the EF-hand motif (residues 68�95)

in the N-terminal region of OsClo5 was essential for the

interaction with OsDi19-5. Triple point mutations (D79V,

D81V and E88V) of the EF-hand motif did not appreciably

affect its interaction with OsDi19-5 in yeast cells (Figures 5

Figure 3. Identification of salt stress tolerance of OsClo5 overexpression transgenic lines and T-DNA mutant lines at the germination and early seedling stage.

(a) The overexpression vector pUBI-OsClo5 with the OsUBI promoter in rice.

(b) The quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR) detection of transgene expression levels in the OsClo5 overexpressing rice lines

(OE-1, OE-2 and OE-3) and the wild type (NPB).

(c) The insertion positions of two different OsClo5 T-DNA mutant lines (T-1, T-2) on rice chromosome 4.

(d) Homozygous identification of T-DNA mutant lines compared with the wild-type (DJ) by 1% agarose electrophoresis. The numbers 1, 3 and 2, 4 represented

the gene-specific primer pairs and rice genomic/T-DNA border primer pairs, respectively. (e) qRT-PCR detection of OsClo5 in the homozygous T-DNA mutant

lines and the wild-type (DJ).

(f) Rice seeds of overexpressors (OE-1, OE-2 and OE-3) and the wild-type (NPB), and T-DNA mutant lines (T-1 and T-2) and the wild-type (DJ) were germinated

and cultured in 1/2 Murashige and Skoog (MS) medium in the absence (CK) or presence of 150 mM NaCl (ST) for 20 days. Scale bar: 3.0 cm.

Germination rate during the germination (g), shoot length (h) and seedling weight (i) at 20 days after germination were measured. The results were statistically

analysed by the t-test. * and ** indicate significance at P < 0.05 and P < 0.01, respectively.
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and S8). Bimolecular fluorescence complementation

(BiFC) assay also confirmed the essential role of the EF-

hand motif in the N-terminal region of OsClo5 for the

interactions in rice protoplasts (Figure 5f,g). The OsDi19-5

protein was found to confine in the nucleus and cyto-

plasm in rice protoplasts (Figure S9), confirming the co-

localization with OsClo5 in rice cells. Notably, the in vitro

pull-down assay confirmed a strong interaction between

OsClo5 and OsDi19-5 (Figure 5h). OsClo5 was able to

bind to form a homodimer in vitro (Figure 5i). However,

OsDi19-5 did not bind GST, a negative protein control

(Figure 5j). These results clearly demonstrated that the

EF-hand motif in the N-terminal region of OsClo5 was

indispensable for the interactions with itself and OsDi19-5

in vitro and in planta.

OsClo5 enhances the inhibitory activity of OsDi19-5 as a

transcriptional repressor to the target genes OsUSP and

OsMST in the tobacco transient expression system

In Arabidopsis, electrophoretic mobility shift assay (EMSA)

analysis has demonstrated that Di19 proteins are the tran-

scription factors that bind to a Di19-binding sequence

(DIBS) cis-element [TACA(A/G)T] in the promoters of target

genes (Liu et al., 2013; Qin et al., 2014). To identify the

Figure 4. Salt stress tolerance of OsClo5 overex-

pression transgenic lines and T-DNA mutant lines

at the seedling stage.

(a) Rice seedlings were treated hydroponically with

150 mM NaCl for 5 or 7 days followed by recovery

for 9 days. Scale bar: 4.0 cm.

Survival rate (b), seedling weight (c), root-shoot

ratio (d), and the contents of malondialdehyde

(MDA) (e), proline (Pro, f) and soluble sugars (g)

were measured. The results were analysed by the t-

test in overexpressors (OE-1, OE-2 and OE-3) and

the wild-type (NPB), and T-DNA mutant lines (T-1

and T-2) and the wild-type (DJ) before stress treat-

ment (BT) and after stress treatment (AT). * and **
symbols indicate significance at P < 0.05 and

P < 0.01, respectively.

© 2020 Society for Experimental Biology and John Wiley & Sons Ltd,
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Figure 5. OsClo5 interacts specifically with itself and OsDi19-5 in vitro and in vivo.

(a) Four variant bait constructs expressing OsClo5, OsClo5-N, OsClo5-C, OsClo5-ΔTMD and OsClo5-FL proteins fused with GAL4 DNA-binding domain in

pGBKT7.

(b) EF-hand motif mutant proteins of OsClo5, including OsClo5-N-EF-hand Mut [triple point mutations (D79V, D81V and E88V) of EF-hand motif] and OsClo5-N-

ΔEF-hand, for pairwise yeast two-hybrids.

(c) Yeast two-hybrid assays for the interaction between OsClo5 and OsClo5. Variant bait constructs of OsClo5-N, OsClo5-C, OsClo5-ΔTMD and OsClo5-FL, fused

with GAL4 DNA-binding domain in pGBKT7 vector were co-transformed with the prey construct of OsClo5 fused with GAL4 activation domain in pGADT7 vector

into Y2H Gold yeast cells. These strains were grown on SD-Leu-Trp medium (left lanes), SD-Leu-Trp-His-Ade (middle lanes) and SD-Leu-Trp-His-Ade + X-a-Gal

(right lanes).

(d) Yeast two-hybrid assay results for the interaction between OsClo5 and OsDi19-5.

(e) The EF-hand motif was essential for OsClo5 to interact with OsDi19-5 in the yeast two-hybrid assay. The variant bait constructs of OsClo5-N-EF-hand Mut or

OsClo5-N-ΔEF-hand fused with GAL4 DNA-binding domain in pGBKT7 and prey construct of OsDi19-5 fused with GAL4 activation domain in pGADT7 were co-

transformed and examined as described above.

(f,g) Bimolecular fluorescence complementation (BiFC) assay of OsClo5 interactions with OsClo5 or OsDi19-5 in rice protoplasts. Fusion constructs of the

OsClo5-N, OsClo5-C, OsClo5-N-ΔEF-hand, OsClo5-ΔTMD and OsClo5-FL fused with the nYFP, and OsClo5 or OsDi19-5 fused with the cYFP were co-transformed

into rice protoplasts. Fluorescence of yellow fluorescent protein (YFP) was detected by the laser confocal fluorescence microscopy. Scale bar: 10 lm.

(h,i) In vitro pull-down assay results of the interaction of OsClo5 with OsDi19-5 and itself. GST-OsDi19-5 was incubated with immobilized maltose-binding pro-

tein (MBP) or MBP-OsClo5. After thorough washing five times, bound proteins were eluted and subjected to immunoblot analysis using the antibody against

GST and the antibody against MBP, respectively.

(j) The results of the in vitro pull-down assays showed that OsClo5 did not interact with glutathione-S-transferase (GST), a negative control.

© 2020 Society for Experimental Biology and John Wiley & Sons Ltd,
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target genes of OsDi19-5 in the salt stress response in rice,

we retrieved the OsClo5-related and salt stress-responsive

marker genes using the RiceFREND network (http://ricefre

nd. dna. affrc. go. jp/). Six OsClo5-related salt stress-re-

sponsive genes were identified (Table S4). The cis-ele-

ments in the 1500-bp upstream promoter sequences of

these salt stress-related genes were predicted by PLACE

30.0 (http://www.dna. affrc. go. jp/PLACE/). Two target

genes were finally obtained with the DIBS cis-elements in

their promoters. OsUSP (LOC_ Os01g57450) is a universal

stress protein gene in rice. OsMST (LOC_Os10g 21590) is a

monosaccharide transporter gene in rice. In the yeast one-

hybrid assay, OsDi19-5 displayed strong interactions with

the promoters of OsUSP and OsMST genes in yeast cells,

respectively (Figure 6a,b). EMSA experiments further cor-

roborated the specific binding of OsDi19-5 to the DIBS cis-

elements in the promoters of OsUSP and OsMST genes

in vitro (Figure 6c).

To understand how OsClo5 affected the trans-acting con-

trol of OsDi19-5 for the OsUSP and OsMST target genes, a

dual-luciferase reporter assay was performed using the

transient expression of two reporter genes, OsUSP and

OsMST, in tobacco leaves driven by the effector OsDi19-5

alone or combined with the effector OsClo5 (Figure 6d,e).

Three days after co-transfection, compared with the repor-

ter genes OsUSP or OsMST alone, OsDi19-5 displayed

obviously reduced transcription levels of reporter genes

OsUSP and OsMST. LUC/REN ratios were reduced from 1.0

to 0.47 for OsUSP, and from 1.0 to 0.63 for OsMST (Fig-

ure 6e,f). These results indicated that OsDi19 was a tran-

scription repressor of the two target genes OsUSP and

OsMST in rice. Upon co-transfection of OsClo5 and

OsDi19-5 effectors into tobacco leaves, OsClo5 further

enhanced the transcriptional trans-acting repression activ-

ity of OsDi19-5 to the target reporter genes OsUSP and

OsMST, and the LUC/REN ratios were further reduced from

Figure 6. OsClo5 enhances the inhibitory activity of OsDi19-5 as a transcriptional repressor of two target genes OsUSP and OsMST in tobacco transient expres-

sion system.

(a) Schematic diagrams of the bait and prey constructs used for the yeast one-hybrid assay.

(b) Growth assays of undiluted and diluted yeast cells after being co-transformed with prey and bait on the medium without (left lanes) or with (right lanes) the

addition of 250 ng ml�1 antibiotic (AbA). The negative control was bait/pGADT7 and the positive control was p53-AbAi/pGAD-p53.

(c) Electrophoretic mobility shift assay (EMSA) results of OsDi19-5 binding to the promoters of two target genes OsUSP and OsMST in vitro. The MBP-OsDi19-5

was incubated with the biotin-labeled wild-type Di19-binding sequence (DIBS) probe or mutated DIBS probe, and the non-labeled DIBS probe was used as a

competitor. – denotes absence and + denotes presence. The bound probe was combined with OsDi19-5 to form the protein�DNA complex, and the unbound

free probe was released.

(d) Schematic diagrams of the effector and reporter constructs used for the dual-fluorescence luciferase (LUC) assays. The coding sequence (CDS) regions of

OsClo5 and OsDi19-5 were cloned into the effector vector pGreen 62-SK driven by the 35S promoter, respectively. The promoter sequences of OsUSP or OsMST

were inserted into the reporter vector pGreen II 0800-LUC, and Renilla LUC (REN) was used as an empty control to normalize the fluorescence activity.

(e) Transient expression assays in tobacco leaves were used to examine the transcriptional co-repression of OsClo5 with OsDi19-5 to the promoters of OsUSP

and OsMST.

(f) Promoter activities, expressed as the ratio of LUC to REN in tobacco leaves co-transformed with the effector and the reporter combinations were examined

and analyzed with three biological replicates. The promoter activities of two reporter genes OsUSP and OsMST (pGreen II 0800-LUC-OsUSP or OsMST) in

tobacco leaves co-transformed with the effector vector (pGreen II 62-SK) were set to 1. Data are means � SD with three replicates. The ** symbol indicates sig-

nificance at P < 0.01.
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0.47 to 0.31 for OsUSP and from 0.63 to 0.36 for OsMST,

respectively (Figure 6e,f). These findings suggested that

OsClo5 interacted with OsDi19-5 and synergistically

represses the transcription levels of OsUSP and OsMST in

planta.

OsClo5 enhances the transcription inhibitory effects of

OsDi19-5 to the two target genes OsUSP and OsMST in

rice seedlings under salt stress

To confirm whether OsClo5 combined with OsDi19-5 inhib-

ited the salt stress-related target genes OsUSP and OsMST

in rice seedings subjected to salt stress, qRT-PCR analysis

was performed to detect the gene expression profiles in

the OsClo5 overexpression lines and T-DNA mutant lines.

Under control conditions, the overexpression lines dis-

played higher transcription levels of OsClo5 than the wild-

type. One day after salt stress, OsClo5 was more highly

expressed in the overexpression lines than that in the wild-

type (Figure 7a). In contrast, transcript levels of OsClo5

were remarkably reduced in the T-DNA mutant lines under

control conditions and salt stress conditions (Figure 7b).

Compared with the wild-type, OsDi19-5 showed contrast-

ing transcription profiles between the transgenic lines and

the T-DNA mutant lines under control and salt stress con-

ditions (Figure 7c,d). These findings suggested that OsClo5

enhanced the transcript levels of OsDi19-5 in rice. A previ-

ous study described a transient [Ca2+]cyt increase in the

cytosol of rice seedlings during salt stress (Li et al., 2017).

This transient led to a change in the conformation of

OsClo5, which facilitated the formation of more heterodi-

mers with OsDi19-5 in the cytosol and nucleus in rice cells.

And thus, the transcript levels of OsDi19-5 were affected in

rice seedlings.

In addition, under the control conditions, there were no

marked differences in the expression levels of the OsUSP

and OsMST target genes between the overexpressing

lines, or between the T-DNA mutant lines and their wild-

types. However, the transcript levels of OsUSP and OsMST

were reduced more in the overexpressing lines than in the

wild-type under salt stress (Figure 7e,g), the T-DNA mutant

lines displayed the higher transcript levels of both the tar-

get genes under salt stress (Figure 7f,h). The results con-

firmed that OsClo5 inhibited the transcription levels of

OsUSP and OsMST in coordination with OsDi19-5 in rice

during salt stress.

DISCUSSION

Caleosins constitute a conserved protein family with

multiple enzymatic activities and Ca2+ signaling in plants

To date, at least eight caleosin protein families have been

annotated in plants, including Oryza sativa and Triticeae

(Khalil et al., 2011), Arabidopsis thaliana (Shen et al., 2014),

Brassicaceae (Shen et al., 2016) and date palm (Hanano

et al., 2017). These caleosin proteins are characterized by

three features: a conserved single EF-hand motif in the N-

terminal domain for calcium-binding; a central hydropho-

bic domain with a proline-rich motif for lipid-binding; and

two invariant heme-coordinating histidine residues

required for PXG activity. In this study, the results of the

in vitro Ca2+-binding, the in vitro Ca2+-dependent phospho-

lipid binding and ANS fluorescence emission spectrum

assays revealed the Ca2+-binding ability OsClo5 in vitro.

In a previous reports, SDS�PAGE analysis demonstrated

that sop1, a unique protein in the oil bodies of sesame

seeds, migrated faster when associated with Ca2+ (Chen

et al., 1999). The caleosin 1, FsCLO1, in Fagus sylvatica

seeds, displays Ca2+-binding activity in vitro (Jimenez

et al., 2008). In Arabidopsis, AtClo3 binds to Ca2+ in vitro

(Partridge and Murphy, 2009). In olive pollen, a 30-kDa

caleosin bound Ca2+ in a Western blot analysis (Zienkie-

wicz et al., 2011). Presently, in vitro phospholipid-binding

assay confirmed that Ca2+ binding led to an increase in the

hydrophobicity of OsClo5 in vitro, the finding indicates a

potential role of this protein in calcium signaling in

response to biotic and abiotic stresses in rice.

Plant caleosins have been shown to bind to the mono-

layer LDs or the bilayer membranes of the ER and plas-

malemma via a single transmembrane domain located

close to the Ca2+-binding EF-hand motif (Partridge and

Murphy, 2009; Lin et al., 2012; Purkrtova et al., 2015). In

this study, OsClo5 lacked an N-terminal cleavable signal

sequence, and was located in the ER and nucleus in rice

protoplasts. Plant caleosins possess specific catalytic activ-

ity of lipid PXG, which requires the presence of the heme

groups coordinated by two invariant histidine residues. In

rice, OsEFA27 (also designated OsClo5) was formerly iso-

lated as a membrane-bound protein in the subcellular frac-

tions of rice (Frandsen et al., 1996). OsClo5 displays a Ca2+-

dependent PXG activity that catalyzes hydrogen peroxide-

dependent monooxygenation reactions (Hanano et al.,

2006). In Arabidopsis, AtClo3 is localized on microsomal

membranes with its N-terminus facing into the microsomal

vesicles (Partridge and Murphy, 2009). The findings from

these subcellular localization experiments indicated that

plant caleosin isoforms could bind to the ER and plas-

malemma via a single transmembrane domain (Poxleitner

et al., 2006). The collective data demonstrate that OsClo5 is

a genuine Ca2+-binding and phospholipid-binding protein.

The data further implicate OsClo5 in Ca2+ signaling in

growth, development and stress responses in rice.

Caleosins exhibit the pleiotropic regulations in response

to plant growth, development and environmental stimuli

In this study, OsClo5 was highly expressed in pollen, and

in both developing and germinated seeds. This gene was

induced by salt, drought and ABA stresses. Moreover,

OsClo5 enhanced the hypersensitivity to ABA at the
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germination stage, and negatively affected salt stress toler-

ance at the germination and early seedling stages in rice.

Plant caleosin genes are differentially expressed in dif-

ferent tissues and under environmental stimuli. For exam-

ple, in barley caryopsis development, HvClo1 is expressed

abundantly during the later stage of embryogenesis and

accumulates in the scutellum of mature embryos. HvClo2

is mainly expressed in the endosperm tissues of the devel-

oping grain (Liu et al., 2005). In Fagus sylvatica, FsClo1 is

induced by polyethylene glycol (PEG) and salt stress, and

is specifically expressed in seeds (Jimenez et al., 2008). In

Arabidopsis, RD20/AtClo3 participates in stomatal control

Figure 7. Transcription profiles of OsClo5, OsDi19-5, OsUSP and OsMST in rice seedlings of OsClo5 overexpression transgenic lines and T-DNA mutant lines

under salt stress.

(a,c,e,g) Transcription levels of OsClo5, OsDi19-5, OsUSP and OsMST in overexpressing lines and the wild-type under control and salt stress (150 mM NaCl) con-

ditions for 1 and 3 days, respectively.

(b,d,f,h) Transcription levels of OsClo5, OsDi19-5, OsUSP and OsMST in the T-DNA mutant lines and the wild-type under control and salt stress (150 mM NaCl)

conditions for 1 and 3 days, respectively. These values represent means � SD with three replicates. * and ** indicate significance at P < 0.05 and P < 0.01,

respectively.

© 2020 Society for Experimental Biology and John Wiley & Sons Ltd,
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and drought tolerance (Aubert et al., 2010), enhances the

ABA sensitivity and confers tolerance to oxidative stress

(Blee et al., 2014). AtClo4 is expressed in non-seed tissues

including guard cells, and negatively affects ABA response

and salt stress (Kim et al., 2011). Therefore, caleosin may

have key signaling roles in development and abiotic stress

tolerance in plants.

OsClo5 acts as a co-repressor by interacting with OsDi19-5

to negatively affect the transcriptions of target genes

OsUSP and OsMST in rice seedlings under salt stress

OsClo5 negatively affected salt stress tolerance in rice

seedlings. OsClo5 also specifically interacted with OsDi19-

5 in vitro and in vivo. Finally, OsClo5 could enhance the

inhibitory effects of OsDi19-5 as a transcriptional repressor

to the target genes OsUSP and OsMST in both tobacco

and rice seedlings. To explain these results, we hypothe-

sized that a transient increase in concentration of Ca2+ in

the cytosol ([Ca2+]cyt) occurred under salt stress (Li et al.,

2017). The increase resulted in the more hydrophobic con-

formations of OsClo5 in rice cells, making it more likely

that OsClo5 could interact with the target protein OsDi19-5

in rice. Specifically, OsClo5 overexpression enhanced the

capacity to form more heterodimers with OsDi19-5 com-

pared with the wild-type, followed by the stronger coordi-

nated inhibition of transcription of OsUSP and OsMST by

OsDi19-5, this inhibition would enhance the sensitivity of

rice seedlings to salt stress compared with the wild-type.

On the contrary, the OsClo5 T-DNA knockdown mutation

reduced the hydrophobic conformations of OsClo5 induced

by salt stress, which would not favor the formation of the

heterodimers with OsDi19-5 compared with the wild-type.

In this case, OsDi19-5 was still induced by salt stress in the

lower transcript levels, and thus still exhibited a weak tran-

scriptional repression effect on the two target genes

OsUSP and OsMST, and finally conferring the reduced sen-

sitivity to salt stress or the enhanced tolerance to salt

stress in rice seedlings than the wild-type (Figure S10).

Accordingly, OsClo5 negatively affected salt stress toler-

ance in rice in cooperation with the trans-action repression

control of OsDi19-5 to two target genes OsUSP and OsMST

in rice.

In addition, in rice seedlings exposed to salt stress,

OsClo5 overexpression increased the contents of proline

and soluble sugar, and lowered the MDA levels as previ-

ously observed in rice (Jing et al., 2016; Li et al., 2017). Fur-

thermore, universal stress proteins (USPs) have been

identified as molecular chaperones in ABA signaling and

modulating reactive oxygen species homeostasis in multi-

ple stress responses in plants (Chi et al., 2019), OsMSTs

are involved in the transport of sugars in abiotic stress in

rice (Deng et al., 2019). Therefore, OsUSP and OsMST

probably influence the redox state and sugar levels in

response to salt stress in rice seedlings.

In this study, OsClo5 was identified as a calcium sensor

with one EF-hand calcium-binding motif in rice. It was

induced by approximately 50-fold under salt stress in rice

seedlings, primarily due to a large amount of proteins nec-

essary for calcium signaling in rice cells. OsDi19 proteins

have been annotated as a small drought-induced protein

19 family of OsDi19-1–7. They have been identified as the

transcription factors involved in the abiotic stress response

in rice. For example, OsDi19-5 can form homodimers with

itself and heterodimers with other Di19 members. OsDi19-

5 was reportedly slightly induced by salt, drought stress

and ABA treatment in rice seedlings (Wang et al., 2014).

Interestingly, we found that OsDi19-5 could interact with

OsClo5 to form the heterodimers, and it could function as

a transcription repressor of the two target genes OsUSP

and OsMST. Similarly, OsDi19-5 was slightly induced by

twofold by salt stress in rice. This effect depended mainly

on the upstream calcium signal and regulatory proteins

such as OsClo5 and other protein kinases in rice.

OsDi19-4 was reported to act downstream of OsCDPK14

to positively regulate drought stress tolerance in an ABA-

dependent manner (Wang et al., 2016). OsSCP46 interacts

with OsDi19-1 and modulates the grain filling and seed

germination (Li et al., 2016). In Arabidopsis, AtCIPK11 neg-

atively affects the drought stress tolerance mediated by

AtDi19-3 (Ma et al., 2019). In cotton, phosphorylation of

GhDi191/-2 proteins by calcium-dependent protein kinases

(CDPKs) produces the hypersensitivity to high salinity and

ABA response (Qin et al., 2014). In soybean, GmDi19-5

interacts with GmLEA3.1 to negatively affect salt, drought

and oxidative stresses via the ABA signaling (Feng et al.,

2015).

The foregoing examples support the view that more tar-

gets of Di19 family proteins will be expected with further

knowledge of these regulatory networks in growth, devel-

opment and abiotic stress responses in plants.

EXPERIMENTAL PROCEDURES

Plant growth and stress treatments

Two japonica rice (O. sativa L.) cultivars Nipponbare (NPB) and
Dongjin (DJ) were used. Two different T-DNA insertional mutant
lines T-1 (2C-50320) and T-2 (1B-20515) with the insertion sites
500 bp upstream of ATG codon and the fourth intron of OsClo5
genomic region in the DJ background, respectively, were pur-
chased from POSTECH RISD (http://www.postech.ac.kr/life/pfg/
risd/), NPB served as the recipient for transgene overexpression of
OsClo5, and also was used in the gene expression analysis and
rice protoplast preparations.

The seeds were surface sterilized in 70% ethanol for 2 min, fol-
lowed by gentle shaking in 2.5% NaClO for 20 min, and washing
several times with sterilized water. The sterilized seeds were
soaked in distilled water for 3 days and germinated in an incuba-
tor. Then, seedlings were grown hydroponically with deionized
water at 25°C for 7 days under the 12 h light/12 h dark condition
in a growth chamber. The rice seedlings were subsequently
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subjected to stress treatments: (i) time-course treatments (0, 1, 3,
6, 12, 24 and 48 h) with 150 mM NaCl, 20% PEG-6000 and 100 µM

ABA; (ii) time-course treatment (0, 1, 3 days) with 150 mM NaCl.
The shoot tissues were collected at the designated time points,
immediately frozen in liquid nitrogen, and stored at � 80°C for
RNA extraction.

ABA treatment and salt stress tolerance assays

To test ABA stress tolerance at the germination stage, the seeds
of wild-type and homozygous OsClo5-overexpressing line (OE-1),
T-DNA mutant line (T-1) and their respective wild-types (NPB, DJ),
with three replicates (30 seeds/replicate), were sterilized as above
and germinated for 3 days. Uniformly germinated seeds were
selected and grown on the 1/2 Murashige and Skoog (MS) med-
ium with 0, 0.5, 1, 2, 3 and 4 lM ABA for a further 7 days. Germi-
nation was defined as when the coleoptiles and radicles were
2 mm long. Germination rates during the germination and shoot
lengths were measured as previously described (Chen et al.,
2013).

For salt tolerance tests at the early seedling stage, the wild-type
(NPB) and three homozygous OsClo5-overexpressing transgenic
rice lines (OE-1, OE-2 and OE-3), the wild-type (DJ) and two differ-
ent T-DNA mutant lines (T-1,T-2), with three replicates (30 plants/
replicate), were cultured in 1/2 MS medium containing 150 mM

NaCl (salt treatment, ST) or without (control, CK) for 20 days, Dur-
ing the germination, germination rate (%) was measured continu-
ally for 9 days. Shoot length and seedling weight of rice seedlings
were finally recorded and measured.

For seedling stage experiments, the aforementioned lines were
hydroponically cultured in plastic boxes with three replicates (48
plants/replicate) in 1/2 MS medium until the three-leaf stage. At
that point, they were treated with 150 mM NaCl for 5 days for the
overexpression transgenic lines or 7 days for the T-DNA mutant
lines, followed by recovery growth for 9 days. Survival rate (%),
seedling weight and root-shoot ratio of rice seedlings were
recorded and measured. In addition, the contents of proline (Pro),
MDA and soluble sugars in shoot tissues were also measured as
described previously (Jing et al., 2016). The significance of the dif-
ference was assessed using the t-test.

Bioinformatics analysis of caleosins

A homology search of OsClo5 sequence was performed using
data from the National Center for Biotechnology Information data-
base. Multiple alignment analysis was performed using DNAMAN
(Lynnon, San Ramon, CA, USA), and typical motifs analysis was
performed using InterProScan 5 (http://www.ebi.ac.uk/Tools/ ser-
vices/web/toolform.ebi?tool = iprscan5&sequence = uniprot:
KPYM_HUMAN).

In addition, a phylogenetic tree was generated between 16 cale-
osin proteins from rice and Arabidopsis using MEGAX (https://
www.megasoftware.net/) with the neighbor-joining algorithms.
Bootstrap analysis was performed using 1000 replicates in
MEGAX to evaluate the reliability of the different phylogenetic
groups. The putative phosphorylation sites were detected using
the NetPhos2.0 prediction tool (http://www.cbs.dtu.dk/services/Ne
tPhos/) and plant Phos (Lee et al., 2011).

Promoter activity assays of OsClo5 in rice

The genomic sequence with �1236 bp and + 111 bp, respectively,
upstream and downstream of the start codon of OsClo5 was
downloaded (http://rice. plantbiology. msu.edu/cgi-bin/gbrowse),
amplified and cloned into the pACT-GUS-ZH2 expression vector

(Table S5). Expression patterns of OsClo5 in different tissues and
during salt stress treatment at the germination stage were
assessed in OsClo5 promoter: b-GUS transgenic rice plants. GUS
reporter gene expression was observed by histochemical staining
of GUS (Jefferson et al., 1987).

Analysis of gene transcriptions

Quantitative RT-PCR was used as previously described (Jing et al.,
2016) to analyze the relative expressions of OsClo5, OsDi19-5,
OsUSP and OsMST genes in the overexpression lines and the
wild-type, and in the T-DNA mutant lines and the wild-type. The
samples were analyzed before the imposition of salt stress, and at
1 and 3 days after the seedlings were exposed to salt stress
(150 mM NaCl).

Generation of OsClo5 overexpressing transgenic rice lines

To generate the OsClo5 overexpressing transgenic lines, the
coding sequence (CDS) of OsClo5 was amplified and cloned
into the overexpression vector pUBIN-ZH2. Gene transformation
was then performed in the NPB background as previously
described (Xie et al., 2012). The seeds of the T1 generation were
screened out by the germination in the 1/2 MS medium con-
taining 50 mg L�1 hygromycin. Homozygous OsClo5-overex-
pressing transgenic lines of T2 and T3 generations were
identified by the genomic PCR with the hygromycin-B-phospho-
transferase (HPT) gene primer pairs (Table S5). Transgene tran-
script levels were determined by qRT-PCR using the specific
primers (Table S5).

Gene cloning and purification of recombinant proteins

Maltose-binding protein (MBP) or GST recombinant proteins of
OsClo5 and OsDi19-5 were generated to measure their biochemi-
cal activities. The expression vectors pMal-c2x and pGEX-6P-3
were used to clone the fusion protein genes MBP-OsClo5, MBP-
OsDi19-5, GST-OsClo5 and GST-OsDi19-5, respectively (Table S5).
These fusion proteins were induced in the Escherichia coli BL21
(DE3) strain, purified and measured as previously described (Jing
et al., 2016).

In vitro calcium-binding EMSA

The assay was conducted as previously described (Chinpong-
panich et al., 2011) with minor modifications. Briefly, either
5 mM CaCl2 or 5 mM EGTA was incubated for 30 min at 25°C
with 10 lg purified GST or GST-OsClo5 fusion proteins in 20 ll
of the incubation buffer (25 mM Tris-HCl, 100 mM NaCl, pH 7.5).
The reaction was stopped by adding an equal volume of
2 9 SDS-loading buffer. The proteins in the samples were sepa-
rated by the 12% SDS�PAGE gels. The gel was stained with
Coomassie Brilliant Blue R-250 and the recombinant protein
migration shifts were detected. The apparent sizes were com-
pared with the electrophoretic pattern of a ladder of different
size proteins.

ANS fluorescence emission assay

Glutathione-S-transferase or GST-OsClo5 with 1 mM each was
incubated with either 1 mM CaCl2 or 1 mM EGTA in the incubation
buffer (50 mM Tris–HCl, pH 7.2, 150 mM NaCl, 1 mM dithiothreitol),
respectively, as described (Dixit and Jayabaskaran, 2015). Fluores-
cence spectra of 100 lM ANS were recorded between 400 and
600 nm after excitation at 385 nm in the presence of 1 mM CaCl2
or 1 mM EGTA. Five scans were made and the fluorescence emis-
sion graphs were plotted.
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In vitro Ca2+-dependent phospholipid binding assay

The in vitro Ca2+-dependent phospholipid binding assay was per-
formed as previously described (Qiao et al., 2015) with minor
modifications. Briefly, total protein samples with GST or GST-
OsClo5 proteins were prepared after lysis of E. coli by ultrasonic
sonication, followed by incubation in the absence (control) and
presence of 5 mM CaCl2 or 5 mM EDTA. Each sample was cen-
trifuged at 7100 g for 5 min. The soluble proteins in the super-
natants were used for SDS�PAGE and stained with Coomassie
Brilliant Blue R-250. The relative percentage of OsClo5 proteins in
the supernatant was calculated using the Image J 2.0.5 software
(NIH, Bethesda, MD, USA).

Subcellular localization assays

To develop the OsClo5-GFP and OsDi19-5-GFP fusion protein for
subcellular localization, the CDS sequences of OsClo5 or OsDi19-5
were amplified and cloned into the expression vectors pUC19-GFP
or pD1301S-EGFP, respectively (Table S5). Rice protoplast prepa-
rations and transfections were performed as previously described
(Zhang et al., 2011). Briefly, rice protoplasts prepared from 13-day-
old NPB rice seedlings were transfected with 40% PEG-4000 and
incubated at 25°C in the dark for 16 h� 20 h. The subcellular dis-
tributions of green fluorescent protein (GFP) and OsClo5-GFP, or
enhanced GFP (EGFP) and OsDi19-5-EGFP fusion protein were
captured by laser confocal fluorescence microscopy using the
model FV1200 microscope (Olympus, Tokyo, Japan) with excita-
tion and emission wavelengths of 488 and 500–530 nm, respec-
tively, while co-localization of OsClo5-GFP with the ER marker
HDEL-mCherry was performed to confirm the ER localization of
this protein. The ER marker was observed using the excitation and
emission wavelengths of 587 and 615 nm, respectively. DAPI was
used to stain nuclei of cells at excitation and emission wave-
lengths of 358 and 461 nm, respectively.

Yeast two-hybrid library screening

The Y187 yeast cDNA library was constructed with the pGADT7
vector by TaKaRa Bio (Dalian, China). The pGBKT7-Clo5 vector
was transferred into the AH109 yeast strain by the PEG/LiAC
method, and no self-activation activity of OsClo5 was verified, a
bait construct pGBKT7 containing full-length OsClo5 (Clo5-FL), or
OsClo5-ΔTMD with the deleted transmembrane domain, respec-
tively (Table S5), was used in the yeast two-hybrid library screen-
ing by the mating or co-transformation method following the
protocol provided by TaKaRa Bio. The putative interacting pro-
teins were verified by pairwise yeast two-hybrid analysis. In addi-
tion, triple point mutations (D79V, D81V and E88V) in the
conserved amino acid residues of the EF-hand loop were also pre-
pared. Both positive (pGBKT7-p53 + pGADT7-Rec) and negative
(pGBKT7-Clo5 + pGADT7) controls were included as described by
the Y2H system protocol (TaKaRa Bio).

BiFC assay

The pVYNE-OsClo5-N, pVYNE-OsClo5-C, pVYNE-OsClo5-N-ΔEF-
hand, pVYNE-OsClo5-ΔTMD, pVYNE-OsClo5-FL, as well as pVYCE-
OsClo5 and pVYCE-OsDi19-5 were individually prepared
(Table S5). The interactions between different variants of OsClo5-
nYFP and OsClo5-cYFP or OsDi19-5-cYFP were observed in rice
protoplasts by the laser confocal fluorescence microscopy using
the aforementioned model FV1200 microscope (Olympus,Tokyo,
Japan) with excitation and emission wavelengths of 516 and
532 nm, respectively.

In vitro pull-down assay

Thirty micrograms of MBP alone or MBP-OsClo5 was immobilized
on amylose resin (E8021V, NEB, Ipswich, MA, USA) and incubated
with 20 µg of purified GST-OsDi19-5 or GST-OsClo5 in the incuba-
tion buffer (50 mM Tris-Cl, pH 7.4, 150 mM NaCl, 1 mM EDTA) with
gentle agitation at 4°C for 2 h. The beads were then washed five
times with the washing buffer (50 mM Tris-HCl, pH 7.4, 150 mM

NaCl, 1 mM EDTA and 0.5% Trition-X100). Proteins bound to beads
were eluted with 10 mM maltose eluent buffer. Finally, the input
and pulled-down proteins were detected by immunoblot analysis
with anti-MBP antibody (HT701, TransGen Biotech, Beijing, China)
and anti-GST antibody (HT601, TransGen Biotech), respectively.

Yeast one-hybrid assay

The promoter sequences upstream of the ATG start codon of
OsUSP (1605 bp) and OsMST (1467 bp), respectively, were ampli-
fied from rice genomic DNA with specific primers (Table S5). The
sequences were fused to the pAbAi vector harboring the AUR1-C
gene to obtain two bait constructs. The two bait plasmids were
integrated into the genome of Y1HGold yeast (Saccharomyces
cerevisiae) to create bait-reporter strains. The CDS of OsDi19-5
was amplified and fused to the GAL4 activation domain of the
pGADT7 vector to generate the prey vector pGADT7-OsDi19-5
(Table S5). The prey vector was transformed into the bait-reporter
strain. The yeast cells in two dilutions were grown for 3 days on
SD/-Ura/-Leu medium with or without antibiotic (250 ng ml�1

AbA) at 30°C. Both positive (p53-pAbAi + pGAD-p53) and negative
(USP/MST-pAbAi + pGADT7) controls were included as described
by the Y1H system protocol (TaKaRa Bio).

Electrophoretic mobility shift assay

The chemiluminescent EMSA Kit (GS009, Beyotime, Beijing,
China) was used according to the manufacturer’s instructions.
Briefly, the DNA probes of five short tandem repetitive DIBS
sequences (TACART) and mutated DIBS probes (DIBS mprobe)
were commercially synthesized by Tianyi Huiyuan Bioscience &
Technology (Beijing, China). The purified MBP or MBP-OsDi19-5
protein was incubated with the labeled DIBS probes in 20 ll of
binding reaction buffer at room temperature for 30 min. The sam-
ples were separated by 5% native PAGE in 0.5 9 Tris-borate-ethy-
lene diamine tetraacetic acid (TBE) buffer and then analyzed using
a Chemic Doc XPST instrument (Bio-Rad Laboratories, Hercules,
CA, USA). The unlabeled DNA probe was used as the competitor
and the mutated DNA probe was used as a negative control in this
assay.

Dual-luciferase reporter assay

The CDS of OsDi19-5 was cloned into the effector vector pGreen II
62-SK driven by the CaMV 35S promoter. The promoter sequences
upstream of the ATG start codon of the OsUSP (1605 bp) and
OsMST (1467 bp) genes were cloned into the Kpn I and BamH I
sites of the reporter vector pGreen II 0800-LUC with the respective
primers (Table S5). The effector and reporter vectors were intro-
duced into Agrobacterium strain EHA105 and then transiently co-
transformed into tobacco leaves. After 3 days of the culture, luci-
ferase (LUC) assays were performed with the dual-luciferase
reporter assay system. Tobacco leaves were treated with 1 lM luci-
ferin (E1910; Promega, Madison, WI, USA) and kept in the dark for
5 min to quench the fluorescence. Images of LUC activity were
captured using a CCD imaging apparatus. LUC activity was quanti-
fied using a microplate reader (Tecan, Basel, Switzerland). The
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relative reporter gene expression levels were estimated as the
ratio of firefly LUC to Renilla LUC. The assays were performed
using at least three replicates, with similar results obtained. The
results are expressed as the mean � standard deviation (SD) of
the three replicates.
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Figure S1. Amino acid multiple sequence alignments and phyloge-
netic tree of different plant caleosin protein families. (a) Domain
architecture analysis of OsClo5. (b) Multiple alignments of the
amino acid sequences of the reported caleosin homologs from
Arabidopsis, wheat, barley, date palm and olive species. (c) Phylo-
genetic analysis of 16 caleosin family proteins from Arabidopsis
and rice.

Figure S2. Multiple alignments of protein sequences of 16 cale-
osins from Arabidopsis and rice. Multiple alignment analysis of 16
caleosin family proteins from Arabidopsis and rice was performed
using DNAMAN, and typical motifs analysis was done using
InterProScan 5.

Figure S3. SDS�PAGE of the induced and purified GST-OsClo5
proteins in E. coli BL21. GST-OsClo5 protein (about 53 kDa) was
induced for 3 h in the induction medium containing 0.3 mM IPTG,
and purified and eluted for successive elution fractions 1 and 2 in
the glutathione-sepharose 4B affinity chromatography. These pro-
teins were subjected to SDS�PAGE to detect their purity and con-
centrations.

Figure S4. Subcellular localization assay of OsClo5 in rice proto-
plasts. GFP empty vector and OsClo5-GFP fusion proteins-express-
ing constructs were individually transfected into green rice
protoplasts and observed by the laser confocal microscope. 4,6-

Diamidino-2-phenylindole (DAPI) was used to stain the nuclei of
cells. Scale bar: 10 lm.

Figure S5. Effects of exogenous ABA on the seed germination and
shoot growth in rice. After rice seeds were germinated on the 1/2
MS medium for 3 days and uniformly germinated seeds were
selected to grow with different concentrations of ABA (0, 0.5, 1, 2,
3 and 4 lM) for a further 7 days, germinated seed growth status
(a) and shoot lengths (b) of overexpression transgenic line (OE-1)
and the wild-type (NPB), as well as T-DNA mutant line (T-1) and
the wild-type (DJ), were measured and analyzed. These values
represent means � SD of the three replicates. Scale bar: 2 cm.

Figure S6. Response of seed germination to salt stress in rice.
Dehusked rice seeds were sterilized and germinated in 1/2 MS
medium with 150 mM NaCl (salt treatment, ST) or without (control,
CK) with a 12/12-h light/dark cycle at 25°C. Germination rates (%)
of three overexpression lines (OE-1, -2 and -3) and the NPB wild-
type (a), as well as two DNA mutant lines (T-1, T-2) and the DJ
wild-type (b), were measured continually for 9 days.

Figure S7. Screening of yeast-two hybrid cDNA library with
OsClo5-FL or OsClo5-ΔTMD as a bait, respectively. (a) OsClo5 did
not show self-activation in yeast cells. (b) Procedures of three
round screenings of candidate prey proteins to interact with
OsClo5-FL and OsClo5-ΔTMD in the yeast two-hybrid. (c) Four can-
didate proteins interacted with OsClo5-FL. (d) Five candidate pro-
teins interacted with OsClo5-ΔTMD, a protein fragment with the
truncated transmembrane domain (residues 96�118).

Figure S8. EF-hand motif analysis of OsClo5 homologous proteins
in different plants. The EF-hand motif analysis of the reported
caleosin homologs from Arabidopsis, wheat, barley, date palm
and olive species. In an EF-hand loop, the calcium ion is coordi-
nated in a pentagonal bipyramidal configuration. Amino acid resi-
dues involved in the binding were in positions 1, 3, 5, 7, 9 and 12
of the polypeptide chain shown with arrows.

Figure S9. Subcellular localization assay of OsDi19-5 in rice proto-
plasts. EGFP empty vector and OsDi19-5-EGFP fusion protein con-
struct were separately transfected into green rice protoplasts and
observed by the laser confocal microscope. Scale bar: 10 lM.

Figure S10. Hypothetical model of OsClo5 to negatively affect salt
stress tolerance via OsDi19-5 as a transcription repressor of two
target genes OsUSP and OsMST in rice under salt stress. In this
model, we hypothesized that, in the salt stressed rice seedlings of
OsClo5 overexpression lines, [Ca2+]cyt, the calcium concentrations
in the cytosol were transiently increased, leading to change in the
hydrophobic formation of OsClo5, enhancing the possibility to
form more heterodimers with OsDi19-5. This result enhanced the
inhibition of OsDi19-5 to the transcription of the two salt stress-re-
lated target genes OsUSP and OsMST compared with the wild-
type (WT), and finally increased the sensitivity of rice seedlings to
salt stress compared with the WT. In contrast, in the seedlings of
OsClo5 T-DNA mutant lines exposed to salt stress, OsDi19-5 tran-
script levels were relatively lower. This brought about a reduced
repression effect on the transcription of the two target genes
OsUSP and OsMST, and thus conferred the lower sensitivity of
rice seedlings or even the increased tolerance of rice seedlings to
salt stress compared with the WT.

Table S1a. Germination rates (%) of overexpression line of the
NPB wild-type under ABA treatment.

Table S1b. Germination rates (%) of DNA mutant line of DJ wild-
type under ABA treatment.

Table S2. Basic information of isolated proteins to interact with
OsClo5.

Table S3. Basic information of isolated proteins to interact with
OsClo5-ΔTMD

© 2020 Society for Experimental Biology and John Wiley & Sons Ltd,
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Table S4. OsClo5-related and salt stress-responsive genes in rice

Table S5. List of primers used in this study.
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