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Abstract: C2 domain-containing proteins (C2DPs) have been identified in different genomes that
contain single or multiple C2 domains in their C- or N-terminal. It possesses higher functional activity
in the transmembrane regions. The identification of C2 domains were reported in a previous study,
such as multiple C2 domains and transmembrane-region proteins (MCTPs) and N-terminal-TM-C2
domain proteins (NTMC2s) of rice, Arabidopsis thaliana, and cotton, whereas the C2DP gene family
in rice has not been comprehensively studied, and the role of the C2DP gene in rice in response to
abiotic stress is not yet fully understood. In this study, we identified 82 C2DPs in the rice genome
and divided them into seven groups through phylogenetic analysis. The synteny analysis revealed
that duplication events were either exhibited within the genome of rice or between the genomes
of rice and other species. Through the analysis of cis-acting elements in promoters, expression
profiles, and qRT-PCR results, the functions of OsC2DPs were found to be widely distributed in
diverse tissues and were extensively involved in phytohormones-related and abiotic stresses response
in rice. The prediction of the microRNA (miRNA) targets of OsC2DPs revealed the possibility of
regulation by consistent miRNAs. Notably, OsC2DP50/51/52 as a co-tandem duplication exhibited
similar expression variations and involved the coincident miRNA-regulation pathway. Moreover,
the results of the genotypic variation and haplotype analysis revealed that OsC2DP17, OsC2DP29,
and OsC2DP49 were associated with cold stress responses. These findings provided comprehensive
insights for characterizations of OsC2DPs in rice as well as for their roles for abiotic stress.

Keywords: rice; C2 domain-containing protein (OsC2DP); abiotic stress; haplotype; phylogenetics;
expression pattern

1. Introduction

Calcium (Ca) is a necessary nutrient ingredient for plant development as it serves as
a signaling factor for transduction functions in multiple physiological processes [1]. Ca
maintains the steadiness of the cell wall, membrane, and membrane-binding proteins and
improves the resistance to diverse abiotic and biotic stresses in plant cells, which thereby
trigger multiple signaling pathways [2,3]. Ca-binding protein is a kind of protein for
specific binding to the intracellular free Ca2+, the signaling transduction function created
by binding to each other. To date, three major Ca-binding proteins, namely calmodulins [4],
Ca-dependent protein kinase [5], and calcineurin B-like proteins [6], have been identified
as well-known Ca2+ sensors.
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C2DPs, a type of Ca-dependent protein kinase, are highly conserved in long term
evolutionary process. The typical C2 domain consists of approximately 135 amino acids
and was given the name PKC-C2 (PFAM: PF00168) in a previous study [7]. The other two
branches of the C2 domain super family include the PI3K-C2 (PFAM: PF00792) and PTEN-
C2 domains (PF10409). Most PKC-C2 proteins are involved in Ca2+-dependent interactions
with the membrane, and most previous reports have characterized PKC-C2 [8]. Generally,
C2DPs contain at least one C2 domain, with or without transmembrane domains in the
C-terminus of the protein. However, several C2 domains are frequently coupled to other
enzymatic domains, such as the phospholipase domain [9,10], synaptotagmin domain [11],
and phosphatidylinositol domain [12], which bind to the membrane or point to other
functions. With the development of the protein structure, a set of multiple C2 domains
and transmembrane region proteins were identified as branches of C2DPs [13], which
contained between three and four C2 domains at the N-terminus and between one and
four transmembrane regions at the C terminus. In membrane transport proteins, multiple
C2 domains have been found to have different but conserved sequences, suggesting the
formation of more biological functions due to the cooperation or crosstalk between multiple
C2 domains [14].

Related studies concerning C2 domains have been published related to eukaryons.
The first characterized C2 domain was found in mammalian cells, and the animal PKC
contained from three to four conserved domains named C1, C2, C3, and C4. Interestingly,
C1, C3, and C4 exist in all PKCs; the C2 domain only exists in Ca2+-dependent PKC,
indicating a synergistic relationship between the Ca2+ and C2 domains [15]. The function
of the C2 domain has also been studied [16,17]. The C2 domain mediates the transduction
mechanism whereby peptides derived from PKC modulate protein–protein interactions
within PKC and the PKC binding proteins [18]. The peptides derived from the C2 domain
were also identified as two branches, the isozyme-selective activator and the selective
inhibitor of epsilon PKC, which play important roles in the prevention and protection of
cardiac and brain ischemic damage, diabetes complications, and transplanted hearts [19].

The functions of C2DPs have also been reported in plants within the last 20 years [20–22].
In Arabidopsis thaliana, gene SYT1, which belongs to synaptotagmins, was identified by the
affected viability of cells as a consequence of a decrease in the integrity of the plasma mem-
brane [11]. The QKY gene has four predicted C2 domains and was the first characterized
MCTP in Arabidopsis thaliana. Qky mutant plants that showed defects in the development
of the outer integument, the floral organ, and the stem and impacted the growth of the
floral meristem and the root hair [23]. In rice, OsERG1a and OsERG1b, which are the first
reported C2DP, expression of OsERG1 increased by fungal elicitor of Magnaporthe grisea
and calcium ionophore (10 mM of Ca2+ and 20 µM of A23187), the subcellular localization
of OsERG1 could be from the cytoplasm to the cell membrane, and participates in the plant
defense signaling pathway [24]. OsSMCP1, a Ca2+-dependent membrane-targeting domain
protein, contains a single C2 domain, and the overexpression of OsSMCP1 enhances a
plant’s tolerance to salt, drought, and osmotic as well as oxidative stress, and improves its
resistance to Pseudomonas syringae [25]. OsC2DP (LOC_Os09g39770) is also significantly
involved in salt tolerance in rice. The OsC2DP CRISPR/Cas9 knockout mutant line was
found to be more sensitive to salt stress than wild type (WT), and salt treatment caused the
translocation of OsC2DP from the cytoplasm to the cell membrane [26], which was similar
to the shift identified for the protein, OsERG1 [24]. To date, the research progress of the C2
domain has been reported in only a few species, such as in Arabidopsis thaliana and cotton,
where studies revealed the results for MCTPs, a branch of the C2DP family that was divided
into five subfamilies according to the phylogenetic trees [27,28]. In rice, a comprehensive
analysis of NTMC2s revealed 13 family members divided into six subfamilies according to
phylogeny and motif constitutions [29]. Therefore, the C2DP gene family of rice requires
further comprehensive analysis to identify the relationships and functions of the members.

In this study, 82 family members of the C2DP family were identified in rice and named
the OsC2DP gene family. In addition, seven subgroups were identified based on their
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homologous relationships and their conserved domain structures. Our results provide a
theoretical basis for the future characterization of the roles of OsC2DPs in abiotic stress
in rice.

2. Results
2.1. Identification, Phylogenetic, and Sequence Analyses of OsC2DPs

To identify the OsC2DP gene family members in rice, a hidden Markov model (HMM)
search was performed in a rice proteome database using the HMM model (PF00168). As
a result, 82 OsC2DPs were identified by filtering an E-value < 1 × 10−5 (Supplementary
Table S1), and the 82 candidates’ sequences were subsequently submitted to the SMART
and InterPro web tools to verify the C2 domain. The whole OsC2DPs were found to have
different basic characteristics (Supplementary Table S2). Furthermore, the genome DNA
length ranged from 784 (OsC2DP67) to 13,170 bp (OsC2DP62), with an average of 4484 bp,
while the cds length ranged from 432 (OsC2DP20) to 6354 bp (OsC2DP80), with an average
of 1875 bp. The physical properties were also revealed to be widespread (Supplementary
Table S2). The pI of OsC2DPs ranged from 4.22 (OsC2DP36) to 11.23 (OsC2DP12), with
an average of 7.13; 46 members had a pI < 6 while 31 members had a pI > 8. The MW of
OsC2DPs ranged from 8.847 (OsC2DP54) to 227.943 kD (OsC2DP80), with an average of
65.62 kD. The chromosomal distribution results showed that OsC2DPs were present in each
chromosome (Supplementary Figure S1), except in chr08, chr10, chr11, and chr12. There
have been many family members that exist in other chromosomes. Interestingly, there were
some gene clusters in small, specific regions, such as OsC2DP7 and OsC2DP8 in chr01
as well as OsC2DP67 and OsC2DP68 in chr07. A larger cluster was identified in chr06,
which included OsC2DP50–OsC2DP57, implying that unknown tandem or segmental
duplications might exist in a few regions.

To further detect the diverse functions of OsC2DPs, the phylogenetic relationships
and the gene and domain structures were analyzed (Figures 1 and 2). The neighbor-joining
(NJ) tree showed that 82 members was divided into seven groups, among which, most (i.e.,
19 members) gathered in Group-III and the least (i.e., 3 members) gathered in Group-IV
(Figure 1). In the structure analysis, the C2 domains were consistently identified, and
single or multiple C2 domains were consistently present in each family member. The
members of the seven groups had diverse structures, and the structures effectively sup-
ported the grouping results of the phylogenetic trees (Figure 2). In Group-I, 12 out of
the 13 members contained 2 phospholipase D/transphosphatidylase domains and a sin-
gle phospholipase D’s C-terminal domain. Only OsC2DP12 contained other types and
had distant relationships with other group members. In addition, the results of multiple
sequence alignments showed that this domain was highly conserved among the mem-
bers (Supplementary Figure S2). Group-II and Group-V showed similar domain structures
(only a single C2 domain was found). However, most members of Group-II had a simple
gene structure that contained one exon; Group-V members showed opposite results with
multiple exon regions. Group-III had 19 members with one cluster of a phylogenetic tree,
based on the mixture structures, and we further divided them into three classes, A, B,
and C; Class C is a special class that showed a simple gene structure and a phosphoribo-
syltransferase C-terminal. The results of multiple sequence alignments revealed a high
homology between members of this class (Supplementary Figure S3). In Group-VI and
Group-VII, similar groupings were displayed and divided into the three classes, A, B,
and C, according to their diverse domain structures. In Group-VI Class A and Class C,
there were single and two highly conserved domains, respectively. Synaptotagmin, SMP
domain in Class A (Supplementary Figure S4); phosphatidylinositol-specific phospholipase
C, X domain; and phospholipase C, phosphatidylinositol-specific, Y domain in Class C
(Supplementary Figure S5).
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These results suggested that OsC2DPs is a vast gene family and performs diverse
roles in plants. Members with a close relationship might possess similar functions, and
diverse domains also involve differentiation in each group. Notably, the most conserved
phospholipase-related domains were found in OsC2DPs, implying that they might be
involved in abiotic stress, ionic transport, or exchange functions.

2.2. Synteny Analysis and Ka/Ks Ratio of OsC2DPs in Rice and Others Genome

The analysis of tandem or segmental duplications could explain the derivation of gene
family duplication events. According to a previous study, alignment ratios greater than
70% were identified as duplications while gene pairs within the closed region (100 kb)
were selected as tandem duplications. The results are shown in Figure 3, where the
red and other colored lines represent tandem and segmental duplications, respectively.
Six tandem duplications (OsC2DP6/7, OsC2DP50/51, OsC2DP51/52, OsC2DP50/52,
OsC2DP58/59, and OsC2DP67/68) and eight segmental duplications (OsC2DP11/46,
OsC2DP2/43, OsC2DP10/67, OsC2DP20/36, OsC2DP13/54, OsC2DP14/53, OsC2DP30/69,
and OsC2DP72/78) were found in the rice genome. Interestingly, three genes, OsC2DP50,
OsC2DP51, and OsC2DP52, were involved in a co-duplication event in a narrow region
(19.784 kb), implying that these genes might have the same function or signaling pathway,
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or possess a redundant effect in the regulation process. We also analyzed the evolution-
ary relationships and orthologous genes of C2DPs between rice and other popular crop
genomes. A total of 96, 100, 93, 82, 187, and 302 C2DPs were identified in Arabidopsis
thaliana, barley, maize, sorghum, soybean, and wheat genomes, respectively; the results
are shown in Supplementary Figure S6. Among these, Arabidopsis thaliana and wheat
showed the minimum and maximum numbers, with 8 and 176 orthologous gene pairs,
respectively (Supplementary Figure S6A,F). A total of 53, 83, 74, and 26 orthologous gene
pairs were found between rice and barley, maize, sorghum, and soybean, respectively
(Supplementary Figure S6B–E). Such findings indicate that Arabidopsis thaliana showed
the most distant relationship with rice while wheat showed the closest, and the C2DP
gene family has been conserved differently among diverse species, possibly to maintain a
particular biological function.
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color, yellow color, and solid line represent exon, UTR, and intron region. (C) Putative domain
structure of OsC2DPs. Diverse colors represent domains followed by the legend of figure.

In genetic studies, the Ka/Ks ratio represents the comparison of the non-synonymous
substitution rate (Ka) and the synonymous substitution rate (Ks) of duplications. Therefore,
the Ka/Ks ratio could determine whether there was selective pressure for this gene pair [30].
In previous results, we identified duplications and orthologous gene pairs in rice and other
genomes; therefore, we calculated the Ka/Ks ratio for understanding the evolutionary
model of OsC2DPs. All Ka/Ks ratios of the tandem and segmental duplications were less
than one (Table 1), suggesting that these duplications involved purified (negative) selection.
The calculated results of Arabidopsis thaliana, barley, maize, sorghum, soybean, and wheat
were similar to those of rice, with Ka/Ks ratios less than one (Supplementary Tables S3–S8),
and involved purified (negative) selection. Notably, there was one orthologous gene pair
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(OsC2DP58/59) with a Ka/Ks ratio of 0.905 (Table 1), which was as close to 1 as the neutral
evolution. Another gene pair (OsC2DP67-TraesCS2A02G115700) had a Ka/Ks ratio of 1.069
in the rice–wheat orthologous pair (Supplementary Table S8), suggesting that the orthologs
involved positive selection.
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Table 1. Synteny analysis for OsC2DP gene family intra rice and rice genome.

Tandem Duplication

Ka Ks Ka/Ks S N Effective
LenGene

Symbol Gene ID Chr. Start End Gene
Symbol Gene ID Chr. Start End

OsC2DP6 LOC_Os01g60340 Chr1 34,902,303 34,906,955 OsC2DP7 LOC_Os01g60350 Chr1 34,908,079 34,908,079 0.15904 0.34162 0.46554 326.167 1161.83 1488

OsC2DP50 LOC_Os06g40170 Chr6 23,908,918 23,913,797 OsC2DP51 LOC_Os06g40180 Chr6 23,921,940 23,921,940 0.09049 0.14449 0.62625 590.333 1893.67 2484

OsC2DP51 LOC_Os06g40180 Chr6 23,921,940 23,924,921 OsC2DP52 LOC_Os06g40190 Chr6 23,928,702 23,928,702 0.16077 0.48728 0.32993 590.667 1854.33 2445

OsC2DP50 LOC_Os06g40170 Chr6 23,908,918 23,913,797 OsC2DP52 LOC_Os06g40190 Chr6 23,928,702 23,928,702 0.16616 0.45379 0.36617 588.167 1856.83 2445

OsC2DP58 LOC_Os07g01770 Chr7 452,093 460,151 OsC2DP59 LOC_Os07g01780 Chr7 457,738 457,738 0.00405 0.00448 0.90514 111.975 371.025 483

OsC2DP67 LOC_Os07g47390 Chr7 28,339,687 28,340,470 OsC2DP68 LOC_Os07g47400 Chr7 28,344,133 28,344,133 0.40704 0.60314 0.67487 190.833 493.167 684

Segmental Duplication

Ka Ks Ka/Ks S N Effective
LenGene

Symbol Gene ID Chr. Start End Gene
Symbol Gene ID Chr. Start End

OsC2DP11 LOC_Os01g72230 Chr1 41,882,488 41,886,410 OsC2DP46 LOC_Os05g31720 Chr5 18,466,963 18,470,649 0.26074 1.11476 0.2339 246.833 875.167 1122

OsC2DP2 LOC_Os01g07760 Chr1 3,724,314 3,729,284 OsC2DP43 LOC_Os05g07880 Chr5 4,255,763 4,260,333 0.11203 5.56155 0.02014 396.932 2039.07 2436

OsC2DP10 LOC_Os01g70790 Chr1 40,973,255 40,974,782 OsC2DP67 LOC_Os07g47390 Chr7 28,339,687 28,340,470 0.40741 0.63562 0.64096 190.917 484.083 675

OsC2DP20 LOC_Os02g42710 Chr2 25,684,044 25,687,149 OsC2DP36 LOC_Os04g44870 Chr4 26,558,810 26,561,326 0.1123 0.57604 0.19495 97 326 423

OsC2DP13 LOC_Os02g10480 Chr2 5,505,016 5,508,425 OsC2DP54 LOC_Os06g40704 Chr6 24,264,404 24,268,015 0.15437 0.84849 0.18193 217.5 727.5 945

OsC2DP14 LOC_Os02g10630 Chr2 5,586,939 5,593,645 OsC2DP53 LOC_Os06g40570 Chr6 24,187,249 24,192,151 0.22964 0.83077 0.27643 664.167 2266.83 2931

OsC2DP30 LOC_Os03g18010 Chr3 10,025,401 10,027,931 OsC2DP69 LOC_Os07g49330 Chr7 29,545,825 29,548,981 0.17977 1.14005 0.15769 325.667 1108.33 1434

OsC2DP72 LOC_Os08g44850 Chr8 28,170,358 28,172,330 OsC2DP78 LOC_Os09g39770 Chr9 22,805,610 22,807,049 0.16323 0.41331 0.39494 231.833 602.167 834

2.3. Expression Profile Analysis of OsC2DPs in Rice Growth Stage

The change in the transcriptional level of genes could explain the vitality of a gene
in diverse tissues and growth stages. To determine the specific function of the gene at
spatiotemporal variations, we analyzed the transcriptome data for the detected expressions
of OsC2DPs during different tissues and stages in rice. Diverse expression patterns were
observed in the OsC2DPs (Figure 4). For example, OsC2DP16, OsC2DP40, OsC2DP67, and
OsC2DP81, among others, showed higher expression in endosperm during the 7–21 days
post-pollination stage (EN 1–3) and flag leaf during the mature stage (ML), suggesting that
these genes function in later, mature stages. OsC2DP29, OsC2DP33, OsC2DP43, OsC2DP74,
OsC2DP4, OsC2DP59, and OsC2DP30, among others, showed the highest expression in the
panicle during the heading stage (HP), suggesting that these genes may perform major func-
tions in the panicle, specifically. Additionally, genes such as OsC2DP47, OsC2DP39, and
OsC2DP44 or OsC2DP37, OsC2DP11, OsC2DP80, and OsC2DP54, had higher expression in
the panicle during the developing stage (BP 1–4) while OsC2DP51, OsC2DP41, OsC2DP50,
and OsC2DP64, among others, had lower expression in the endosperm (Figure 4). These
diverse expression patterns indicated that the group clusters enabled some genes to per-
form certain functions by being clustered with other genes. Based on this conclusion,
we further analyzed the expression profiles of the tandem and segmental duplications.
OsC2DP50/51/52 were three genes showing co-tandem duplications that contained similar
expression variations across the entire growth stage in rice (Supplementary Figure S7A).
OsC2DP58 and OsC2DP59 showed differences at an earlier stage but maintained consistent
expression variations in flag leaf during the heading date (HL) and spikelet phase (SP)
(Supplementary Figure S7B). Further, there were no significant similarities in phenomena
in OsC2DP67/68 (Supplementary Figure S7C). In segmental duplications, there were two
gene pairs; the two gene pairs showed completely similar and partially similar expres-
sion variations, respectively (Supplementary Figure S8). Among these, OsC2DP14/53
and OsC2DP72/78 showed similar expression variations across the whole growth stage
(Supplementary Figure S8D,H). OsC2DP11/46 was similar in the heading stage and en-
dosperm (Supplementary Figure S8A) while OsC2DP13/54 showed similar variations from
germination to tiller and mature stages (Supplementary Figure S8B).
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three times repeats, log 10-transformed, row normalization, and cluster. GS: germinating seed; PL:
plumule; YR: radicle; YS: young seedling; SE: seedling at trefoil stage; TS: shoot under 2 tillers;
TR: root under 2 tillers; BL: mature leaf blade under young panicle; BL2: mature leaf blade under
mature panicle; BLS: mature leaf sheath under young panicle; BLS2: mature leaf sheath under mature
panicle; BP1: developing panicle (length < 1 mm); BP2: developing panicle (3 < length < 5 mm);
BP3: developing panicle (10 < length < 15 mm); BP4: developing panicle (40 < length < 50 mm); HL:
flag leaf in heading date; HS: stem in heading stage; HP: panicle in heading stage; SP: spikelet; EN1:
endosperm under 7 days after pollination; EN2: endosperm under 14 days after pollination; EN3:
endosperm under 21 days after pollination; ML: flag leaf under mature stage.

Taken together, OsC2DPs were found to be widely expressed in whole tissues and
growth stages. Further, a diverse expression pattern was observed in the gene cluster,
suggesting that the duplications were likely involved in the same functions and regulation
pathways in specific tissues and stages via their collaborative expression variations.

2.4. Prediction and Analysis of the Cis-Acting Elements in Promoter Regions of OsC2DPs

Generally, the gene response to treatments or other functions would be achieved by
changing the activity of the treatment-related cis-acting elements [31]. In this study, we ana-
lyzed the abiotic stress- and phytohormone-related cis-acting elements in the promoter re-
gion of the OsC2PDs. Results were validated functions of the OsC2DP gene family were re-
lated to abiotic stress and phytohormone management, shown in Supplementary Figure S9
and more detailed information in Supplementary Table S9. A total of seven types of abiotic-
stress-responsive elements and five types of phytohormone-responsive elements were iden-
tified: the cold-responsive element, LTR (CCGAAA); the drought-responsive element, MBS
(CAACTG); the salt-responsive element, GT1GMSCAM4 (GAAAAA); the heat-responsive
element, CCAATBOX1 (CCAAT); the diverse-light-responsive elements, ACE (GACACG-
TATG), G-box (TACGTG), GT1-motif (GGTTAA), etc.; the circadian element, CAAA-
GATATC; and the wound-responsive element, WUN-motif (AAATTTCCT). Phytohormone-
responsive elements including abscisic acid (ABA) (ABRE: ACGTG/CACGTG), auxin
(IAA) (TGA-element: AACGAC and AuxRR-core: GGTCCAT), gibberellin (GA) (TATC-
box: TATCCCA and GARE-motif: TCTGTTG), salicylic (SA) (TCA-element: CCATCTTTTT),
and jasmonic (JA) (TGACG-motif: TGACG and CGTCA-motif: CGTCA) were found. After
statistical analysis, a total of 923 light-responsive elements and 390 JA-responsive elements
were found as the most abundant cis-acting elements in OsC2DPs. For each gene, the
light-responsive element most enriched for OsC2DP5 (28), OsC2DP29 (22), OsC2DP3 (20),
and OsC2DP64 (20), implied that the expressions of these gene functions were possibly
involved in the light-signaling pathway in rice. In addition, some genes contained most
of the elements with multiple functions; for example, OsC2DP5 contained most of the
elements related to salt and light; OsC2DP29 contained most of the elements related to cold,
salt, and light; and OsC2DP28 contained most of the elements related to drought and heat.
These results indicated that the OsC2DP gene family is possibly widely involved in abiotic
and phytohormone response in rice.

2.5. Expression Analysis of OsC2DPs Involved Abiotic and Exogenous Phytohormone Treatments

To further verify the function of genes in abiotic stress response and whether it could
respond to exogenous plant hormone-type compounds, we collected transcriptome data
and performed qRT-PCR to detect the variations in the transcriptional levels in the OsC2DPs;
the total list is shown in Supplementary Table S10. First, the results of the transcript
profile revealed that during treatments of abscisic acid, gibberellic acid 3, indole-3-acetic
acid, trans-zeatin, salicylic acid, and jasmonic acid, the family members exhibited diverse
responses to the exogenous plant hormone-type compounds (Supplementary Figure S10).
For example, OsC2DP6 and OsC2DP9, among others, were consistently repressed by
abscisic acid, gibberellic acid 3, indole-3-acetic acid, and trans-zeatin; OsC2DP15 and
OsC2DP73, among others, were consistently induced by diverse treatments; and OsC2DP16
and OsC2DP15, among others, had opposing expression changes during the treatments
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of salicylic acid and jasmonic acid. In addition, among the three co-tandem duplications,
OsC2DP50/51/52 showed a consistent response to salicylic acid and jasmonic acid, and
only OsC2DP50/51 remained consistent during treatments of abscisic acid, gibberellic acid
3, indole-3-acetic acid, and trans-zeatin. These results suggested that OsC2DPs can be
differentiated by their diverse expression patterns that possibly involved in the response to
phytohormone stress; among these, the duplications might maintain similar functions or
involve the same pathway for different stresses.

Subsequently, specific abiotic-response genes were selected via previous cis-acting
element analysis according to their total number of abiotic-related motifs. We performed
qRT-PCR analysis to verify the expression changes of the candidate abiotic-response genes;
the results are shown in Figure 5 and Supplementary Figure S11. The OsC2DP8/29/17
expression was significantly induced by cold stress, the OsC2DP46/49/71 expression was
repressed, and only OsC2DP19 showed no obvious change (Figure 5A). Under heat-shock
stress, the OsC2DP71/28/41 expression was induced, and the expression of OsC2DP19/79
was repressed initially but subsequently recovered (Figure 5B). Such findings suggested
that the OsC2DP71 expression was induced by cold and repressed by heat, ultimately
indicating this gene as a temperature-sensitive element. In addition, the OsC2DP8/9/28
expression was induced, and the expression of OsC2DP25 was repressed by drought
stress (Figure 5C). Under salt and alkaline stress, the OsC2DP29/5 expression was sim-
ilarly induced, and the expression of OsC2DP46/49/41 showed diverse variations in re-
sponse to these two stresses (Figure 5D,E). In plants, light response is a key signal for
plant growth, and both photosynthesis and circadian rhythms affect plant growth and
development [32]. Therefore, we performed qRT-PCR analyses under light and dark condi-
tions. All candidate gene expression levels showed significant variations during different
treatments (Supplementary Figure S11). The OsC2DP29/46 expression was induced, and
the expression of OsC2DP5 was repressed under dark conditions, as compared to light
conditions (Supplementary Figure S11A–C). For OsC2DP79/3/64, circadian rhythms were
observed under normal (light) growth conditions (Supplementary Figure S11D–F). In
contrast, under dark conditions, the circadian rhythms of OsC2DP79/3 were disrupted, re-
sulting in a tapered expression (Supplementary Figure S11D,E). The OsC2DP64 expression
showed an opposite trend, as compared to that found under the normal (light) condition
(Supplementary Figure S11F). These results suggested that these OsC2DPs are signifi-
cantly involved in diverse responses to abiotic stress. Since OsC2DP5/29/49/71 responded
to multiple stress treatments, it could play positive or negative roles in these functions.

2.6. Prediction of miRNA-Targets and Enrichment Analysis of OsC2DPs

In plants, the functions of miRNAs have been reported in diverse species, it influences
plant growth, development, and support survivability under stresses environment [33],
which directly acting on target gene via cleavage or translation model [34]. In this study, we
analyzed the OsmiRNAs–OsC2DPs pathway and predicted the putative regulatory network
using the miRNA database. A total of 167 unique potential OsmiRNA’s targets of OsC2DPs
were identified with miRNAs 19–24 nucleotides long (Supplementary Table S11), among
these, functions of 146 unique targets as the cleavage and 21 unique targets as the translation
were identified, suggesting that cleavage is the major function in the regulation of OsmiRNA
targets of OsC2DPs. There were 28 OsC2DPs involved in one relevant network (Figure 6)
while the remaining 29 OsC2DPs were involved in fragmented networks (Supplementary
Figure S12). Among these, OsC2DP71 possessed 11 potential targeted OsmiRNAs; genes
OsC2DP53, OsC2DP79, OsC2DP27, OsC2DP39, and OsC2DP3 possessed 9, 7, 7, 7, and
6 potential targeted OsmiRNAs, respectively; and OsmiR2927, OsmiR5809, OsmiR5075,
and OsmiR5833 contained six, five, six, and six potential targets, as the most and major
OsmiRNA targets in the OsC2DP gene family. In addition, subfamily specific targets
were identified: Group-I members, OsC2DP27, OsC2DP79, and OsC2DP61 co-targeted by
OsmiR5830; and Group-III members, OsC2DP32, OsC2DP34, OsC2DP47, and OsC2DP21
co-targeted by OsmiR5833. As expected, OsC2DP50/51/52 was co-targeted by OsmiR2927
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as the co-tandem duplications, jointly targeted with Group-I members, OsC2DP31/43/12
(Figure 6). Additionally, we performed enriched Gene Ontology (GO) and KEGG analyses
of the OsC2DP gene family. Results showed major functions involved membrane, plasma
membrane, multiple metabolic processes, phospholipase activity, and ion-binding of GO
functions (Supplementary Figure S13A). KEGG results showed that the major pathways
were membrane and multiple metabolic processes (Supplementary Figure S13B). Together,
these results implied that OsC2DPs performed major functions in the cell membrane,
possibly via ionic combination and transportation.
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2.7. SNP Genotyping and Haplotype Analysis of OsC2DPs

In rice, the major subspecies japonica and indica contain different traits caused by
many genotype variations; thus, we analyzed the single nucleotide polymorphism (SNP)
genotyping and abiotic-related haplotypes of OsC2DPs. A total of 2861 SNPs that only exist
in Japonica and Indica were selected based on diverse gene positions. The SNP annotation
results showed that 424 SNPs were located in promoters; 219 SNPs were located in UTR
regions; and 223 SNPs were located in exon regions, 124 of which were synonymous and
99 were non-synonymous variants (Table 2). The principal component analysis (PCA) was
carried out using the OsC2DPs SNP data (only that found in Japonica and Indica varieties).
The results showed that PC1 explained 87.55% of the variation and PC2 explained 12.55%,
and two subspecies varieties were separated into two groups (Supplementary Figure S13C).

Table 2. Summary for SNPs in OsC2DPs.

Variation Type Count Variation in Exon Count

Promoter variation 424
Upstream variation 575

Downstream variation 73
Upstream and downstream variation 265

5’UTR variation 47
3’UTR variation 172

Intergenic variation 178

Exonic variation 223
Synonymous variant 124

Non-synonymous variant 99
Intronic variation 829

ncRNA_exonic variation 75

In the haplotype analysis, a set of cold-related phenotypes was associated with geno-
type data; this analysis was conducted to identify the functional phenotype-related geno-
types in different varieties. According to previous qRT-PCR results, OsC2DP17, OsC2DP29,
and OsC2DP49 were selected as candidate genes that functions related with cold stress. For
OsC2DP17, after filtering genotype data for missing SNPs or heterozygotes, eight SNPs
were found in the intron, exon, and promoter regions (Figure 7A). These SNPs formed four
haplotypes for OsC2DP17, and the major varieties involved Haplotype1 (Hap)1 and Hap4
(Figure 7B); LD analysis results showed a strong Linkage disequilibrium (LD) relationship
between each SNP pair (Figure 7C). The haplotype network and variation analysis showed
that there were two major groups, Hap1 and Hap2, which contained major indica and
Aus subspecies; Hap3 and Hap4 contained major temperate japonica and tropical japonica
subspecies. Large genotype variations were also observed between these two groups (Fig-
ure 7D). The association of phenotype–haplotype was analyzed, and a set of cold tolerance
(CT) scoring (1–9 score) was used as the evaluation index. As shown in Figure 7E, Hap1
and Hap2 showed significantly cold sensitivity (higher CT score), as compared to Hap3
and Hap4, respectively, indicating that Hap1 and Hap2 conferred major susceptibility for
cold tolerance in OsC2DP17 diverse genotypes.
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Figure 7. Haplotype analysis of OsC2DP17. (A) Structural representation of OsC2DP17 and the
upstream promoter region. (B) OsC2DP17 SNPs and haplotype groups in 137 rice accessions. SNP
positions are given relative to the start of the 5′ UTR. Hap: Haplotype. (C) LD analysis of OsC2DP17
using SNPs of a, numbers on the square represent level of LD, pure red squares represent complete
LD level between each SNP. (D) Haplotype network variation of OsC2DP17. Circle size represents the
number of accessions in each Hap, and the number of transverse lines between each Hap represents
the number of nucleotide variations. Tej: Temperate Japonica; Trj: Tropical Japonica; Ind: Indica;
and Adm: Admixture rice varieties. (E) Association of the CT score with haplotype. Different
letters indicate significant differences among haplotypes (ANOVA, Duncan test), asterisks indicate
significant differences in phenotype between genotypes (Student’s t-test, *** p < 0.001).

For OsC2DP29 and OsC2DP49, six SNPs were selected in both genes by removing miss-
ing or heterozygote data, which were found in the intron and exon regions of OsC2DP29
and the promoter, intron, and exon regions of OsC2DP49, respectively (Supplementary
Figure S14A,B; Supplementary Figure S15A,B). The LD analysis of both genes revealed
similar results to OsC2DP17, which had a strong LD relationship between each SNP pair
(Supplementary Figures S14C and S15C). The haplotype network showed that the haplo-
types of OsC2DP29 were divided into two groups: Hap1, Hap4, and Hap5, which contained
the most indica, Aus, and admixture varieties (Supplementary Figure S14D); and Hap2
and Hap3, which included most tropical japonica and temperate japonica varieties. Such
findings suggested that OsC2DP29 is a japonica–indica-specific genotyping gene. As ex-
pected, the phenotype-associated results showed that Hap3 and Hap2 had significantly
lower CT scores than other Haps (Supplementary Figure S14E), suggesting that the geno-
types of tropical japonica and temperate japonica conferred stronger cold tolerance in
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this population, which also aligned with the general difference in temperature sensitivity
between the indica and japonica subspecies. Similarly, five haplotypes of OsC2DP49 were
roughly divided into japonica (Hap1, Hap2, and Hap3) and indica (Hap4 and Hap5) groups
(Supplementary Figure S15D), and only Hap3 and Hap4 contained mixture varieties. The
phenotype–haplotype-associated results showed that Hap1 and Hap2 had significantly
lower CT scores in populations (Supplementary Figure S15E).

These results suggested that diverse haplotypes of OsC2DP17, OsC2DP29, and OsC2DP49
could be related to cold tolerance in rice, which would require further functional demon-
strations and may provide a potential theoretical foundation for the relationship between
genotype variations and stress tolerance for rice populations.

3. Discussion
3.1. Identification and Phylogenetic Relationship of OsC2DPs in Rice Genome

Most C2DPs can perform functions, cooperate with other transmembrane domains
such as phospholipase domain and synaptotagmin [35], and maintain highly conserved
characteristics in the evolutionary process. In the present study, we used a conserved
HMM model, performed a search in the rice protein database, and identified 82 OsC2DPs
at each chromosome (Supplementary Table S1, Supplementary Figure S1). A few gene
clusters were also found in chromosomes 1, 6, and 7. A previous study showed that gene
clusters produced tandem duplication events in the genome, implying that OsC2DPs might
have duplication events in cluster regions. The phylogenetic analysis revealed that a total
of seven groups were divided into 82 family members according to their domains and
gene structures, and multiple transmembrane-region domains were found in the different
groups (Figure 2). A previous study also reported similar phylogenetic results for C2DPs;
in Arabidopsis thaliana, the multiple C2 domains and transmembrane-region proteins were
reported [27], the members of rice homologs in a previous study were similar to members
of the group-III Class C in the present study; and in cotton, the rice homologs of the MCTPs
were found in a phylogenetic study that were consistent with the present study [28]. In rice,
a previous study identified OsNTMC2 members [29]. OsNTMC2s were shown to contain a
highly conserved N-terminal TM domain, SMP domain, and C-terminal C2 domain, which
was consistent with Group-VI Class A in the present study, validating the conservatism of
each group and the accuracy of our analysis (Figure 2).

3.2. Duplications Events Performed in OsC2DPs

Normally, the duplications contain conserved domains or sequences that may involve
similar functions in plants [36]. Among these, tandem duplications as a major and com-
monly evaluated mechanism for gene family expansion that produce novel genes and
clusters into gene families had an impact on a small number of genes but had a signif-
icant contribution to gene family expansion [37]. In the present study, a total of 8, 53,
83, 74, 26, and 176 orthologous gene pairs were identified between rice and Arabidopsis
thaliana, barley, maize, sorghum, soybean, and wheat, respectively (Supplementary Figure
S6, Tables S3–S8), implying the occurrence of duplication events and the potential genome
expansion of OsC2DPs from other species, especially the wheat genome. In rice, a total of
six tandem and eight segmental duplications were found (Figure 3, Table 1), suggesting
that these duplications might involve similar functions in rice; this hypothesis was also
validated through further analysis. In the expression file data, the tandem duplications,
OsC2DP50/51/52 and OsC2DP58/59, showed a similar expression variation tendency with
rice growth stages. Evidently, co-duplication of OsC2DP50/51/52 expression showed the
same response to diverse phytohormones and involved the same potential regulation
pathway as the miRNA-targets of miR2927 (Figure 6), providing exact evidence for the
predicted functions of co-duplications of OsC2DP50/51/52. A previous study reported that
tandem duplication events occurred more frequently than other events and formed large
gene copies and allelic variations [38]. Tandem duplications are widely involved in the
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control of stress tolerance and membrane functions in rice and Arabidopsis thaliana [39,40],
or the transduction of the signaling pathways in legumes [41].

3.3. Elements Prediction and Expression Analysis of OsC2DPs

Based on the prediction of cis-acting elements in the promoter regions of OsC2PDs,
many phytohormone- and abiotic stress-related motifs were found (Supplementary Fig-
ure S9), implying that OsC2DPs may be involved in phytohormones and abiotic stress.
Furthermore, the expression profile data of phytohormone-type compound treatments
validated the previous hypothesis, and qRT-PCR was performed to identify expression
variations under abiotic stress treatments in some putative functional genes, which sug-
gested that OsC2DPs may be involved in phytohormones response and abiotic stress.
In a previous study, some OsC2DPs functions reported in transgenic plants such as
OsPBP1 (LOC_Os04g44870), named OsC2DP36, involved Ca2+ concentration-dependent
phospholipid-binding activity and were localized in the cytoplasm and the nucleus, shut-
tling at the plasma membrane by increased intracellular Ca2+ [42]. The rice no-pollen
gene (LOC_Os06g40570) was named OsC2DP53 and is responsible for the production and
development of pollen, which might be related to Ca2+ and phosphoinositol signaling
pathways, depending on the C2 and GRAM domains [43]. OsC2DP (LOC_Os09g39770)
was named OsC2DP78, a functional mutant that changed tolerance to salt, and showed
variations in Na+ concentration and K+/Na+ ratio [26]. OsSMCP1 (LOC_Os07g01770) was
named OsC2DP58 in present study, and each phenotype of abiotic stress was reported in
a previous study by the overexpression of the transgenic line or as not mutant [25]. In
addition, as mentioned above, OsC2DP58 and OsC2DP29 were tandem duplication gene
pairs and contained similar expression profiles in the rice growth stage. Combined with
these results, the previously reported diverse abiotic-stress-tolerance function could be
considered for the study of another tandem duplication in OsC2DP59. If OsC2DP58 and
OsC2DP59 involved a redundant effect, the double mutant would be a better subject on
which to perform research. Due to the number of related cis-acting elements that were not
significant in overall results, the qRT-PCR analysis did not include these target genes; this
could be considered for further analysis. Taken together, except for the members of the
OsNTMC2s and the MCTPs included in the previous studies, other identified OsC2DP
family members that were involved in the present study also performed diverse functions
in the growth development of rice.

3.4. Identification of Potential Variation Alleles for Future Breeding

The SNP genotyping was performed by PCA analysis using the SNP data of the
OsC2DPs (Supplementary Figure S13C). The significant japonica–indica polarization of
OsC2DPs supported a potential future research direction. Furthermore, diverse genotypes
of the allelic variation could produce different tolerances to abiotic stress in multiple sub-
species [44,45]. Haplotype analysis revealed that OsC2DP17, OsC2DP29, and OsC2DP49
possessed diverse alleles among the core collection population, which generated differ-
ent cold tolerances for each variety (Figure 7, Supplementary Figures S14 and S15). We
speculated that these SNPs might possess high LD levels that were coordinated with the
crucial translation or functional domain region of each gene, and thereby producing a
diverse phenotype in rice. In summary, these haplotypes may be potential opportunities
for enhancing related tolerances in future molecular-design breeding.

4. Materials and Methods
4.1. Identification, Chromosome Distribution, and Localization of OsC2DPs

In the present study, rice genomes and protein sequences were downloaded from the
Phytozome database (https://phytozome-next.jgi.doe.gov/, accessed on 15 November
2021), and the MSU Rice Genome Annotation Project database was used. To identify
the OsC2DP gene family members in rice, a HMM of the C2 domain (PF00168) was
downloaded from the PFAM database, version 34.0 (http://pfam.xfam.org/, accessed
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on 15 November 2021), which performed against the rice proteome database. With an
E-value threshold less than 1e-05 [46], the filtered hits were submitted to the InterPro
(https://www.ebi.ac.uk/interpro/, accessed on 15 November 2021) and SMART (http:
//smart.embl-heidelberg.de/, accessed on 15 November 2021) databases to search for
the C2 domain again. The diverse lengths of OsC2DPs were calculated using Tbtools,
version v1.098654 [47], and the physical properties (pI and MW) were analyzed using the
ExPASy website (https://web.expasy.org/compute_pi/, accessed on 15 November 2021).
According to the prepared gene positions obtained from the rice genome file, chromosome
distribution and visualization were performed using the MapGene2Chromosome V2 (http:
//mg2c.iask.in/mg2c_v2.0/, accessed on 15 November 2021), according to the official
default procedure.

4.2. Phylogenetic, Structure and Multiple Sequence Alignment Analyses

To determine the phylogenetic relationship of OsC2DPs, a phylogenetic tree was con-
structed using MEGA software, version 10.2 [48], and the NJ-tree function was performed
by substitution model of p-distance and 1000-times bootstrap iterations were adopted. Final
plot visualization was generated using tools on the iTOLs website (https://itol.embl.de/,
accessed on 15 November 2021) [49]. To identify multiple structure of OsC2DPs, full-length
protein sequences were submitted and analyzed using the PFAM database. Visualiza-
tion was performed using each domain length and position in the website Gene Struc-
ture Display Server 2.0 (http://gsds.gao-lab.org/, accessed on 15 November 2021) [50].
Gene structures were analyzed using the software TBtools and the rice gff3 file. For
multiple sequence alignment, whole protein sequences of OsC2DPs were aligned using
ClustalW 2.0 [51] software and visualized using the website, Sequence Manipulation Suite
(https://www.bioinformatics.org/sms2/about.html, accessed on 15 November 2021) [52],
where a consistent color represents a highly conserved amino acid.

4.3. Synteny and Ka/Ks Analysis

To analyze synteny in OsC2DPs, C2DPs in the other six plant species were iden-
tified, the six genomes TAIR10 of Arabidopsis thaliana, IBSC_v2 of Hordeum vulgare L.,
Zm-B73-REFERENCE-NAM-5.0 of Zea mays L., Sorghum_bicolor_NCBIv3 of Sorghum
bicolor L., Glycine_max_v2.1 of Glycine max, and IWGSC of Triticum aestivum L. were down-
loaded from the Ensembl genome database (https://ensembl.gramene.org/, accessed on
15 November 2021). Blastp functions were performed between the genomes of rice and
those of other species using the BLAST software [53]. Thereafter, multiple genome synteny
analyses were performed using MCScanX software [54]. Among these, duplications were
determined by an alignment ratio over 70% (alignment length should override more than
70% of the gene length) and blast ratio over 70% (the identity region should override more
than 70% of the total blast region) while tandem duplications were determined based on
the involvement within a 100 kb region [55]. All duplications of C2DPs were filtered from
whole genome duplications, and plots were visualized using Circos software using default
parameters [56]. For non-synonymous and synonymous substitution (Ka/Ks) calculations,
full-length protein sequences of all duplicated C2DPs were aligned using ClustalW 2.0.
Thereafter, Ka, Ks, and Ka/Ks ratios were calculated using the software KaKs_Calculator
2.0 following the default procedure [57].

4.4. Expression Profile Analysis and Prediction of cis-Acting Elements

For collected expression profile data, available microarray datasets were selected from
the NCBI gene expression omnibus (GEO) database. The rice-tissue-specific expression
and duplication expression pattern data followed accession number GSE19024 [58], ex-
ogenous phytohormones-type treatments of abscisic acid (3 h/50 µM), gibberellic acid
3 (3 h/10 µM), indole-3-acetic acid (3 h/10 µM), trans-zeatin (3 h/1 µM), salicylic acid
(3 h/100 µM), and jasmonic acid (3 h/100 µM) data followed accession numbers GSE39429
and GSE37557 [59,60]. After the OsC2DP expression data were filtered from these data
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profiles, the mean value of replications and related fold change were calculated by com-
parison to the control (no treatment). Visualization of the heatmap was performed using
the R program (Version: 3.6.3), and data were analyzed using log10-transformed, row nor-
malization, and cluster processing. For prediction of cis-acting elements for OsC2DPs, all
promoters of OsC2DPs were extracted using the software, TBtools, and the promoter was
determined using 2000 bp upstream sequences of the transcription initiation site for each
family member. Element prediction was performed using the database, PlantCARE [61],
and the related motifs were classified according to database annotations.

4.5. Plant Growth, Treatment, and Quantitative Real-Time PCR Analysis

To validate the OsC2DP expression response to abiotic stress, common variety Nip-
ponbare (IT003166) was selected for the experiment, which was obtained from Rural
Development Administration (RDA) National Institute of Agricultural Sciences (http:
//genebank.rda.go.kr/initMain.do, accessed on 15 November 2021). Plants were grown
to 2-leaf stage seedlings using Yoshida growth solutions under normal growth conditions
(28/26 ◦C, 12/12 h, 65% relative humidity, light/300 µmol m−2 s−1). Thereafter, they
were collected under treatments of cold (4 ◦C), heat (42 ◦C), drought (dehydration), salt
(200 mM), and alkaline (0.15% Na2CO3) stress. For light response, Nipponbare plants were
grown to the 2-leaf stage and leaf samples were collected under the different conditions.
The control group followed normal growth conditions, and treatment group was the same
as the control but treated always in dark conditions, and the collected leaf sample followed
time points. The time points for collection were 0, 1, and 3 h for cold, heat shock, drought,
salt, and alkaline stress; and 0, 12, 24, 36, and 48 h for light and dark treatments. Total RNA
was extracted from the collected leaf samples using the RNeasy Plant Mini Kit (QIAGEN).
All samples were treated with RNase-Free DNase (QIAGEN) to remove genomic DNA.
Complementary DNA was synthesized using the SuperScript III Kit (Thermo). For the
primer design, each gene cds was inputted and produced by the software, Primer5. The
gene, Actin, served as the internal control to ensure corrected accuracy of results. A qRT-
PCR was performed using SYBR Green PCR Kit (QIAGEN) and Rotor-Gene Q (QIAGEN)
system, following the default production procedure. Each reaction was repeated three
times; the mean value was calculated and the 2−∆∆Ct method was used to calculate the
relative expression [62].

4.6. miRNA Target Prediction and Enrichment Analysis of OsC2DPs

To predict the potential miRNA targets of OsC2DPs, the full lengths of the cds of
OsC2DPs were extracted and predicted using the miRNA database, psRNATarget [63]. The
expectation threshold was set to 4 for filtered pseudo results, and visualization was per-
formed using the Cytoscape software [64]. For GO and KEGG enrichment, the PlantGSEA
database (http://bioinformatics.cau.edu.cn/PlantGSEA/, accessed on 15 November 2021)
was employed for OsC2DPs [65]. The results were filtered by adjusted p-values less than
0.05, showing 14 major enrichment functional terms, and visualization was performed
using the R program.

4.7. SNP Genotyping and Haplotype Analysis

A core collection set of rice was employed in the present study. A total of 137 varieties
containing multiple major rice subspecies including temperate japonica (Tej); tropical japon-
ica (Trj); indica (Ind); and aus and admixture (Adm) were collected from 28 countries [66].
Approximately 1.85 million high-quality SNPs were filtered from raw re-sequencing data,
according to a previous study [67]. For SNP genotyping of OsC2DPs, only japonica and
indica SNPs located at the promoter, UTR, intron, and exon of OsC2DPs formed a 2861
SNP set; the annotations were performed using website tools http://bioinfo.sibs.ac.cn/,
accessed on 15 November 2021. PCA and visualizations were performed using R pro-
gram default functions using 2861 SNPs data. For haplotype analysis, all SNPs located at
OsC2DP17, OsC2DP29, and OsC2DP49 were collected following the above descriptions,
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and the missing and heterozygote data were filtered. Phenotype data included an evalua-
tion of the CT score, according to a previous study [68]. Haplotype grouping was carried out
based on the SNP variations between each Hap. Significant tests of phenotype–haplotype
was carried out using SPSS software; different letters represent differences. Visualization of
the haplotype network was performed using the software PopArt [69]. LD analysis was
performed using Haploview software [70].

5. Conclusions

Herein, 82 OsC2DP gene family members and multiple transmembrane domains
were identified. The roles of the OsC2DP genes in abiotic stress were discovered by
bioinformatics prediction, transcript profile analysis, and qRT-PCR analysis. Furthermore,
the haplotype analysis also provided evidence to identify the role of OsC2DPs in abiotic
stress. In summary, we have provided the first study to comprehensively characterize
the C2DP gene family in rice, and the findings of this study contribute to a broader
understanding of the functions of the C2 domain and the future functional characterizations
of OsC2DPs.
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