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Abstract: Phosphatidylethanolamine-binding-protein (PEBP) domain-containing proteins play im-
portant roles in multiple developmental processes of plants; however, functions of few members
in the PEBP gene family have been elucidated in rice and other crops. In this study, we found
that twenty OsPEBPs genes identified in rice are not evenly distributed on the chromosomes. Four
colinear pairs are identified, suggesting the duplication of OsPEBPs during evolution. The OsPEBPs
are classified into six subgroups by phylogenetic analysis. The structure of all the OsPEBP genes
and encoded proteins are similar. The 262 PEBP domain-containing proteins from crops are divided
into six groups. The number of colinear pairs varies between rice and other crops. More than thirty
cis-acting elements in the promoter region of OsPEBPs are discovered. Expression profiles of OsPEBP
genes are differential. Most of the OsPEBPs expression can be regulated by NaCl, ABA, JA, and
light, indicating that OsPEBPs may be involved in the control of the response to the environmental
signals. These results lay sound foundation to further explore their functions in development of rice
and crops.
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1. Introduction

Phosphatidylethanolamine binding proteins (PEBPs) are phylogenetically conserved
from prokaryote to eukaryote. In mammals, PEBPs play important roles in multiple cel-
lular and biological processes, including cell growth and differentiation, proliferation,
cell cycle, genomic stability, apoptosis, autophagy, mechanical and oxidative stress, and
immunity [1-3]. Downregulation of PEBP1 leads to major diseases, such as cancer and
Alzheimer’s disease. The crystal structure reveals that PEBP1 has a small accessible cav-
ity which is the binding site for phosphorylethanolamine, phosphate, acetate, or cacodi-
late molecules [4,5]. PEBP1 physically interacts with kinases and GTPases to inhibiting
their activity. PEBP1 inhibits the kinase activity of Rafl in Raf-MEK-ERK to suppress
metastasis [6,7]. PEBP1 regulates activities of several other protein kinases in NF-kB and
PI3K/Akt/mTOR pathways to implicate in cancer [8-10]. In addition, PEBP1 is associated
with several factors of Rho-GTPases to impact the formation of actin structures in cell
adhesion and motility governing cell migration [11].

In plants, PEBP family is involved in flowering time control, seed dormancy, plant
architecture determination, tuber formation, and sink-source allocation [12-17]. PEBP
proteins act as key factors to regulate vegetative to reproductive phase transition or floral
transition in plants [18-21]. In Arabidopsis (Arabidopsis thaliana), Flowering Locus T (FT)
protein, a member of PEBP family, has been demonstrated to be the florigen to induce
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flowering [16,22-25]. While the other three PEBP-domain-containing proteins, including
Terminal Flower 1 (TFL1), Arabidopsis Thaliana Centroradialis (ATC), and Brother of FT
and TFL1 (BFT), repress flowering in Arabidopsis [20,25-30]. FT and TFL1 act as transcrip-
tional co-activator and co-repressor, respectively [31,32]. In shoot apical meristem (SAM),
FT and TFL1 are associated with Flowering Locus D (FD), a basic leucine zipper (bZIP)
transcription factor, mediated by 14-3-3 proteins forming florigen activation complex (FAC)
or florigen repression complex (FRC) to regulate flowering [22,23,33,34]. The antagonism
between TFL1 and FT relies on competition for accession to FD at the target loci [31,35].
TFL1 and FT are distinguished by only a few amino acid substitutions [25,26,32,36]. A
single amino acid change or mutation can convert FT into TFL1 and vice versa [32,36-38].

PEBPs are involved in floral transition in potato (Solanum tuberosum). StSP3D, an
orthologue of FT, controls flowering time in potato [12]. In addition, PEBPs are also
involved in tuber formation of potato. Tuberization is induced by StSP6A termed tuberigen,
an ortholog of FT in potato [12,39,40]. In the stolon tip, StSP6A is associated with St14-3-3s
and StFD-Like 1 (StFDL1) forming the tuberigen activation complex (TAC) to promote
tuber formation [12,41]. Conversely, StSP5G and TFL1/CENTRORADIALIS (StCEN), two
members of PEBP gene family in potato, act as repressors of tuber formation by acting
against StSP6A in stolons [12,42].

PEBPs are also involved in regulation of sink—source relationships. Different classes of
sugar transporters, such as Sugar Will Eventually be Exported Transporters (SWEETs) and
Sucrose Transporters (SUTs), have been known for their roles in determining sink—source
dynamics [43,44]. In potato, tubers are sink organs to store photoassimilation products.
Leaves are the source organs for photosynthesis. In addition to tuberization, StSP6A
interacts with and blocks the activity of SWEET11 to stimulate tuber swelling [17]. StCEN,
a PEBP protein in potato, promotes tuber dormancy or suppresses tuber sprout growth.
The outgrowth of tuber bud is correlated with the expression decrease in StCEN [45].

Rice (Oryza sativa) is one of the most important cereal food crops, feeding about half of
the world population [46,47]. It is also a monocotyledon model system, which is a typical
short-day (SD) plant [48,49]. Functions of several OsPEBPs in rice, such as Heading date
3a (Hd3a), Rice Flowering locus T 1 (RFT1), Rice CENTRORADIALIS 1-4 (OsRCN1-4),
OsFTL10, and rice Mother of FT and TFL1 (OsMFT1), have been reported [24,33,34,50-53].
Hd3a and RFT1 are the homolog of FT encoding florigen in rice [54]. Hd3a and RFT1 are
synthesized in leaves and transported to the SAM through the phloem [24,52,55]. Moreover,
Hd3a interacts with 14-3-3 protein and then forms a FAC with OsFD1 in the SAM to promote
flowering [33]. The FAC promotes flowering by activating the expression of OsMADS14
and OsMADS15, which encode APETALA1(AP1)/FRUITFULL (FUL)-like MADS domain
proteins [33,52,56,57]. Similarly, the FRC is formed with a homolog of the TFL1 in rice,
revealing direct competition between the two PEBPs for complex formation [34,35]. In
addition, it has been reported that Hd3a protein accumulates in axillary meristems to
promote branching requiring the formation of FAC, which is the process independent from
strigolactone and FC1, a transcription factor that inhibits branching in rice [58]. Similar
mechanisms are also found in other plant species, including tomato (Solanum lycopersicum),
wheat (Triticum aestivum), barley (Hordeum vulgare), and maize (Zea mays), suggesting that
this molecular module is widely conserved among higher plant species [41,59-61].

Taking together, PEBP-domain-containing proteins in plants play important roles in
crop development. However, the functions and evolution of PEBP protein family in rice
and other crops remain unclear. Here, we isolate twenty genes encoding PEBP-domain-
containing proteins in rice, termed OsPEBPs. The position on chromosome, gene structures,
domains, conserved motifs, and phylogenetic features of OsPEBPs genes in rice are studied.
The expression of OsPEBPs genes in organs, developmental stages, and stress conditions
are analyzed. Phylogenetic relationships between OsPEBPs and homologs in wild rice
species, Arabidopsis, and other crops are investigated.



Plants 2022, 11, 1576 30f 18

2. Results
2.1. Characterization of the PEBP Genes in Rice

To identify the PEBP genes in rice, full-length amino acid sequences of FT protein from
Arabidopsis, Hd3a and RFT1 proteins from rice are applied to find homologs of OsPEBPs
by using BLAST and Hidden Markov Model (HMM). Twenty OsPEBPs are identified in rice
genome, which are designated according to the Rice Annotation Project Database (RAP-DB)
information. Properties of OsPEBP gene family and the proteins encoded are summarized
(Table S1).

All of the OsPEBP genes were mapped to the rice chromosomes by using TBtools.
The results show that the 20 OsPEBPs are not evenly distributed on the chromosomes
(Figure 1). The OsPEBPs are positioned on eight chromosomes of rice. None of OsPEBPs
are found in chromosome 3, 7, 8, and 10. The analysis reveals that some of the OsPEBP
genes duplicate during evolution. OsFTL8 and OsFTL1/OsFTL are close to each other on
chromosome 1; OsFTL2/Hd3a and OsFTL3/RFT1 are close to each other on chromosome
6, indicating tandem duplication of OsPEBPs occurs to form two small clusters during
evolution (Figure 1).
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Figure 1. Distribution of OsPEBP genes on rice chromosomes. Bars in gray represent the rice
chromosomes. The number on the left of the gray bars are the chromosome number. OsPEBP genes
are labeled on the right of each chromosome. The ruler on the left is the scale bar measuring the
length of chromosomes.

Moreover, the chromosome length is not obviously correlated with the distribution
of OsPEBPs. Although four OsPEBPs are positioned on the longest chromosome 1, four
OsPEBPs are scatted on chromosome 6 which is shorter than chromosome 1 (Figure 1).

To clarify the evolutionary relationship of OsPEBP gene family, the syntenic relation-
ship was analyzed by using whole-genome homology and gene positional information.
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The results show that four collinear pairs are found between OsPEBPs in rice, suggesting
OsPEBP genes undergo segmental duplications (Figure 2).
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Figure 2. Syntenic analysis of OsPEBP genes in rice. Bars in gray show the rice chromosomes.
Chromosome number is labeled on the peripheral surface. OsPEBP genes are labeled on the inner
circumferential surface of each chromosome. The gray lines represent the colinear pairs of OsPEBP
genes.

2.2. Phylogenetic Analysis of the PEBP Genes in Rice

To explore the evolution of OsPEBPs, we constructed the phylogenetic tree of OsPEBPs
with their amino acid sequences. The results show that the members of OsPEBP family in
rice are divided into six clades (Figure 3a). Clade I consists of OsFTL14 and OsFTLS. Clade
II consists of OsRCN1 to OsRCN4. Clade III consists of OsMFT1 and OsMFT2. Clade IV
consists of OsFTL9, OsFTL10, OsFTL12, and OsFTL13. Clade V consists of OsFTL1/FTL1,
OsFTL2/Hd3a, and OsFTL3/RFT1. Clade VI consists of OsFTL4 to OsFTL7, and OsFTL11
(Figure 3a).
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Figure 3. Phylogenetic tree and gene structure of OsPEBP in rice. (a) The phylogenetic tree of
OsPEBPs. Different colors represent the subgroup of OsPEBPs. (b) OsPEBP gene structure. Black
and yellow rectangles, and black lines indicate UTR, exon, and introns, respectively. UTR represents
untranslated region. (c¢) Domains in OsPEBP protein. Pink rectangles represent PEBP domains. The
rulers on the bottom of (b,c) are the scale bar measuring the length of PEBP genes and proteins.
(d) Alignment of OsPEBP proteins. The red arrows indicate the potential key amino acid residuals
of OsPEBPs.

Intron gain and loss are common phenomena in evolution, which can increase the
complexity of gene organization [62,63]. To examine the organization diversity of the
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OsPEBP genes, the genomic DNA sequence was compared against coding sequence to
study the gene structure. All of the OsPEBP genes have three introns and four exons, except
for OsRCN2, indicating that the gene structure of OsPEBP gene family is evolutionarily
conserved (Figure 3b).

PEBPs in plants have diverse functions. An amino acid substitution in their C-
terminals is able to change their functions [32,36-38]. To elucidate the relationship of
amino acid sequence and their functions, the feature of OsPEBP was analyzed. All of the
OsPEBPs contain a PEBP domain (Figure 3c). The alignment of OsPEBP protein sequences
shows that the PEBP domain is conserved among OsPEBPs in rice. The key residuals in
PEBPs’ C-terminal, including Glu217 (E217), Trp252 (W252), GIn254 (Q254), and Asn266
(N266), varies in the amino acid sequences of OsPEBPs, implying functional differentiation
(Figure 3d).

2.3. Phylogenetic Analysis and Conserved Motifs of PEBP Proteins in Crops

To reveal the phylogenetic relationships of PEBPs between rice and other crops, we
constructed an unrooted phylogenetic tree using amino acid sequences of 262 PEBP proteins.
The PEBPs are divided into six groups termed group 1 to 6, which belong to four classes,
termed class I to IV (Figure 4). Group 1 to 3 are corresponding to class I to III, respectively.
Group 4 to 6 are in class IV. OsFTL14 is in group 1. OsMFT1 and OsMFT?2 are in group 2.
OsRCNT1 to OsRCN4 are in group 3. OsFTLS8, OsFTL9, OsFTL10, OsFTL12, and OsFTL13
are in group 4. OsFTL1 to OsFTL3 are in group 5. OsFTL4 to OsFTL7, OsFTL11 are in
group 6 (Figure 4).

21256143500
SORD 30036075650

omurR07119—1

Figure 4. Phylogenetic analysis of PEBP-domain-containing proteins from crops. Phylogenetic
tree among 262 PEBP proteins from rice, maize, wheat, sorghum (Sorghum bicolor), barley, millet
(Setaria italica), brachypodium (Brachypodium distachyon), soybean (Glycine max), and Arabidopsis
were constructed. PEBP proteins from rice and Arabidopsis are labeled by black stars and circles,
respectively. The tree is constructed on the amino acid sequences of the PEBP proteins by MEGA-X
with the maximum likelihood method. Bootstrap = 1000.
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To further study the features of PEBP proteins, conserved motifs in 262 PEBP proteins
were analyzed by using Multiple Em for Motif Elicitation (MEME) in motif-based sequence
analysis tools database. Twenty conserved motifs are identified among OsPEBP and PEBP
proteins in other species. The sequences of the motifs identified are characterized (Figure 5).
Motif 1 to motif 6, and motif 9 are present in the majority of PEBP proteins in group 2 to
group 6. Motif 12 is in the most of PEBP proteins in group 4 and group 6. Motif 19 and
motif 20 is in part of group 4 PEBP proteins (Figure S1). Motif 7, motif 8, motif 10, motif
13 to motif 15, motif 17 present in most of PEBP proteins in group 1. Only one copy of
the motifs is identified in every single PEBP protein. Members in the same group possess
similar number, orientation and position of motifs, indicating that the PEBP members in
the same group may have similar functions (Figure S1).
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Figure 5. Motifs found in PEBP domain-containing proteins of crops. The height of different amino
acids represents frequency of occurrence. The scale bar at the bottom indicates the length of the motif
protein sequence.
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2.4. Synteny Analysis of OsPEBP Genes between Rice and Crops

Synteny analysis is an effective way to explore the functional and evolutionary rela-
tionship between genes [62]. To further investigate the evolutionary relationship of PEBP
proteins between rice and other crops, the syntenic relationship of PEBPs was analyzed.

Most loci near PEBP genes in rice present conserved synteny in most identified cereal
species, including brachypodium, sorghum, millet, wheat, and maize. The number of
colinear pairs between rice and the above crops is 31, 37, 37, 47, and 32, respectively
(Figure 6a—e). These results suggest that the phylogenetic relationship between PEBP gene
loci of rice and in brachypodium, sorghum, millet, wheat, and maize, is close. However,
the collinear pairs of PEBPs between rice and the other species, such as soybean, barley,
and Arabidopsis, is 19, 4, and 2, indicating the longer distance phylogenetic relationship
between these species (Figure 6f-h).
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Figure 6. Syntenic analysis of PEBP genes between rice and other crops. (a-h) Collinear pairs between
rice and crops, including brachypodium (a), sorgum (b), millet (c), wheat (d), maize (e), soybean (f),
barley (g), and Arabidopsis (h). (i-q) Colinear pairs between rice and 8 wild rice species, including
Oryza rufipogon (i), Oryza nivara (j), Oryza barthii (k), Oryza glaberrima (1), Oryza glumaepatula (m),
Oryza meridionalis (n), Oryza punctate (o), Oryza brachyantha (p), and cultivated indica rice (Oryza
indica) (q). The gray lines at the bottom represent the collinear regions in rice and other genomes.
The red lines represent the pairs of PEBP genes.
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In addition, the syntenic association was also analyzed between rice and rice ancestors,
such as Oryza rufipogon, Oryza nivara, Oryza barthii, Oryza glaberrima, Oryza glumaepatula,
Oryza meridionalis, Oryza punctate, Oryza brachyantha, and Oryza indica. The number of the
collinear pairs of PEBP genes between rice and its ancestors is 38, 33, 38, 40, 34, 34, 35, 40,
and 38, respectively, suggesting conservation of PEBP gene family and the significant roles
during evolution (Figure 6i—q).

2.5. Cis-Acting Element and Gene Expression Analysis of the PEBP Genes of Rice under Stress
Treatments

Cis-acting elements in promoters of genes are important to regulate gene expression.
To better elucidate the mechanisms by which regulates the expression of OsPEBPs, the
2000 bp sequences upstream of OsPEBPs’ start codon were used as their promoters. The
cis-acting regulatory elements in the promoter regions of OsPEBPs were analyzed by using
PlantCARE database (http:/ /bioinformatics.psb.ugent.be/webtools/plantcare/html/, ac-
cessed on 11 May 2021). More than 30 cis-acting elements are identified in the promoter
regions of OsPEBPs, including 7 stress response elements, 6 light response elements, 14 hor-
mone response elements, one anaerobic induction element, one seed-specific regulatory
element, an O2-motif in zein metabolism regulation, and a circadian control element had
been identified. Thirteen of them are shared by most of the OsPEBPs. The 13 shared
cis-elements are mapped to the promoter region and distinguished by different colors
(Figure 7a).

Stress response element (STRE) is the cis-acting element response to stresses [64]. The
anaerobic regulatory element (ARE) is related with the anaerobic stress [65]. The STRE
cis-acting element is identified in the promoters of all the OsPEBP genes, except for OsRCN4,
indicating that OsPEBPs may be involved in the abiotic stress tolerance (Figure 7a). The
ARE cis-acting element presents in most of the OsPEBP gene promoters, indicating that
OsPEBPs may be involved in regulating the tolerance to anaerobic stress (Figure 7a). The
expression of OsPEBPs under NaCl treatment were detected by qRT-PCR. The results show
that most of the OsPEBPs’ expression is induced by NaCl, except for OsFTL1, OsFTL10, and
OsMFT?2 (Figure 7b).

The abscisic acid (ABA) responsive element (ABRE), ABRE3a, and ABRE4 are the
cis-acting elements response to ABA. As-1, W box, and TCA-motif are the cis-acting reg-
ulatory elements response to salicylic acid (SA). CGTCA-motif and TGACG-motif are
the cis-elements response to methyl jasmonate (MeJA) [66-72]. These elements could
be found in the most of OsPEBP promoters, suggesting that OsPEBPs may be activated
by phytohormones, such as ABA, SA, and MeJA and may be involved in their signaling
(Figure 7a). To explore if OsPEBPs are induced by ABA and MeJ A, the microarray data from
the Rice Expression Profile Database (RiceXPro, http:/ /ricexpro.dna.affrc.go.jp/, accessed
on 13 May 2021) and qRT-PCR were applied. The data of RiceXPro show that the expres-
sion of OsFTL14, OsRCN1, OsRCN2, OsRCN3, OsMFT1, OsFTL1/OsFTL, OsFTL2/Hd3a,
OsFTL13, OsFTL3/RFT1, OsMFT2, OsRCN4, and OsFTL12 is induced by ABA treatment.
While the expression OsFTL6 is downregulated by ABA treatment (Figure 7c). Consistently,
the results of QRT-PCR show that the expression of OsFTL2/Hd3a, OsFTL3/RFT1, OsFTL4,
OsFTL8, OsFTL13, OsRCN1, OsRCN2, OsRCN3, OsRCN4, and OsMFT1 is induced, whereas
the expression of OsFTL1 and OsFTL1 is downregulated by ABA treatment (Figure 7d).
The data of RiceXPro show that the expression of OsMFT1, OsFTL14, OsFTL12, OsFTL13,
and OsFTL3/RFT1 is induced, whereas the expression of OsFTL6 and OsRCN1 is downreg-
ulated by JA treatment (Figure 7e). The results of qRT-PCR show that the expression of
OsFTL3/RFT1, OsFTL4, OsFTL7, OsFTLS, OsFTL10, OsFTL12, OsFTL13, OsFTL14, OsRCN2,
OsRCN4, and OsMFT1 is induced, whereas the expression of OsRCN1 and OsMFT?2 is
downregulated by JA treatment (Figure 7f).
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Figure 7. The cis-acting regulatory elements in the promoter regions of OsPEBPs and their functions.
(a) Cis-acting elements identified in the OsPEBP promoter regions. Shapes and colors represent
different cis-acting elements. Ruler on the bottom is used to the length of promoters. (b) Expression
of OsPEBPs under NaCl treatment. (c,d) Expression of OsPEBPs under ABA treatment by microarray
data (c) and qRT-PCR (d). (e,f) Expression of OsPEBPs under JA treatment by microarray data (e) and
qRT-PCR (f). The blue to red color of the bars in (c¢,d) represents the lower to higher expression of
OsPEBPs. Data in (b,d,f) are the mean + SD. Statistic differences are analyzed by using two-tailed
unpaired ¢ test with Welch’s correction (*, p < 0.05; **, p < 0.01).

The cis-acting elements response to light, including G-box and Box-4 [73], are localized
in the promoter regions of OsPEBPs, indicating that OsPEBPs expression may be regulated
by light (Figure 7a). To study whether OsPEBPs are involved in response to light, the



Plants 2022, 11, 1576

110f18

diurnal enrichment of OsPEBPs was studied with the data from the RiceXPro database.
Samples corresponding to the fully expanded flag leaves are collected in a 24-hr period
at 2-hr intervals at floral transition stages during the cultivation season. The transcript
level of PEBP genes, including OsRCN4, OsFTL12, OsFTL6, OsFTL13, OsRCN1, OsRCN3,
OsMFT2, OsRCN2, OsFTL14, OsFTL2/Hd3a, OsFTL3/OsRFT1, and OsFTL1/OsFTL is induced
by light or peaks in the early morning or morning. The expression of OsMFT1 is constitutive
(Figure 8a).
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Figure 8. Expression profiles of OsPEBP genes in rice. (a) Expression of OsPEBPs under natural
photoperiod. (b) Differential expression of OsPEBPs in organs, including leaf, leaf sheath, root,
stem, inflorescence, anther, pistil, lemma, palea, ovary, embryo, and endosperm. (c) Expression of
OsPEBPs in leaf and leaf vein of rice. (d) Expression of OsPEBPs in developmental stages. The blue
to red color of the bars in d represents the lower to higher expression of OsPEBPs. Data in c are the
mean + SD. Statistic differences are analyzed by using a two-tailed unpaired ¢ test with Welch'’s
correction (*, p < 0.05; **, p < 0.01).
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2.6. Temporal and Spatial Expression Pattern of PEBP Genes in Rice

The gene expression profiles are often associated with their functions. To evaluate
roles of OsPEBP genes in regulating development, the expression profiles of OsPEBPs were
examined with microarray data in RiceXPro database. The OsPEBP genes are expressed
in all organs and tissues detected; but the enrichment of the transcripts are differentiated
(Figure 8b). The expression of OsMFT1, OsFTL14, and OsFTL1/OsFTL in all organs detected
is higher than other genes. The expression of OsFTL2/Hd3a, OsFTL9, OsFTL3/RFT1, and
OsMFT1 in leaf is highest among the organs detected (Figure 8b).

To further distinguish the differential expression of OsPEBPs in leaf and leaf vein,
the differential expression of OsPEBPs was examined by qRT-PCR. The expression of
the OsPEBPs, including OsFTL2/Hd3a, OsFTL3/RFT1, OsFTL4, OsFTL6, OsFTL7, OsFTL9,
OsFTL10, OsMFT1, and OsMFT?2 in leaf vein is lower than that in leaf. The expression of the
OsPEBPs, such as OsFTL1/OsFTL, OsFTL5, OsFTLS, OsFTL11, OsFTL13, OsFTL14, OsRCN1,
OsRCN2, OsRCN3, and OsRCN4 in leaf vein is higher than that in leaf (Figure 8c).

The expression patterns of OsPEBP genes at different developmental stages of rice
were also investigated (Figure 8d). OsPEBPs are expressed in all the stages, which could
be divided into four clusters according to their expression (Figure 4). The expression of
OsMFT1, OsFTL1/OsFTL, OsFTLY, and OsFTL3/RFT1 in cluster I is the highest. The expres-
sion of OsFTL6 before 62 DAT in cluster Il is higher than that after 62 day after transplanting
(DAT). The expression of OsFTL12, OsRCN2, OsRCN1, OsRCN3, OsMFT2, OsFTL13, and
OsRCN4 during life cycle in cluster III is lower than other genes. The expression of Os-
FTL14 and OsFTL2/Hd3a genes in cluster IV and genes in cluster I increases after 41 DAT
(Figure 8d). The differential expression of OsPEBPs during different developmental stages
may associated with their function.

In summary, the OsPEBP gene expressions are differential, revealing that OsPEBP
genes may have different functions in regulating development and adaptation to the
changes of environment of rice.

3. Discussion

In plants, PEBP-domain-containing proteins may act as key factors in multiple de-
velopmental processes [16,31,33,34,52]. However, most of the OsPEBPs’ functions in rice
remain unclear. Exploring evolutionary features and expression profiles of OsPEBPs will
be beneficial for further understanding the functions of PEBPs in rice.

Tandem and fragment duplications affect the formation of gene families [74,75]. In
these studies, twenty PEBP genes are found in rice genome (Table S1). The OsPEBP genes
are not evenly scattered on the rice chromosome (Figure 1). Two small gene clusters exhibit
on chromosome 1 and 6. Four collinear pairs of OsPEBPs in rice are identified by syntenic
analysis, suggesting OsPEBP genes undergo segmental duplications (Figure 2). These
properties may imply the functional similarity and difference among OsPEBPs.

OsPEBP proteins are divided into six subgroups by phylogenetic analysis. The struc-
ture of OsPEBP genes is conserved. Most of the OsPEBP genes contain three introns and
four exons. All the proteins encoded contain a PEBP domain. The key residuals in PEBPs’
C-terminal, including Glu217 (E217), Trp252 (W252), GIn254 (Q254), and Asn266 (N266),
vary among OsPEBP proteins (Figure 3). These results suggest that OsSPEBPs may have
diverse functions and the OsPEBPs in the same subgroup may have similar functions.
Consistently, OsFTL2/Hd3a and OsFTL3/RFT1 in subgroup V promote floral transition.
OsRCNs in subgroup II suppress flowering. Overexpression of four OsRCNs delay floral
transition [24,34,52,55,58]. OsFTL2/Hd3a regulates shoot branching of rice [58]. OsRCN
knockdown plants exhibit small panicles with reduced branches [51,76,77]. However, the
findings on OsPEBP genes are limited. More efforts will be put to dissect the functions of
PEBP gene family in rice and other crops.

In this study, the number of PEBP colinear pairs between rice and maize, wheat, millet,
brachypodium, and sorghum is higher than that between rice and soybean, barley, and
Arabidopsis which are consistent with the phylogenetic relationship between rice and the



Plants 2022, 11, 1576

13 0f 18

other plants (Figure 6a-h). The PEBP genes of monocotyledon species are phylogenetically
closed to rice.

Cultivated rice is domesticated from wild rice, such as Oryza rufipogon and Oryza
nivara [78,79]. The genomes of wild rice species are more diverse than that of cultivated
rice, suggesting that wild rice are invaluable germplasm resources for rice breeding [80].
OsPEBPs in cultivated rice have significant syntenic relationships with wild rice. About
33 PEBP pairs are identified between rice and wild rice (Figure 6i-q). The number and
chromosome location of PEBP proteins in wild rice are higher than that in cultivated
rice. Most of OsPEBPs are paired to more than two chromosome regions in wild rice
(Figure 6i—q).

Usually, genes in a subgroup of phylogenetic tree have similar functions [81]. In
this study, the phylogenetic tree of 262 PEBP-domain-containing proteins in the rice and
other species was built. The PEBP orthologs from monocotyledon and dicotyledon are
clustered in the same branch (Figure 4). Twenty conserved motifs are found in PEBP
proteins. PEBP proteins in the same group are with similar motifs (Figure S1). These results
indicate that PEBP genes are more ancient than the divergence of monocotyledon and
dicotyledon plants.

The cis-acting regulatory elements in the promoter regions regulate gene expression
and function. These cis-acting elements response to stress, hormone, light, and circadian
clock are shared by most of OsPEBPs (Figure 7a). The expression of several OsPEBPs is
induced by NaCl, ABA, JA, and light (Figures 7b—f and 8a). These results suggest that
OsPEBPs may be involved in flowering time control, seed dormancy, seed germination,
photo-response, hormone response, and abiotic stress tolerance, especially water logging
stress, in rice. The differentiation of microarray and RT-qPCR data is due to different sam-
pling strategies. Whether OsPEBPs are involved in these processes of rice will be dissected.

Spatiotemporal gene expression is usually related with gene functions [82]. All Os-
PEBPs are expressed in organs detected, developmental stages, especially response to
ABA and JA hormones; however, the expression of them is differential, suggesting their
functional diversity (Figure 8b—d).

4. Materials and Methods
4.1. Sequence Identification of PEBP Gene Family

Full-length amino acid sequence of FT, Hd3a, and RFT1 from Arabidopsis and rice
was used as queries sequences to blast against rice genome to identify PEBP genes. The
Hidden Markov Model (HMM) of PEBP (PF01161) domain was downloaded from the Pfam
database (http:/ /pfam.xfam.org/, accessed on 8 April 2021). The rice protein sequence,
genome, and CDS sequence were from the database of EnsemblPlants (http://plants.
ensembl.org/index.html, accessed on 12 April 2021) [83-89].

The candidate PEBP proteins were identified by the Simple HMM search based on
the TBtools [90]. The sequences of PEBP domain were obtained and used to build a rice
specific HMM. The rice specific HMM was used to obtain candidate OsPEBP proteins. The
candidate proteins with E-value < 0.01 were chosen. The Pfam and InterPro databases
(http:/ /www.ebi.ac.uk/interpro/, accessed on 15 April 2021) was used to verify the PEBP
proteins obtained as described previously [91].

4.2. Characterization of OsPEBP Genes

The chromosomal locations of OsPEBP genes were mapped to the rice chromosome
with TBtools. The PEBP gene structures of rice were analyzed by comparing the genomic
sequences against the coding sequences using the TBtools [90]. The isoelectric points
and molecular weights of the PEBP family proteins were calculated with ExXPASy (http:
/ /expasy.org/, accessed on 18 April 2021).
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4.3. Conserved Motifs Characterization

To identify conserved motifs in the PEBP protein family, the MEME program (http:
/ /meme-suite.org/, accessed on 19 April 2021) was applied using the following parameters:
any number of repetitions; minimum 6 motifs; maximum 50 motifs; optimum 10-200 amino
acids; expected E-value < 1*10-48 [92].

4.4. Phylogenetic Analysis

A multiple alignment of the PEBP protein amino acid sequences in rice was conducted
using MEGA X (https://www.megasoftware.net/, accessed on 18 April 2021). Unrooted
phylogenetic trees were built with the maximum likelihood (ML) method. Parameters,
including Poisson correction, pairwise deletion, 1000 bootstrap replicates were used dur-
ing the analysis. Default parameters of MCScanX were used to examine duplication of
genes [93]. TBtools was used to analyze the orthologs of the PEBP genes between rice and
other species.

4.5. Cis-Acting Element Analysis

Promoters of OsPEBPs were found from the Phytozome database (https://phytozome.
jgi.doe.gov/, accessed on 18 April 2021). The PlantCARE database (http:/ /bioinformatics.
psb.ugent.be/webtools/plantcare/html/, accessed on 11 May 2021) was used to analyze
the cis-acting regulatory elements in OsPEBPs’ promoters [94].

4.6. Expression Analysis

Two-week-old seedlings of Shen Nong 9816 (SN9816) grown in 14 h light and 10 h
dark were collected. The harvested seedlings were treated with 0 and 250 mM NaCl; 0
and 100 uM ABA; 0 and 100 pM JA for 6 h. Two biological replications were performed for
each treatment. Total RNA of the samples was isolated using Takara RNAiso Plus (Takara
Bio Inc., Otsu, Japan). The contimanate DNA was removed by using RQ1 RNase-Free
DNase treatment (Promega, Madison, WI, USA). Then, 3 pg of treated RNA was used
to synthesize the first-strand cDNA with the RevertAid First Strand cDNA Synthesis Kit
(Fermentas, Waltham, MA, USA). SYBR Premix Ex Taq (Takara Bio Inc., Shiga, Japan) and a
Q5 Real-Time PCR Instrument (Applied Biosystems, Waltham, MA, USA) were used for
qRT-PCR [95,96]. Primers used for qRT-PCR are listed (Table S2).

The Mircroarray data are from the Rice Expression Profile Database (RiceXPro, http:
/ /ricexpro.dna.affrc.go.jp/, accessed on 13 May 2021). Four-leaf-old seedlings of rice were
treated with 50 uM ABA and 100 uM MeJA for 0, 1, 3, 6, and 12 h; two biological replicates
were performed. The shoot of the treated seedlings was used for microarray analysis. The
signal intensity detected during hybridization was used for drawing heatmap with TBtools.

5. Conclusions

In summary, twenty OsPEBPs are found in the rice genome. The feature of the gene
structure and domains and motifs of the protein encoded are analyzed. Phylogenetic
trees of OsPEBP proteins and the orthologs from other crops are built, which divide the
protein into six subfamily or groups. Four collinear pairs identified by synteny analysis
are found between OsPEBPs in rice, indicating that OsPEBPs are subject to segmental
duplication. More collinear pairs are identified among orthologs in crops. Several cis-acting
elements in the promoter region of OsPEBPs are characterized. The expression of OsPEBPs
is differential in organs and developmental stages and is induced by NaCl, ABA, JA, and
light. The results of this study lay sound foundation to further uncover the PEBP gene
functions and to improve varieties of crops.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/plants11121576/s1, Figure S1: Motifs identified in 262 PEBP-
domain-containing proteins of crops. Table S1: Characteristics of PEBP genes in rice genome. Table S2:
Primers used in the study.
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