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Abstract: Trehalose-6-phosphate  synthase is a key enzyme in
trehalose biosynthesis. Trehalose has many applications in plant growth and
development and in response to abiotic stresses. In this study, analysis of 11
sequences of OsTPS genes downloaded from NCBI was performed in
Oryza sativa. The analysis of bioinformatics performed included co-
expression network, gene expression, chromosomal map, analysis of cis
element and phylogenetic relationships for the 7PS gene in rice.
Phylogenetic analysis showed that TPS genes were grouped into two
classes. Class I and II included OsTPSI and OsTPS2-11 genes,
respectively. The gene network analysis showed that OsTPS formed the
gene networks and are mostly active in nucleus and chloroplast. According
to phylogeny tree, gene structure, and analysis of cis-elements, OsTPS]
gene was different from other 7PS genes. Also, according to co-expressed
network, OsTPS1 showed to be the central protein encoding protein
trehalose-6-phosphate synthase. OsTPS1 has been suggested to play a key
role in flowering initiation in rice. It has also been shown to have an
important role in response to osmotic and abiotic stresses (low temperature,
salinity and anoxia). Our findings can provide a better understanding of
molecular mechanisms of OsTPS genes and their expression in response to
various stresses.

Keywords: Cis-element, Co-expression gene network, expression
study, TPS
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INTRODUCTION

Rice is one of the most important crops in the world. Abiotic stresses have direct or
indirect effects on the physiological state of living organisms by altering metabolism,
growth and development of plants. Plants respond to drought, salinity and low
temperature stresses by accumulation of Trehalose and other compatible solvents [1, 2].
Trehalose plays an important role in metabolic regulation and abiotic stress tolerance in
a variety of organisms. Trehalose is considered as a storage carbohydrate and is formed
in two stages in various organisms. Trehalose protects against a variety of stresses in
most organisms such as bacteria, fungi, plants and insects [3]. Initially, trehalose-6-
phosphate synthase (TPS) is catalyzed from the synthesis of trehalose-6- phosphate
(T6P) from UDP-glucose and glucose-6-phosphate. Finally, T6P is dephosphorylated to
trehalose by trehalose-6-phosphate phosphatase (TPP) [4]. TPS plays a key role in plant
response to environmental stresses. It has been shown that T6P, synthesized by TPS1,
predicted to be mainly localized in the cytoplasm, promotes AGPase activation in
chloroplasts via a thioredoxin-mediated redox reaction [5]. Based on studies carried out
on rice it has been shown that 7PS genes are expressed in response to abiotic stress and
low temperatures [6]. The results of reports showed that expression of TPS genes in
transgenic plants causes increased tolerance to abiotic stress [7]. Considering the
importance of rice as a major crop, creating new cultivars with abiotic stress tolerance
would undoubtedly have an enormous impact on global food production. According to
some reports, it was shown that biosynthesis pathway of 7PS genes has been identified
in plants such as angiosperms, arabidopsis [8], rice [9], potatoes [10] and cotton [11].
The genes encoding this enzyme have been reported in Arabidopsis and rice genome of
11 TPS genes and 12 TPS Poplar gene. In most studies, these genes are classified into
classes I and II [12, 13]. TPS gene family is a large gene family with multiple copies
and functional diversifications [14]. Class I and II TPS genes revealed distinct
characteristics in copy number, gene expression patterns, and physiological and
enzymatic functions.

It has been reported that OsTPSI gene could affect rice-seed tolerance to low
temperature, salt, and drought [4]. Based on research results, OsTPSI gene has a TPS
enzyme activity due to containing some conserved residues involved in the binding site
[15]. Class II contains OsTPS2-11 genes which are involved in regulatory proteins
without a clear enzymatic activity [16]. There is little information about upstream
regulators or regulatory network of these genes and their roles in stress tolerance.
Therefore, TPS gene expression is an important step in understanding the molecular
mechanisms of plant growth and development, and environmental stresses.
Transcription regulation involves associations among transcription factors and cis-
elements of genes involved in plant biotic and abiotic response [17].

Promoters have an important function in controlling gene expression. Cis- elements are
gene regulatory units as they control various stress responses. Though they are
expensive and technically challenging, modern techniques such as RNA interference,
microarray techniques and other tools have allowed identification and investigation of
promoter regions of target genes. For example, in silico analysis was used to search
promoter regions of various cis-elements responsible for the regulation of genes [18].

In the present paper, an in silico study was performed for the phylogenetic analysis,
chromosome organization and analysis of cis-elements involved in the 7PS genes. In
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addition, co-expressed genes involved in stress response were surveyed. Finally,
expression of 7PS genes under respective gene promoters is interpreted.

MATERIAL AND METHODS
Characteristics, phylogenetic tree and gene structure of 7PS gene family in rice

The 11 gene sequences of rice were downloaded from GenBank [19]. Alignment of the
sequences of the TPS genes was performed using CLUSTALW program in MEGA
software version 7, produced by Kumar, Stecher, and Tamura (2002) at Research Center
for Genomics and Bioinformatics in Japan [20]. The confidence level of grouping
accuracy was estimated with a Bootstrap 1000 method [20]. Gene structures of TPS
genes were analyzed on the Gene Structure Display Server 2.0 GSDS [21]. Protein
properties of TPS genes, e.g., the molecular weight (MW), isoelectric point (pl), and
grand average of hydropathicity (GRAVY) were calculated using ProtParam [22]. The
CELLO database was used to identify the cellular status of proteins [23].

Mapping TPS gene on rice chromosomes

To illustrate the location of the 7PS genes on rice chromosomes, MapChart 2.3
software, produced by Voorrips (2002) in Plant Research International (Wageningen,
The Netherlands) was used [24]. A set of 11 TPS genes were mapped onto rice
chromosomes [12].

Expression study of 7PS genes

Genevestigator [25] was utilized to analyze the differential gene expression under
environmental stresses and different developmental stages in rice. TPS gene expression
data was downloaded from O. sativa database using Affymatrix Rice Genome Array
platform (OS_AFFY RICE-0) and ‘Perturbations’ tool. The fold change in gene
expression was detected using filter 3 folds as benchmark. The fold changes in the
expression of 7PS genes under environmental stresse conditions were used to draw
heatmap using Genevestigator with Red/Green color scheme as markers where “Red”
and “Green” colors represent up and down-regulation of respective genes.

Co-expressed genes network and analysis of cis elements

Co-expression of the Pearson correlation coefficients of 7PS rice genes was obtained
from the BAR Database. The interactions among all the 11 genes were determined using
the “The rice Interactions Viewer” web based on the publicly available Botany Array
Resource (BAR) expression browser tool (http://bar.utoronto.ca/welcome.htm) [26].
PLACE [27] was used to analyze cis-elements and to analyze OsTPS promoter
sequences.
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RESULTS AND DISCUSSION

Phylogenetic tree, protein properties and gene structure of TPS gene family in rice

In this study we surveyed 11 TPS genes using different bioinformatics tools. Protein
properties of TPS genes, molecular weight (MW), isoelectric point (pl), and grand
average of hydropathicity (GRAVY) are provided in table 1. Phylogeny analysis
revealed that the 11 rice TPS genes were divided into two groups. Our results showed
that class I and class Il included OsTPS! and OsTPS2-11 genes, respectively (Figure 1).
The analysis of rice 7PS genes showed that OsTPS1 belong to class I [4]. Among class I
TPS plant proteins, OsTPS1 proved to be involved in plant active TPS enzymes [1 — 9].
OsTPS1 has some conserved residues related to the TPS domain having a key role in
substrate binding and catalysis [15]. A previous study has shown that 7PS genes were
grouped into two subfamilies I and II [4].

Tablel. Characteristics of TPS gene family in rice

No Locus (MSU) Accession Nu.mber .of M.olecular The-oretical Subc'ellu-lar
no. amino acids | weight (Kd) | point (pI) | localization
osTPS1 | LOC 0Os05g44210 | HM050424 985 109 6.22 Cytoplasmic
osTPS2 | LOC Os01g54560 | HM050425 914 102.4 5.38 Cytoplasmic
osTPS3 | LOC 0Os01g53000 | HM050426 878 99.4 5.54 Cytoplasmic
osTPS4 | LOC 0s03g12360 | HM050427 860 96.7 5.67 Cytoplasmic
osTPS5 | LOC 0s02g54820 | HM050428 750 83.4 6.84 Cytoplasmic
osTPS6 | LOC 0Os05g44100 | HM050434 899 100.6 5.53 Cytoplasmic
osTPS7 | LOC 0Os08g31980 | HM050429 862 97.6 6.11 Cytoplasmic
osTPS8 | LOC 0s08g34580 | HM050430 824 91.4 5.71 Cytoplasmic
osTPS9 | LOC 0s09g25890 | HM050431 886 96.2 7.37 Cytoplasmic
osTPS10 | LOC_0s09g23350 | HM050432 885 99.4 5.83 Cytoplasmic
osTPS11 | LOC 0509220990 | HM050433 863 97.8 593 Cytoplasmic
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Figure 1. Phylogeny tree of 11 rice TPS genes. The unrooted tree was drawn using the

MEGA v7.0 software with the N-J method

Class II TPSs from Arabidopsis were categorized as unknown though evidence suggests
that they play an important role in controlling cellular morphology and plant growth.

Classification of TPS in our results agreed with other research reports [4, 20].
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Apparently, OsTPS genes can also be grouped into two subfamilies, as are AtTPS1-11
[28]. Only OsTPSI gene belongs to class I, whereas Arabidopsis contains 11 genes, four
genes (AtTPS1-4) and seven genes (AtTPS5-11), which were placed in class IT [11].
The protein sequence length varied from 750 (osTPS5) to 985 (osTPS1) amino acids
and the molecular weight of these proteins varied from 83.4 (osTPS5) to 109 (osTPS1)
kDa. The isoelectric point of proteins ranged from 5.38 (0osTPS2) to 6.22 (osTPS1).
Location and function of all genes were observed in cytoplasm using CELLO database
(Table 1). It has been reported that most of TPSs were located in cytoplasm [4].

Mapping rice chromosomes and gene structure of OsTPS genes

The distribution of 11 rice genes on rice chromosomes is shown in Figure 2. There are
three genes on both chromosomes 8 and 9, whereas only one TPS gene is located on
chromosomes 2, 3, and 5. Two TPS genes were found on chromosome 1. All
chromosomes contain TPS encoding genes except for chromosomes 4, 6, 7, 10, 11, and
12. No gene cluster was observed in rice chromosomes (Figure 2). Evolutionary
relationships of 11 TPS rice genes were drawn using GSDS database. OsTPSI gene
structure is different and more complicated than the other OsTPS genes with longer
introns (Figure 3). OsTPS1 probably has a very long N-terminal extension because of
enzymatic activity in comparison with other OsTPS proteins [4].
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Figure 2. Chromosomal dispensation of rice TPS genes by Mapchart software
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Figure 3. The exon-intronic structure of rice TPS genes according to their phylogenetic
relationship. Green and blue colors represent gene exon and intron, respectively

Identification of co-expressed genes in the network

The interactive networks analysis of all the significant genes (in total 13) are given in
Figure 3. In the network, LOC Os05g44210 (Os05g44210) seemed to be the central
protein encoding “protein trehalose-6-phosphate synthase, putative (OsTPS1)”. In
network analysis, proteins are located in the chloroplast (green), nucleus (blue),
cytoplasm (pink) and vacuole (yellow). Most of the proteins in this network seemed to
be localized mainly in nucleus (blue), cytoplasm (pink), and chloroplast (green). They
encode mainly for the heat shock proteins such as LOC Os05g44340 (heat shock
protein 101), and LOC_0Os08g39140 (heat shock protein). Main proteins localized in
the chloroplast included LOC 0Os06g30320 (NOC3 - Putative nucleolar complex
subunit 3, expressed), LOC 0Os07g37650 (GTPase-activating protein, putative,
expressed), LOC Os12g01770 (protein phosphatase 2c, putative, expressed),
LOC Osl10gl11140 (phosphoglucomutase, putative), and LOC Os07g37650 (protein
GTPase-activating protein, putative).

Proteins expressed in the nucleus include LOC Os07g10350 (protein S1 RNA binding
domain containing protein), LOC _0s07g23740 (protein sterol 3-beta-lucosyltransferase,
putative), and LOC_0s12g22900 (protein transposon, putative). The protein located in
the cytoplasm included LOC Os08g39140 (heat shock protein, putative). Protein
expressed in the cell membrane included LOC Os10g35550 (protein pre-mRNA-
processing factor 6, putative). In summary, OsTPSI gene was involved in the gene
network and can interact with themselves in biological processes (Figure 4).

Analysis of gene network is represented by straight lines showing the genes involved in
biological processes and relationships among genes. Proteins are essential components
of biological processes and co-expression of genes are required for their biological
functions. Co-expression network shows that genes are involved in all transcriptional
processes such as protein degradation and cell cycle regulation. OsTPS genes play a key
role in response to environmental conditions (i.e. abiotic stresses) [4]. The identification
of the co-expression network is valuable for understanding the cellular and biological
processes.
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Figure 4. Co-expressed network of all 11 TPS genes in rice genotypes. The web based
tool “Rice Interactions Viewer” [29] was used to predict the interactions

In silico analysis of TPS genes expression in response to environmental stresses

Expression of TPS genes was downloaded by Genevestigator software using rice
microarray dataset in response to environmental stresses in rice. Based on our results, a
positive correlation between 7TPS promoter regions of genes and presence of TFs was
obtained. Similarly, the expression of OsTPS6 and OsTPS7 genes depicted high level of
similarity upon exposure to several abiotic (cold, dehydration, anoxia and drought) and
biotic stresses (X. oryzea), and imbibition (Figure 5). Additionally, the gene expression
data showed that the gene expression of OsTPS gene was up-regulated in response to
environmental stresses (i.e., X. oryzea and heat).

Overall, OsTPS11 gene was down-regulated in response to abiotic stresses (drought,
heat, and salt) however, it was up-regulated in response to cold. According to gene
expression study, OsTPSI gene was found different from other OsTPS genes. This gene
was up-regulated in response to imbibition and anoxia stress. Then, it can be concluded
that OsTPS1 was up-regulated because of high number of EBOX transcription factors in
its promoter region. EBOX plays a key role in abiotic stresses like anoxia. It has been
reported that loss-of-function mutations in tpsl stimulated anoxia sensibility in some
organisms [30].

Overall, OsTPS7 gene was up-regulated in response to abiotic (cold, heat, drought and
dehydration) and biotic (X. oryzea) stresses which may be due to the presence of cis-
elements in upstream of OsTPS7 gene (Figure 5). The GCCCORE (GCC box) reported
in the promoters of several PR genes, is associated with JA dependent defense responses
interacting with Ethylene response factors (ERF). Also, OsTPS7 gene contains a high
copy number of CGCGBOXAT cis-element involved in up-regulation of this gene in
response to abiotic and biotic stresses [31]. Our findings agreed with the report by [17]
in which GCCCORE element emerged as key regulator of various hormones and stress
responses which lead to improved plant survival during stress conditions.

St. Cerc. St. CICBIA 2021 22 (1) 19



SAIDI and HAJIBARAT

i 14 T LE.! 10 -1] ;l‘- I-'.'. 10 4 -] 1%
ik B
i; i;f; i = E 1'i'f-"‘i:"". ﬁ i‘: i E I e i b il U et dtedl
anblbaticn
CT T e EY
drowght

debhyvdration

Mornvzae

cold

Figure 5. Heatmap analysis of TPS genes in response to environmental stresses.
The microarray data for expression of 11 TPS genes under various abiotic and biotic
stress conditions

Microarray data indicated an up regulation of all expressed OsTPS genes during
different developmental stages which may be due to the presence of different cis-
elements in the promoter regions (Figure 6). As a result, these genes can play key roles
in different growth and developmental stages under environmental stresses. Os7TPS/ and
OsTPS7 genes were up-regulated during flowering stage indicating that these genes can
play an important role in multiple biological processes, including flower initiation and
seed yield [4]. Previous studies have shown that OsTPS1 overexpression in plants will
cause delayed flowering. This finding does not agree with our findings [32, 33].
Similarly, OsTPS5 and OsTPS8 were up-regulated in dough stage and OsTPS3,
OsTPSS, and OsTPSY genes were up-regulated during milk stage.
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Figure 6. Heatmap representation of expression analysis of OsTPS genes at different
developmental stages of O. sativa

Analysis of cis elements

To analyze the cis- elements in OsTPS genes, 1000 bp upstream region of the eleven
genes were extracted from the rice genome and analyzed using PLACE server (Figure
6). Regulatory elements predicted in OsTPS promoters were associated with phyto-
hormones, abiotic stress and developmental processes. Cis- elements were distributed in
the promoter regions of the OsTPS genes (Figure 7). The presence of hormone-
responsive elements (ABA, GA, and ET) could be interpreted as an indication that 7PS
genes might be involved in various phytohormones signaling pathway. Among the
CREs, CGCGBOXAT was the most abundant element in the promoter region of each
gene. This motif was involved in Ca2+/calmodulin regulation. Our results confirmed
previous reports that TPS expression levels increased under drought and other abiotic
stresses (ex., salt and temperature) in various plants [34 — 36].
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Figure 7. Cis regulatory elements detected in the promoter region of the genes and
their frequencies, the 1000 bp upper region of each gene were searched using the
PLACE database

Our results showed that GCCCORE and GTICONSENSUS elements were responsive
to ethylene signaling and SA hormone, respectively. Genes containing this cis element
can be regulated in response to light and salicylic acid [36, 37]. WRKY710S, a binding
element for WRKY71, encodes a transcriptional repressor of gibberillic acid signaling
and can be activated by cold, salt and dehydration stress in Musa spp. [31, 38].

Three different dehydration-responsive (DRE) elements including CBFHV, DRE, and
DRECRTCOREAT motifs were identified in our study. DREs are important motifs
regulated by dehydration, salinity and heat in an abscisic acid (ABA) environment.
These elements can improve different plant species (including model and crop plants) in
response to multiple stress tolerances [39]. LTRE element (LTRECOREATCORI1Y)
was identified in the promoter sequences of OsTPS. A report has shown that LTRE
element is a vital motif regulated in response to cold stress in OsTPS genes [40].
MYBCORE and MYCCONSENSUSAT were found in OsTPS genes under diverse
environmental stresses including biotic and abiotic stresses. MYBCORE and
MYCCONSENSUSAT motifs were identified in ABA and drought-responsive genes
[41 — 43]. Most of cis regulatory elements predicted in OsTPS promoters are regulated
under phytohormone stresses (ABA, gibberellin, ethylene, cytokinin) and abiotic
stresses. In particular, OsTPS1 contained the largest number of hormone and abiotic-
responsive elements, suggesting an important role in response to phytohormone and
abiotic stresses.

CONCLUSIONS

In summary, we surveyed 11 OsTPS genes from rice and identified their conserved
protein motifs, gene structure, chromosomal distribution and cis-elements in promoter
regions. According to phylogeny tree, gene structure and analysis of cis-elements,
OsTPSI gene was found to be different from other 7PS genes. OsTPS1 protein has
several conserved residues that make it possible to have enzymatic activity. The present
study revealed that OsTPS promoter contains cis-elements involved in various abiotic
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stresses (dehydration, cold) and hormonal (ethylene, ABA, GA, cytokinin and SA)
stress regulated in the promoter sequences. Based on heatmap analysis, OsTPS1 was up-
regulated during imbibition and anoxia. It is suggested that this gene can play an
important role in response to osmotic and abiotic stresses (low temperature, salinity and
anoxia). Also, OsTPSI gene plays a key role in flowering initiation in rice.
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