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Molecular characterization and
expression analysis of the
remorin genes in tomato
(Solanum lycopersicum L.)

Hui Li', Xiao Wang', Yue Zhuo, Shuisen Chen, Jingwei Lin,
Hui Ma* and Ming Zhong*

Key Laboratory of Agricultural Biotechnology of Liaoning Province, College of Biosciences and
Biotechnology, Shenyang Agricultural University, Shenyang, China

Remorin (REMs) are plant-specific and plasma membrane-associated proteins
that play an essential role in the growth and development of plants and
adaptations to adverse environments. To our knowledge, a genome-scale
investigation of the REM genes in tomato has never been systematically
studied. In this study, a total of 17 SIREM genes were identified in the tomato
genome using bioinformatics methods. Our results demonstrated that the 17
members of SIREM were classified into 6 groups based on phylogenetic analysis
and unevenly distributed on the eight chromosomes of tomato. There were 15
REM homologous gene pairs between tomato and Arabidopsis. The SIREM gene
structures and motif compositions were similar. Promoter sequence analysis
showed that the SIREM gene promoters contained some tissue-specific,
hormones and stress-related cis-regulatory elements. Expression analysis
based on gRT-PCR (Real-time quantitative PCR) analysis showed that SIREM
family genes were were differentially expressed in different tissues, and they
responded to ABA, MeJA, SA, low-temperature, drought and NaCl treatments.
These results potentially provide relevant information for further research on the
biological functions of SIREM family genes.

KEYWORDS

tomato, remorin, gene family, genome-wide analysis, expression pattern

Introduction

Remorin proteins are a plant-specific and plasma membrane-associated proteins
(Raffaele et al., 2013), which are found in gymnosperms, angiosperms, pteridophytes
and bryophytes (Checker and Khurana, 2013). The first remorin protein with predicted
structure was derived from a ¢cDNA library of potato leaves, with predicted relative
molecular weight 21.769 KD, containing 198 amino acids, rich in glutamic acid and lysine,
11 of the first 50 amino acids in the N-terminal are proline, and a coiled-coil domain in the
C-terminal is predicted (Reymond et al., 1996; Pawson et al., 1995). The C-terminus of
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Remorin protein is a very conserved coiled-coil with amino acid
residues ranging from 70 to 80 (Reymond et al., 1996), and the N-
terminus amino acid residues vary greatly between species (Marin
and Oft, 2012). A specific short sequence in the C-terminus of
remorin protein mediates the binding to plasma membrane (PM),
which is called REM-CA (Perraki et al., 2012; Raffaele et al., 2013).
REM-CA is an essential region for oligomerization and is directly
involved in the interactions of other proteins (Marin and Ott, 2012;
Toth et al.,, 2012). The amino acid sequence composition and length
of the N-terminal part of Remorin protein change significantly
(Bariola et al., 2004), which determines the complex function of
remorin protein. The N-terminal disordered region of remorin
protein in plants can be used as a signal element for protein
interactions. According to the structural diversity of the N-
terminal, the remorin family members have been classified into 6
groups according to their functions (Raffaele et al., 2007).

Remorins are very important for plant growth and
development. The rice remorin gene OsREM4.1, which is
specifically localized to the plasma membrane and plasmodesmata
(Gui et al,, 2014; Gui et al.,, 2016). Remorin protein encoded by
GSDl is attached to PM mediated by S-acylation and overexpression
of GSDI leads to increased remorin protein, carbohydrate
accumulation in leaves, reduced soluble sugar content and
reduced rice grain size (Gui et al., 2015). The LONG PANICLEI
(LPI) gene encodes a remorin protein, which affects panicle
development in rice (Liu et al, 2016). In tomato, SIREM
positively regulates fruit ripening by affecting the biosynthesis of
ethylene and lycopene (Cai et al., 2018).

Abiotic stress is a major environmental factor and quality that
adversely affects plant growth and productivity. For example, plants
are often exposed to various environmental abiotic stresses,
including drought, soil salinity, and low temperature (Gong et al.,
2020). Transcriptome and proteome data analysis showed that
remorin proteins can respond to various abiotic stresses,
including drought, salt stress and low-temperature conditions in
Arabidopsis and rice (Bray, 2002; Reddy et al., 2002; Nohzadeh
etal., 2007). The expression of MiREM gene was induced by salt and
dehydration stresses in mulberry leaves. Overexpression of MiREM
gene in Arabidopsis enhances drought and salt-stress tolerance
(Checker and Khurana, 2013). The expression of SiREM6
increased after high-salt, low-temperature and exogenous ABA
conditions in foxtail millet (Setaria italica) (Li et al., 2013).
Overexpression of SIREM6 increased the tolerance of Arabidopsis
to high salt during germination and seedling stages (Yue et al,
2014). DaCBF7 from Deschampsia antarctica in transgenic rice
plants upregulates remorin gene expression, thus improving cold
tolerance (Byun et al,, 2015). Similarly, the expression of TaREM4.1,
TaREM4.2 and TaREM4.3 increased in wheat, which improved
tolerance in low-temperature stress (Badawi et al., 2019).
Therefore, the remorin protein plays an important role in plant
stress resistance.

Tomato (Solanum lycopersicum L.) is a fleshy fruit model plant
and highly significant vegetable crops grown worldwide (Gerszberg
et al., 2015). Different unfavorable environmental conditions
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significantly reduce the productivity and fruit quality of tomato
(Wai et al., 2020). Remorin genes are ubiquitous in plants, playing
key regulatory roles in many biological processes such as plant
development and stress response. However, the remorin family
genes in tomato are unknown, and no comprehensive analysis of
this family in tomato has been reported. In this study, we identified
the remorin gene family members and analyzed their
structural characteristics, chromosomal distribution, phylogenetic
relationship, collinearity, conserved motifs and promoter elements.
To better understand the potential functions of the remorin gene
family in tomato, we performed gene expression analysis in several
tissues and in response to various stresses and hormone treatments.
Our results provided a theoretical foundation for exploring the
potential functions of SIREM genes in abiotic stress responses and
regulating development.

Materials and methods
Plant materials and growth treatments

Seeds of wild-type (WT) tomato (Solanum lycopersicum Mill. cv.
Ailsa Craig) were planted in potted soil, and seedlings were grown
under normal temperature conditions (16 h light/8 h dark
photoperiod). All hormone treatments seedlings were performed
using comparable growth at 28 days of age, and then the tomato
seedlings were sprayed with water, 100 UM ABA, 50 UM MeJA and
50 uM SA solutions (control), respectively. For NaCl treatment, the
seedlings were treated with 200 mM NaCl solution. For low
temperature treatment, the seedlings were placed in a growth cabinet
at 4°C for 24 h. For drought treatment, the seedlings were transferred to
1/2 nutrient solution containing 20% PEG-6000. Meanwhile, the
following samples were then collected: the tissues of roots, stems,
leaves, shoot apexes, flower buds, full blooming flowers at the anthesis
stage, and green and mature fruits. Tomato leaves were collected at 0, 6,
12 and 24 h after stress treatment. The collected samples were frozen in
nitrogen and stored at —80°C until use. All samples were tested with
three biological replicates, and each replicate consisted of ten seedlings.

Identification of the SIREM genes in the
tomato genome

All tomato genome sequence and protein sequences were
downloaded from Sol Genomics Network. The HMM of the REM
protein domain (remorin-C and remorin-N) was downloaded from
the Pfam database (http://pfam.sanger.ac.uk/). HMMER 3.1 was
used to screened protein sequences containing remorin domains
from the genome database. The number of putative SIREM amino
acids, molecular weight (MW), theoretical isoelectric point (pI)
were analyzed using the ExPASy (website https://web.expasy.org/
protparam/) (Xiong et al., 2015). The subcellular localization of the
REM proteins was carried out with Wolf PSORT (https://
wolfpsort.hgc.jp/) (Artimo et al., 2012).
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Chromosome localization and
collinearity analysis

TBtools software was used to was drawn the chromosome
distribution of SIREMs based on the tomato genome (Chen et al,
2020). MCScanX was adopted to analyze the collinearity of REM
genes between Arabidopsis and tomato (Wang et al., 2012), and
then the collinearity diagram was drawn with MapChart sotware
(Voorrips, 2002). We used PAL2NAL (http://www.bork.embl.de/
pal2nal/index.cgi)? to calculate the dy/ds value of duplicate gene
pairs (Goldman and Yang, 1994).

Construction of phylogenetic tree

Arabidopsis, rice and maize REM protein sequences were
obtained from the Ensembl Plant database. We compared the
identified SIREM sequences with the amino acid sequences of
AtREM, OsREM and ZmREM proteins with MEGA7 program
(Kumar et al., 2016). Subsequently, a multiple sequence alignment
was used to construct a maximum likelihood tree with the LG +
Gamma model and a bootstrap value of 1000 replicates in MEGA?7.

Analysis of gene exon-intron structures
and protein conserved motifs

The structure of the SIREMs gene in tomato was drawn using
the Gene Structure View tool of TBtools according to the introns-
exon position information (Chen et al, 2020). The conserved
domains of the tomato remorin proteins was identified by MEME
website (http://meme-suite.org/tools/meme). The maximum
number of motif number was set as 10, and the other parameters
were set as default values (Bailey et al., 2009).

Analysis of cis-acting elements in SIREM
promoter regions

The 2000 bp sequences located upstream of the translation
initiation codon for the SIREM genes was extracted using TBtools.
The promoter elements in the sequences were analyzed with
PlantCARE software (http://bioinformatics.psb.ugent.be/webtools/
plantcare/html/) (Lescot et al., 2002).

RNA extraction and quantitative
real-time PCR

Total RNA was isolated from the collected samples using a Plant
RNA Extraction kit (Tiangen, Beijing, China). The complementary
DNA was synthesized using the StarScript II First-strand cDNA
Synthesis Mix kit (GenStar, Beijing, China) with 2 uL RNA as the
template. The tomato EFla gene was used as an internal reference
gene (Aoki et al, 2010). Then qRT-PCR was performed with a
CFX96TM real-time fluorescent qPCR system (Bio-Rad, USA)
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using SYBR Green kit (Tiangen, Beijing, China). The gene-
specific primers used for qRT-PCR were designed by Primer 6.0
in Supplementary Table 1. The amplification program conditions
were as follows: step 1: 95°C for 2 min; step 2: 40 cycles of 95°C for
15 s, 60°C for 30 s; and step 3: melting curve analysis. Each sample
was replicated three times. The relative expressions level of the
SIREM genes was calculated using the 2"**“" method (Livak and
Schmittgen, 2001). SPSS 20.0 was used to analyze the relative
expressions and Origin 9.0 was used to complete the histogram of
relative expression.

Results

Genome-wide identification and sequence
analysis of SIREM genes

In this study, a total of 17 putative REM genes were identified in the
tomato genome according to the two domain, N-terminal (Pfam ID
PF03766) and C-terminal (Pfam ID PF03763) regions of the encoded
proteins and validating in SMART Conserved Domain Search Service.
These 17 REM genes were sequentially renamed from SIREMI to
SIREM17 based on their physical location on the chromosome basic
information. The physical and chemical properties of SIREM genes
were analyzed (Table 1). The result showed the predicted SIREM
protein sequences ranged from 153 amino acids (SIREM2) to 589
amino acids (SIREM9). The predicated molecular weight and
isoelectric point (pI) ranged from 17.10 kDa (SIREM12)-64.96 kDa
(SIREMY), and 5.64 (SIREM5)-10.13 (SIREM14). The putative SIREM
protein subcellular localizations showed that most SIREM proteins
might be located in the nucleus, which, two REMs proteins (SIREM14
and SIREM17) might be localized in the cytoplasm.

Chromosomal location and collinearity
analysis of the SIREM genes in tomato

The 17 of SIREM genes were distributed unevenly across the 8
chromosomes (Chr). Most SIREM genes were found on Chr 4 (SIREM?,
SIREMS8 and SIREM9) and Chr 5 (SIREM10, SIREM11 and SIREM]12).
Chr 8 had only one SIREM gene (SIREM16). Chr 7, 9 11 and 12 lacked
SIREM genes (Figure 1). Closely related genes on the same chromosome
that are less than 200 kb apart are defined as tandem duplication,
otherwise they are defined as segmental duplication (Cheung et al,
2003). To better understand the expansion mechanism of the SIREMs,
we examined the genome segmental and tandem duplication events in
SIREM gene family. We found 5 segmental duplication events among
the SIREM gene pairs (Figure 2A). In the five pairs of collinear
relationships, SIREM5 was paired with SIREM2 and SIREM13,
respectively, while the others were one to one paired.

Moreover, we also examined the REM homologous gene pairs
between tomato and Arabidopsis. The results showed that there
were 15 collinear gene pairs between 17 SIREMs and 16 AtREMs
(Figure 2B; Supplementary Table 2). SIREM5, SIREM7, SIREMS,
SIREM10 and SIREM17 were collinear with two AtREM genes
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TABLE 1 Analysis of amino acid sequence characteristics of SIREM gene family in tomato.

Gene name Gene ID Chr® AA® (aa) Mw*© (kDa) pld SL®
SIREM1 Solyc01g008180.3 1 522 58.11 8.81 Nuclear
SIREM2 Solyc01g094370.3 1 174 19.17 9.03 Nuclear
SIREM3 Solyc02g064990.3 2 387 42.69 9.36 Nuclear
SIREM4 Solyc02g090900.3 2 377 41.79 9.78 Nuclear
SIREM5 Solyc03g025850.3 3 197 21.85 5.64 Nuclear
SIREM6 Solyc03g123590.3 3 373 41.52 6.65 Nuclear
SIREM7 Solyc04g005470.3 4 315 36.09 9.84 Nuclear
SIREM38 Solyc04g015520.3 4 303 34.18 6.57 Nuclear
SIREM9 Solyc04g078810.3 4 589 64.96 9.92 Nuclear
SIREM10 Solyc05g012550.3 5 385 4298 9.76 Nuclear
SIREM11 Solyc05g014710.3 5 335 37.80 9.02 Nuclear
SIREM12 Solyc05g048820.3 5 153 17.10 9.74 Nuclear
SIREM13 Solyc06g035920.3. 6 185 20.52 7.67 Nuclear
SIREM14 Solyc06g069590.3 6 196 22.37 10.13 Cytosol
SIREM15 Solyc08g045640.3 8 494 56.29 9.61 Nuclear
SIREM16 Solyc10g017540.3 10 199 22.29 8.97 Nuclear
SIREM17 Solyc10g080220.2 10 738 82.80 8.23 Cytosol

“Chromosome location.

®Amino acid number.
“Molecular weight.

9ITheoretical isoelectric point.

“Subcellular localization.

(AtREM10-AtREM15, AtREM6-AtREMI1, AtREMI11-AtREMS,
AtREM6-AtREMI1 and AtREMII1-AtREMS), respectively.
SIREM?2, SIREM3, SIREM4, SIREM6 and SIREM11 were collinear
with one AtREM gene, respectively.
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Chromosomal distribution and localization of SIREM family genes in tomato. The chromosome names are shown at the top of each chromosome,
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Collinear analysis of the REM gene family in tomato. a Chromosomes 1-12 are represented by different colors rectangles. The gray lines indicate

synteny blocks in the tomato genome, while orange lines between chromosomes delineate segmental duplicated gene pairs. b Synteny analysis of
REMs between tomato and Arabidopsis. Gray lines denote the collinear blocks between tomato and Arabidopsis genomes and the lines of different
colors denote the syntenic gene pairs of REMs. Orange rectangles represent the tomato chromosomes (1-12) and yellow rectangles represent the

Arabidopsis chromosomes (1-5).

(Supplementary Table 3). Where a dy/dg ratio >1 is the positive
selection, a ratio equal to 1 is the neutral selection, and a ratio <1 is
the purifying selection (Yadav et al,, 2015). The dy/dg value of all
tomato gene pairs was less than 1, indicating that most of the
SIREM genes were purifying selection. Most pairs of genes in
tomato and Arabidopsis had dy/ds less than 1, indicates that the
SIREM gene family primarily underwent purifying selection. Five
pairs of genes in tomato and Arabidopsis had dy/ds greater than 1,
indicative of positive selection. The one gene pairs with dy/ds value
close to 1, indicative of neutral selection.

Phylogenetic analysis in tomato
REM proteins

To analyze the phylogenetic relationships among remorins,
total 67 REM proteins were collected from Arabidopsis (16), M.
truncatula (10), rice (18), maize (10) and tomato (17) to construct
the phylogenetic tree (Figure 3; Supplementary Table 4). These
REM proteins were clustered in six main evolutionary branches.
Among the 67 REM proteins, 22 belonged to groups 1-3, 7
belonged to group 0.2, 10 belonged to group 4, 10 belonged to
group 5, and 16 belonged to group 6. Group 2 comprised only two
proteins from M. truncatula. The 17 SIREM proteins from tomato
were divided into five groups on the basis of their structural features
and phylogenetic relationships (Figure 4A; Supplementary Table 4).
Five SIREM proteins (SIREM2, 5, 12, 13 and 16) belonged to groups
1-3. The N-terminal and C-terminal remorin domains were all
detected in SIREM2, 5, 12, 13 and 16, which belonged to group 1.
Three SIREM belonged to group 0.2, two SIREM proteins belonged
to group 4, three belonged to group 5, and four belonged to group 6.

Frontiers in Plant Science

05

Gene structure and conserved motif
analysis of SIREM genes

The exon/intron patterns and conserved motifs based on their
phylogenetic relations (Figure 4A). The results showed that the
number of exons varied from 2 to 8 in SIREM genes (Figure 4B),
with two exon in SIREMS, three in SIREM11, four in SIREM3, 4, 7,
14 and 16, five in SIREM2, 5, 10, 12 and 13, six in SIREM1, 6 and 15,
seven in SIREM17 and eight in SIREMO.

A total of 10 conserved motifs among different groups of SIREM
proteins were identified using MEME tool. The lengths of these
motifs range from 8 to 86 amino acids (Figure 4C; Supplementary
Figure 1; Supplementary Table 5). The SIREM protein family
members have highly conserved motifs, and all SIREMs contain
motifs 1. Motifs 1, 2, and 3, which were detected in the remorin C-
terminal domain, were widely present in all the SIREM proteins.
Motif 4, which was identified in the N-terminal region, was present
in SIREM2, 5, 12, 13 and 16. In addition, the SIREM proteins in the
same group shared common motifs distribution patterns.

Cis-element analysis of the SIREMs
promoter regions in tomato

To elucidate the expression and regulatory mechanism of 17
SIREM gene family members in tomato, we analyzed the promoter
sequence of SIREM genes using the PlantCARE tool (Figure 5;
Supplementary Figure 2). The 13 predicted hormone-related cis-
elements, such as the abscisic acid responsive element (ABRE),
gibberellic acid (GARE-motif), salicylic acid (SA) (TCA-element)
responses, methyl jasmonate (MeJA) responsive element; TGACG-
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FIGURE 3

Phylogenetic relationship of SIREM proteins among Arabidopsis (16), M. truncatula (10), rice (18), maize (6) and tomato (17) using the Maximum
Likelihood Method (1000 bootstrap). The lines of different colors indicate different groups. Square, triangles, star, circles and check mark represent
remorin proteins of Arabidopsis, M. truncatula, rice, maize and tomato, respectively.

10.3389/fpls.2023.1175153

motif), and auxin (AuxR-core, TGA-box, and TGA-element). In
addition, stress-related cis-elements were abundant in the promoter
regions of SIREM genes, including dehydration reaction element
(MYC); the anaerobic induction element (ARE); drought-responsive
element (MBS); heat shock protein responsive element (STRE);
pathogen response element (W-box); trauma response element
(WUN-motif); low-temperature responsiveness (LTR) and defense-
and stress-responsive elements (TC-rich repeats). In addition,
meristematic expression regulation elements (CAT-box) was present
in individual SIREM promoters. The different types and numbers of cis-
elements in the promoters may be responsible for multiple functions of
SIREMs through complex regulatory mechanisms.

Expression analysis of tomato SIREM genes
in different tissues

To examine the possible functions of SIREM genes in the growth
and development of tomato, the expression patterns of SIREM genes
in different tissues and organs were analyzed using qRT-PCR
(Figure 6). The SIREM genes were expressed in diverse tissues.
The SIREM genes were expressed in different tissues, indicating they

Frontiers in Plant Science

have diverse functions. Among the 17 SIREM genes, SIREM2, 4, 9,
10, 15 and 17 were highly expressed in all tissues. SIREM13 were
highly expressed in the stem, leaves, flower and green fruit. The
SIREM14 expression levels were also high in all tissues, except for in
the flower and mature fruit. The SIREMI16 expression levels were
highly abundant in all tissues, except for in the root and flower bud.
The SIREM1 expression levels were also high in all tissues, except for
in the root and mature fruit. Moreover, SIREM6 and SIREM7 was
not expressed in green fruit, SIREMII was not not expressed in
mature fruit, SSREM8 was not expressed in the stem, SIREM5 was
not expressed in the flower bud, SIREM3 was not expressed in the
root. SIREM12 was specifically expressed in the flower. The results
indicated that these SIREM genes might play a key role in tomato
growth and development.

Expression patterns of SIREM genes under
different treatments

For explore the potential responsiveness of SIREM genes to
hormones, qQRT-PCR experiments were carried out under different
hormones treatments (Figure 7). Under ABA treatment
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(Figure 7A), all of SIREMs had significantly differences compared
with 0 h. Compared to the 0 h, the expressions of SIREM2, SIREM10
and SIREM 13 were up-regulated, and the expressions of SIREM4
and SIREM16 were down-regulated. The expression of SIREM2 and
SIREM8 were increased firstly and then decreased. SIREM6 and
SIREM9 showed early down-regulation followed by up-regulation.
Notably, SIREM13 showed the most significant response to ABA,
and its expression increased more than 6 times at 9 h compared
with the 0 h. Under 50 MeJA treatment (Figure 7B), SIREM2,
SIREM6, SIREM13 and SIREMI17 were significantly up-regulated
(Figure 7C), and the expressions of SIREM4 was down-regulated.
Notably, SIREM12 showed significantly regulated by SA treatment,
and its expression increased more than 4 times at 12 h compared
with the 0 h.

To analyze the expression pattern of tomato SIREM members to
abiotic stresses, the expression profile under abiotic stresses (cold,
drought and NaCl) was analyzed using qRT-PCR (Figure 8). Under
low-temperature treatment (Figure 8A), SIREM2 and SIREM 17 were
significantly up-regulated (>10-fold), while expression levels peaked
at 24 h. Notably, SIREMI2 were up-regulated after drought
treatment, and its expression increased more than 9 times at 12 h
compared with the 0 h (Figure 8B). Under NaCl treatment
(Figure 8C), SIREMI1 and SIREM1I2 were up-regulated. The
expression of SIREM2 showed early responses to NaCl stress,
though their expression decreased at 9 h. Our results provide a
basis for the the potential important functions of the SIREM genes
in the future.
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Discussion

Remorin family genes are involved in developmental processes
and abiotic stress responses (Checker and Khurana, 2013; Li et al.,
2014; Yue et al.,, 2014; Gui et al., 2016; Cai et al., 2018; Badawi et al.,
2019). REM gene families have been identified in several higher
plants, such as Arabidopsis (Bhat et al., 2005), rice (Raffacle et al,
2007), wheat (Triticum aestivum L.) (Badawi et al., 2019), foxtail
millet (Setaria italica) (Wang et al., 2022), potato (Solanum
tuberosum L.) (Jacinto et al.,, 1993), tobacco (Nicotiana tabacum
L) (Mongrand et al, 2004) and Medicago trunculata Gaertn.
(Lefebvre et al., 2007). However, the REM gene family in tomato
has not been studied in detail. In this study, we comprehensively
analyzed SIREM genes in tomato, including genome-wide
identification, physicochemical properties, chromosome location,
collinear relationship, gene structure and conserved motifs, cis-
acting elements and expression patterns. Seventeen SIREM genes
were identified in tomato genome and renamed as SIREM1-17 based
on their chromosomal location (Table 1). Compared with rice (20),
wheat (20) and foxtail millet (21), the amount of REM in tomato
was much less, which might be related to the genome sizes and
genome-wide doubling events.

Chromosome mapping (Figure 1) found that the SIREM genes
located on Chr 4 and 5 were the most distributed, with the number
of 3 and 3, respectively. Chr 8 had only one SIREM gene (SIREMI6).
Chr 7, 9 11 and 12 lacked SIREM genes. Tandem and segmental
duplications have played important roles in expanding the gene
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families in the plant genome (Cannon et al, 2004; Flagel and
Wendel, 2009), and segmental duplication is more conducive to
the maintenance of gene function in the process of gene replication
(Lynch and Conery, 2000). In our study, the SIREM gene had no
tandem duplication gene pairs, but that there were 5 homologous
gene pairs existed among SIREMs and 15 pairs of collinear genes in
Arabidopsis and tomato (Figures 2A, B), indicating that SIREM
genes expand primarily through segmental duplication of the
chromosome. In addition, the amplification of OsREM genes in
rice is also through fragment replication, which was consistent with
our results. Furthermore, the dy/ds values of most SIREM
duplication gene pairs was less than 1, indicating that most
SIREM genes underwent purification selection. The calculated
dn/ds value of five SIREM duplication gene pairswas was greater
than 1, indicating positive selection pressures. The one gene pairs
with dy/ds value close to 1 was likely affected by neutral
evolutionary processes. This analysis indicates that purification
selection plays a critical role in the evolution of the SIREM gene
family and could help to maintain the their the basic function of
genes (Supplementary Table 3).

According to the phylogenetic tree, SIREM proteins were
clustered into five groups (Figure 3). And they have a close
evolutionary relationship with SIREM proteins in dicot
Arabidopsis. This suggests that SIREMs are highly conserved in
plant evolution. In addition, we analyzed the exon-intron
arrangements and conserved motifs of SIREM genes based on
their phylogenetic relations (Figure 4A). The exon/intron
structure of genes is an important indicator of the evolutionary
relationship among the members of a gene family (Long et al,
2003). Our results showed that the number of exons in SIREM genes
were various, ranging from 2 to 8, and tomato REM genes in the
same group had similar exon/intron structures (Figure 4B). While
the distribution pattern of exon/intron structures was different from
genes in the same group, which may be due to a number of reasons
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(Rogozin et al., 2005). A total of 10 conserved motifs were identified
in the amino acid sequence of SIREM genes. Additionally, the
SIREM proteins in the same group shared similar motifs
distribution patterns (Figure 4C), indicating that SIREM proteins
within the same group have conserved functions. In groups 1-3, the
SIREM proteins primarily comprised motifs 1, 2, 3, and 4, which are
the basic remorin motifs. Motifs 1, 2, and 3, which were detected in
the remorin C-terminal domain, were widely present in all the
SIREM proteins, suggesting that they have been conserved during
evolution, thus maintaining the essential characteristics of the
remorin family. In contrast, motif 4, which was identified in the
N-terminal region, has been reported that it varies (Bariola et al.,
2004). Motifs 5, 6, 7, and 8 were detected in the remorin proteins of
group 5, whereas motifs 5, 6 and 8 were the characteristic domains
in group 6. The motifs in group 4 were relatively complex. Motifs 9
was detected in the remorin proteins of group 4, and motifs 10 was
detected in the remorin proteins of group 0.2 (Figure 4C;
Supplementary Figure 1; Supplementary Table 5). Moreover, the
diversity of motifs indicates functional differences among the
examined proteins.

The cis-acting elements in the gene promoter region are binding
sites for specific transcription factors, which regulate the precise
initiation and transcription efficiency of gene transcription (Carrier
et al,, 2020). So far, many cis-acting elements have been well
characterized and grouped into different groups (Hadiarto and
Tran, 2011). We have identified a number of cis-acting elements
in the promoter regions of tomato REM genes, including stress-
responsive regulatory elements: MYC, STRE, LTR, ARE, MBS,
WUN-motif and TC-rich repeats; hormone-responsive regulatory
elements: ABRE, GARE motif, TCA-element, TGACG-motif, and
TGA-element (Figure 5; Supplementary Figure 2). The widely
present of these cis-acting regulatory elements of SIREM
suggested that they might play a crucial role in plant growth,
development and stress resistance.
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FIGURE 6

Expression levels of SIREMs in various tomato tissues. Tissue specific of SIREM expression was tested by gRT-PCR. R, St, L, SA, FB, FF, GF and MG
represent root, stem, young leaves, shoot apexes, flower bud, full blooming flower, green fruit and mature fruit, respectively. Error bars represent the
standard error (SE) of three biological replicates. The p value was calculated through student’s t-test. Asterisk indicate the significant difference
compared with control. * and ** indicate p<0.05 and p<0.01, respectively.

The specific expression patterns of genes at different  deltoides, PAREM is mainly expressed in leaf buds, and immature
developmental stages in different tissues provide a new insights  and mature phloem (Li et al, 2013). In wheat, TaREM was
into the function of tomato REM family genes. In plants, REM genes  expressed in different tissues like leaves, stems, crowns, and roots
have been identified in many tissues. In foxtail millet and A.  (Badawi et al, 2019). In the present study, qRT-PCR expression
thaliana, several members of the REM family were expressed in  analysis of SIREMs showed that most of the examined tomato
the vascular system (Bariola et al, 2004; Yue et al,, 2014). In P.  remorin genes were expressed in all or some of the eight analyzed
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Expressions analysis of SIREMs genes in response to ABA (A), MeJA (B), SA (C) treatments. The expression levels of SIREMs were tested by gRT-PCR.
0, 6, 12 and 24 h represent 0, 6, 12 and 24 h under different treatment, respectively. Error bars represent the standard error (SE) of three biological
replicates. The p value was calculated through student’s t-test. Asterisk indicate the significant difference compared with control. * and ** indicate

p<0.05 and p<0.01, respectively.

tissues. Among them, SIREM1, SIREM3, SIREM12 and SIREMI5
were highly expressed in flower. Thus, SIREM members may
function in flower and fruit development. Simultaneously, we also
detected a abundant expression of tomato SIREM genes in the
mature fruit tissues, suggesting a different regulation mechanism of
SIREMs in fruit ripening (Figure 6). In summary, these results show
that the SIREM genes might play important roles in tomato growth
and development.

Plant hormones, such as ABA, SA and MeJA, regulate plant
responses to biotic and biotic stresses (Jones, 2016; Kumar, 2014;
Carvalhais et al, 2017). In A. thaliana, REMs are induced by
binding of transcription factors to specific cis-elements, including
ABA-dependent and ABA-independent pathways (Raffacle et al,
2007). In addition to ABA, REM genes are regulated by several
hormones including SA, MeJA, and brassinosteroids (Gui et al.,
2016; Kong et al,, 2016; Hu et al., 2013). In this study, the expression
levels of most SIREM genes were differentially regulated under the
ABA, SA and MeJA treatments. For example, the expressions of
SIREM2, SIREM10 and SIREM 13 were up-regulated under ABA
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treatment; SIREM2, SIREM6, SIREM13, and SIREMI17 were
significantly up-regulated under MeJA treatment; the expressions
of SIREM3, SIREMS, SIREM12, SIREM13 and SIREM17 were up-
regulated under SA treatment (Figure 7). Our results indicated that
SIREM genes might be participate in the regulation of ABA, JA and
SA signaling pathways. In addition, REM genes are also involved in
responds to different abiotic stresses. Overexpression of MiREM
gene in Arabidopsis improved drought and salt-stress tolerance
(Checker and Khurana, 2013). The expression of SiREM6 increased
after high-salt, low-temperature and exogenous ABA conditions in
foxtail millet (Setaria italica) (Li et al, 2013). Overexpression of
SiREMG6 increased the tolerance of Arabidopsis to high salt during
germination and seedling stages (Yue et al.,, 2014). DaCBF7 from
Deschampsia antarctica in transgenic rice plants upregulates
remorin gene expression, thus improving cold tolerance (Byun
et al,, 2015). In our study, we detected the expression levels of 17
SIREM genes under low-temperature, drought, salt stresses. We
found that most SIREM genes showed differentially regulated in
response to different abiotic stresses (Figure 8). These results
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control. * and ** indicate p<0.05 and p<0.01, respectively

indicate that SIREM genes may play an important role in the
response to abiotic stress in tomato resistance and their functions
need to be further explored.

Conclusions

In this study, a total of 17 REM motif-containing genes in tomato
genome and performed a systematically study on SIREM genes. This
included physicochemical properties, chromosome distribution,
collinearity analysis, phylogenetic relationships, gene structures,
conserved motifs, promoter cis-acting elements and expression
profiles. The 17 SIREM genes were divided into 6 groups based on
their protein sequences and unevenly distributed across the on eight
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chromosomes. The SIREM gene structures and motif compositions
were similar. Promoter sequence analysis indicated that there were
some tissue-specific and stress-related elements in SIREMs promoter
regions. Expression analysis of SIREM family genes indicated that
SIREM genes plays an important role in tomato growth and
development, stress and hormone responses. In summary, the
present work provides a foundation for future study on the role of
SIREM gene functions in tomato.
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