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Abstract

Background Salt Overly Sensitive 1 (SOST), a plasma membrane Na™/H* exchanger, is essential for plant salt toler-
ance. Salt damage is a significant abiotic stress that impacts plant species globally. All living organisms require copper
(Cu), a necessary micronutrient and a protein cofactor for many biological and physiological processes. High Cu
concentrations, however, may result in pollution that inhibits the growth and development of plants. The function
and production of mangrove ecosystems are significantly impacted by rising salinity and copper contamination.

Results A genome-wide analysis and bioinformatics techniques were used in this study to identify 20 SOST genes

in the genome of Kandelia obovata. Most of the SOST genes were found on the plasma membrane and dispersed
over 11 of the 18 chromosomes. Based on phylogenetic analysis, KoSOS1s can be categorized into four groups, similar
to Solanum tuberosum. Kandelia obovata’s SOST gene family expanded due to tandem and segmental duplication.
These SOST homologs shared similar protein structures, according to the results of the conserved motif analysis. The
coding regions of 20 KoSOST genes consist of amino acids ranging from 466 to 1221, while the exons include amino
acids ranging from 3 to 23. In addition, we found that the 2.0 kb upstream promoter region of the KoSOSTs gene con-
tains several cis-elements associated with phytohormones and stress responses. According to the expression experi-
ments, seven randomly chosen genes experienced up- and down-regulation of their expression levels in response

to copper (CuCl,) and salt stressors.

Conclusions For the first time, this work systematically identified SOST genes in Kandelia obovata. Our investigations
also encompassed physicochemical properties, evolution, and expression patterns, thereby furnishing a theoretical
framework for subsequent research endeavours aimed at functionally characterizing the Kandelia obovata SOST genes
throughout the life cycle of plants.
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Background

Plants are vulnerable to a range of unfavorable environ-
mental circumstances since their life cycle is sessile [1].
Plants naturally thrive in challenging environments [2],
and their natural surroundings consist of non-living and
living factors that cause stress [3]. Abiotic stressors, such
as excessive salinity and heavy metals, are the primary
limiting factors that negatively impact plant growth and
development. These stressors eventually have a detri-
mental effect on crop output and sustainability [4, 5].
Salinity is a major contributor to reduced crop yield, neg-
atively impacting plant vitality [1]. A significant amount
of arable land experiences increasing Na* concentration
([Na™]), making salinity stress a significant agricultural
concern [6, 7]. High levels of sodium ions (Na*) disturb
the balance of ion concentrations within cells and hinder
plant metabolism. As sodium (Na® is unnecessary for
plants, any excess amount of sodium ions [Na*] should
be removed or stored in specific compartments to mini-
mize the harmful effects of excessive ionic toxicity [6, 8].

Nonetheless, the productivity and function of the man-
grove ecosystem are strongly impacted by rising salinity
and heavy metal contamination [9]. Mangroves possess
unique mechanisms to cope with the stress caused by
salt exposure. These mechanisms enable them to conduct
gaseous exchange, reproduction, and physiological adap-
tations for salt exclusion and excretion [10]. Certain man-
grove species release organic chemicals at the molecular
level to control salt content and maintain osmotic bal-
ance [11]. Nevertheless, the efficacy of these mechanisms
that exclude and excrete salt in the presence of salt and
heavy metal stress is still unknown. Gaining insight into
these regulatory mechanisms during prolonged stress
could enhance our understanding and aid in developing
novel management solutions.

For numerous physiological processes, copper is a nec-
essary protein cofactor and is a vital component of all
living organisms [12]. Nevertheless, elevated levels of
Cu can result in pollution, resulting in a decline in plant
growth and hindered developmental processes [13]. As
stated by Cano-Gauci and Sarkar [14], the high reactiv-
ity of Cu can lead to substantial oxidative harm in cells,
impairments in germination, difficulties in flowering,
and delayed growth of roots. Eukaryotic organisms have
developed a mechanism to efficiently control the uptake
and distribution of copper in response to both deficien-
cies and surpluses of this vital element [15]. Copper plays
a crucial role in various physiological processes in plants,
including cell wall metabolism, removal of superoxide
radicals, photosynthesis, mitochondrial respiration, and
detection of ethylene gas [16]. Plants with low amounts
of copper have many abnormal characteristics, such
as decreased water transportation, impaired growth of
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young leaves, and slower growth and reproductive devel-
opment [17]. Shen et al. [18] reported that Kandelia Obo-
vata species exhibited different tolerance levels to several
heavy metals. It could withstand copper stress at a con-
centration of 400 mg/L. Hence, the experiment encom-
passed various concentrations of Cu solution, ranging
from O to 400 mg/L [19].

The Salt Overly Sensitive (SOS) signaling system is
crucial for plants to respond to salt stress. The compo-
sition comprises three constituents: SOSI, SOS2, and
SOS3 [20, 21]. SOSI is a transporter that moves Na*t
ions out of the root and into the xylem vessel for long-
distance transport [22]. The SOSI genes were initially
discovered in Arabidopsis [23, 24] and were named
AtNHX1-AtNHX8. AtNHX?7, also known as AtSOSI,
plays a crucial role in the SOS signaling system [25]. The
SOS1 protein is in the plasma membrane [26]. AtSOSI
expression is primarily seen in parenchyma along the
xylem-symplast border of the root, stem, and leaf, as
well as in epidermal cells at the tip of the root. This
implies that this transporter is involved in controlling
the long-distance movement of Na* in plants as well as
eliminating Na® from the plant into the surrounding
medium [27]. With 12 transmembrane domains in each
unit’s N-terminal region, SOSI operates as a homodimer.
It also has a long C-terminal region with three domains:
an auto-inhibitory domain, a cyclic nucleotide-binding
domain, and a cytosolic domain [20, 28]. Plant tolerance
to salt is regulated by SOS proteins [20]. The accumula-
tion of Na* in the xylem and shoot decreased as a result
of SOSI overexpression [26].

The physiological functions of the related SOSI genes
have also been studied in cash crop plants, including
Solanum tuberosum L. [20], wheat [29], tuber mustard
[21], Arabidopsis [6], maize [30], and Chenopodium
quinoa Willd. [31]. The GmSOSI mutants in soybeans
showed a notable buildup of Na' in their roots, lead-
ing to an imbalance between Na* and K*. This indicates
that GmSOS] is crucial in maintaining Na* homeostasis
and enhancing salt tolerance in soybeans [32]. The SOS
pathway in maize exhibits a preserved ability to tolerate
salt, and its components (ZmSOSI and ZmCBL8) play a
role in regulating Na* and displaying natural variability
in salt tolerance. This makes them valuable gene targets
to breed salt-tolerant maize [33]. However, its function in
Kandelia obovata has not yet been studied.

The existence of the SOSI gene family in Kandelia obo-
vata is not currently supported by published data. As
a result, this study represents the first time that SOSI
genes have been found throughout the whole genome
of Kandelia obovata. This work discovered, described,
and investigated the expression levels of 20 SOS1 genes
in response to CuCl, and salt treatments. To gain more
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comprehensive knowledge, various bioinformatics meth-
ods were used to examine different elements of the evo-
lutionary patterns of SOSI genes in Kandelia obovata.
Numerous features were examined in the investiga-
tion, such as subcellular localization, conserved motifs,
cis-elements, phylogenetic connections, chromosomal
distribution, physicochemical traits, gene structure, syn-
teny and duplication structures, and the expression pro-
files of SOSI homologs. In this study, the SOSI family in
Kandelia obovata is characterized and analyzed with an
emphasis on expression. With this study, we hope to lay
the theoretical groundwork for future research on how
the SOS1 family in Kandelia obovata plants responds to
treatments with CuCl, and salt.

Results

Genome-wide identification and characterization of SOS1
Family Members in Kandelia obovata genome

Kandelia obovata’s genome contains 20 SOSI genes,
much more than the previously reported SOSI in Tuber
mustard. The statistical results showed that the pro-
tein length ranged from 466 (KoSOS1007616) to 1221
(KoSOS1014074) amino acids; the average length was
735.8. The molecular weight of the SOS1 family ranged
from 51.43 (KoSOS1007616) to 131.93 (KoSOS1014074),
with an average of 80.62 kDa. The isoelectric points
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(pIs) of the KoSOS1 proteins varied from 5.07
(KoSOS1014074) to 9.58 (KoSOS1014977), respectively.
Instability Index varying from 27.51 (KoSOS1003260)
to 43.93 (KoSOS1007616). The SOSI family’s average
Aliphatic Index ranged from 100.72 to 122.51, while
KoS0S51013784 had the highest and KoSOS1012320 had
the lowest Aliphatic Index. Grand average hydropathy
index (GRAVY) values for 20 SOS1s showed a hydro-
phobic character, ranging from 0.089 (KoSOS1014074)
to 0.673 (KoSOS1012320). Next, the Nat/H* exchanger
(NHX) domain content of the candidates was verified
using the SMART program (Table 1). Determining the
subcellular location of SOSI proteins would facilitate a
better understanding of the molecular function. Twenty
SOS1s were most likely located in the plasma membrane,
lysosomal, vacuolar, golgi, endoplasmic reticulum, and
peroxisomal compartments, based on the subcellular
localization prediction of SOS1 proteins (Table 1, S1).

Chromosomal location of the SOST genes in Kandelia
obovata genome

The genomic chromosomal distribution of the discovered
SOS1 genes in Kandelia obovata was mapped to the rel-
evant chromosomes using the MapGene2Chromosome
(MG2C) program based on the genes’ chromosomal loca-
tions. The 20 SOSI genes were distributed in 11 of the

Table 1 Detailed information on the SOST gene family was identified in Kandelia obovata

Name Gene ID Size (AA) MW(KDa) pl Instability Index  AliphaticIndex GRAVY  Na+/H+Exchanger
Domain (start-end)
KoSOS1000168 ~ GWHGACBH000168.1 485 53.75 6.70 3859 110.68 0.496 25-137;178-385
KoSOS1000949  GWHGACBH000949.1 731 79.70 934 3441 109.64 0.357 30-432
KoSOS1002250  GWHGACBH002250.1 935 101.89 841 4050 108.66 0.275 155-546
KoSOS1002689 ~ GWHGACBH002689.1 519 5742 865 4365 107.05 0532 22-442
KoSOS1003260  GWHGACBH003260.1 549 59.66 6.03 2751 117.67 0.591 168-525
KoSOS1003751  GWHGACBH003751.1 821 90.80 921 4058 111.75 0.294 51-446
KoSOS1004234  GWHGACBH004234.1 560 60.25 527 2929 114.20 0.551 154-513
KoSOS1006610  GWHGACBH006610.1 808 87.24 552 4028 114.64 0.366 119-506
KoSOS1007241  GWHGACBH007241.1 541 5947 6.89 3937 110.06 0.56 25-444
KoSOS1007260  GWHGACBH007260.1 552 61.21 623 3720 108.97 0528 24-455
KoSOS1007616  GWHGACBH007616.1 466 5143 521 4393 102.10 0.298 31-212
KoSOS1008568 ~ GWHGACBHO008568.1 1054 118.40 6.52 3251 110.72 0373 22-227;199-403
KoSOS1009308  GWHGACBH009308.1 471 51.85 542 4383 102.51 0418 118-235,228-375
KoSOS1012320  GWHGACBH012320.1 610 66.32 553 2806 122,51 0673 191-561
KoSOS1013173  GWHGACBH013173.1 805 86.81 785  40.89 111.53 0427 31-426
KoSOS1013174  GWHGACBH013174.1 800 86.12 722 4024 111.62 0425 36-426
KoSOS1014074  GWHGACBH013784.1 1221 131.93 507 42 104.65 0.089 25-424
KoSOS1014977  GWHGACBHO014074.1 518 57.07 958 4216 113.15 0.563 33-439
KoSOS1015221  GWHGACBH014977.1 1146 126.76 6.24  39.83 101.60 0.108 10-416
KoSOS1013784  GWHGACBH015221.1 1124 124.39 6.83  43.10 100.72 0.099 621-995

AA' Number of amino acids, Chains? Positive or negative chains, MW Molecular weight, p/ Isoelectric point, GRAVY® Grand average of hydropathicity
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18 chromosomes of Kandelia obovata. Chromosome 3
(Chr3) had the largest SOSI genes at four, while chr5 had
only three SOSI genes. Each chromosome Chr6, Chr10,
Chr11, Chrl3, and Chrl4 contained one gene, and each
of the chromosomes Chrl, Chr2, Chr7 and Chrl2 con-
tained two genes (Fig. 1, Table S2). This result was in line
with a previous study that analyzed repeated events in
wheat, maize, potato and other species, indicating that
some SOSI family members were most likely derived
from repetitive events.

Three-dimensional and transmembrane structure
prediction

Using Clustalw, the protein sequences of the SOS1
homologs were aligned. Comparing homologs from
the same subfamily, the study showed that their protein
sequences were conserved (Fig. 2). Three transmembrane
domains (plsC, TrkA, and cNMP) were shown to be pre-
sent in SOS1s by domain analysis (PF0099) of Kandelia
obovata (Fig. 2). The SOPMA/prabi tool and the SWISS-
MODEL workspace were used to confirm the protein
structures of KoSOS1s (Fig. 3). The results of the domain
analysis indicated that the KoSOS1013174 had the
plsC domain, the KoSOS1006610, and KoSOS1013784
contained the TrkA domain, the KoSOS1014977 and
KoSOS1015221 contained the ¢cNMP domain, and the
KoSOS1014074 the amiloride binding domain. Accord-
ing to the findings, the KoSOS1 homologs may respond to
abiotic stress by performing conserved tasks. The KoSOS1
proteins were accurately simulated using the templates
I3BNLE3.1.A (KoSOS1000168), 4bwz.1.A (KoSOS1000949,
KoSOSI003751, and KoSOS1006610), 5bz2.1.A
(KoSOS1004234), K7LBCI1.1.A (KoSOS1009308), and
AO0A2P2LR79.1.A (KoSOSI014977) as depicted in Fig. 3.
The range of sequence identity observed in this study
varied from 16.80% to 94.36%. The maximum sequence

Chrl Chr2 Chr3, Chrd
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identity was observed in KoSOS1000168, and the mini-
mum was observed in KoSOSI003751. The values of
GMQE ranged from 0.26 to 0.73. The results of this inves-
tigation show that the 3D model predictions for KoSOS1
proteins are quite accurate and show the existence of helix
and strand structures. As shown in Fig. 3, the secondary
structures of the SOS1 proteins from Kandelia obovata
are similar to those seen in SOS1 proteins from other
species.

SOS1 protein phylogenetic relationships

To characterize the phylogenetic relationships among
SOS1 proteins from Kandelia obovata (Ko), Arabidop-
sis thaliana (At), Triticum aestivum L. (Traes), Solanum
tuberosum (St), Oryza sativa (Os), and Bruguiera gym-
norhiza (Bg), an unrooted NJ tree was constructed. A
total of 44 SOS1 proteins were used, including 20, 8, 11,
3,1, and 1 from Kandelia obovata (Ko), Arabidopsis thali-
ana (At), Triticum aestivum L. (Traes), Solanum tubero-
sum (St), Oryza sativa (Os), and Bruguiera gymnorhiza
(Bg), respectively. The SOS1 proteins were clustered into
four groups, i.e., group 1 (orange), group 2 (light green),
group 3 (light blue), and group 4 (light pink) (Fig. 4).
Group 1 contained eight genes and had the most mem-
bers (42.11%). Group 2 and Group 3 had 5 5 members
(26.32%), and Group 4 had two members (10.53%), respec-
tively. According to the phylogenetic tree, SOS1 proteins
could be classified into four groups: group 1 included
eight KoSOS1 proteins (KoSOS1000168, KoSOS1007241,
KoSOS10014074,  KoSOS1002689,  KoSOS1007260,
KOS0S1008568, KoSOS1007616, and KoSOS1009308),
Six AtNHX proteins (AtNHX1-6), four Traes proteins
(TraesCS2A02G121000, TraesCS1B02G112700, TraesC-
S1D02G093900, and TraesCS7A02G228400), and one
StSOS1 proteins (StSOS1-33). Group 2 included five

KoSOS1 proteins (KoSOS1006610, KoSOS1004234,

Fig. 1 Schematic diagram of the chromosomal location of Kandelia obovata’s SOST gene family. Twenty identified SOST homologs genes were
mapped to the 11 of 18 chromosomes. The chromosome name is at the top of each bar. The scale of the chromosome is in millions of bases (Mb)
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Fig. 2 The amino acid sequence has undergone multiple alignments utilizing data derived from each KoSOST gene. Sequence identity
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and similarity were represented by black, green, and grey letters, respectively. The asterisks (*) above the sequence represent every 10 amino acid

residues
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3D structure Secondary Structure Transmembrane helices
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KoS0OS1012320, KoSOS1003260, and KoSOS1013784),

three Traes proteins (TraesCS5B02G029000, TraesC-
S5D02G038600, and TraesCS5A02G030400). The group

3 comprises five KoSOS1 proteins (KoSOS1003751,
KoSOS1000949, KoS0OS1002250, KoSOS1013173,
and KoSOS1013174), two Traes proteins (TraesC-
S6A02G418500, and TraesCS6D02G408100), two
StSOS1 proteins (StSOS1-23, and StSOS1-28). Group

Fig. 4 A phylogenetic analysis of SOS1 proteins from Kandelia obovata (Ko), Arabidopsis thaliana (At), Triticum aestivum L. (Traes), Solanum
tuberosum (St), Oryza sativa (Os), and Bruguiera gymnorhiza (Bg) was carried out using the maximum likelihood method. The SOS1 proteins were

clustered into four groups, i.e., group 1 (orange), group 2 (light green), group 3 (light blue), and group 4 (light pink), each represented by a different

4 included two KoSOS1 proteins (KoSOS1015221 and
KoSOS1014977), two AtNHX proteins (AtNHX7/8),

two Traes proteins (TraesCS2A02G034700 and
TraesCS3B02G021600), one OsSOS1 protein (OsSOS1-1),

and one BgSOS1 protein (BgSOS1-1). The phylogenetic
relationships indicate that the SOS1 proteins in the Kan-

delia obovata are more strongly homologous to Triticum
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aestivum L., Solanum tuberosum, and Arabidopsis thali-
ana than to Oryza sativa, and Bruguiera gymnorhiza.

Gene structure and conserved motifs of KoSOST gene
family

To gain a deeper comprehension of the correlation between
the structure and function of these KoSOS1 proteins, an
analysis of gene structure and conserved motifs was con-
ducted to create separate phylogenies. A phylogenetic
tree was constructed utilizing the individual sequences
of the SOSI protein. The SOS1 proteins were categorized
into four distinct groups, and this tree represented the

r KoSOS1000168 e | ' Mottt
ﬂ! Motir2
L KkacOS10D72 AN | BS Mot 3
|t KoS051007241 R
» a2 m — MotttS
H KoSDS1002888 - - —— L ——
‘L Motit7
KoS051014074 AL RRN Mot
Mot 10
" — "omg
{— KoS051007260 LN | E
!;, KoS0S1008 AARRR
‘l* KoS0S1007618 1R
L KoS0S51009308 iR
— KoS0S51014077 —y
L KoS0S1015221 LR
KoS051004234 L
KoS051012320 | .
KoS 051003260 — RR R
KoS051013784 .
— KoS0S1008810 —N B
KoS051003751 S
< " -
KoS051000942 —»_5 =
KoS051002250 —AR_§]
KoS0S1013173 AR _pn
KoS0S51013174 AR
5 e

0 200 400 600 800 1000 1200 1400

Page 8 of 19

evolutionary groups described before. The study aimed to
examine the exon—intron patterns of SOSI genes in order
to investigate gene expansion in the Kandelia obovata fam-
ily. Through the analysis of exon—intron structures and
conserved motifs, as illustrated in Fig. 5, we discovered that
the SOS1 gene exhibits different numbers of exons (ranging
from 3 to 23) and introns (ranging from 0 to 6).

The number of introns of almost 60% of KoSOSI
genes was 2, while the remaining KoSOS1 genes exhib-
ited some introns of 0 (15%), 3 (20%), and 6 (5%). The
gene family known as SOSIs exhibits a diverse range
of gene structures, with most SOSI genes containing

LU L WUTR
cbs
R—
5, . : : - . 3
0 3000 6000 9000 12000 15000 13000

Fig. 5 Investigations were conducted into the gene structure and motif makeup of the SOST family genes in Kandelia obovata. The SOST genes
found in both genomes were classified into four unique groups according to their phylogenetic links, with a specific emphasis on the gene
structure of the SOSTs. The UTR sections are represented visually as green, while the CDS or exons are displayed in yellow. Introns are identified
by a black horizontal line. Moreover, the preserved patterns in the SOS1s are identified by a distinct letter. Colorful boxes with distinct motifs are

displayed
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two UTR/introns. The highest count of exons identi-
fied in KoSOS1014977 and KoSOS1015221 was 23,
respectively. KoSOS1013173, and KoSOS1013174,
KoSOS1000949 have only three exons, while
KoSOS1003751 have four exons, respectively. The
results of the other six KoSOSI genes showed that
the number of exons ranged from 11 to 20, as shown
in Fig. 5. The study revealed that the SOSI genes in
Kandelia obovata have a remarkably preserved gene
structure, indicating a significant resemblance to their
counterparts in closely related species.

To further investigate the diversity of changes in the
KoSOS1 family during evolution, the conserved motifs
of the 20 KoSOS1Is proteins were analyzed using MEME
online software, and ten different conserved motifs
(named motifs 1-10) were identified (Fig. 5). The con-
served motifs seen in all SOSI genes exhibited a range
of one to seven; similarly, the KoSOSI genes displayed
motifs ranging from four to 12. The results showed that
motif 8 has been detected in 12 proteins. Motifs 3 and 1
were identified in 11 and 10 proteins, and motifs 2, 5, and
6 were identified in nine proteins, while motifs 4 and 7
were identified in seven. Similarly, motifs 9 and 10 were
observed in four and five proteins. We also found that
motifs 1-7 were primarily distributed in Group 1, motifs
1-3 in Group 2, and motifs 5 and 8 in Group 3, whereas
motifs 8—10 were mainly distributed among Group 4.
This study’s results indicate a notable level of similarity in
the gene structure and amino acid sequence across indi-
viduals belonging to the same subfamily of KoSOS1s.

Diagram of cis-acting components of KoSOSI members
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Prediction of cis-elements in the promoter sequences

of KoSOS1 genes

To clarify which hormonal, environmental stress, or
developmental-related signal elements are involved in
these KoSOS1s, we performed a promoter analysis using
the PlantCARE server. A large number of basic com-
ponents were discovered in the upstream sequence
(2000 bp) regions, including ABRE, AuxRR-core,
CGTCA-motif, ERE, GARE-motif, P-box, TATC-box,
TCA, TCA-element, TGA-element, and TGACG-motif
were hormonal response-related elements; A-box devel-
opment-related elements, ARE, as-1, GC-motif, LTR,
MBS, STRE, TC-rich repeats, and WRE3 environmental
stress-related components (Fig. 6A, B, Table S3). In addi-
tion, 214 cis-elements involved in phytohormones (i.e.,
ABRE (58), AuxRR-core (2), CGTCA-motif (38), ERE
(36), GARE-motif (4), P-box (7), TATC-box (2), TCA
(4), TCA-element (19), TGA-element (5), and TGACG-
motif (39), responses were also identified in the promoter
sequences of SOS1 genes (Fig. 6). While 184 cis-elements
involved in environmental stress-related components,
including A-box (7), ARE (38), as-1 (38), GC-motif (6),
LTR (11), MBS (28), STRE (39), TC-rich repeats (6), and
WRE3 (11). The variation in the response components
demonstrated the regulatory functions of SOS1 genes in
numerous physiological and biological processes.

Synteny and Duplication Analysis of the KoSOS1 Family

According to a synteny analysis, Kandelia obovata
(Ko) and the other four inherited plant species, includ-
ing Arabidopsis thaliana (At), Populus trichocarpa (Pt),
Oryza sativa (Os), and Vitis vinifera (Vv) all have sub-
stantial orthologs of the SOS1 genes (Fig. 7). The KoSOS1
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Fig. 6 The KoSOS! gene promoters contain CREs, or regulatory elements. Twenty KoSOST genes with diverse functions in plant growth, defense,
stress response, and hormone response are represented graphically in (A). The predicted CREs' positional distribution on the KoSOST promoters

is shown by vertical bars. In this myth, each hue symbolized distinct cis-elements. (B) The number of cis-elements was indicated by different colors.
Numbers represent the number of cis-elements, while darker colors imply higher occurrence frequencies
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genes were unevenly distributed in different chromo-
somes, and some chromosomes have more KoSOSI
genes compared to others, with numbers ranging from
1 to 4 in each chromosome. Briefly, in chromosome 1,
two genes of Ko displayed syntenic associations with two
At-3/5, two Pt-5/13, one Os-5, and three Vv-5/8/14 chro-
mosomes. In chromosome 2, two genes of Ko showed
a collinear relationship with two At-3, two Pt-13/14,
one Os-7, and two Vv-5/7 chromosomes. On the other
hand, in chromosome 3, four genes of Ko showed a col-
linear relationship with five At-2 (2) and At5 (3), six
Pt-6/10/12/14/15/18, two Os-11/12, and two Vv-8/18
chromosomes. In chromosome 5, three genes of Ko
displayed syntenic associations with two At-3/5, four
Pt-5/9/13/14, one Os-5, and three Vv-3/5/14 chromo-
somes. In chromosome 6, one gene of Ko showed a col-
linear relationship with one Ptl6 chromosome, while
in chromosome 7, two genes of Ko showed a syntenic
relationship with one At-5, one Pt-16, and one Vv-19
chromosome. Similarly, each one gene of Ko displayed
syntenic associations with chromosome 10 (two At-2/5,
two Pt-6/18, and one Vv-11), chromosome 11 (two
At-1/5, two Pt-1/3, and one Vv-2), chromosome 13 (two
At-1/4, two Pt-8/10, and one Vv-1), and chromosome 14
(two At-2, two Pt-8/10, and one Vv-1). In chromosome
12, two genes of Ko showed a collinear relationship with
one At-1, two Pt-2/14, two Os-5/7, and two Vv-5/15 chro-
mosomes. The KoSOS1s gene family was largely shaped

{rabidopsis thaliana
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by segmental repetition and whole-genome duplication,
as evidenced by the survival of several homologs of the
genus Kandelia obovata (KoSOSIs) in syntenic asso-
ciations with Arabidopsis thaliana, Populus trichocarpa,
Oryza sativa, and Vitis vinifera.

Multiple homologs of Kandelia obovata, known as
KoSOS1Is, have consistently coexisted with Arabidopsis
thaliana, Solanum tuberosum, Populus trichocarpa, Vitis
vinifera, and Oryza sativa through a syntenic relation-
ship. This discovery indicates that both the repeating of
segments and the duplication of the entire genome were
important factors in the evolution of the KoSOSIs gene
family. New gene families and plant genomes are encour-
aged to evolve through segmental and tandem duplica-
tion. To gain a deeper understanding of the duplication
activities of the Kandelia obovata SOS1 gene, we con-
ducted an investigation into the segmental and tandem
duplications within the KoSOSI gene family. The chro-
mosomal dispersals of nine KoSOSI genes were evalu-
ated. Five sets of duplicated genes were found, as shown
in Fig. 8. The investigation revealed a single instance
of segmental duplication involving the gene pairs
KoSOS1000168 and KoSOS1007241, KoSOS1002689 and
KoSOS1007260, KoSOS1002689 and KoSOS1014074,
KoSOS1004234 and KoSOS1012320, and KoSOS1014977
and KoSOS1015221 on chromosomes Chrl and Chr5,
Chr2 and Chr6, Chr2 and Chr12, Chr3 and Chrl0, and

D (D D) (D) (D) (D) (D) () (o) (D) (Fes) (o)
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Fig. 7 SOST gene synteny study in the chromosomes of Vitis vinifera, Oryza sativa, Populus trichocarpa, Arabidopsis thaliana, and Kandelia obovata.
Kandelia obovata’s and the other four plant species’genomes’ collinear blocks are highlighted by the other colored lines, while the background's
grey lines draw attention to the syntenic SOST gene pairs. The box’s many colors stood for different kinds of plants
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Fig. 8 The KoSOST gene’s chromosomal distribution and interchromosomal connections are shown as circles. The syntenic blocks in the genome
of Kandelia obovata are shown by the grey lines in the background, while the red and blue lines represent the syntenic SOST gene pair

Chr13 and Chr14. Significantly, the KoSOS1 gene was not
present on the other chromosomes.

A thorough investigation was conducted to deter-
mine the Ka (non-synonymous substitution rate), Ks
(synonymous substitution rate), and the Ka/Ks ratio for
the Kandelia obovata SOSI gene family, with the aim
of enhancing our understanding of the evolutionary
limitations that impact it. The duplicated gene pairs of
KoSOS1s showed Ka/Ks ratios of 1.21, 1.03, 0.79, 1.56,

and 0.88. This indicates that the SOSI gene family in
Kandelia obovata may have experienced selective pres-
sures or a discriminating load during their evolutionary
history (Table 2).

Expression analysis of SOS1 genes Kandelia obovata leaves

under salt stress
We used qRT-PCR to examine the SOSI gene expression
level in Kandelia obovata leaves under five different salt
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Table 2 Detailed information on the Ka, Ks, and Ka/Ks ratio in Kandelia obovata

Name Method Ka Ks Ka/Ks Duplicated Type
KoSOS1000168 and KoSOS1007241 NG 1.28 1.06 1.21 WGD or Segmental
KoSOS1002689 and KoSOS1007260 NG 1.23 1.20 1.03

KoSOS1002689 and KoSOS1014074 NG 0.96 1.21 0.79

KoSOS1004234 and KoSOS1012320 NG 1.25 0.8 1.56

KoSOS1014977 and KoSOS1015221 NG 1.21 1.38 0.88

stress conditions (SO, S5, S10, S15, and S20%). A total
of seven SOSI genes were examined: KoSOSI1009038,
KoSOS000168, KoS0OS1014977, KoS0S1006610,
KoSOS51004234, KoSOS1000949, and KoSOS1003751
(Fig. 9). When compared to control (S5%), salt-stressed
leaves (S20%) exhibited considerably higher (p<0.05)
expression levels of the KoSOS1009038 gene. In S10%
and S15%, the expression level of KoSOS1009038 did
not change (p>0.05); however, in $25%, it did signifi-
cantly decline (p<0.05) in comparison to the control.
The KoSOS000168 gene was expressed at significantly
greater (p<0.05) levels in salt-stressed leaves (S10% and
S15%) compared to the control. Compared to the control,
KoSOS000168’s expression level significantly decreased
(p<0.05) in S25% but did not change in S20% (p >0.05).
In response to the S20%, the KoSOS1014977 gene
showed statistically significant (p <0.05) up-regulation in

expression when compared to the control group (Cu0),
but it remained unchanged (p>0.05) in the S10% and
S15%. In S25%, KoSOS1014977 expression level consider-
ably (p<0.05) decreased compared to the control. When
comparing salt-stressed leaves (S10%) to control, the
expression of the KoSOS1006610 gene was considerably
higher (p<0.05). The expression level of KoSOS1006610
considerably decreased (p<0.05) in S15%, S20%, and
S25% treatment compared to the control. The expres-
sion level of the KoSOS1004234 gene did not significantly
alter (p >0.05) in S5%, S10%, S15%, and S20% treatments,
it did considerably decrease (p<0.05) in S25% com-
pared to the control. In comparison to the control, only
one KoSOS1000949 gene was expressed at significantly
down-regulated (p <0.05) levels in all salt-stressed leaves
(510%, S15%, S20%, and S25%). When the KoSOS1003751
gene was compared to the control group (Cu0) in the
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Fig. 9 shows the results of the gRT-PCR study measuring KoSOST expression in leaves of seedling-stage Kandelia obovata plants under different
salt stress levels (S0, S5, S10, S15, and S20%). Using the Least Significant Difference (LSD) test, there is a significant difference (p <0.05) between all
conditions and the control group. An asterisk (*) is used to indicate the presence of significant discrepancies. A single asterisk (*) denotes

a significance level of p <0.05, whereas two asterisks (**) imply a significance level of p < 0.001. The vertical axis represents the relative gene

expression, whereas the horizontal axis depicts the KoSOST genes
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S20%, there was a statistically significant (p<0.05) up-
regulation in expression; however, in the S10% and S15%,
there was no change (p>0.05). The expression level of
KoSOS1003751 in S25% was significantly (p <0.05) lower
than that of the control. When subjected to S25% salt
stress, all SOS1 genes demonstrated significant down-
regulation, while KoSOS1000949 showed significant
down-regulation in all salt stress conditions (Fig. 9).

Expression analysis of SOS1 genes Kandelia obovata leaves
under copper stress

The expression level of the SOS1 gene in Kandelia obo-
vata leaves was analyzed under five distinct copper stress
conditions (Cu0, Cu50, Cul00, Cu200, and Cu400 mg
L) using qRT-PCR. Seven SOS1 genes (KoSOS1009038,
KoS0OS000168, KoSOS1014977, KoSOS1006610,
KoSOS1004234, KoSOS1000949, and KoSOS1003751)
were investigated (Fig. 10). Expression levels of the
KoSOS1009038 gene were increased (p <0.05) in copper-
stressed leaves (Cul00 and Cu400) compared to con-
trol. The expression level of KoSOS1009038 remained
unchanged (p>0.05) in Cu50, while in Cu200, the
expression level decreased (p<0.05) compared to the
control. The expression levels of KoSOS000168 and
KoS0OS81014977 genes did not show statistical significance
when comparing the KoSOS000168 expression in Cu50,
100, and 400, while KoSOS1014977 expression in Cu50,
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100, and 200 with the control group. However, these
genes exhibited statistically significant up-regulation
in the Cu200 and Cu400 groups compared to the Cu0
group. The KoSOS1006610 gene remained unchanged
(p>0.05) in Cu50, while it showed statistically significant
(p<0.05) up-regulation in expression in response to the
Cul00, Cu200, and Cu400 treatment, as compared to the
control group (Cu0). Only two genes, KoSOS1004234
and KoSOS1000949, exhibited statistically significant up-
regulation in the Cu50, Cul00, Cu200 and Cu400 groups
compared to the CuO group. The expression level of the
KoSOS1003751 gene was up-regulated in Cu50, Cu200,
and Cu400 but non-significant in Cul00 as compared
to Cu0 treatment. Comparison among KoSOSI genes
KoSOS1009038 showed significant down-regulation,
while KoSOS1004234 and KoSOS1000949 showed sig-
nificant up-regulation under copper stress. Genes includ-
ing KoSOS1009038, KoSOS000168, KoSOS1014977,
KoS0S1006610, and KoSOS1003751 showed no signifi-
cant change in expression (Fig. 10).

When comparing the effects of salt and copper stress, it
was observed that most genes exhibited reduced expres-
sion under all salt stress levels. The results indicate that
nearly all of the SOSI genes exhibited considerable
down-regulation under S25% salt stress. When compar-
ing the KoSOS1 genes, it was shown that KoSOS1009038
exhibited a considerable decrease in expression, but
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Fig. 10 Using gRT-PCR, the expression of KoSOSTs was investigated in the leaves of seedling-stage Kandelia obovata plants under various copper
stress conditions (Cu0, Cu50, Cu100, Cu200, and Cu400 mg L™"). The Least Significant Difference (LSD) test confirms a statistically significant
difference (p < 0.05) between the control group and all treatment groups. An asterisk (*) is used to indicate the presence of significant differences,
with * representing a significance level of p <0.05 and ** representing a significance level of p <0.001. The vertical axis represents the relative gene
expression, whereas the horizontal axis depicts the KoSOST genes
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KoSOS81004234 and KoSOS1000949 showed a large
increase in expression in response to copper stress.
KoSOS81000949 exhibited considerable down-regulation
under all salt stress conditions, while it displayed signifi-
cant up-regulation under all copper stress levels.

Discussion

Soil salinity is a major abiotic stress that crop plants in agri-
cultural field’s worldwide encounter, resulting in a decrease
in crop yield and production. Plants have developed the
SOS pathway as a means to attain salt tolerance [20, 34].
The SOS pathway, which consists of SOS1, SOS2, and SOS3,
is believed to regulate cellular signaling in response to salt
stress in order to maintain ion balance [35]. SOS1 has a cru-
cial role in determining the resistance of plants to salt [22].
The SOSI genes have been documented to enhance salt
stress resistance in various plant species, including potato
[20], wheat [29], tuber mustard [21], Arabidopsis [6, 23],
and quinoa [31]. Copper (Cu) is a vital element for all living
species. The transport of Cu through the cell membrane is
a critical step in maintaining Cu homeostasis [15]. Multiple
transporter protein types have been reported to facilitate
the absorption of copper [36]. Nevertheless, there is cur-
rently no information available regarding the response of
the SOSI genes in the common woody mangrove species
Kandelia obovata to copper-induced stress. In this study,
we utilized genome-wide analysis to identify a reduced
SOS1 gene family consisting of 20 members from the
genome of Kandelia obovata.

Kandelia obovata and B. sexangula are two types of
mangrove species that belong to the Rhizophoraceae
Pers. Family [37]. These species are known for their abil-
ity to exclude salt and are also related with the manage-
ment of heavy metals [38—41]. Kandelia obovata, a type
of woody plants, is primarily located in salt marshes
throughout tropical and subtropical areas spanning from
East Asia to Southeast Asia [41, 42]. Kandelia obovata
successfully adapts to transitional habitats where the land
and ocean meet, while facing both regular and irregular
tidal forces. These influences lead to elevated salinity lev-
els, significant erosion, and oxygen-deprived conditions
[43]. Mangrove trees are tolerant to high salinity levels
and can withstand considerable daily and yearly fluctua-
tions in salinity. Gaining a comprehensive understanding
of the molecular-level salinity tolerance mechanism in
mangroves is crucial for the development of crops that
can potentially be grown using the plentiful seawater
[44]. Prior research has shown that mangrove seedlings
can thrive in environments with exceptionally high levels
of heavy metals [37, 38], and endure salt stress [45, 46],
albeit with detrimental impacts on their growth. Man-
groves possess a significant capacity to accumulate met-
als, enabling them to serve as a biogeochemical buffer
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for heavy metal contaminants. This capability has been
demonstrated in several studies [37, 38, 40, 47]. This
study aims to identify crucial KoSOSI genes that exhibit
heightened sensitivity to abiotic stress. The objective is
to establish a foundation for investigating the regulatory
mechanisms of SOSI genes in Kandelia obovata.

The KoSOSI genes are crucial in plants for their response
to salt and copper stress. In this study, a total of 20 proteins
belonging to the Kandelia obovata SOSI family were classi-
fied into four distinct groups. The identification of six SOS
genes, namely SOS1, SOS2, SOS3, SOS4, SOS5, and SOS6,
was reported in Arabidopsis [23]. Plants that have been
genetically modified to produce higher levels of AtNHX1 or
SOS1 have shown a notable improvement in their ability to
withstand high salt levels [23]. Researchers discovered a total
of 37, 119, and 12 SOSI gene families in potato [20], wheat
[29], and tuber mustard [21]. The SOSI protein is produced
by the SOSI gene and acts as a hypothetical plasma mem-
brane Nat/H* antiporter, responsible for removing Na*
ions from plant cells. Thus, it helps maintain the balance of
K* and Na™ levels in plant cells and prevents the buildup
of Na* in plant cells [20, 21, 29, 32]. Our work discovered a
greater number of SOSI gene families in the Kandelia obo-
vata genome, which is noteworthy. Our findings indicate
that there are 20 SOSI homologs present in the genome of
Kandelia obovata. The number of SOSI genes in the Kande-
lia obovata genome exceeds that in tuber mustard, primarily
due to Kandelia obovata being an allopolyploid species.

El Mahi et al. [48] demonstrated that SOSI genes are
crucial in facilitating plants’ reactions to salt stress. Nev-
ertheless, there has been no comprehensive examination
conducted on the SOSI gene family in wheat, particularly
regarding its expression patterns when subjected to salt
stress. The chromosomal positions and collinearity sug-
gest that segmental duplications are significant in the
proliferation of SOSI members in wheat [29]. The phy-
logenetic analysis revealed that the SOSI genes obtained
from Kandelia obovata and five additional plant species,
specifically Arabidopsis thaliana (At), Triticum aestivum
L. (Traes), Solanum tuberosum (St), Oryza sativa (Os),
and Bruguiera gymnorhiza (Bg), were classified into four
main groups. The current investigation entailed the dis-
covery of 20 SOS1 genes from the genome of Kandelia
obovata. A phylogenetic analysis was performed, reveal-
ing that KoSOSIs and Solanum tuberosum (StSOSIs)
exhibited the most closely related relationship [20].

Based on our subcellular localization prediction of SOS1
proteins, we identified 20 KoSOSIs that are most likely
located in the plasma membrane. The subcellular locali-
zation of proteins has a crucial role in defining the func-
tion and accumulation patterns of plant proteins [49]. The
expression of CcSOSI in Chrysanthemum crassum was
seen in close proximity to the plasma membrane in onion
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epidermal cells that were temporarily converted [50]. The
expression of SOSI genes in the plasma membrane was
anticipated in potato [20], wheat [29], and tuber mustard
[21]. The cis-elements and functional properties of SOS1
gene promoters have been found in many species, includ-
ing potato [20], wheat [29], and tuber mustard [21]. In this
study, we conducted an investigation of cis-acting regula-
tory elements in the promoter region of SOSIs in Kandelia
obovata to gain a deeper understanding of their potential
function. The cis-regulatory elements were discovered to
encompass phytohormone and abiotic stressors, aligning
with earlier research findings in other species [20].

Various investigations have confirmed that KoSOSIs play
a role in numerous physiological reactions to salt and heavy
metal exposure. The main aim of this work was to investi-
gate the influence of salt and Cu stress on the expression of
KoSOS1, a particular gene. The findings indicated that the
expression levels of KoSOSI genes were seen to be both
upregulated and downregulated in response to both salt
and copper stress. Arabidopsis plants that have been geneti-
cally modified to have higher levels of the wheat SOSI gene
have enhanced ability to withstand the negative effects of
salt stress, as demonstrated in a study by Jiang et al. [29].
Prior research has demonstrated that SOS! is increased in
response to salt stress in Arabidopsis [51]. The expression
of SOS1 was markedly increased in leaf tissue during NaCl
stress (450 mmol/L) [31]. It may be possible to improve
crops’ and plants’ resistance to high salt and copper concen-
trations by using the KoSOS! genes as useful genetic modifi-
ers. Some SOSI genes in potato showed both up-regulation
and down-regulation in response to various stress condi-
tions [20]. Comparably, in wheat, the transcriptome analysis
showed that, under salinity stress, 28 and 26 genes, respec-
tively, were up- and down-regulated; of these, 18 genes were
further validated by RT-qPCR [29]. Similarly, in Kandelia
obovata, SOS1 genes were also found to be up-regulated and
down-regulated in the presence of salt and copper stress.

Conclusions

Kandelia obovata’s genome has 20 KoSOSIs, according
to this study’s genome-wide examination of the KoSOS1
genes. To learn more about the evolution of the SOSI gene
family in the Kandelia obovata genome, various analyses
were carried out, including gene identification, subcellular
localization, chromosomal distributions, domain and 3D
structural variation, phylogenetic tree, synteny and dupli-
cation analyses, gene structure, motif analysis, cis-regula-
tory elements, and expression profiling against different
salt and copper treatments. KoSOS1 genes were found on
Kandelia obovata’s 11 chromosomes. Four groups were
identified by the phylogenetic analysis based on the SOSI
proteins found in Kandelia obovata, Arabidopsis thaliana,
Triticum aestivum L., Solanum tuberosum, Oryza sativa,
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and Bruguiera gymmnorhiza. According to the expres-
sion profiles, most KoSOS1 genes expressed themselves
specifically in leaves and were mainly responsible for
salt and copper resistance to stressful conditions. These
results will also make identifying putative genes that
improve plant architecture in response to stressors easier
and pave the way for future KoSOSI gene breeding and
genetic upgrades in other crops. These procedures may
use CRISPR/Cas-mediated deletion, overexpression, and
other genetic changes.

Materials and Methods

Identification and characterization of SOST genes

in Kandelia obovata

The NCBI database (https://www.ncbi.nlm.nih.gov/,
BioProject/GWH, Accession codes: PRJCA002330/
GWHACBHO00000000) and the Kandelia obovata pro-
tein database (https://www.omicsclass.com/article/310)
were used to acquire the genomic sequences for Kandelia
obovata [42]. The hypothetical proteins were cross-ref-
erenced and validated using two databases: NCBI CDD
(with an E-value of 1.2e-28) and Pfam (available at http://
pfam.xfam.org/). The protein sequence analysis of SOSI,
which is connected with the domain profile, was con-
ducted using the Pfam database available at http://pfam.
xfam.org. Twenty SOSI family genes were found and
verified using the NCBI database (https://www.ncbi.nlm.
nih.gov/) and the Kandelia obovata genome database
(https://www.omicsclass.com/article/310) (Table S4, S5).
Protparam (http://web.expasy.org/protparam/) was uti-
lized to analyze the physicochemical properties.

Chromosomal distribution of SOS7 genes in Kandelia
obovata

All of the SOS1 genes in Kandelia obovata have their
genomic locations and protein sequences determined
using the NCBI database and https://www.omicsclass.
com/article/310. We also examined the chromosomal
distribution of SOS1 genes. The MapGene2Chromo-
some (MG2C) tool, available at http://mg2c.iask.in/mg2c
v2.0/, was used to determine the chromosomal location
of SOS1 genes in Kandelia obovata.

Phylogenetic tree construction

The protein sequences of SOSI genes from the following
species were used in the phylogenetic analysis: Kandelia
obovata (Ko), Bruguiera gymnorhiza (Bg), Triticum aes-
tivum L. (Traes), Oryza sativa (Os), and Solanum tubero-
sum (St). The MEGA11 (V 6.06) software, available at
www.megasoftware.net, was commonly utilized for pro-
tein sequence alignment. The phylogenetic tree was con-
structed using the neighbour-joining (NJ) method with
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Table 3 Information about the primers used in this study’s gene expression analysis by gRT-PCR
Gene Name Primer Name Sequence (5-3') Length Tm GC% Product Length
KoSOS1007260.1 1-F CCGCTGTTAGTTCAACGCTGTT 22 58.1 50 172
1-R GCTATGGTAACCGCACCTCTCA 22 582 54.5
KoSOS1007616.1 2-F TATCGGCAGCCTCCAGCAGATT 22 599 54.5 103
2-R GAGCACGGCGAAGCAGAGAATT 22 599 54.5
KoSOS1009308 3-F TTAGGCGAGAGTTTTGAGGGG 21 59.72 52.38 260
3-F GACTAATCCTCGGTGACAGGG 21 59.52 52.38
KoSOS1000168 4-F TGCCTCATCCAAAGCAACCA 20 60.18 50 120
4-R GTAGAACAGTGTGCCCACCA 20 59.89 55
KoSOS1007241.1 5-F GCCGAGCACAACACTGAACAGA 22 59.7 54.5 146
5-R GGAGAGGCAACTGAGCACTGA 21 59.3 54.5
KoSOS1008568.1 6-F CCGCTGAGAGGTTGATGAGGAA 22 58.1 545 171
6-R CAACGGTTGTCTTCGAGCAAGT 22 57.8 50
KoSOS1014074.1 7-F GGATGTGCTTGACACCGAGGAA 22 589 54.5 150
7-F CCGTCAGCTTCAGCTCATACCA 22 585 54.5
KoSOS1014977 8-F CACGATCACAGAGCCAGTTCCT 22 584 54.5 204
8-R CTTCGGCACCAGACTCATCACT 22 584 54.5
KoActin F CAATGCAGCAGTTGAAGGAA 20 62.1 45
R CTGCTGGAAGGAACCAAGAG 20 634 55

1000 bootstrap replicates. The phylogenetic tree was seen
and modified using Fig Tree V1.4.4.

Gene structure and significant motif analyses of the SOS1
family members

Kandelia obovata’s genome contains a total of twenty
(20) genes belonging to the SOSI family. Web software
(http://gsds.cbi.pku.edu.cn) determined the structural
analyses of 20 SOS1 genes and showed the exon/intron
arrangements of the SOSI genes. Among the protein
sequences of the 20 SOS1 proteins, the online pro-
gram MEME v5.4.1, accessible at https://meme-suite.
org/meme/tools/glam2scan, identified more conserved
regions or groups. The program used the following set-
tings: sequence alphabet (DNA, RNA, or protein); site
distribution (zero or one occurrence per sequence; clas-
sic mode for motif searching), and 10 motifs. The MEME
findings were displayed using the TBtools application
after downloading the corresponding mast file.

Synteny and duplication analysis

SOS1 gene synteny connections were determined in
Arabidopsis thaliana (At), Populus trichocarpa (Pt),
Oryza sativa (Os), and Vitis vinifera (Vv) using the
Minspan method (available online). To investigate the
evolutionary constraints of each SOS1I gene pair, the syn-
onymous (Ks), non-synonymous (Ka), and Ka/Ks ratios
were calculated using the KaKs Calculator 2.0 (https://
sourceforge.net/projects/kakscalculator2/).

Analysis and prediction of cis-acting elements of the SOS1
family

The Kandelia obovata genome assembly database
was used to collect two thousand (2000 bp) upstream
sequences of SOS1 family members. The PlantCARE
tool (http://bioinformatics.psb.ugent.be/webtools/plant
care/html/) was utilized to detect cis-regulatory elements
(CREs) in the obtained sequences. Figure 6 in TBtools
was generated using the most prevalent cis-regulatory
elements (CREs) identified for the SOS1 genes based on
the frequency count of each CRE motif.

3D structure and subcellular localization

SWISS-MODEL  (https://swissmodel.expasy.org/inter
active) can be used to estimate the three-dimensional
(3D) structure.

Secondary structure refers to the local folding patterns
of a protein or nucleic acid, precisely the arrangement of
its amino acid or nucleotide residues. NPS@: SOPMA is
a secondary structure prediction tool available at ibcp.fr.

Link to the transmembrane structure: https://services.
healthtech.dtu.dk/services/ TMHMM-2.0/

The subcellular location of the SOS1 family genes was
predicted using two online tools.

(1) ProtComp 9.0 can be accessed at the following link:
http://linux1.softberry.com/berry.phtml?topic=protc
omppl&group=programs&subgroup=proloc

The user has entered the word "CELLO". Server: cello.
life.nctu.edu.tw/.
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Plant material and environmental conditions

The research used one-year-old Kandelia obovata seed-
lings, three treatments, ten to twelve plants per treat-
ment, and three replications. The seedlings were got and
planted in the mangrove conservation site at Golden Bay
Mangrove Reserve, which is located in Beihai, Guangxi
Province, China. The site is located at the geographical
coordinates of 109.22° N and 21.42° E. The soil was irri-
gated with CuCl, solution and received regular morn-
ing and evening watering with seawater from the nearby
area, as part of semi-natural agricultural techniques.
Five different CuCl, concentrations (0, 50, 100, 200, and
400 mg/L) were used for the treatments during two years.
These concentrations are Cu0, Cu50, Cul00, Cu200,
and Cu400. A starting concentration of 0 mg/L of Cu0
was used in the control treatment, which used local sea-
water. The soil sample utilized in this experiment had a
Cu concentration below 1.0%, which was categorized as
non-polluted [48]. The different salt concentrations were
given twice a day after the transplanting, using either
pure seawater or a combination of saltwater and sea salt
to obtain the appropriate level of salinity. Seawater sam-
ples were taken near the shore as necessary between
November 2017 and November 2019. From 2017 to 2018,
the average salinity was recorded to be 19.74+1.14%
(n=21). However, from 2019 to 2020, the average salinity
increased to 22.12+0.69% (n=39). The concentrations of
5, 10, 15, 20, and 25% were represented by the five dis-
tinct salt levels—S5, S10, S15, S20, and S25. A starting
concentration of S5% was used in the control treatment,
which used local seawater. Plant samples were gathered
to evaluate the various parameters after two years of salt
and copper treatments. Our recently published paper
Shang et al. [9] and Liao et al. [52] describes the precise
procedures and quantification of soil characteristics,
including the application of Cu and salt solution, evalu-
ation of soil properties, and Cu and salt content in soil.

Quantitative Real-Time PCR Assays

With the help of TRIzol (Invitrogen, http://www.invit
rogen.com), total RNA was isolated from the leaves pre-
viously indicated. Quantitative real-time PCR (qQRT-PCR)
testing was carried out using the 2722°T method on ABI
PRISM 7500 Real-time PCR Systems from Applied Bio-
systems. Table 3 includes a comprehensive list of the
exact KoSOSI gene primers used in this study. These
primers were produced using the primerdesigning tool
provided by the National Center for Biotechnology Infor-
mation (NCBI) (https://www.ncbi.nlm.nih.gov/tools/
primer-blast/. The actin gene (GWH-TACBH010383.1)
was utilized as an internal control. Based on the sequence
provided by Sun et al. [53], the reference gene for Kan-
delia obovata (KoActin) was chosen. Primers CAATGC
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AGCAGTTGAAGGAA and CTGCTGGAAGGAACC
AAGAG were used as the forward and reverse prim-
ers, respectively. The statistical analysis was performed
using GraphPad Prism 9.0.0, and the Student’s t-test was
conducted.

Statistical analysis

The data was analyzed using one-way ANOVA in SPSS
version 13.0. The results were shown as the mean SD
(Standard Deviation) of the three replicates. Five differ-
ent copper stress levels (Cu0, Cu50, Cul00, Cu200, and
Cu400 mg L) and five different salt levels (S5, S10, S15,
$20, and S25%) were compared for differences in leaf
mean values using an LSD (least significant difference)
test at p<0.05. The statistical software GraphPad Prism
9 (https://www.graphpad.com; was used to make the
graphs.
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