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Abstract: The Na*/H" antiporter (NHX) gene family plays a pivotal role in plant salt toler-
ance in regulating intracellular Na* and H* homeostasis. In this study, seven candidate
OsNHX genes (OsNHX1 to OsNHX7) were identified in the rice genome and classified into
three phylogenetic clusters (Vac, Endo, and PM) based on their predicted subcellular local-
ization. Five OsNHX gene pairs (OsNHX1/OsNHX2, OsNHX1/OsNHX3, OsNHX1/OsNHX4,
OsNHX2/OsNHX6, and OsNHX5/0OsNHX6) were found to have arisen from dispersed
duplication events and exhibited purifying selection, indicating functional conservation.
Analysis of cis-regulatory elements (CREs) revealed a diverse range of elements associated
with tissue-specific expression, hormone signaling, and stress responses, particularly to de-
hydration and salinity. Notably, CREs associated with tissue/organelle-specific expression
and stress responses were the most abundant, suggesting a potential role for OsNHX genes
in regulating growth, development, and stress tolerance in rice. Importantly, expression
profiling revealed that OsNHX1, OsNHX2, OsNHX3, and OsNHX5 were upregulated un-
der salt stress, with significantly higher expression levels in the salt-tolerant rice cultivar
Pokkali compared to the salt-sensitive cultivar IR64. Our findings provide a comprehen-
sive analysis of the evolutionary, structural, and functional features of the OsNHX gene
family and highlights their critical role in rice salt tolerance, offering insights into potential
applications for crop improvement.

Keywords: conserved motifs; evolutionary relationship; NHX gene family; rice; salt stress

1. Introduction

Salinity stress, characterized by excessive accumulation of Na* ions within plant
cells, disrupts essential physiological processes and impairs plant growth and develop-
ment [1,2]. These adverse effects are primarily due to the induction of ion toxicity [3],
the inhibition of water absorption [4], nutritional imbalance [5], and oxidative stress [6],
ultimately leading to a significant decrease in the overall crop productivity [2,7]. Therefore,
understanding the mechanisms of salinity tolerance, particularly the roles of genes such as
Na*/H" exchangers (NHX), high-affinity potassium transporters (HKT), and salt overly
sensitive (SOS) transporters, is crucial for developing strategies to improve crop yield in
saline environments.
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Plants cope with salinity stress through various physiological, biochemical, and molec-
ular mechanisms. These include the regulation of growth and development, ion homeosta-
sis, osmotic regulation, ion transport, detoxification, and the accumulation of compatible
solutes [8,9]. Among these adaptive mechanisms, maintaining cellular ion and pH home-
ostasis is a critical strategy for plant survival and growth under salt stress [10].

Na*/H* /K" transporters, which are members of the integral membrane protein family,
are well-established for their pivotal role in maintaining ion homeostasis under saline condi-
tions. They regulate the influx and efflux of Na*, H*, and K* ions, retain K* in the cytosol,
and sequester toxic ions, such as Na* into the vacuole [8,11]. These proteins primarily belong
to families such as HKT, NHX, and SOS transporters. Many studies have demonstrated
the role of these transporters in ion transport, sequestration, and compartmentation into
cells and organelles, enabling plants to adapt to salinity stress [12-14]. While some HKT
transporters were found to mediate Na*-K* cotransport into root cells [15,16], both NHX and
SOS transporters act as antiporters, exchanging Na*/H* /Li* ions across the vacuole, Golgi
apparatus, or plasma membrane [17,18].

Na*/H"* exchangers are also known as NHXs in plants, NHEs in animals, or NHAs in
the yeast S. cerevisiae [11]. In plants, all Na* /H* exchangers belong to the CPA1 protein
subfamily, which is conserved in most organisms, from algae to flowering plants [19,20].
Based on protein sequence similarity and subcellular localization, members of the CPA1
family are divided into two primary clades: NHX/NHE and NhaP/SOS, located in intracel-
lular (IC) and plasma membrane (PM) compartments, respectively [19,21]. The NhaP/SOS
clade, derived from the prokaryotic NhaP protein, encompasses NHX antiporters responsi-
ble for Na*/H" exchange across the plasma membrane [19,22]. In contrast, all identified
plant NHX proteins belong to the intracellular (IC) group, further divided into class I
(tonoplasts, such as vacuolar) and class II (endosomal compartments like the trans-Golgi
network) [23,24]. Previous studies have shown that the NHX protein family typically con-
sists of 10 to 12 membrane helices (TMs), in which the amiloride binding site (FFIYLLPPI)
located at TM3 of the N-terminus is a characteristic feature of Vac-class NHX proteins [25,26].
In general, Na*/H" antiporters contain the Na*/H* exchanger domain (PF00999) found in
the Pfam database [27].

In the model plant Arabidopsis thaliana, the Na* /H" antiporters comprise eight mem-
bers, which are divided into three subgroups based on their location, revealing their diverse
functions in salt tolerance, pH regulation, and cellular development [11,25]. Specifically,
AtNHX1-4 is referred to as the vacuolar NHXSs class, primarily sequestering excess Na+ into
the vacuole [28]; AtINHX5 and AtNHX6 are located in the endosomal compartments [23];
and AtNHX7-8 proteins are found in the plasma membrane [29]. The Arabidopsis NhaP pro-
tein, also known as AtSOS1 (sometimes referred to as AtNHX?7), is responsible for Na*/H*
exchange across the plasma membrane, while its homolog, AtNHX8, only conducts Li* /H*
exchange [22]. Although the NHX gene family has been extensively studied in Arabidopsis,
rice may have evolved distinct structures, levels of conservation and functions for these
genes. Furthermore, the expression patterns of OsNHX genes and their associated CREs
may differ between rice and Arabidopsis under various environmental conditions. Therefore,
a comparative analysis of OsNHX genes with their Arabidopsis counterparts could reveal
important differences in their functions and regulatory mechanisms.

Previous studies have demonstrated the role of NHX genes in enhancing salt tolerance
in rice. For instance, Fukuda et al. (2011) reported that salt stress, hyperosmotic stress,
and ABA stress induce the expression of OsNHX1, OsNHX2, OsNHX3, and OsNHX5 in
rice, highlighting the potential role of these genes in salt tolerance [30]. Another study
showed that introducing the OsNHX1 gene into perennial ryegrass enabled the plant to
withstand high salt concentrations (350 mM) for 10 weeks [31]. Similarly, in a study by
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Han et al. (2014), transgenic tobacco plants overexpressing the wheat TaNHX3 gene
exhibited enhanced salt tolerance as a result of improved physiological processes [32].
Furthermore, the overexpression of the AtINHX1 gene from Arabidopsis thaliana in tomatoes
and the SsSNHX1 gene from Salsola collina in Medicago sativa L. significantly improved salt
tolerance in these plants [33,34]. These studies collectively demonstrate the role of NHX
genes in enhancing salt tolerance, not only in rice but also in other plant species.

Although Na*/H" antiporters in rice have been cloned and functionally character-
ized, demonstrating their effectiveness in regulating intracellular Na*/K* balance [35]
and improving salt tolerance [30,36], a comprehensive and systematic investigation of
these antiporters has not yet been fully conducted. In this study, we identified Na*/H*
antiporters from the genome of Oryza sativa L. using a comprehensive in silico approach
and the well-characterized AtNHX1-8 proteins as references. Additionally, several features
of OsNHX genes were analyzed, including gene structure, conserved protein domains, syn-
teny analysis, phylogenetic relationships, analysis of cis-regulatory elements, and OsNHX
gene expression profiles. By integrating genomic, phylogenetic, and comparative analyses,
this study aims to elucidate the contribution of Na*/H* antiporters to salinity stress adap-
tation as well as provide significant insights into the functional diversity and conserved
characteristics of Na* /H" antiporters in rice.

2. Materials and Methods
2.1. Identification and Characterization of NHX Genes in the Rice Genome

The rice NHX genome and Arabidopsis thaliana (AtNHXs) gene sequences were re-
trieved from the Phytozome V13 database (https:/ /phytozome-next.jgi.doe.gov/, accessed
on 13 May 2024) [37]. To identify Na*/H" transporter genes in rice (Oryza sativa L.),
we utilized the following approaches: Firstly, we used query sequences (PF00999) to
screen all Na*/H" antiporter protein sequences from the rice genome in the Phyto-
zome V13 database. Secondly, putative Na*/H" antiporter protein sequences were fur-
ther identified by aligning them with the AtNHXs (AtNHX1 to AtNHX8) sequences
(E-value cut-off of 1.0 x 10719 to eliminate the cation/H* exchanger (CHX) and the
K* efflux antiporter (KEA). Next, to reduce redundancy, candidate genes with more
than 90% sequence identity were excluded. Finally, the Hidden Markov model (HMM)
(https:/ /www.ebi.ac.uk/Tools/hmmer/search/phmmer, accessed on 13 May 2024) with
default parameters [38], SMART (http://smart.embl-heidelberg.de/, accessed on 13 May
2024) [39], and Batch CD-Search (https:/ /www.ncbi.nlm.nih.gov/cdd, accessed on 13 May
2024) [40] tools were employed to verify the presence of the conserved Na*/H* exchanger
domain in the NHX protein structure. Candidate proteins possessing at least one such
domain were definitively classified as Na*/H* antiporters in Oryza sativa.

The ExPASY website (https://web.expasy.org/protparam/, accessed on 14 May 2024)
was used to predict and calculate the physical and chemical properties of Na* /H" proteins,
such as the isoelectric point (pI) and the molecular weight (MW). The number of trans-
membrane domains (TM) and the signal peptide of NHX proteins were predicted using the
Phobius online tool (https://phobius.sbc.su.se/index.html, accessed on 14 May 2024) [41].
The online tool Netphos 3.1 (https:/ /services.healthtech.dtu.dk/services/NetPhos-3.1/,
accessed on 14 May 2024) was used to predict phosphorylation sites of amino acids in
OsNHX proteins [42].

2.2. Phylogenetic Analysis of NHX Family Proteins in Several Species

To investigate the phylogenetic relationships among NHX genes, we used OsNHX
protein sequences from the Phytozome V13 database and six other plant species, including
Arabidopsis thaliana, Solanum lycopersicum, Cucurbita maxima, Lonicera japonica, Populus
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trichocarpa, and Sorghum bicolor, which were obtained from published articles [43-45]. The
amino acid sequences of the NHX protein of rice and six selected species were used for
multiple sequence alignment with the MUSCLE algorithm, and then a phylogenetic tree
was constructed using the neighbor-joining (NJ) method with MEGA version 11 software
with the bootstrap value of 1000 replicates [46]. The rice NHX genes were classified into
subgroups (e.g., Vac, Endo, PM) based on their evolutionary relationships and predicted
subcellular locations.

2.3. Gene Structures and Conservative Domains, and Cis-Regulatory Element Analysis

The gene structure (exon/intron organization) was analyzed using the nwk file of the
phylogenetic tree of OsNHX genes and genomic DNA and coding sequences in the online
tool Gene Structure Display Server (GSDS) 2.0 (http://gsds.gao-lab.org/, accessed on 14
May 2024) [47].

To further analyze the conserved domains of the OsNHX protein family members in
Oryza sativa, the MEME suite online program (MEME version 5.57, http:/ /meme-suite.org/
tools/meme, accessed on 14 May 2024) was used for motif analysis, with a base width of
6-50 aa and a maximum number of 10 motifs [48].

For cis-regulatory elements, the 1500 nucleotide sequences upstream of OsNHX genes
were extracted from the Phytozome V13 database and then analyzed using the Plant
Cis-Acting Regulatory Element (http:/ /bioinformatics.psb.ugent.be/webtools/plantcare/
html/, accessed on 14 May 2024).

2.4. Chromosome Location, Ka/Ks Ratio, and Duplication Analyses of NHX Genes

The chromosomal locations of the identified OsNHX genes were determined using
rice genome annotation information from the Phytozome database and visualized us-
ing the TB tool [49]. To gain insights into the duplication event of OsNHX genes and
their evolutionary history, collinearity analysis of OsNHX genes was performed using the
DupGen_finder tool on The Plant Genome and Gene Duplication Database (PlantGGD,
http://pdgd.njau.edu.cn:8080/, accessed on 17 May 2024) and visualized with the de-
fault parameters of the MCScanX software in the TB tool version 2.142. The Ka/Ks ratios
(non-synonymous/synonymous substitution rates) were calculated for pairs of dupli-
cated OsNHX genes using MEGA 11 software to evaluate the selective pressure during
their evolution [50].

2.5. Secondary Structure Analysis and the Three-Dimensional (3D) Structure Model Prediction

The secondary structure of OsNHX proteins was analyzed by NPS@: GOR4 (https:
/ /npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA /npsa_gor4.html, accessed
on 21 June 2024) [51]. The 3D structures of OsNHX proteins were created by using the
I-TASSER tool (https:/ /zhanggroup.org/I-TASSER/, accessed on 21 June 2024) [52]. The
obtained results of the OsNHX protein were visualized by using the ICN3D tool (https:
/ /www.ncbinlm.nih.gov/Structure/icn3d/, accessed on 27 July 2024).

To detect the diversity and conservation of OsNHX proteins, we retrieved 16 NHX
protein sequences from various organisms: Oryza sativa (OsNHX1-OsNHX7), Arabidopsis
thaliana (AtNHX1, AtNHX6, AtNHX7, AtNHXS), Solanum lycopersicum (SINHX1), Pyrococ-
cus abyssi (PaNhaP), Escherichia coli (EcNhaA), and Thermus thermophilus (TtNapA), and
Homo sapiens (SLC9A3_NHEB3). These proteins were aligned using the T-COFFEE server
(https:/ /tcoffee.crg.eu/, accessed on 21 June 2024) [53] to highlight the ND-motif and the
amiloride binding site domain (FFI/LY/FLLPPI).
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2.6. Comparative Analysis of Cis-Regulatory Elements and GO of OsNHX Genes

To identify cis-regulatory elements (CREs), we extracted 1500 bp upstream sequences
(from the start codon) of OsNHX genes from the Phytozome V13 database and analyzed
them using the New PLACE database [54]. Predicted CREs were classified into different
groups based on their functions. These groups were visualized using the pheatmap and
ggplot2 packages in R.

The GO Enrichment tool (https://plantregmap.gao-lab.org/go.php, accessed on
21 June 2024) was used to perform GO ontology (GO) analysis for NHX genes in rice.
The TB tool version 2.142 was used to visualize the components and distributions of the
annotated GO terms.

2.7. In Silico Analysis of OsNHX Gene Expression Profiles in Rice

The expression profiles of OsNHX genes were identified using publicly available
transcriptomic data downloaded from NCBI GEO (https:/ /www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE60287, accessed on 12 November 2024) [55]. These data include
the following: GSM1470309 (IR64-Control), GSM1470311 (Pokkali-Control), GSM1470313
(IR64-Salinity stress), and GSM1470309 (Pokkali-Salinity stress). Here, the method FPKM
(Fragments Per Kilobase of transcript per Million mapped reads) was used to normalized
the abundance of transcripts across different samples. An in silico analysis was conducted
based on transcriptomic data from two rice varieties, Pokkali and IR64, at seedling stage
(14 days after being grown on reverse osmosis water-saturated cotton), and under salt
stress at concentrations of 200 mM NaCl solution. Using the pheatmap function in R, a heat
map was generated to illustrate the expression levels of the OsNHX genes under salt stress.

3. Results
3.1. Identification and Phylogenetic Analysis of NHX Genes in Rice

To identify the Na*/H" s (s) in rice, the Hidden Markov Model (HMM) profile of the
conserved Na*/H* exchanger domain (PF00999) was used as a query to search against the
Phytozome database. As a result, a total of 28 candidate NHX gene copies were detected in
the rice genome. After removing redundant copies, seven non-redundant Na*/H* genes
were identified, which were correspondingly named OsNHX1 to OsNHX7 (Table 1a).

The key features of the NHX gene family in rice are listed in Table 1, including the
gene locus s, protein sequence s, isoelectric s (pI), molecular s (MW), coding sequence s
(CDS), and orthologous genes in Arabidopsis. Sequence analyses indicated that the genomic
sequences of the OsNHX genes ranged from 4105 bp (OsNHX2) to 14,451 bp (OsNHX7).
The number of exons in the coding sequence (CDS) ranged from 11 to 23, and the total
length of the CDS was between 840 bp (OsNHX6) and 3477 bp (OsNHX7) (Table 1a).

The lengths of the 7 OsNHX proteins in rice range from 279 amino acids (aa) for
OsNHX6 to 1498 aa for OsNHX7, with an average of 511 aa. They have the lowest MW of
30.07 kDa (OsNHX6) and the highest MW of 127.91 kDa (OsNHX?7), with an average of
65.03 kDa. The isoelectric point (pl) of the OsNHX proteins is between 5.60 and 8.23, with
an average of 6.39.

All of the OsNHX proteins are typical transmembrane transporters and possess the
Na*/H" exchanger domain (PF00999). Generally, the number of transmembrane seg-
ments (TMs) ranged from 10 to 13, except for the OsNHX6 protein, which has only 5 TMs
(Table 1a, Figure S1).
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Table 1. Some characteristics of OsNHX gene family in rice.

(a) Characteristics of OsNHX Gene Family Identified from the Rice Genome

Genomic Characteristic Protein Characteristic Arabidopsis Ortholog
Gene Name Gene Locus N ) ) N (% Identity)
Genomic Sequence (bp) CDs Length (bp) Exon/Intron Protein Length (aa) MW (kDa) plI ™ Signal Peptide

OsNHX1 LOC_0s07g47100 4924 1608 14/13 535 59.07 7.77 12 No AT3G05030 (75)

OsNHX2 LOC_Os11g42790 4105 1638 13/12 545 59.91 823 12 No AT3G05030 (72)

OsNHX3 LOC_0s05g05590 6188 1635 14/13 544 59.64 7.17 12 No AT3G05030 (70)

OsNHX4 LOC_Os06g21360 4280 1587 13/12 528 58.22 631 11 No AT5G55470 (63)

OsNHX5 LOC_0s09g11450 10377 1650 18/17 549 60.39 5.75 11 Yes (1-17) AT1G79610 (54)

OsNHX6 LOC_0s09g30446 5309 840 11/10 279 30.07 5.60 5 Yes (1-17) AT1G79610 (59)

OsNHX7 LOC_Os12g44360 14451 3477 23/22 1148 127.91 6.77 13 No AT2G01980 (64)

(b) The number and phosphorylation sites (SP) of OsNHX proteins identified from the rice genome
i SP SP for
Protein name Unsp PKC CKI PKA cdc2 CKII DNAPK INSR P38MAPK CDK5 EGFR ATM .
Th s Tyr each protein
OsNHX1 154 28 4 49 83 42 2 7 1 0 1 0 0 1 0 186
OsNHX2 15 33 4 20 15 1 5 5 1 2 0 1 1 1 0 52
OsNHX3 12 30 1 14 15 0 6 3 2 1 0 1 0 0 1 43
OsNHX4 20 35 2 25 12 1 10 6 0 1 0 2 0 0 0 57
OsNHX5 13 30 4 18 9 0 5 5 3 4 2 0 1 0 0 47
OsNHX6 10 14 0 8 7 1 3 5 0 0 0 0 0 0 0 24
OsNHX7 32 63 9 45 23 3 12 9 4 3 4 0 1 0 0 104
Total 256 233 24 179 164 48 43 40 11 11 7 4 3 2 1

Note: Unsp: Unspecified phosphorylation, PKC: Protein kinase C, CKI: Casein kinase 1, PKA: Protein kinase A, CdC2: Cell division cycle protein 2, CKII: Casein kinase 2, DNAPK:
DNA dependent protein kinase, INSR: Insulin receptor precursor, p38MAPK: P38 Mitogen activated protein kinase, CDK5: Cyclin dependant kinase 5, EGFR: Epidermal growth factor
receptor, ATM: Ataxia telangiectasia mutated.
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The results of the signal peptide analysis showed that two proteins, OsNHX5 and
OsNHX6, contained an N-terminal signal peptide (amino acid residues 1-17). This suggests
that they are likely to be localized to endosomal compartments such as the trans-Golgi net-
work/early endosome (TGN/EE) and prevacuolar compartment (PVC). Previous studies
reported that signal peptides in these proteins are involved in the subcellular trafficking
pathway, which are an important s of endosomal NHX proteins [23,56,57].

To identify orthologous genes, we aligned the amino acid sequences of the OsNHX
proteins with those of the AtNHX proteins. The results showed that the OsNHX1-3 gene
group shares a single ortholog, AT3G05030. Similarly, two genes, OsNHX5 and OsNHXG6,
also share a single ortholog, AT1G79610. In contrast, each of the genes, OsNHX4 and
OsNHX7, has its distinct orthologs, AT5G55470 and AT2G01980, respectively (Table 1a).

Phosphorylation analysis revealed a total of 513 phosphorylation sites across the
7 OsNHX protein sequences in rice. These sites can be categorized into three types of
phosphorylation sites: serine (S), threonine (Thr), and tyrosine (Tyr). As shown in Table 1b,
phosphorylation sites are dominated by Thr, indicating that Thr is a common phospho-
rylation site in the rice NHX protein family. Additionally, all OsNHX proteins are mostly
phosphorylated with UNSP (179), PKC (164), and CKI (48), while only one phosphorylation
site was detected for ATM.

To explore the evolutionary relationships of the NHX protein family across different
plant species, we analyzed a total of 50 NHX protein sequences from 7 species: Oryza
sativa, Arabidopsis thaliana, Solanum lycopersicum, Cucurbita maxima, Lonicera japonica, Populus
trichocarpa, and Sorghum bicolor. The phylogenetic tree (Figure 1) divided these 50 NHX
proteins into 3 clusters based on their subcellular localization: vacuolar membrane (Vac),
endosomal membrane (Endo), and plasma membrane (PM). Among the clades, the Vac-
NHX clade contained the majority of NHX proteins (33), followed by the Endo-NHX clade
(9), and finally the PM-clade (8). In rice, the NHX protein family was also devided into
three groups, including vacuolar NHX (OsNHX1-OsNHX4), endosomal NHX (OsNHX5
and OsNHX6), and plasma membrane NHX (only OsNHX?7). Additionally, the OsNHX
proteins tend to cluster closely with SbNHXs in the phylogenetic tree (Figure 1). This may
be due to both Oryza sativa L. and Sorghum bicolor being members of the Poaceae family.

3.2. Chromosomal Location, Ka/Ks Ratio, and Gene Duplication Analysis

The distribution map of OsNHX genes was visualized based on the rice genome and
an analysis of gene duplication events. Specifically, the 7 putative OsNHX genes were
distributed across 6 chromosomes. OsNHX5 and OsNHX6 were located on chromosome 9,
while OsNHX1, OsNHX2, OsNHX3, OsNHX4, and OsNHX7 were found on chromosomes
7,11, 5, 6, and 12, respectively (Figure 2).

The duplication of OsNHX genes was further investigated using the DupGen_finder
tool on The Plant Genome and Gene Duplication Database (PlantGGD, http://pdgd.
njau.edu.cn:8080/, accessed on 17 May 2024). In the rice genome, 5 duplication
events (OsNHX1/OsNHX2, OsNHX1/OsNHX3, OsNHX1/OsNHX4, OsNHX2/OsNHX6, and
OsNHX5/0sNHX6) involving 6 OsNHX genes were observed on chromosomes 5, 6, 7, 9,
and 11 (Figure 2, Table 2). Among the OsNHX genes, OsNHX1 is the common duplicated
gene of three genes (OsNHX2, OsNHX3, and OsNHX4), while no duplication events were
found in OsNHX7. According to Akram et al. (2020), two or more genes located on the
same chromosome are referred to as tandem repeats, while segmental duplication refers
to the presence of genes on different chromosomes [58]. In this study, the distance be-
tween the OsNHX5 and OsNHX6 genes is 12.16 Mb which is larger than 100 kb. Thus,
there is no tandem duplication event in this case. Moreover, the results of the gene dupli-
cation analysis from PlantGGD show that five pairs of duplications (OsNHX1/OsNHX2,
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OsNHX1/OsNHX3, OsNHX1/OsNHX4, OsNHX2/OsNHX6, and OsNHX5/0sNHX6) are all
classified as dispersed duplications (DSD) (Table 2).

O SbNHX3

—— /\ LjNHX]

Figure 1. Phylogenetic relationships among NHX proteins from Oryza sativa (Os), Arabidopsis thaliana
(At), Solanum lycopersicum (S1), Cucurbita maxima (Cm), Lonicera japonica (Lj), Populus trichocarpa (Pt),
and Sorghum bicolor (Sb). The phylogenetic tree was constructed using the amino acid sequences of
selected NHX proteins. MEGA 11 software was employed with the MUSCLE alignment algorithm,
the neighbor-joining (NJ) method, and 1000 bootstrap repetitions. Proteins from these plants are
represented by distinct color clusters and shapes.
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Figure 2.

Schematic representation of the chromosomal distribution and synteny blocks of
seven OsNHX genes. The circles, arranged from outer to inner, depict the OsSNHX gene sites, gene
density (blue), GC skew (green), GC ratio, N ratio, and chromosomes containing collinear blocks.
Colored lines connect the duplicated OsNHX gene pairs.

Table 2. Ka/Ks ratio, duplication, and selection types of OsNHX genes in rice.

Gene Pairs Ka Ks KalKs Duplicated Type Selection Type
OsNHX1-OsNHX2 0.096 2.196 0.044 Dispersed duplication (DSD) Purify
OsNHX1-OsNHX3 0.161 1.639 0.098 Dispersed duplication (DSD) Purify
OsNHX1-OsNHX4 0.276 2.753 0.100 Dispersed duplication (DSD) Purify
OsNHX2-OsNHX6 0.264 1.421 0.186 Dispersed duplication (DSD) Purify
OsNHX5-OsNHX6 0.79 2.819 0.280 Dispersed duplication (DSD) Purify

Abbreviations: Ka, the number of nonsynonymous substitutions per non-synonymous site; Ks, the number of
synonymous substitutions per synonymous site.

The Ks and Ka values, calculated based the nucleotide sequences of the NHX genes,
were used to explore the relationship between gene duplication events and natural selection.
As shown in Table 2, the Ka/Ks ratios for five duplicated gene pairs were all less than 1,
which indicated that the evolution of OsNHX gene pairs was predominantly driven by
purifying selection and exhibited functional divergence after gene duplication [59].
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3.3. Gene Structure and Characterization of Conserved Motif of NHX Proteins in Rice

By comparing the coding sequences with the genomic sequences of the OsNHX gene
family, we identified the exon/intron structural features (Figure 3b), providing valuable
insights into the functional roles of the genes and their evolutionary relationships. The
number of exons in OsNHX genes ranged from 11 (OsNHX6) to 23 (OsNHX7), and genes
within the same group exhibited similar intron/exon features. In general, most genes
belonging to the Vac-NHX group (OsNHX1-4) possessed a similar exon/intron structure in
terms of intron numbers and exon lengths, while the endosomal-NHX genes (OsNHX5 and
OsNHX6) varied from each other (Table 1 and Figure 3b).
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Figure 3. Analysis of OsNHX gene structure, protein motifs and domains. (a) Phylogenetic tree
was constructed using the N-J method in MEGA11. (b) Exon/intron structures of the OsNHX genes
were represented, with exons, introns, and UTRs depicted in yellow, black lines, and pale purple,
respectively. (c) Motif distribution in OsNHX proteins was visualized by TB tool. (d) Conserved NHX
protein domains. (e) Logo and amino acid composition of each motif were predicted by MEME tool.

The MEME server was used to predict different conserved motifs of OsNHX proteins,
with the maximum number of motifs set at 10 (Figure 3c,e). It was found that some motifs
were present in most NHX proteins (e.g., motifs 1, 2, 3, and 8), while some motifs were
specific to certain proteins, such as motifs 6 (OsNHX1-3 proteins) and 10 (OsNHX5-7
proteins). This suggests that these specific motifs may have distinct functional roles in
OsNHX proteins. Additionally, the NHX proteins within the same group (OsNHX1-4
proteins) exhibited a similar pattern of motif distribution, indicating a close evolutionary
relationship among members of this Vac group.

As shown in Figure 3d, OsNHX7 contains two conserved domains: the Na*/H*
exchanger domain at the N-terminal and the cyclic nucleotide monophosphate (c(NMP)
binding domain at the C-terminal. The other six OsNHX proteins only have the Na*/H*
exchanger domain, which is responsible for the exchange of Na* and H* ions across the cell
membrane or endomembrane systems, such as the vacuole and Golgi complex. Generally,
the C-terminus of all OsNHX proteins is less conserved, is predicted to be hydrophilic, and
plays crucial roles in channel activity regulation and protein trafficking through protein—
protein interactions (Figure S1).
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3.4. Feature of the Secondary and Three-Dimensional Structure of OsSNHX Protein in Rice

The secondary structure of the OsNHX proteins was analyzed using the GOR4 online
tool. The analysis revealed that randoms (more than 42.62%) were dominant among the
structural types (random coil, extended strand, and alpha helix), except for OsNHX7, which
had the largest proportion of alpha helices (45.21%) (Table S1).

In order to better understand the structural characteristics of OsNHX proteins, we
generated 3D models using I-TASSER and visualized them with the iCn3D Structure Viewer
(https:/ /www.ncbi.nlm.nih.gov/Structure/icn3d/, accessed on 27 July 2024) (Figure 4).

OsNHX5

Figure 4. Predicted tertiary structures of OsNHX proteins in rice, showing N and C termini and
domains. 3D models of OsNHX transporters viewed from the side. Amiloride binding sites are shown
schematically in red, while ND motifs are represented as pink spheres (these sites are illustrated with
zoomed-in views as in the OsNHX1 protein).

Homology searches showed that five of the seven OsNHX proteins share homology with
the sodium proton antiporter NHE3-CHP1 from Homo sapiens (7x2uA), with a normalized
Z-score greater than 3.30. OsNHX3 and OsNHX7 have homologous structures with the
Cryo-EM structures of Arabidopsis thaliana SOS1, 7y3eA and 8jd9A, respectively (Table 3).

To assess these models, the C-score and TM-score were used to estimate the confidence
of the predicted 3D structures and evaluate the structural similarity between two models,
respectively. The C-score ranges from —5 to 2, with higher scores indicating greater model
reliability [52]. The TM-score, ranging from 0 to 1, is a measure of structural similarity,
with 1 indicating a perfect match between the two models. The modeling results revealed
that the C-scores of the OsNHX proteins ranged from —0.93 to 0.04, with the highest value
observed in OsNHX1 (0.04) and the lowest in OsNHX5 (—0.93) (Table 3).

Table 3. The I-TASSER modeling parameters for OsNHX proteins 3D structure prediction.

Protein PDB Template = Norm.Z-Score C-Score TM-Score RMSD ,;?:ilz)sri;i:t ]ts;r;:g)g (Sl:;]r)t lt\;l(;atri\fd)
OsNHX1 7x2uA 5.90 0.04 0.72 £0.11 74+42A 84-FFIYLLPPI-93 186-ND-187
OsNHX2 7x2uA 5.03 -0.23 0.68 +0.12 8.0+ 4.4A 83-FFIYLLPPI-92 186-ND-187
OsNHX3 7y3eA 5.09 —0.29 0.68 4 0.12 82+44A 85-FFIYLLPPI-94 187-ND-188
OsNHX4 7x2uA 4.94 —0.66 0.63 £0.14 89+46A 87-FFIYVLPPI-96 197-ND-198
OsNHX5 7x2uA 4.61 —0.93 0.60 £0.14 9.7+ 4.6 A - 184-ND-185
OsNHX6 7x2uA 3.30 —0.74 0.624+0.14 77 +43A - 39-ND-40
OsNHX7 8jd9A 9.18 —0.03 0.71+0.12 93+4.6A - 175-ND-176

Abbreviation: PDB, protein database; RMSD, root mean square deviation; ND, asparagine, aspartic; - indicates no
data available.
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A summary of output parameters for predicting the 3D structures of OsNHX pro-
teins, along with information on ND motifs and amiloride binding sites, is shown in
Table 3. Accordingly, the amiloride binding site domain (FFIYLLPPI) is fully conserved in
OsNHX1-3 and highly conserved in OsNHX4 (FFIYVLPPI), while this motif is not observed
in OsNHX5-7. The ND motif, comprising asparagine (N) and aspartic acid (D) residues,
is another important feature of OsNHX proteins and is present in all rice OsNHX family
members. These motifs are characteristic of the CPA1 protein superfamily and are thought
to be associated with Na*/H™ exchange across the cell membrane.

To further investigate the diversity and conservation of OsNHX proteins, we aligned
various NHX proteins from humans, plants (Oryza sativa, Arabidopsis thaliana, and Solanum
lycopersicum) and microbes (E. coli, Pyrococcus abyssi, and Thermus thermophilus) using the
T-COFEFEE tool (Figure 5 and Figure S2).

IN HEL [OUT The amiloride binding site
0sNHX1 65 ILLMTKGKS- - - - - SHL - FVFSEDLFFIYLLPPIIFNAGFQVKKKQFFRNF 109
0sNHX2 64 ILMVSSWKH- - - - - SRI-LVFSEDLFFIYLLPPIIFNAGFQVKKKQFFRNF 108
0sNHX3 66 ILLVSGGKN- - - - - SHI-LVFSEDLFFIYLLPPIIFNAGFQVKKKQFFRNF 110
0sNHX4 68 IFLLSEGKN- - - - - SRI-LRFDEQLFFIYVLPPIIFNAGFQVKKKQFFHNF 112
gsmnﬁg 8? ANISNTETN-------------ccmmmmemn TRTQSGFSLSPKPFFANF 108
S ...................................................

0sNHX7 51 EFGTKHGMGKLGAGIRIWANINPDLLLAVFLPALLFESSFSMEIHQIKKCM 101
AtNHX1 63 ILLISKGKS----- SHL - LVFSEDLFFIYLLPPIIFNAGFQVKKKQFFRNF 107
AtNHX6 70 ANISNTETS----- IRTWFNFHDEFFFLFLLPPIIFQSGFSLQPKPEFSNF 115
AtNHX7 76 EYGAKHNLGKIGHGIRIWNEIDPELLLAVFLPALLFESSFSMEVHQIKRCL 126
AtNHX8 74 EYGTKHNLGKLGHGIRIWNGINPDLLLAVFLPVLLFESSFSMDVHQIKRCM 124
STNHX1 66 ILLISGGKN- - - - - SHI-LVFSEDLFFIYLLPPIIFNAGFQVKKKSFFRNF 110
PaNhaP 46 LKLIPRDLA----- HEI-FD- - --FVRVFGLVIILFTEGHNLSWRLLKKNM 86
SLC9A3 NHE3_ 99 VWAADHIAS--------- FTLTPTVFFFYLLPPIVLDAGYFMPNRLFFGNL 140
EcNhaA 54 --------- EIN- -KNMLLWINDALMAV- - - - - FFLLVGLEVKRELMQGSL 88
TtNapA 46 LLGLVHE----G---EI-LEFLAELGAVF----LLFMVGLETRLKDILAVG 84

103 153

ND/DD motif

0sNHX1 148 ---FLAIGAIFSATDSVCTLQVLNQDET- --PFLYSLVFGEGV! 192
0sNHX2 147 ---YLALGAIFSATDSVCTLQVLNQDET- - -PFLYSLVFGEGV 191
0sNHX3 149 ---YLAIGAIFSATDSVCTLQVLNQDET---PLLYSLVFGEGV 193
0sNHX4 156 LFTTTALGAIFSSTDTVCTLQVISQDET- - - PRLYSLVFGEGV 203
0sNHX5 145 ---CLMFGALISATDPVTVLSIFQELGT - -DVNLYALVFGESV 190
0sNHX6 1 ----MMFGALVSATDPVTVLSIFQELGT - -DVNLYALVFGESV 45
0sNHX7 136 ---SLLLGGLLSATDPVAVVALLKELGA- -SKKLSTIIEGESL 181
AtNHX1 146 ---YLAIGAIFAATDSVCTLQVLNQDET- - -PLLYSLVFGEGV 190
AtNHX6 154 ---CLMFGSLISATDPVTVLSIFQELGS- -DVNLYALVFGESV 199
AtNHX7 161 ---SLLLGGLLSATDPVAVVALLKELGA- -SKKLSTIIEGESL] 206
AtNHX8 159 ---SLLLGGLLGATDPVAVVALLKELGA- -SKKMTTLIDGESL 204
STNHX1 149 ---YLAIGAIFSATDSVCTLQVLSQDET---PLLYSLVFGEGV 193
PaNhaP 119 ---GFLFGAIIGATDPATLIPLFRQYRV--KQDIETVIVTESIF 164
SLC9A3 NHE3_ 181 ---FLLFGSLMAAVDPVAVLAVFEEVHV- -NEVLFIIVFGESL 226
EcNhaA 122 ---TREGWAIPAATDIAFALGVLALLGSRVPLALKIFLMALAI 169
TtNapA 116 ---ALFLGTALVATSVGCTARVLQELGVL-SRPYSRIILGAAV 162

205 . HE n N 255

Figure 5. Characterization of amiloride binding sites and conserved ND motifs of NHX proteins were
visualized by the T-COFFEE tool. Multiple sequence alignment of NHX proteins from Oryza sativa
(OsNHX1-7); Arabidopsis thaliana (AINHX1, AINHX6, AtNHX7 and AtNHXS); Solanum lycopersicum
(SINHX1); Pyrococcus abyssi (PaNhaP); E.Coli (EcNhaA); Thermus thermophilus (TtNapA), and Homo
sapiens (SLC9A3_NHE3).

As shown in Figure 5, all proteins (NHX in plants and SLC9A3_NHES3 in humans)
belonging to the CPA1 superfamily contain a conserved ND motif, while CPA2 proteins,
such as EcNhaA and TtNapA, possess a DD motif. The amiloride binding site domain
(FFIYLLPPI) is only observed in the Vac NHX cluster and is absent in other groups. This
indicates that the ND motif is a main characteristic of the CPA1 protein. Therefore, in this
study, all OsNHX proteins could be considered Na*/H* antiporters (NHX) with an ND
motif similar to that of the CPA1 protein.
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3.5. GO Ontology Analysis and Cis-Regulatory Element Identification in Promoter of
OsNHX Genes

In order to predict the functions of the seven OsNHXs, we performed a GO ontology
analysis. As shown in Figure 6, OsNHX genes in rice were enriched in 57 GO terms, which
were divided into 3 major groups including biological process (BP), cellular component
(CC), and molecular function (MF) (Supplementary Table S2).

o]
Z(‘)11

4

Number of genes
3

Biological process (BP) Cellular component (CC) Molecular function (MF)

Figure 6. GO enrichment analysis of OsNHX genes in Oryza sativa. The results are grouped into three
main categories: biological process (BP), cellular component (CC), and molecular function (MF). The
y-axis shows the number of genes, while the x-axis shows the predicted functions.

The first group, BP, had the largest number of GO terms (34), followed by the MF
group with 19 GO terms, while the CC group had the fewest, with only 3 GO terms. In
general, the main GO terms observed in the BP category were related to cation transport,
ion transport, transmembrane transport, sodium ion transport, and hydrogen ion trans-
membrane transport. In the CC group, although only three GO terms were enriched, all
were associated with all seven OsNHX genes. For molecular function, the enriched GO
terms in the MF category were primarily related to ion antiporter activity. Specifically,
these included solute/proton antiporter activity (GO:0015299), solute/cation antiporter
activity (GO:0015298), and hydrogen ion transmembrane transporter activity (GO:0015078).
Additionally, Figure 5 shows enrichment for terms such as sodium/proton antiporter
activity (GO:0015385), which is consistent with the role of OsNHX antiporters in sodium
and hydrogen ion transport.

To explore the transcriptional regulation of rice NHX genes, we retrieved 1500 bp pro-
moter sequences upstream of the “ATG” start codon from the Phytozome V13 database. We
then used the New PLACE database to predict and analyze cis-regulatory elements (CREs)
within these sequences. A total of 158 kinds of CREs were identified, randomly distributed
across the promoter regions of the 7 rice NHX genes (Figure 7A, Supplementary Table S3).
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Based on their biological functions, these CREs were classified into 11 groups, including
those responsive to dehydration and salinity stress (17 CREs); heat and cold stress (7 CREs);
light (22 CREs); other stresses (21 CREs); phytohormones (14 CREs); tissue/organelle-specific
expression (27 CREs); pollen- and embryo-specific expression (9 CREs); binding site motifs
(12 CREs); pathogen, elicitor, and wound responses (10 CREs); conserved motifs (11 CREs);
and other functions (7 CREs). Among the 7 OsNHX genes, OsNHX7 (359 CREs) had the
highest number of cis-regulatory elements, followed by OsNHX2 (358 CREs) and OsNHX1
(349 CREs), while OsNHX5 had the lowest number, at only 291 (Table S3).
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Figure 7. Analysis of cis-regulatory elements (CREs) in OsNHX genes. (A) The stacked bar chart
of 11 CREs groups was identified from the PLACE PLANT database. (B) Phylogenetic tree was
constructed using the N-J method in MEGA11. (C) Heatmap showing the frequency and distribution
of stress-responsive CREs.

In this study, we focused on identifying stress-responsive elements, particularly those
associated with dehydration and salinity stress (e.g., ABRE, MYB, MYC). Analysis of the
158 CREs revealed that 17 elements were involved in responses to dehydration and salinity
stress, 7 in heat and cold stress responses, 22 in light responsiveness, and 21 in other stress
responses (Figure 7B). Various light-responsive elements identified in the promoter regions
of the OsNHX genes, such as GTICONSENSUS, GATABOX, IBOXCORE, SORLIP1AT,
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SORLIP2AT, and REALPHALGLHCB21. Notably, GATABOX and GTICONSENSUS were
highly abundant in all OsNHX genes, particularly in OsNHX1 (21 CRE copies) (Table S3).

Despite comprising only 17 types of CREs, the group of cis-elements responding to
dehydration and salinity stress (419 CRE copies) had the second highest total number
of CRE copies, following the group for tissue/organelle-specific expression (612 CRE
copies). Among these 17 CREs, EBOXBNNAPA /MYCCONSENSUSAT, GTIGMSCAM4,
ACGTATERD1, and ABRELATERD1 occurred with high frequency in most OsNHX
genes (Figure 7C).

3.6. Expression Profiles of Rice NHXs Under Salt Stress

Expression levels of OsNHX genes were quantified in Fragments Per Kilobase of exon
model per Million mapped fragments (FPKM) and exhibited distinct expression patterns,
ranging from 0.00 to 3.519 (Table 5S4, Figure 8).

e N Cultivar 35 cultivar

3 IR64
LOC_0s12g44360 = 2.5 B Pokkali
2

LOC_Os06g921360

0.5
LOC_0s09g30446 ™ 0

LOGC_0s05905590

LOC_0Os09g11450

LOC_0s11942790

Figure 8. Heat map showing differential expression levels in FPKM of OsNHX genes under salt
stress from two cultivars (IR64 and Pokkali). IR64_Control_FPKM: non-treated IR64; IR64_SS_FPKM:
IR64 salt stress; PK_SS_FPKM: Pokkali salt stress; PK_Control_FPKM: non-treated Pokkali. The high
expression level is indicated by the red color and the low expression level is shown by blue, with the
color scale from 0 to 3.5 representing the FPKM expression values.

Gene expression analysis revealed that, out of the seven members of OsNHX genes,
OsNHX3 and OsNHX5 were highly expressed in all rice samples, while OsNHX6 showed
the lowest expression in most varieties (Figure 8). Moreover, this gene showed minimal
expression in the Pokkali cultivar.

In addition, it was observed that salt-treated rice varieties all had higher expression lev-
els than non-treated varieties, especially in the OsNHX1, OsNHX2, OsNHX3, and OsNHX5
genes (Figure 8). This demonstrates that salt stress can affect the expression of OsNHX
genes in rice.

4. Discussion

The NHX gene family, which encodes a conserved Na*/H" exchanger domain, is
essential for various biological processes in plants, including responses to salt stress, cell
expansion, and the regulation of pH and ion balance [11,35]. This highlights the crucial
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role of the NHX gene family in plant physiology. Consequently, the identification and
characterization of the NHX gene family have been extensively studied across various plant
species. For example, eight NHX genes have been identified in two species, Arabidopsis
thaliana and Populus trichocarpa [60,61]. Other species exhibit varying numbers of NHX
genes, such as 5 in Beta vulgaris L. [62], 6 in Vitis vinifera [63], 7 in Lonicera japonica [45], 9 in
Cucurbita moschata [64], and 25 in Solanum tuberosum L. [65]. The variation in the number
of NHX genes across different species is influenced by gene duplication and loss events
during evolution [62].

In this study, seven OsNHX genes were identified and characterized in the rice genome
based on BLAST searches for the Na* /H* exchanger domain (Table 1). Furthermore, gene
structural features, phylogenetic relationships, genomic duplication, conserved domains,
and CREs of rice OsNHX genes were analyzed at the genomic level using in silico methods.

The exon/intron structural diversity is an important feature in the evolution of gene
families and provides additional evidence supporting phylogenetic classification. In rice,
OsNHX1-OsNHX4 genes have fewer exons (13-14) than OsNHX5 (18) and OsNHX7 (23).
Similarly, in soybean, poplar, and sugar beet., the number of exons in the Vac-NHX clus-
ter is also lower than that in the endosomal-NHX and PM-NHX clusters [60,62]. These
results imply that NHX genes, particularly those in the Vac-NHX cluster, exhibit structural
conservation among plant species.

Phylogenetic analysis (Figure 1) showed that OsNHX proteins are grouped into
three clusters (Vac-, Endo-, and PM-clusters), similar to the classification of NHX pro-
tein families in other plants, as seen in previous phylogenetic classifications of NHXs in
other species such as Arabidopsis [61], poplar [60], sugar beet [62], potato [65], and honey-
suckle [45]. The function of NHX transporters is influenced by their subcellular localization.
NHX protein members located on the plasma membrane and tonoplast help maintain
ionic homeostasis by excluding and compartmentalizing excess Na* ions. In contrast,
endomembrane-bound NHX proteins play a key role in cellular cargo trafficking, growth
and development, and protein processing [23]. Signal peptides were only identified in the
endo-NHX proteins (OsNHX5 and OsNHXG6) in rice (Table 1a), which may explain their
role in the cellular cargo trafficking pathway [23,57].

It has been reported that gene duplication, a common phenomenon in plants, plays
a crucial role in the emergence of new genes and their functional divergence [66,67].
Analysis of gene duplication events in the rice genome revealed that the paralogous
pairs (OsNHX1/OsNHX2, OsNHX1/OsNHX3, OsNHX1/OsNHX4, OsNHX2/OsNHX6, and
OsNHX5/0sNHX6) were generated by DSD duplication. However, our findings contrast
with some reports that indicate most paralogous pairs are formed by fragment or tandem
duplication [43,58,68,69]. DSD is one of the key drivers of gene family expansion, arising
through mechanisms that remain poorly understood [70]. Previous reports have shown that
salt stress can cause DNA damage [71,72]. Consequently, the expansion of genes involved
in maintaining DNA and chromosome stability, including those associated with DSD,
may represent an adaptive response of rice to salt-stressed environments. Functionally,
gene duplication, such as DSD, can lead to neo-functionalization or sub-functionalization
of duplicated genes [73], thereby potentially contributing to the diversification of gene
functions and their roles in salinity tolerance.

The Ka/Ks ratio can be used to examine the selective pressure acting on the OsNHX
gene family, including positive, negative, and neutral selection. In this study, all paralogous
pairs exhibited a Ka/Ks ratio < 1, suggesting that they underwent strong purifying selection
(Table 2). Similar Ka/Ks ratios were also reported in tomato [43], cotton [74], tea [75], and
wheat [69], further confirming the evolutionary conservation of these genes across species.
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There are typically 10 to 12 transmembrane domains in most NHX proteins, which
consist of approximately 550 amino acids and include a putative amiloride binding domain
(FFI/LY/FLLPPI) in the third transmembrane domain, as reported in several studies [43,76].
This amiloride binding domain is well-known to be responsible for inhibiting the cation/H+
exchange of eukaryotic NHXs in the presence of amiloride [26,77]. However, not all NHX
members possess these characteristics. For instance, OsNHX1-5 proteins have 11-12 trans-
membrane domains, while OsNHX6 has only 5. The OsNHX?7 protein has the largest number
of amino acids (1148) and transmembrane domains (13) (Table 1a). Notably, the conserved
motif (FFIYL/VLPPI) was found only in the Vac-NHX cluster (OsNHX1-4), but not in the
other groups (Table 3, Figure 4). This finding is in line with the results reported by Wu et al.
(2019) [62]. However, some studies revealed that the amiloride binding domain was also ob-
served in the endosomal-NHX group [43,76], while others reported that many NHX proteins
do not contain the amiloride binding domain in their structure [76,77]. These contrasting
findings suggest that the amiloride binding domain is not conserved in all species and that its
sites and sequences may differ among species.

In this study, we detected the ND motif in all OsNHX members (Table 3, Figure 4).
Accordingly, the high degree of conservation of the ND motif has been observed in various
electroneutral CPA1 family members, including SINHX1 (N187-D188), PaNhaP (N158-
D159), SLC9A3_NHE3 (N220-D221), and some members of the Arabidopsis NHX family
(Figure 4). This motif is also exhibited in some species such as MjNhaP1 (N160-D161),
PeNHX3 (N187-D188), and HsNHE1 (N266-D267) [78]. According to Masrati et al. (2018),
the ND motif at the Nha-fold interacts with the TD-motif in TM4 to determine the substrate
specificity of cation/proton exchangers of the CPA superfamily, suggesting a critical role
for NHX activity [79]. Therefore, it can be said that the ND motif in the OsNHX protein
family plays a critical role in Na*/H* exchange and NHX antiporter activity, along with
the amiloride binding domain.

There are various external environmental factors that can affect plant development and
growth, including abiotic stresses such as drought, high temperatures, salinity, and metal
toxicity [80] or biotic factors such as, pathogenic viruses, bacteria, fungi, and nematodes [81].
CRE elements are key control elements in the transcriptional regulation of genes, playing a
crucial role in plant responses to environmental changes [82].

In this study, CRE groups related to tissue/organelle-specific expression (27 CREs)
and stress response (67 CREs) are the most abundant in the promoters of OsNHX genes
(Table S3). This demonstrates the important role of the OsNHX gene family in the growth,
development, and stress tolerance of rice. We identified several cis-acting elements asso-
ciated with salt and drought stress in the promoter region of the OsNHX genes, such as
ABRELATERD1, MYBCORE, ACGTATERD1, GTIGMSCAM4, MYB2CONSENSUSAT, and
MYCCONSENSUSAT [83]. The presence of MYB2CONSENSUSAT, MYBCORE, MYBST1,
and MYCCONSENSUSAT in all OsNHX genes indicates that these elements are highly con-
served in the OsNHX family. Additionally, several other cis-elements were also identified
in the promoter regions of OsNHX genes, such as CCAATBOX1 (heat stress response) [84],
GT1CONSENSUS (light response) [85], ARR1AT (hormone response) [86], GTGANTG10
(Pollen-specific element) [87], and WRKY710S (pathogen-responsive) [88].

Cis-regulatory elements (CREs) are vital for gene regulation and influence how plants
respond to environmental changes, ultimately affecting their growth [89]. Analysis of CREs
in the OsNHX gene family suggests that these genes may be involved in various phyto-
hormone, light, salt, drought, biotic, and other stress responses in rice plants, highlighting
their crucial role in rice adaptation and survival.

Given the association of OsNHX genes with stress-responsive cis-acting elements,
we proposed that their expression patterns would vary between contrasting rice cultivars
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under salt stress. Thus, we analyzed the expression levels of OsNHX genes from two
contrasting cultivars (IR64 and Pokkali) under salt stress at the seedling stage. In our study,
the expression of OsNHX1, OsNHX2, OsNHX3, and OsNHXb5 differed between the rice
cultivars and was increased by salt stress. These findings align with previous studies on
OsNHX genes in rice [30]. Pokkali is a well-known salt-tolerant rice cultivar, while IR64
is salt-sensitive. This differential expression pattern suggests that Pokkali may have a
more robust regulatory mechanism for activating OsNHX genes under salt stress, which
contributes to its enhanced salt tolerance. In contrast, the lower expression of these genes
in IR64 under similar conditions may reflect its limited ability to cope with salt stress.

Other research using transgenic methods confirmed that overexpression of OsNHX1
enhanced salt tolerance in transgenic plants [36,90]. In addition, OsNHX2, OsNHX4,
OsNHX5, OsNHX3, and SOS1/OsNHX7 were observed to be highly expressed in salt-
tolerant varieties such as Pokkali, JYGY-1, and Nagdong [35,91]. Taken together, these
findings suggest that the expression of OsNHX genes in rice is intricately regulated in
response to salt stress, exhibiting variations based on both the level of stress and the specific
genotypes involved.

5. Conclusions

This study identified and characterized seven non-redundant OsNHX genes in the rice
genome and provided a comprehensive analysis of their phylogenetic relationships, gene
structure, duplication events, conserved protein domains, cis-regulatory elements, and
expression profiles under salt stress in distinct cultivars. Phylogenetic analysis revealed
that OsNHX genes are divided into three subgroups: Vac, Endo, and PM, based on their
subcellular localization and evolutionary relationships. The presence of conserved ND
motifs and amiloride binding domains in OsNHX proteins suggests a critical role of these
genes in Na*™/H* exchange and salt tolerance. Additionally, CRE analysis highlighted the
abundance of cis-elements associated with stress responses, particularly to salinity and
dehydration, in the promoters of OsNHX genes. Notably, OsNHX1, OsNHX2, OsNHX3,
and OsNHX5 exhibited significantly higher s under salt stress, highlighting their role in
maintaining ion and pH homeostasis under salinity stress. The results of this study enhance
our understanding of the functional diversity and crucial role of OsNHX genes in rice
growth, development, and stress tolerance, paving the way for their targeted manipulation
to improve salt tolerance.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijpb16010006/s1, Figure S1: Topological features of OsNHX proteins
in rice; Figure S2: Multiple sequence alignment of NHX protein family from some organimsms;
Table S1: The secondary structure prediction of the members of OsNHX protein Family; Table S2:
The GO enrichment analysis of all the 7 OsNHX genes; Table S3: Identification of cis elements in
the promoter region of OsNHX genes; Table S4: Gene expression profiles of OsNHX genes under
salt stress.
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