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Abstract

This study was aimed at the genome-wide identification, a comprehensive in silico characterization of NHX genes from
soybean (Glycine max L.) and their tissue-specific expression under varied levels (0-200 mM NacCl) of salinity stress. A
total of nine putative NHX genes were identified from soybean. The phylogenetic analysis confirmed a total of five sub-
groups and GmNHXs were distributed in three of them. Bioinformatics analyses confirmed all GmNHXSs as ion transporters
in nature, and all were localized on the vacuolar membrane. Several cis-acting regulatory elements involved in hormonal
signal-responsiveness and abiotic stress including salinity responses were identified in the promoter regions of GmNHXs.
Amiloride, which is a known Na*/H" exchanger activity inhibitor, binding motifs were observed in all the GmNHXs. Fur-
thermore, the identified GmNHXs were predicted-targets of 75 different miRNA candidates. To gain an insight into the
functional divergence of GmNHX transporters, qRT-PCR based gene expression analysis was done in control and salt-treated
root, stem and leaf tissues of two contrasting Indian soybean varieties MAUS-47 (tolerant) and Gujosoya-2 (sensitive). The
gene up-regulation was tissue-specific and varied amongst the soybean varieties, with higher induction in tolerant variety.
Maximum induction was observed in GmNHX2 in root tissues of MAUS-47 at 200 mM NaCl stress. Overall, identified
GmNHXs may be explored further as potential gene candidates for soybean improvement.

Keywords Gene expression - Nat/H* antiporter (NHX) - Nat compartmentalization - Na* transport - Salt tolerance -
Soybean

Introduction

Soil salinity is one of the major abiotic stresses and a seri-
ous global threat to agricultural crop production (Wani et al.
2020). It has, therefore, become imperative to understand
and explore molecular mechanisms underlying salinity stress
responses so as to minimize the negative impacts, projected
to cause 50% arable land loss by 2050. Salinity-driven cel-
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reported in several crops, barley (Tavakkoli et al. 2011), faba
bean (Tavakkoli et al. 2010), rice (Kumar and Khare 2016)
and soybean (Shelke et al. 2019). The Na*/H" antiporters
(NHXs), located on plasma membranes and tonoplast, play
key role in maintaining Na™ homeostasis via transporting it
from the cytoplasm to extracellular spaces or vacuoles, and
are, therefore, attaining greater attention amongst the sodium
transporters (Pehlivan et al. 2016).

The Na* influx in plant system is mediated via non-selec-
tive cation channels which are permeable to many monova-
lent cations. These non-selective cation channels are clas-
sified into voltage-dependent/independent cation channels,
and the voltage-independent channels are mainly responsible
for the movement of Na™ across the plant tissues (Wani et al.
2020). Long distance movement of the Na* from roots to
shoots is modulated by the NHX transporters which belong
to the cation proton antiporter family 1 (CPA1) (Bassil and
Blumwald 2014). The evolutionary analysis suggests that
the CPA1 family is evolved from the prokaryotic ancestral
sodium-proton antiporter (NhaP) (Rodriguez-Rosales et al.
2009) and is involved in cytoplasmic pH regulation and
extrusion of H* produced during cellular metabolism in
exchange of Na™ in cytoplasm/vacuole (Leidi et al. 2010).
Several reports have confirmed the involvement of NHX pro-
teins in cell expansion, pH regulation, K* homeostasis and
cellular vesicle trafficking and in salinity stress responses
(Apse et al. 2003; Ohnishi et al. 2005; Jiang et al. 2010; Qiu
2012; Huertas et al. 2013; Wu et al. 2019). Owing to these
vital roles, NHXs have gained attention as potent candidates
for engineering crop plants for improved salt tolerance (Bao
et al. 2016; Li et al. 2017). There are many evidences of
utilization of NHXs from halophytes for production of salt
tolerant crops using genetic engineering approaches (Wani
et al. 2020 and the relevant references therein).

Soybean (Glycine max L.) is one of the premium agricul-
tural oilseed crops, widely grown around the world as a main
source of protein and oil, and is extensively used for food
and livestock feed (Yasuta and Kokubun 2014). However,
salinity stress is a major limiting factor for soybean growth
and crop yield (Sun et al. 2019). Considering the availabil-
ity of G. max genome sequence, it is possible to identify
the NHX genes at whole genome level, but the information
and functional characterization of NHX gene families of G.
max still remains largely missing. Furthermore, there are not
many attempts on using G. max as a source of NHX genes
to raise transgenic plants with improved salinity tolerance,
except a few instances like GmNHX[-overexpressing trans-
genic lines of a model plant Arabidopsis (Sun et al. 2019)
and Lemna turionifera (Yang et al. 2017). Therefore, the
identification and characterization of endogenous genes gov-
erning the salt tolerance levels in soybean would be consid-
erably advantageous for the aim of engineering salt tolerant
plants.
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Considering the importance of NHX genes in regulating
salt tolerance, a genome-wide identification and characteri-
zation of NHXs was attempted in G. max. Though genomic
and functional investigations have been carried out in a
number of plant species, soybean NHX family is yet to be
described and/or explored fully. The current study involves
orthology-based identification and characterization of puta-
tive NHXs from G. max genome, analysis of different motifs
and domains present therein and analyzing their promoter
regions. The study also investigated the protein—protein
interactions and miRNA interaction networks involving the
identified NHXs. Finally, qRT-PCR-based expression pat-
terns of identified NHXs were investigated under saline con-
ditions in the soybean cultivars to infer the genotype based
differential behavior of these transporters in different plant
parts. Our findings hold significance in shedding light on the
molecular properties and regulatory roles of G. max NHXs
in salinity tolerance of soybean and may provide candidate
gene resources for further exploration in developing salt tol-
erant soybean varieties.

Materials and methods
Plant material, growth conditions and treatments

Two Glycine max L. cultivars with contrasting salt tolerance,
Gujosoya-2 (sensitive) and MAUS-47 (tolerant) were used in
this study. The seeds were first washed with the water con-
taining 0.05% Tween-20 followed by the surface sterilization
with 0.1% mercuric chloride for 3 min. The seeds were then
sown in the soil (red clay, sieved through 2 mm mesh, pH
6.03+0.5;EC1.21dS m'l), allowed to germinate and grow
at 25+2 °C, 75% relative humidity, 16/8 photoperiod till the
trifoliate stage was achieved (~21 days). Hoagland medium
was used as basic growth medium for all the experiments.
After this, the plants were randomly categorized into three
groups followed by the application of salt treatments [0 mM
(control), 100 mM and 200 mM NaCl]. Plants were har-
vested 24 h after the treatment and thoroughly washed with
distilled water. Leaf, stem and root tissues were separated,
flash-freezed in the liquid nitrogen and successively used for
total RNA extraction.

Identification and phylogeny of GmNHXs

The putative G. max NHX orthologs were retrieved using the
known NHX proteins from ten different plant genus namely
Arabidopsis, Brassica, Cucumus, Lupinus, Medicago, Pha-
seolus, Solanum, Trifolium, Vigna and Vitis from Gramene
database (http://www.gramene.org/). Orthologous sequences
from G. max showing similarity score >70% were consid-
ered for further analysis. Obtained orthologs were then
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checked for the presence of Na*/H™ exchanger activity using
HMMER web server (http://hmmer.org/) (Finn et al. 2011)
and EggNOG mapper (http://eggnog5.embl.de/#/app/home)
(Huerta-Cepas et al. 2019). The CDS, peptide, genomic
sequences of the finalized genes were retrieved from the
Gramene database for further use (renamed as GmNHXs).
To investigate the phylogenetic relationship between the
identified GmNHXs and other reference NHXSs, the peptide
sequences of GmNHXs were aligned with reference pep-
tides using Clustal Omega tools (https://www.ebi.ac.uk/
Tools/msa/clustalo/). Phylogenetic tree was constructed by
MEGA-X (https://www.megasoftware.net) using the neigh-
bor-joining (NJ) method, with 1000 bootstrap replicates
(Kumar et al. 2018) and visualized using FigTree.

Chromosomal location and sequence analysis
of GmNHXs

The chromosomal coordinates of the identified GmNHXs
were retrieved from the Glycine max genome at the Gramene
database (Glycine_max_v2.1) (http://www.gramene.org/)
and the physical map of the chromosomal locations of the
genes was constructed using MapGene2Chromosoem v2
(http://mg2c.iask.in/mg2c_v2.0/). The molecular weight
[MW], isoelectric point [pl], instability index, aliphatic
index and the grand average of hydropathicity [GRAVY] was
computed using the ProtParam tool by ExPASy (https://web.
expasy.org/protparam/) (Gasteiger et al. 2005). Sub-cellular
localization of the proteins was predicted using Plant-mPLoc
server (http://www.csbio.sjtu.edu.cn/bioinf/plant-multi/). To
identify the disordered regions in the proteins, the predic-
tion of the intrinsically unstructured regions was achieved
using IUPred2A web interphase (https://iupred2a.elte.hu/)
(Mészaros et al. 2018). The phosphorylation sites in the pro-
teins were predicted using the kinase specific predictions by
NetPhos 3.1 Server (http://www.cbs.dtu.dk/services/NetPh
os/) (Blom et al. 1999). The secondary structural elements
were predicted using the PSIPRED Workbench (http://bioin
f.cs.ucl.ac.uk/psipred/). The transmembrane helices in the
proteins were predicted using the TMHMM Server v. 2.0
(http://www.cbs.dtu.dk/servicessTMHMMY/) (Moller et al.
2001). Gene annotations of the identified GmNHXs were
extracted from the Gene Ontology Resource (http://geneo
ntology.org/) (Carbon et al. 2019) and visualized using the
Web Gene Ontology Annotation Plot (WEGO 2.0, http://
wego.genomics.org.cn/) (Ye et al. 2018).

Gene structure, conserved motifs and domain
architecture analysis of GmNHXs

The gene structure (number of introns/exons and up-/down-
stream regions) was visualized using the Gene Structure
Display Server (GSDS 2.0, http://gsds.cbi.pku.edu.cn/index

.php) (Hu et al. 2015). The MEME program (http://meme-
suite.org/) and Pfam tool (https://pfam.xfam.org/) were used
to search for motifs and conserved domain in the GmNHX
sequences, respectively (Bailey et al. 2009; El-Gebali et al.
2019); subsequently, the domain and motif diagrams were
drawn using the TBtools software. Multiple sequence
alignment of all the GmNHX peptides was obtained using
MUSCLE (https://www.ebi.ac.uk/Tools/msa/muscle/) and
was visualized using ESPript 3.0 tool (http://espript.ibcp.
fr/ESPript/cgi-bin/ESPript.cgi) (Robert and Gouet 2014) to
trace the motif sequences.

The Cis-element analysis in the promoter region
of GmNHXs

The promoter region, 2000 bp upstream of the CDS was
retrieved for each GmNHX and the cis-acting regulatory
elements were identified using the PlantCARE database
(http://bioinformatics.psb.ugent.be/webtools/plantcare/
html/) (Lescot 2002).

In silico prediction of protein specific SSRs
and miRNA networks

Gene specific molecular markers were predicted using the
genomic transcripts of identified NHX using BatchPrimer3
v1.0 server (https://wheat.pw.usda.gov/demos/BatchPrime
r3/) (You et al. 2008). Furthermore, putative miRNAs tar-
geting the GmNHXs were isolated genes using psRNATar-
get server (http://plantgrn.noble.org/psRNATarget/) (Dai
et al. 2018) with default parameters. The interaction net-
work between the identified miRNAs and their targets was
build using Cytoscape software (http://www.cytoscape.org)
(Otasek et al. 2019).

Three-dimensional structural predictions
of GmNHXs

Three-dimensional (3-D) structures of the identified GmN-
HXs were predicted using I-TASSER (https://zhanglab.
ccmb.med.umich.edu/I-TASSER/) (Yang and Zhang 2015)
and Phyre? (http://www.sbg.bio.ic.ac.uk/~phyre2/html/page.
cgi?id=index) tools (Kelley et al. 2015). The structural mod-
eling was achieved using the same (single) template as the
best hit for all the GmNHXSs. The structures with best accu-
racy were selected on the basis of C-score values.

Prediction of protein—protein interactions

The protein—protein interaction network was constructed
using the STRING database v11.0 (https://string-db.org/)
(Szklarczyk et al. 2019) by utilizing the peptide sequences
of all the GmNHXs.
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Quantitative real-time (qRT)-PCR analysis
of the GmNHX genes

Total RNA was isolated from the samples using HiPurA™
total RNA purification kit (Himedia, India) using the spin
column based approach by following the manufacturer’s
instructions. Furthermore, the cDNA was synthesized for
each sample using Hi-cDNA synthesis kit (Himedia, India).
The cDNA was then subjected to qRT-PCR for all the GmN-
HXs in the study using gene specific primers (Supplemen-
tary Table S1) and Hi-SYBr master mix (Himedia, India).
Tubulin was used as house-keeping gene. The qRT-PCR
conditions were: initial denaturation of 95 °C for 2 min, 40
cycles of 94 °C denaturation for 30s, 60 °C annealing for
45 s and 72 °C extension for 30s. The analysis was con-
ducted with three biological replicates. The relative expres-
sion levels (RQ) of the GmNHXs were calculated as relative
changes by the 2722 method. The numeric outcomes of
assays were represented as mean + standard error, and means
were compared using Duncan’s multiple range test (DMRT)
at p <0.05 using MSTAT-C package. The hierarchical clus-
tering was performed using the normalized mean values and
heatmap was generated using MeV software (http://mev.tm4.
org/).

Results
Identification and phylogeny of GmNHXs

A total of 14 NHX genes, orthologous to the reference
NHXs, were identified in G. max on the basis of percent
identity (>70%). Identified orthologs were subjected to the
protein domain identification using HMMER web server
and EggNOG mapper. Based on the presence of sodium/
hydrogen exchanger domain in the orthologs (Supplemen-
tary Tables S2 and S3), nine putative NHXs were short-
listed in G. max. The identified orthologs were named as
GmNHX1-9 and analyzed for their phylogenetic posi-
tions amongst the NHXs from the reference plants using
the peptide sequences. The phylogenetic tree revealed the
formation of five different groups, as illustrated in Fig. 1.
Group IV in the phylogenetic tress displayed presence of
5 GmNHXs (GmNHX1, GmNHX5, GmNHX7, GmNHXS,
and GmNHX9), whereas 3 other GmNHXs were placed
in Group I (GmNHX2, GmNHX4, and GmNHX6). Only
GmNHX3 was positioned in Group III. The positioning of
the GmNHXs in the tree reveals their closeness towards the
NHXs from Brassica and Arabidopsis (Group I and IV).
Besides, GmNHX1, GmNHX5, GmNHX7, GmNHXS8, and
GmNHX9 were closely related to each other than other
identified genes. The GmNHX3, which was positioned in
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group III, displayed the closeness towards the NHXs from
Fabaceae family members (Vigna and Phaseolus).

Chromosomal location and sequence analysis
of GmNHXs

The physical chromosomal locations of the identified GmN-
HXs were retrieved from the Gramene database (Glycine_
max_v2.1), and they found to be distributed in nine differ-
ent chromosomes of G. max (Supplementary Fig. S1). All
GmNHXs displayed the negative orientation (strand) except
the GmNHX9 on chromosome 20 which displayed positive
orientation. GmNHX2 was the smallest peptide with 455
amino acids, while GmNHX1 and GmNHXS8 were larg-
est sequences (547 amino acids). All other peptides varied
with amino acid numbers ranging from 527 to 546 (Table 1).
Molecular weight of the GmNHXSs ranged from 50.05 to
60.79 kD, while pl values were observed in between 5.38
and 9.06. The protein instability indices confirmed the stable
nature of proteins in the test-tube, as most of the proteins had
the instability index below 40, except GmNHX2 (40.34) and
GmNHX?7 (40.62). The aliphatic indices for all the proteins
were > 100, with highest and lowest values displayed by
GmNHX3 and GmNHX4 (118.37 and 102.64, respectively).
The grand average of hydropathicity (GRAVY) for all the
proteins were positive (ranging from 0.460 to 0.734) sug-
gesting all proteins being hydrophobic in nature (Table 1).
Sub-cellular locations predicted using Plant-mPLoc
server indicated that all the proteins were present on
the vacuolar membrane. The identification of the dis-
ordered protein regions was carried out via [UPred2A
analysis, and it revealed that the region harboring Nat/H*
exchanger domain was without any disorder or disordered
binding regions (Supplementary Fig. S2). The phospho-
rylation sites were predicted with the help of NetPhos
3.1 server which showed that all the GmNHXs contained
high number of PKCs followed by PKAs, CKs and CDCs
(Supplementary Fig. S3). Secondary structure elements
in the GmNHXs predicted using PSIPRED confirmed that
the helices and coils were predominantly present in all the
proteins (Supplementary Fig. S4). TMHMM Server v. 2.0
showed the presence of at least 9 to 12 transmembrane
helices in GmNHXs suggesting the compactly arranged
membrane bound nature of the identified GmNHXs (Sup-
plementary Fig. S5, Table 1). The MEMSATSVM service
of PSIPRED Workbench was used to get the topology
of the transmembrane helices in GmNHXs (Supplemen-
tary Fig. S6). The amino acid position indicated that five
GmNHXs (GmNHX1, GmNHX5, GmNHX7, GmNHXS,
and GmNHX9) had the N-terminus end of peptide in the
extracellular region and C-terminal end in the cytoplas-
mic region. GmNHX2, GmNHX4 and GmNHX6 showed
both the ends in the cytoplasmic region, while GmNHX3
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Fig. 1 Phylogenetic relationship between the NHXs of G. max and
the reference plants (Arabidopsis thaliana, Brassica rapa, Brassica
oleracea, Brassica napus, Cucumus sativus, Lupinus angustifolius,
Medicago trancatula, Phaseolus, Solanum tuberosum, Solanum lyco-
persicum, Trifolium pratense, Vigna radiata, Vigna angularis and

had C-terminus end in extracellular region and N-termi-
nus end in the cytoplasmic region. Each of the GmNHXs
contains 229 to 253 amino acids in their transmembrane
helices (Table 1). The WEGO 2.0 tool further confirmed
the membrane-bound nature of all nine GmNHXs, as
shown in Fig. 2. This figure also indicated the transmem-
brane transporter activity as a molecular function of all
the identified GmNHXs, and this validated the fact that
all the identified GmNHXs were indeed transporters in
nature.
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Vitis vinifera) (Table S8). The peptide sequences of GmNHXs were
aligned with reference peptides using Clustal Omega tools and phylo-
genetic tree was constructed by MEGA-X using the neighbor-joining
(NJ) method, with 1000 bootstrap replicates

Gene structure, conserved motifs and domain
architecture analysis of GmNHXs

To examine the structural characteristics of GmNHX genes,
the intron/exon organizations of these genes were ana-
lyzed and compared using nucleotide sequences. Based on
the results obtained by Gene Structure Display Server, we
categorized GmNHXs in two groups (Fig. 3a). The length
and number of introns as well as intron phases were com-
paratively conserved in group II genes, where all the genes

Pigllase ¢l ay .
e e O) Springer



16 Page6of17

3 Biotech (2021) 11:16

Table 1 List of identified NHXs with their accession IDs (from Gramene database), Chromosomal location and strand, size (aa: amino acid), Iso-electric point (pI), molecular weight (MW)

(kDa), instabilty index, aliphatic Index, GRAVY, sub-cellular localization (V: Vacuole) and transmembrane helixes (predicted no., number of aa in TMH)

Lisle cllal avao £
KACSTa.0141lg oglell 2=

aas in TMHs

Pre-

MW (kDa) Instability Index Aliphatic Index GRAVY Sub-cellular

Chromosomal location Size (aa) pl
and

Accession ID

Gene

dicted
TMHs

Localization

strand (+)

Springer

251.54

12
09

A%
A%
A%
v
A%
v
v
v
\%

108.14 0.466

34.44
40.34

8.77 60.79
6.20 50.05
7.69 58.72
5.38 58.45
6.78 60.12
5.53 5839
9.06 59.64
8.99 60.74
6.78 60.10

547

455

,079,352-44,085,682 (-)

GLYMA_03G243000 Chr3:44

GmNHX1

229.41

0.734
0.645

112.26

,306,021-44,315,600(-)

GmNHX2 GLYMA_07G270400 Chr7:44
GmNHX3 GLYMA_08G324200 Chr8:44

234.59

118.37

37.41

527

,233,968-44,242,320(-)
,420,668-1,431,498(-)

GmNHX4 GLYMA_09G018200 Chr9:1

239.39

102.64 0.460

39.20
36.47

40.62

534
546

GmNHXS5 GLYMA_10G158700 Chrl0:39

232.14

10

10

0.558

113.52

,253,048-39,262,228(-)
,849,463-9,859,551(-)

GmNHX6 GLYMA_15G124100 Chrl5:9

240.26

0.475

102.66

534
536

547

,409,048-46,417,710(+) 546

GmNHX7 GLYMA_17G022500 Chrl7:1

234.36

116.92 0.626

37.88
36.10

,643,783-1,649,939(-)

GmNHX8 GLYMA_19G240500 Chr19:48

253.82

12

10

0.474

110.46

,830,897-48,836,752(-)

GmNHX9 GLYMA_20G229900 Chr20:46

233.17

0.531

112.45

36.66

possessed 13 introns, unlike the group I, where unequal
number of introns were seen. The analysis further revealed
that all the genes have upstream and downstream regions.

To gain a better understanding about structural diversity
of GmNHX proteins, the motif distributions in proteins were
investigated using the MEME program, which identified a
total of 10 putative motifs (Fig. 3b), and out of which only 4
conserved motifs were designated to encode for the function
of Na*/H* exchanger domain, as revealed by the annota-
tions from Pfam (Table S4). Motifs 1, 2, 3 and 4 belonged
to the Na*/H* exchanger family (CL0064, Pfam). The mul-
tiple sequence alignment of the GmNHX peptides charac-
terized the positioning of the four conserved motifs (Sup-
plementary Fig. S7). The results confirmed that the motif
1, 2 and 4 were represented by all 9 GmNHXs, whereas
motif 3 was present in GmMHX1, GmMHX3, GmMHXS5,
GmMHX7, GmMHX8, and GmMHXO9. Apart from these
principal motifs, 5, 6, 8 and 9 motifs were also present in the
GmNHXs (Fig. 3b). A conserved domain analysis revealed
that all the GmNHX proteins had Na™/H* exchanger domain
(Fig. 3c), thus qualifying them for the basic characteristic
feature of an NHX transporter.

Analysis of Cis-elements in GmNHXs promoters

The promoter region of each GmNHXs was analyzed for
the identification and enumeration of the cis-acting ele-
ments with an aim to further explore the regulatory roles
of GmNHX genes. As described in Table 2, cis-acting ele-
ments involved in hormonal responses (ABRE, ERE), stress
responses (ARE, MYC, DRE, MYB, TC-rich, W Box)
and other cellular functioning (A-box, O2-SITE, F-BOX,
G-BOX, GT1-MOTIF, CIRCADIAN) were identified in
the promoter regions of GmNHXs. Phytohormone respon-
sive element ABRE was present in promoter region of all
the GmNHXs, whereas ERE was present in all except the
GmNHX4 promoter. Stress responsive elements, namely
ARE, MYC, MYB, W Box were present in promoter regions
of all the GmNHXs. The stress responsive DRE element
was observed only in five GmNHX promoters (GmNHX2,
GmNHX3, GmNHX4, GmNHX5 and GmNHX6). Amongst
the other cis-acting elements, light responsive (G-BOX,
GT1-MOTIF) elements were again present in all the promot-
ers. The O2 site, which is involved in zein metabolism, was
present in the promoters of all GMNHXs except GmNHX7.
The element involved in circadian control was present in
the promoter region of GmNHX1, GmNHX2, GmNHX3,
GmNHX6, GmNHX7, GmNHXS, and GmNHX9. The pres-
ence of diverse kinds of cis-regulatory elements in the pro-
moter region of GmNHXs implies the complicated control
of the expression levels of GmNHXs at transcriptional level.
This indicate the potential roles of GmNHXSs in phytohor-
monal signal-responsiveness and stress adaptations of plants.
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Fig.2 Gene annotations obtained for every GmNHXs, represented

using the WEGO tool (http://wego.genomics.org.cn/). Gene annota- annotation and the annotations are categorized as cellular component,
tions of the identified GmNHXs were extracted from the Gene Ontol-

ogy (GO) Resource. Both the Y axis quantitates the genes (exact

molecular function and biological process

In silico prediction of protein specific SSRs different miRNAs were identified to target GmNHX1 and
and miRNA networks GmNHX8. GmNHX2 came out to be a target of least num-
ber of miRNAs. Interestingly, miRNA interaction network
analysis also revealed some common miRNAs targeting
multiple GmNHXs (Fig. 4a), for instance, miR393 family
targeted GmNHX5 and GmNHX9. Similarly, GmNHX4
and GmNHX6 were the targets of miR166 family mem-
bers, and miRNA candidates belonging to miR171 family
targeted GmNHX1 and GmNHXS8. Apart from these, there
were several other miRNAs having common GmNHX tar-
gets such as miR1510b-5p (targeting GmNHX3, GmNHX4
and GmNHX6), miR1536 (targeting GmNHX2, GmNHX4,
GmNHXS5, and GmNHX6), miR1520r (targeting GmNHX1,
GmNHXS5, GmNHXS8, GmNHX9) and miR9724 (targeting

GmNHX2, GmNHX4, and GmNHX®6).

We detected a total of 30 SSRs from the genomic transcripts
of identified GmNHXs (Supplementary Table S5, Supple-
mentary Fig. S8). Majority (40%) of the detected SSRs
belonged to the dinucleotide category (12/30), followed by
the tetranucleotide (37%). Trinucleotide SSRs shared 20%
(6/30) of the total SSRs, whereas only one pentanucletide
SSR was identified. A total of 75 different miRNA candi-
dates were predicted that can potentially target the identified
9 GmNHXSs. The number of miRNAs predicted to target
GmNHX1-9 were 9, 7, 8, 10, 19, 16, 9, 11 and 17, respec-
tively (Supplementary Table S6). The miRNA network anal-
ysis revealed the complex interactions between the putative
miRNAs targeting the GmNHXs along with their mode of
action (cleavage or translation based inhibition) (Fig. 4a).
The GmNHXS was targeted by highest (19) number of
miRNA candidates, which includes two miRNA families
(miR393 and miR482). The GmNHXS8 could potentially be
a target of 11 miRNAs from 3 miRNA families- miR171,
miR1508 and miR5380. Similarly, GmNHXO9 is a target

of 17 different miRNAs including miR393 family, while 9
&’f&m&ﬁ @ Springer

Analysis of GmNHX protein structure

To understand the putative structural and functional char-
acters of GmNHX proteins in soybean, the 3-D structures
were modeled using Phyre? web portal and I-TASSER
server. Three-dimensional models were constructed through
selection of the best structural template and utilization of
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Fig.3 a Phylogenetic relation between the identified GmNHXs and
their genetic structure (CDS, intron/exon regions) constructed using
the gene structure display server (GSDS 2.0, http://gsds.cbi.pku.edu.
cn/index.php). The phylogenetic tree is divided in two groups repre-
senting two different branches. CDS: coding sequence, kb: kilobases;
b Identification and distribution of the conserved motifs in GmNHXs.

their crystal structures from the protein data bank (PDB)
(Fig. 5). All the structures were constructed using the same
template (PDB Hit: 4cz8A). The best model was selected
on the basis of the C-score (from — 5 to 2) with the higher
C-score representing better confidence level for the model.
All the modeled GmNHX structures were well within the
stipulated C-score range (— 1.74 to —0.33) (Supplemen-
tary Table S7), confirming the high accuracy of predicted
GmNHX structures.

Prediction of protein—protein interactions

Protein—protein interaction network was constructed
using STRING database to further understand the poten-
tial functions of GmNHXSs during their interactions with
other cellular proteins. Amongst the GmNHXs, no imme-
diate interaction was observed (Fig. 4b); however, most
of the proteins were sharing the putatively interacted
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The identification, distribution and positioning of ten different motifs
was obtained using online MEME server (http://meme-suite.org/).
The diagram was constructed using TBtools software; ¢ Distribution
of the conserved Na*/H' exchanger domain (Na_H_Exchanger) in
GmNHX proteins. The domain analysis was done using the HMMER
and the diagram was constructed using TBtools software

proteins. Similar interactions were observed in the inter-
active (Fig. 4b) as well as the individual protein net-
works (Supplementary Fig. S9). Such proteins include
NADH-cytochrome b5 reductase (GLYMA17G12530.1,
GLYMAO05G08480.1; belongs to the flavoprotein pyri-
dine nucleotide cytochrome reductase family), starch syn-
thase (GLYMA16G02110.4, GLYMA20G36040.1, and
GLYMAO07G05580.3; chloroplastic/amyloplastic-granule-
bound protein from glycosyltransferase-1 family), bifunc-
tional dihydrofolate reductase—thymidylate synthase
(GLYMA12G04480.2; bifunctional enzyme involved in
de novo dTMP biosynthesis during folate metabolism),
proteins with H_HPPase domain (GLYMA17G11705.1,
GLYMA13G23170.1; pyrophosphatase involved in
hydrolysis of inorganic pyrophosphate) and proteins
from potassium transporter family (GLYMA07G15590.2,
GLYMA12G16040.1, and GLYMA17G31011.1).
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Table 2 Cis-acting elements analyzed from the promoter region of the identified GmNHX

GmNHX1 GmNHX2 GmNHX3 GmNHX4 GmNHX5 GmNHX6 GmNHX7 GmNHX8 GmNHX9

Description

Motif

10 12 27

12

18

15

Involved in responses to abscisic acid

Phytohormone response  ABRE

Ethylene responsive element

ERE
A

Element essential for anaerobic induc-

RE

Stress response

tion

19 17 21 21 22 15 15 13

12

Stress response regulators

MYC
DRE

Dehydration responsive

18 13 19 19 15 13 12 22

17

Stress response regulators

MYB

Defense and responses to stress

TC-RICH
W-BOX
A-box

Stress responsive element

Elicitor of light response

Other

1

Involved in zein metabolism regulation

02-SITE
F-BOX
G-BOX

Regulation of cell cycle

16

11

10

Involved with light responses

12

10

GT1-MOTIF Light responsive element

CIRCADIAN Involved in circadian control

Expression pattern of the GmNHX genes under NaCl
stress

In an attempt to gain insights into the possible roles GmN-
HXs play in soybean responses to salinity stress, we com-
pared their expression patterns quantitatively under control
and salt-stress conditions using qRT-PCR analysis. Results
confirmed that salinity induced all the GmNHXs genes in
leaf, stem and root tissues of both salt tolerant (MAUS-47)
and sensitive (Gujosoya-2) soybean cultivars in a concentra-
tion-dependent manner (Fig. 6a). Amongst the tissues, roots
showed highest induction followed by leaves and stems.
Salinity-mediated upregulation of GmNHX genes was higher
in MAUS-47 than Gujosoya-2.

Out of nine GmNHX genes, six genes GmNHX]I,
GmNHX2, GmNHX4, GmNHX6, GmNHX7 and GmNHXS8
showed highest induction, with 22-, 32-, 30-, 20-, 12- and
17-fold increase in expression levels over their respective
controls in roots of MAUS-47 under 200 mM NaCl. On
the other hand, expression levels of GmNHX3, GmNHX5
and GmNHX9 were highest in leaves of MAUS-47 treated
with 200 mM NaCl with 18-, 16- and 19-fold increase,
respectively. Expression levels of GmNHXI in MAUS-47
roots treated with 100 and 200 mM NacCl treatment showed
13- and 22-fold rise against 3- and tenfold increment in
Gujosoya-2 roots under similar NaCl levels. Similar trends
were shown by GmNHX2, GmNHX6, GmNHX7, GmNHX8
and GmNHX9 in roots. Whereas, GmNHX4, GmNHX6,
GmNHX7 and GmNHXS expression levels were higher in
leaves of MAUS-47 (10-, 8-, 4- and 14-times, respectively)
than Gujosoya-2 (6-, 5-, 2-, 6-times, respectively) at 200 mM
NaCl treatment. Salinity stress clearly upregulated GmNHXs
in leaves of both the cultivars, albeit with a higher magni-
tude in salt tolerant cultivar. In stem tissues, GmNHX genes
especially GmNHX1, GmNHX3, GmNHX4, GmNHX7 and
GmNHX8 showed higher expression levels in salt tolerant
cultivar. Overall, the gene expression levels of each of the
GmNHXs induced in leaf, stem and root tissues in response
to salinity stress, and the results were in concurrence with
the salt tolerance capabilities of two soybean varieties.

The expression levels of all the genes in all three tissues
from both the cultivars were used for hierarchical clustering
of genes showing the similar expression patterns (Fig. 6b).
The heat-map and the hierarchical clustering analysis
revealed that the genes can be clustered into two groups.
Cluster 1 represents GmNHX4, GmNHX6 and GmNHX7,
whereas the remaining genes (GmNHXI, GmNHX2,
GmNHX3, GmNHX5, GmNHXS, and GmNHX9) represented
the cluster 2. GmNHX5 and GmNHX9 were closely placed
in cluster 2. Similarly, GmNHX1, GmNHX2 and GmNHX8
were placed close to each other too. On the other hand,
GmNHX3 was placed distinctly from the other members of
cluster 2 genes. In case of cluster 1, GmNHX6 and GmNHX7
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Fig.4 a Interacting network of the miRNAs targeting the GmN-
HXs. The putative miRNAs targeting the GmNHXs were isolated
using psRNATarget server (http://plantgrn.noble.org/psRNATarget/)
and the interaction network between the identified miRNAs and their
targets was constructes using Cytoscape software (http://www.cytos
cape.org). Pink dot represents the GmNHXs, green dot represents the
corresponding miRNAs. The mode of miRNA mediated regulation

were placed in the same branch, whereas GmNHX4 was
represented by the separate branch.

Discussion

It is well-documented that NHX gene families-encoded
Na*/H* antiporters play crucial roles in ion homeostasis
and membrane trafficking especially in salt-stressed plant
cells (Pehlivan et al. 2016). In this study, we attempted to
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(cleavage/translation) is mentioned for every connection; b protein—
protein interaction network constructed between the GmNHXs and
the respective interacting proteins. The protein—protein interaction
network was constructed using the STRING database v11.0 (https
://string-db.org/) by utilizing the peptide sequences of all the GmN-
HXs. The GmNHXs are represented at the periphery of the network

(green)

identify NHX genes from the soybean genome and further
characterize them via deciphering their phylogenetic rela-
tionship, chromosomal localization, identifying conserved
motifs, their protein structure prediction, protein—protein
interactions and their expression profiling under variable
salinity stress.

We obtained a total of 68 NHX orthologs in Soybean (G.
max) in primary homology search, and finally, nine NHX
members were confirmed. Though previously Chen et al.
(2015) reported 10 GmNHXs in soybean genome; however,
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GmNHX1

Fig.5 Structural analysis (modeling of the three-dimensional struc-
ture) of GmNHXSs. Three-dimensional (3-D) structures of the iden-
tified GmNHXs were predicted using I-TASSER (https://zhanglab.

in the present investigation, we used the cut off value of
70% of the Target %id (i.e., percentage of the orthologous
sequence matching the reference plant sequence) to predict
the putative GmNHXs with high accuracy. Besides, unlike
Chen et al. (2015) we also considered the presence of Na'/
H* exchange activity (using HMMER web server and Egg-
NOG mapper) as an essential factor to confirm the orthologs
as putative NHXs in soybean.

The presence of Na™/H" exchanger domain in all nine
GmNHXs (Fig. 3c) confirmed their involvement in Na™*
transportation in soybean. The transmembrane-transporter
nature of identified GmNHXs was confirmed by the annota-
tion results visualized via WEGO plot (Fig. 2). Phylogenetic
analysis of the GmNHXs indicated the closeness between
identified and the reference NHXs. Five GmNHXs belonged
to group IV of the NHX peptides in the phylogeny, which
also contained representatives from Arabidopsis thaliana
and Brassica rapa (Fig. 1). All the peptides from group IV

ccmb.med.umich.edu/I-TASSER/). The best protein data bank analog
used as template for all the transporters: 4cz8A (PDB ID)

were localized on the vacuolar membrane. Similarly, three
GmNHXs from group I were also localized on the vacu-
olar membrane along with their close relatives from Arabi-
dopsis and Brassica. The GmNHX3 from group II peptides
also localized on vacuolar membrane followed the same
pattern, where peptide represented the closeness towards
the representatives from the genus Vigna and Phaseolus.
Previous investigations on similar line have demonstrated
that the NHX genes are occasionally clustered in three dif-
ferent clades depending upon their localization, mainly the
endosomal-, vacuolar-, or plasma membrane-positioning of
the protein (Kumari et al. 2018; Wu et al. 2019). All the
nine GmNHXs in present investigation were localized on
vacuolar membrane. The molecular weight and the pl val-
ues for all the GmNHXs were equivalent, indicating the
possible similarities in their composition (Table 1). The
phosphorylation sites namely PKA and PKC are associated
with the membrane transporters (Vialaret et al. 2014), and
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phosphorylation site analysis also revealed the presence of
considerable PKA and PKC phosphorylation sites along
with many other sites in the current study (Supplementary

/
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Fig. S3). Most of the NHX proteins were encompassing 10
— 12 transmembrane helices, as reported previously (Yama-
guchi et al. 2003).
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«Fig. 6 a Effect of NaCl (0, 100, 200 mM NaCl) on expression lev-
els of GmNHXs in leaf (green), stem (brown) and root (dark brown)
of soybean cultivars with contrasting salt tolerance nature G: Gujo-
soya-2 (sensitive), M: MAUS-47 (tolerant). Values are represented
as mean =+ standard error (n=3). The DMRT at p <0.05 was applied.
Treatments followed by the same lower-case letter for a particular
genotype do not differ statistically. RQ: relative quantitative expres-
sion; b Heat map of the expression analysis of the identified GmN-
HXs in leaf, stem, and roots of the Gujosoya-2 (salt sensitive) and
MAU-47 (salt tolerant) under saline conditions (0, 100 and 200 mM
NaCl)

The gene structural variability in terms of number of
introns/exons provides the additional evidence regarding
the phylogenetic relationship amongst the GmNHXs and
the current results were in agreement with the previous
such reports of NHXs in soybean (Chen et al. 2015), poplar
(Tian et al. 2017), sugar beet (Wu et al. 2019) and grape-
vine (Ayadi et al. 2020). Ten conserved motifs were identi-
fied in the GmNHXs, out of which four were categorized
as a part of Na*/H* exchanger family (Pfam clan:CL0064;
Supplementary Table S4) indicating the specific and simi-
lar functions for all the putative GmNHXSs. The charac-
teristic features of membrane-bound NHX-transporters in
plants include highly conserved membrane-spanning pore
and cation-binding domain comprising the nonapeptide
“FFIYLLPPI” (amiloride-binding site) (Tian et al. 2017;
Wau et al. 2019). This site is known for inhibition of cation/
H* exchange in presence of amiloride. Noticeably, we found
this sequence to be conserved in the second motif of all
the GmNHX peptides suggesting the functional as well as
sequence-based resemblance amongst the putative GmNHXs
(Supplementary Table S4, Supplementary Fig. S7). Simi-
lar kinds of “FFIYLLPPI” based characters of NHXs were
observed in other plants including Arabidopsis (Aharon et al.
2003), Ipomoea batatas (Wang et al. 2016) and Zygophyllum
xanthoxylum (Wu et al. 2011). During putative 3-D struc-
ture prediction, all the GmNHXSs exhibited the same protein
template (4cz9A) (Supplementary Table S7). All the puta-
tive protein models were constructed using same template
with highest level of confidence and accuracy. Collectively,
the analyses of motifs, domains and 3-D structures revealed
a high level of similarity amongst putative GmNHXs. The
analyses also reveal the link between motifs/domains/3-D
structures with their probable function, as all the motifs/
domains/3-D structures demonstrated the sodium exchange
as their prime function.

The cis-acting elements are key molecular switches for
transcriptional regulation of gene, which govern the gene
patterns to regulate biological processes (hormonal fluctua-
tions, environmental stress responsiveness, developmental
processes etc.) (Ding et al. 2018; Verma et al. 2019). The
phytohormones including ethylene and abscisic acid are
crucial for plant growth, development and stress responses

(Wang and Huang 2019). The presence of ABREs and EREs
in promoter region of GmNHXs hence suggest that they are
apparently involved in abscisic acid and ethylene signal-
ing during developmental phases or stress responses in G.
max (Table 2). Likewise, many stress responsive elements
were also identified in the promoter regions of GmNHXs
in present study, similar to previous reports from Poplar
trichocarpa (Tian et al. 2017) and Sorghum bicolor (Kumari
et al. 2018). Besides, cis-acting elements involved in light
responses, circadian control, cell cycle regulation and zein
metabolism were also identified in the promoter region of
GmNHXs. This suggest possible involvement of the GmN-
HXs in crucial plant regulatory events such as phytohormo-
nal alterations, stress responses and cellular growth/metabo-
lism. Besides, the occurrence of different cis-elements also
indicate cross-talk among the diverse signalling and that
based on a specific element, specific signalling pathway
could be induced into action for better cellular homeostasis
under stress conditions (Agarwal et al. 2018).

Currently there are 684 miRNA precursors and 756
mature miRNA sequences of soybean present in the miR-
Base (release 22.1, Kozomara et al. 2019). The extensive
miRNA network constructed using the GmNHXSs and their
respective targeting-miRNAs showed 75 different miRNAs
interconnected with nine different GmNHXs (Fig. 4a).
These miRNAs belonged to different miRNA families like
miR167, miR171, miR393, miR482, miR1508, miR1512,
and miR5380. All these miRNAs from G. max have been
characterized as stress-responsive (Ramesh et al. 2019).
The miR167 family is known to directly regulate certain
members of auxin responsive factors (ARFs) (Han et al.
2014). In crops like maize, miR167 was identified as nega-
tive regulator of phosholopase C and displayed inhibition
under drought as well as abscisic acid (Wei et al. 2009). The
nodule specific miR171 family is known to target the GRAS
family transcription factors, and is reported to be involved
in low temperature stress responses (Ramesh et al. 2019).
Furthermore, miR393 is also a nodule specific family which
has been demonstrated to play vital roles during the nodule
development. MiR393 plays crucial role of auxin signaling
via mediating the expression levels of auxin receptors TIR1/
AFB3 (Cai et al. 2017). The miR482 targets primarily resist-
ance (R) gene receptor kinases (majorly the defense-related
kinases), whereas the miR1512 targets the genes encoding
protein Copine I-like calmodulin-binding proteins. Both the
miR482 and miR1512 play important roles in nodule devel-
opment (Li et al. 2010). The miR1508 members are known
to regulate the PPR genes (Pentatricopeptide Repeats) which
modulates cold and drought mediated stress responses in
soybean (Sun et al. 2020). The miRNA network in current
investigation demonstrated the involvement of all the above-
mentioned miRNA families with the putative GmNHXs as
their targets. Apart from these miRNA families, the miRNAs
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with common GmNHX target (miR1510b-5p, miR1536,
and miR1520r) have also been proved as stress-responsive
(Ramesh et al. 2019). Collectively, these miRNA families
are proved to play the role of the crucial regulatory fac-
tors during the stress responses (drought, cold, abscisic acid
etc.) and development (nodules). This in turns highlights
the importance of predicted GmNHXs during the stress
responses and plant development. The differential expression
patterns of the GmNHXs in the current investigation hence
can be linked with the stress responsive miRNAs targeting
the GmNHXGs.

Protein—protein interaction network analysis confirms
the interaction of GmNHXs with other proteins including
NADH-cytochrome b5 reductase, starch synthase, proteins
containing H_HPPase domain and proteins from potassium
transporter family (Fig. 4b). The NADH-cytochrome b5
reductase is known to be an electron donor during impor-
tant biochemical processes such as fatty acid desaturation
and increasing the unsaturated fatty acid levels. This in turn
stimulates the membrane H"-ATPase (Wayne et al. 2013;
Oh et al. 2016). This function of the NADH-cytochrome
b5 reductase indicates its link with the NHXs, which is also
shown to be functionalized via electrochemical proton gra-
dient across the membrane generated by two H*-pumps;
H*-ATPase and H*-PPase (Bao et al. 2009; Wu et al. 2011).
The H*-PPase related proteins are potassium dependent
membrane bound pyrophosphatases (proton transporters)
which are important during the stress responses and plant
growth and development (Zhang et al. 2020). Current study
also displayed the presence of starch synthase; a prime
player during the process of starch synthesis, which is acti-
vated by the potassium (Parveen et al. 2020).

Current findings postulate the inter-connected network of
the H*-ATPase related cytochrome b5 reductase, H*-PPase
related potassium dependent transporters, starch synthase
as well as proteins from potassium transporters family. The
maintenance of the Na*/K* is one of the essential event dur-
ing the stress (salinity and drought) mediated adaptations
in plants (Khare et al. 2015). Ultimately, balanced Na*/K*
ratio is essentially required for the optimal stomatal func-
tion, protein synthesis, cell osmoregulation, photosynthesis
and turgor maintenance (Parveen et al. 2020). Therefore,
involvement of the proteins related to the potassium trans-
port in the protein interaction networks along with GmNHXs
in current investigation is justifiable.

Further to establish the relationship between the salinity
stress and the corresponding expression levels of GmNHXs
in the two G. max cultivars with contrasting salt tolerance
abilities, quantitative real-time (QRT) PCR analysis was
performed using the transcripts from different plant organs
including roots, stem with or without varying levels of
salinity stress. Membrane-bound transporters like NHX are
known to be involved in Na* exclusion from the cytoplasm
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and are, therefore, crucial in efflux, compartmentalization,
and homeostasis of Na*t across the cell (Blumwald 2000;
Zhu 2003; Kumari et al. 2018). Since a probable association
between stress responsive cis-acting element and the stress-
responsive miRNAs with GmNHXs was already proved, the
variability in the expression patterns of GmNHXs was pre-
dictable. In current study, irrespective of the level of salinity
imposed and salt tolerance abilities of the cultivars, GmNHX
genes were up-regulated in leaf, stem and root tissues of both
the cultivars as a response to salinity stress (Fig. 6a). Roots,
being the first organ/tissue exposed to the salinity have
shown considerably higher level of induction in GmNHX
genes. Leaves also exhibited the induction of GmNHXs;
however, the extent was lesser than the roots, while lowest
salinity-driven gene(s) upregulation was observed in stems.
The higher expression patterns of these sodium transport-
ers may be responsible for the exclusion as well as better
compartmentalization of the Na*; which will directly help to
maintain the Na* homeostasis across the cells. In summary,
all GmNHXs were upregulated by salinity in leaf, stem and
root tissues and the results were in concurrence with the salt
tolerance capabilities of two soybean varieties. The behav-
ioral pattern of these GmNHXs under saline conditions can
thus be considered as an important character defining their
salt sensitivity or tolerance capabilities. Salinity mediated
differential expression patterns in the NHXs were previously
reported in five NHXs from Beta vulgaris (Wu et al. 2019),
eight NHXs from Populus trichocarpa (Tian et al. 2017) and
six NHXs from Sorghum bicolor (Kumari et al. 2018). The
hierarchical clustering (Fig. 6b) revealed that two clusters
separated as per the activities of GmNHXs in all the tissues
under saline conditions from both the cultivars.

Conclusion

The present study on genome-wide analysis and screening
of G. max signifies the presence of nine GmNHX genes in
the soybean genome. Bioinformatics analysis confirmed
that all the identified GmNHXs were sodium transporters
positioned on vacuolar membrane and involved in sodium
transport across the cells. The amiloride binding site in
NHXs implied their apparent involvement in ABA signal-
ling pathway. The cis-elements present in NHX promoter
regions revealed their roles plant’s responsiveness for salin-
ity stress and guarding the cells. The identified GmNHXs
were predicted to be potential targets of 75 different miR-
NAs. Real-time quantitative PCR analysis indicated that all
GmNHX genes in different plant tissues were significantly
up-regulated by salinity stress, more so in salt-tolerant cul-
tivar, thus confirming the association of these genes with
salinity stress responses of soybean. These findings hold
significance in providing theoretical basis and functional
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validation of candidate gene resources in relation to salinity
stress tolerance in crop species.
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