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functional analysis of its role in NaCl tolerance
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Abstract

Background The cation/proton antiporter (CPA) superfamily plays a crucial role in regulating ion homeostasis
and pH in plant cells, contributing to stress resistance. However, in potato (Solanum tuberosum L.), systematic identifi-
cation and analysis of CPA genes are lacking.

Results A total of 33 StCPA members were identified and classified into StNHX (n=7), StKEA (n=6), and StCHX
(n=20) subfamilies. StCHX owned the highest number of conserved motifs, followed by StKEA and StNHX. The StNHX
and StKEA subfamilies owned more exons than StCHX. NaCl stress induced the differentially expression of 19 genes
in roots or leaves, among which StCHX74 and StCHX16 were specifically induced in leaves, while StCHX2 and StCHX19
were specifically expressed in the roots. A total of 11 strongly responded genes were further verified by gPCR. Six CPA
family members, SINHXT, SINHX2, SINHX3, SINHX5, SINHX6 and StCHX19, were proved to transport Na* through yeast
complementation experiments.

Conclusions This study provides comprehensive insights into StCPAs and their response to NaCl stress, facilitating
further functional characterization.
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Background
Salt stress severely impacts plant growth and yield, affect-
ing over 800 million hectares of land globally and hinder-
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exchanger family (NHX) [9, 10], while CPA2 includes
the K* efflux antiporter (KEA) and cation/H™ exchanger
(CHX) family [5, 9]. CPA identification has been reported
in various plants like Arabidopsis thaliana [11, 12], rice
(Oryza sativa L.) [13], grape (Vitis vinifera L.) [14], wheat
(Triticum aestivum L.) [15], radish (Raphanus sativus
L.) [16], and tomato (Solanum lycopersicum L.) [17]. The
AtCPAs reside in the plasma membrane, vacuoles, and
chloroplasts, enabling ion exchange and transport, espe-
cially for monovalent cations in plants, including sodium
and potassium ions [18, 19]. The CPA superfamily main-
tains cytoplasmic ion homeostasis and enhances salt
tolerance through Na® efflux and regionalization. NHX
proteins have been reported in over 60 plant species [20].
The Arabidopsis NHX family comprises eight members
(AtNHXI1-AtNHX8) [21-23] involved in Na' and H'
exchange and transport. AtNHX1 was the first charac-
terized NHX gene, significantly enhancing salt tolerance
in transgenic yeast or plants [21, 24]. Overexpressing
AtNHX7 reduced Na' accumulation in the xylem and
stem, improving salt tolerance in transgenic A. thali-
ana [11]. The NHX1 gene was reported to regulate salt
tolerance in Arachis hypogaea and Helianthus tuberosus
[25, 26]. Cloned from a drought-hardy legume, VuNHX1
can also regulate salt tolerance [27]. In rice, OSNHXI-5
and OsNHX7/0sSOS1 have been identified to enhance
salt tolerance [28, 29]. OsCHX14 played a role in the K*
homeostasis process [30]. AtKEAI-AtKEA3 played cru-
cial roles in chloroplast osmoregulation and pH homeo-
stasis [18], while AtKEA2 regulated K™ and pH in plastids
[31]. The CHX family proteins were involved in K*, Na¥,
and H* transport. A total of 28 CHX genes were identi-
fied in A. thaliana (32). AtCHX13, AtCHX17, AtCHX20,
and AtCHX23 predominantly transported K* rather than
Na* [9]. AtCHX14, AtCHX21, AtCHX23, and AtCHX24
played roles in K™ redistribution, salt tolerance, chloro-
plast development, pH homeostasis, and leaf senescence
[33-36].

Potato (Solanum tuberosum L.) is the world’s third-
largest food crop, valued for its rich nutrition, high yield,
and adaptability. However, potato is relatively sensitive to
salt stress. Excess salt in the soil reduces photosynthetic
rates, disrupts ion balance, and impairs osmotic regula-
tion, affecting tuber growth and development, leading
to yield loss. Identifying genes conferring resistance to
abiotic stress is crucial for molecular breeding in potato.
Although some CPA genes have been linked to NaCl
stress response in other plants, detailed information on
CPA in potatoes remains limited. Our study aimed to
systematically identify the CPA superfamily in the potato
genome and analyze their phylogenetic relationship, gene
structure, and conserved motifs. Additionally, we investi-
gated the expression patterns of SECPAs under salt (NaCl)
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treatment and confirmed the sodium ion transport func-
tion of SEINHX1, StNHX2, StNHX3, StNHXS, SINHX6
and StCHX19. These findings lay the groundwork for fur-
ther understanding of the role of StCPAs in NaCl stress
responses.

Results

Identification and characterization of CPAs in potato

To identify CPA members in potato, we performed a
BLAST search against the potato protein database using
known CPA sequences from Arabidopsis. We identified
33 StCPA members in the potato genome, categorized
into three subfamilies: StNHXs (n=7), StCHXs (n=20),
and StKEAs (n=6). The genes were named StNHXI-
StNHX7, StCHX1-StCHX20, and StKEA1-StKEA6 based
on homologies with other species. Detailed information,
such as gene name, coding region length, protein length,
molecular weight, theoretical isoelectric point (pI), and
subcellular localization predictions for all members, were
analyzed (Table 1). Notably, all StCPAs contained a Na*/
H™ exchange domain, with lengths of 281 to 1,828 amino
acid and molecular weights of 30 to 206 kDa. The theo-
retical pl ranged from 4.48 to 9.76, indicating different
protein charges. The subcellular localization of StCPA
predicted by WoLF PSORT, and most of them were on
the plasma membrane, in line with the function of main-
taining Na* homeostasis as transporters. In addition,
StCPA are located on several organelles, including the
endoplasmic reticulum, vacuole, cytoplasm, golgi appara-
tus and peroxisome.

Phylogenetic tree and chromosome localization analysis
To analyze the phylogenetic relationships of all StC-
PAs members, we extracted full-length CPA protein
sequences from potato, Arabidopsis, tomato, radish and
grape, then aligned them to construct the neighbor-join-
ing (NJ) phylogenetic tree (Fig. 1).

In total, 174 CPA proteins from five species (33 from
potato, 40 from Arabidopsis, 26 from tomato, 48 from
radish and 27 from grape) were categorized into three
subfamilies: NHX, KEA, and CHX. Among them, the
NHX group has 23 members, and the KEA group has
28 members. The CHX group is the most abundant sub-
family, with 123 members, including 19, 22, 35, 27 and
20 from tomato, grape, radishe, Arabidopsis and pota-
toe, respectively. The phylogenetic tree indicated that
the CPA gene family was highly conserved in different
species.

The StCPAs were mapped on the 12 chromosomes,
and they unevenly distributed across different chromo-
somes, with one to seven genes on each chromosome
(Fig. 2). Chromosome 8 had the most CPA members
(seven), followed by five on chromosome 6 and four on
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Table 1 Physiochemical properties of StCPA genes
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Gene ID NCBI Accession  Family members CDS  Aminoacid MW (kDa) PI Predicted subcellular location
DM8C01G00050  XP_006364070 SINHX1 3462 1154 127.86087 624  Plasma membrane
DMB8C01G20540  XP_006342736 StNHX2 1614 538 59.45057 857  Plasma membrane
DMB8C01G34890  XP_015164436 StNHX3 1611 537 5881516 795  Plasma membrane /Vacuole
DM8C04G11110  XP_006364429 StINHX4 2898 966 106.17462 6.5 Plasma membrane
DM8C04G19620  XP_006350401 StNHX5 1650 550 60.89645 6.07  Plasma membrane
DMB8C06G00790  XP_006362981 StNHX6 1605 535 59.05204 7.3 Plasma membrane
DM8C10G01190  XP_006352530 StNHX7 5484 1828 206.77168 745  Plasma membrane / Golgi apparatus
DM8C02G02680  XP_006361543 StCHX1 2442 814 89.81156 598  Plasma membrane
DM8C02G14740  XP_006355611 StCHX2 2445 815 88.22928 864  Chloroplast

DM8C03G03420  XP_006343341 StCHX3 2373 791 87.29633 6.38  Plasma membrane
DMBC04G10060  XP_027772185 StCHX4 2376 792 87.48286 7.85  Plasma membrane
DMB8C05G22870  XP_006365323 StCHX5 843 281 3041235 9.76  Cytoplasm / Plasma membrane
DMB8C06G00430  XP_006355820 StCHX6 2424 808 89.3439 8.13  Cytoplasm / Plasma membrane
DM8C06G10320  XP_049412342 StCHX7 2499 833 9161628 747  Plasma membrane
DM8C06G17510  XP_006366744 StCHX8 2526 842 91.99454 7.08  Plasma membrane
DM8C06G32020  XP_049408644 StCHX9 4026 1342 14797606 863  Plasma membrane
DMBC08G04520  XP_049349907 StCHX10 2289 763 82.3556 796  Plasma membrane
DMB8C08G04540  XP_015084067 StCHX11 1275 425 4507818 95 Peroxisome

DMBC08G06830  XP_006366098 StCHX12 2499 833 91.88195 526  Plasma membrane
DM8C08G25290  XP_006355520 StCHX13 1881 627 68.64146 6.17  Plasma membrane / Cytoplasm
DM8C08G28710  XP_006343907 StCHX14 2409 803 87.00402 847  Plasma membrane / Cytoplasm
DMB8C08G28720  XP_006343906 StCHX15 2409 803 86.62846 841 Plasma membrane
DMB8C09G02150  XP_006341222 StCHX16 2391 797 87.69327 866  Plasma membrane
DM8C09G11130  XP_015161582 StCHX17 2370 790 87.81288 727 Plasma membrane
DM8C12G15520  XP_049372846 StCHX18 2334 778 85.90788 83 Plasma membrane
DM8C12G21940  XP_006360740 StCHX19 2382 794 86.34204 8.03  Plasma membrane / Endoplasmic reticulum
DM8C05G22880  XP_049366540 StCHX20 1335 445 49.95676 6.19  Cytoplasm

DMB8C01G30690  XP_006339534 StKEAT 3606 1202 12937718 471 Plasma membrane
DMBC03G16940  XP_006348050 StKEA2 1734 578 62.96448 755  Plasma membrane
DM8C05G13370  XP_049403596 StKEA3 1749 583 62.53565 529  Plasma membrane
DMB8C07G11010  XP_049360980 StKEA4 1728 576 62.35339 53 Plasma membrane
DMB8C08G13920  XP_006360984 StKEAS 1800 600 64.77197 7.76  Plasma membrane
DM8C11G16760  XP_006359366 StKEA6 2811 937 10145054 448  Chloroplast / Mitochondrial

chromosome 1. Chromosomes 4 and 5 each had three
members, while chromosomes 2, 3, 9, and 12 each had
two members. The remaining chromosomes each con-
tained one member.

Conserved motifs and gene structure analysis

To distinguish the differences among the three StCPA
families, we conducted an analysis of the gene composi-
tion and structure of the StCPA proteins (Fig. 3). StCHX
members exhibited three to eleven conserved motifs,
while KEA members had four to five conserved motifs.
In the StNHXs family, SEINHX3 and StNHX6 had no con-
served motifs, SINHX1 and StNHX2 had only one con-
served motif, StNHX4, and StNHX5 had two conserved

motifs, and StNHX7 had four conserved motifs (Fig. 3A).
Notably, most StCPA members within the same subfam-
ily had similar motif compositions, implying conserved
functions among these proteins. Additionally, the number
of motifs varied across different subfamilies, with CHXs
being the most abundant, followed by KEAs and NHXs
(Fig. 3B). This suggests that the functions of different sub-
families may have evolved different functions over time.
We further analyzed the structural diversity of these
StCPA (Fig. 4). The results revealed significant vari-
ations in sequence length and the number of introns/
exons among StCPA members. The CHX family mem-
bers had shorter sequence lengths and fewer exons,
whereas the NHX and KEA family members had longer
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Fig. 1 Phylogenetic tree of CPA proteins in potato, Arabidopsis, tomato, radish and grape. Neighbor-joining tree constructed using MEGA 11,
depicting the phylogenetic relationship among 174 CPA proteins, comprising 40 AtCPAs, 33 StCPAs, 26 SICPAs, 48 RsCPAs and 27 VWCPAs. The NHX,
KEA, and CHX subfamilies encompass 23 members, 28 members, and 123 members, respectively

sequence lengths with many shorter exons (Fig. 4A
and B). For instance, the StKEA6 gene spans 46,476 bp
and consists of 19 exons, while the StCHX6 gene spans
2,596 bp and contains only 3 exons. This pattern is con-
sistent with the CPA gene superfamily of tomato [17].

RNA-seq analysis of the CPA gene superfamily under NaCl
stress

To investigate the potential function of the StCPA super-
family under NaCl stress, we analyzed their expression

patterns in leaves and roots under 200 mM NaCl treat-
ment using RNA-seq data. The results revealed that the
expression levels of 19 StCPAs were enhanced in roots or
leaves under NaCl treatment (Fig. 5A). Notably, SecCHX14
and StCHX16 exhibited specific high expression in leaves,
while S.CHX2 and StCHX19 are specifically expressed in
roots, indicating that they may be specifically involved
in regulating ion homeostasis in leaves or roots, thereby
affecting NaCl tolerance (Fig. 5A and B). Interestingly, the
remaining members (n=14) of StCHX were not induced
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Fig. 2 Chromosomal position of StCPA genes. Distribution of StCPA genes in potato chromosomes. Chromosome numbers are shown within each

bar. The scale on the left is in megabases (Mb)

by NaCl stress, indicating that they may transport other
cations but Na™. In contrast, all StNHX and StKEA were
induced by NaCl stress, highlighting their potential roles
in potato NaCl stress. Collectively, our findings suggest
that StCPA members are differentially induced by NaCl
stress and play distinct roles in NaCl resistance.

Quantitative expression analysis of StCPAs under NaCl
stress

The expression of this family was further validated by
qPCR analysis under NaCl stress (Fig. 6). We selected
11 StCPA genes (StNHX1, SINHX2, StNHX3, SINHX4,
StNHX5, StNHX6, StNHX7, StCHX19, StKEAI,
StKEA2, and StKEA4) that exhibited substantial induc-
tion by NaCl stress (Delta FPKM relative to CK>10 in
root or leaf). In roots, the expression level of SENHX4
induced by NaCl stress is the highest (>6-fold at the
24th hour). SINHX3, StNHX6, StNHX7, StCHX19, and
StKEAI were induced to 2-3 folds. SEINHX1, SINHX2,
StNHXS, and StKEA2 were significantly upregulated
(p<0.05), while the change of StKEA4 was not sig-
nificant. Notably, most of genes showed gradually
increased expression with the prolongation of stress
treatment, except for SENHX6 with the highest upregu-
lation at thel2th hour. In leaves, the expression levels
of SINHX3 and StNHX7 were quickly upregulated at

the 6th hours (>2-fold and >1.5-fold) and remained
this level; SINHXI1, StNHX5, SINHX6, StCHX19, and
StKEA4 showed a trend of upregulation and then
downregulation. Among them, StNHXI, StNHXS,
StNHX6, and StCHX19 showed the highest upregula-
tion at the 12th hour and downregulation at the 24th
hour, while StKEA4 showed the highest upregula-
tion at the 6th hours and gradually downregulated
thereafter. The expression level of SINHX2 was stead-
ily upregulated in the leaves, while the other genes
StNHX4, StKEAI, and StKEA2 were not induced by
NaCl stress in the leaves. In addition, we noticed that
the induced expression levels of StNHX3, StNHX4,
StCHX19, StKEA1, and StKEA2 were higher in the
roots than in the leaves, while the induced expression
levels of SENHX1, StINHXS5, SENHX6, and StKEA4 in the
leaves were higher in the roots. In summary, different
StCPA members exhibited various responsive patterns,
indicating their diverse functions in response to NaCl
stress.

Effect of NaCl stress on yeast cell growth

In order to verify whether these responsive genes own the
Na* transport function, we selected seven genes, which
strongly responded to NaCl stress both in roots and leaves,
for validation using defective yeast expression experi-
ments. These genes included StNHX1, StINHX2, SINHX3,
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Fig. 3 Conserved motifs of StCPA proteins. A Analysis of the conserved domains of the StCPA proteins. The 10 motifs are depicted using different
color ranges. B Number of conserved motifs in StINHX, StKEA, and StCHX subfamilies

SINHXS, StNHX6, SINHX7, and StCHX19. Under normal
conditions, the growth of untransformed and transgenic
strains is similar. Under NaCl stress, untransformed yeast
cells AXT3K-P416 cannot grow on AP-URA medium,
while the transgenic strains containing the functional
genes could grow on AP-URA medium. The yeast strain
that AXT3K+p416-SEINHX7 present the phenotype
similar to AXT3K+P416 and cannot grow on AP-URA
medium containing 60 mM NaCl, indicating that SINHX7
does not have Na™ transport function. It is speculated that

this gene is responsible for transporting cations other than
Na*. In contrast, AXT3K strains transformed StNHXI,
StNHX2, StNHX3, StNHX5, SINHX6, and StCHXI19 genes
could grow in 60 mM NaCl AP-URA medium, indicating
that these genes have Na™ transport functions. SENHXS5
and StNHX6 showed the comparable phenotype with the
positive control (W303+P416), indicating their effective
functions. The other members growth status was not as
strong as the positive control W303 4 P416, indicating that
they only partially rescued the Na* deficient phenotype of
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the AXT3K strain (Fig. 7). These results are consistent with
previous research [15, 37].

Discussion

In this study, we identified 33 CPA members in potato,
classified into three subfamilies: CHX, NHX, and KEA.
This classification was consistent with previous research
on various plant species, including monocotyledons
and dicotyledons like rice, maize, sorghum, A. thaliana,
grape, and tomato [5, 11-17], This indicates that the evo-
lution and classification of CPA proteins in different spe-
cies is highly conserved. This study will provide reference
for the subsequent functional characterization of the
potato CPA gene family (Fig. 1). We observed significant
differences in the number of conserved motifs among the
subfamilies, with 0—4 motifs for StNHX, 4-5 motifs for
StKEA, and 3-11 motifs for StCHX. Similar observations
have been found in other species. For instance, in tomato,
the number of motifs for SINHX, SIKEA, and SICHX is
0-2, 4-7, and 7-13, respectively [17]. In wheat, the num-
ber of motifs for TaNHX, TaKEA, and TaCHX is 1-4,

7-9, and 3-11, respectively [15]. In radish, the number
of motifs for RsNHX, RsKEAs, and RsCHX is 1-4, 4-5,
and 3-17, respectively [16]. Moreover, we also observed
common features in the number of exons in different
subfamilies across various species. For StENHXs, StKEAs,
and StCHXs, the numbers of exons are 14-33, 19-20,
and 2-9, respectively. Similarly, in tomato, the numbers
are 1-23, 7-20, and 2-7 [17]. In wheat, the numbers are
7-25, 12-21, and 1-4 [15]. In radish, the numbers are
10-19, 17-21, and 1-5, respectively [16]. This consist-
ency among different species indicates that CPAs are rel-
atively conserved during evolution.

To date, numerous studies have reported the involve-
ment of the CPA gene superfamily in NaCl tolerance in
plants [9, 38]. Our qPCR results demonstrated that all
11 selected StCPA genes were upregulated in response
to NaCl stress in leaves or roots, indicating that upreg-
ulating the expression of antiporters is an important
mechanism for coping with NaCl stress. SOS1 (Salt
overly sensitive 1) protein, a Nat/H" antiporter found in
various plants, is induced by NaCl stress and functions
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in Nat efflux to enhance NaCl tolerance in plants [1,
3, 39]. In potato, SENHX1 is the homologous gene of
AtSOS1. We observed significant induction of SENHXI
by NaCl stress in both leaves and roots of potato, con-
sistent with our expectations. Furthermore, we noticed
tissue-specific differences in gene expression. RNA-Seq
showed that StCHXI14 and StCHX16 were specifically
expressed in leaves, while StCHX2 and StCHX19 were
specifically expressed in roots. qPCR data showed that
the expression level of StNHX4 increased by 7 folds in
the roots after 24 h of NaCl stress, while it was not sig-
nificant in the leaves. This further proved that SINHX4
play the major role in the roots. StKEA4 showed a signifi-
cant increase in expression levels, but not induced in the
roots, suggesting that this gene mainly plays a role in the
leaves. So, it is speculated that different members have
different tissues-specific functional divergence of regulat-
ing NaCl tolerance.

In addition, we observed that the expression levels
of all StNHX and most (5/6) StKEA members signifi-
cantly increased in roots or leaves under NaCl stress.

For StCHX subfamily, six members (StCHX9, StCHX15,
StCHX2, StCHX19, StCHXI14, and StCHX16) induced
by NaCl stress, while most of (n=14) members were
not sensitive to NaCl stress. This indicated StNHX and
StKEA play major roles in coping with NaCl stress, while
StCHX subfamily members may be induced by various
forms of salt stress.

The yeast system for rapid verification of CPA function
has been widely employed in various plants [15, 40, 41]. For
instance, heterologous expression of ZmNHXS5, ZmCHX2,
ZmCHX3, ZmCHXS5, ZmCHX17, and ZmKEA2 restored
the Na* resistance of the yeast mutant AXT3K, and the
NaCl tolerance function of ZmCHX2 and ZmNHXS5 was
confirmed in transgenic plants [40]. Similarly, the wheat
CPA gene superfamily TuNHX4 enhanced the survival
rate of Escherichia coli under various abiotic stresses [15].
In Arabidopsis, the AtKEA subfamily, except for AtKEA3,
improved the tolerance of yeast mutant strains to high K*
stress [41]. To verified which member own ion transport
function, a total of seven genes were applied to a yeast
system. The results showed that heterologous expression
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of SINHX1, StNHX2, StNHX3, StNHXS5, StNHX6, and
StCHX19 enhanced the NaCl tolerance of AXT3K, indi-
cating that these genes indeed have potential Na* efflux
function. However, SEtNHX7 did not rescue the defective
expression of AXT3K, indicating that it does not have Na*
efflux function. It is speculated that this gene is induced to
respond to NaCl stress and affects potato NaCl tolerance
by transporting other metal ions.

Conclusions

In this study, we conducted a comprehensive investiga-
tion of the CPA superfamily members in potato. A total
of 33 StCPA genes were identified and categorized into
three subfamilies: NHX, KEA, and CHX, with signifi-
cant differences in conserved motifs and exons. More
than half of the StCPA genes were induced by NaCl
stress, exhibiting varying magnitudes and response
times. Notably, SINHXI1, StNHX2, StNHX3, SINHXS,
StNHX6, and StCHX19 were found to transport Na*
and enhance NaCl tolerance in defective yeast mutants.

These findings provide valuable insights for future
research on the biological functions and molecular
mechanisms of these potato CPA genes in response to
NaCl stress.

Materials and methods

Identification of the CPA gene superfamily in potato

The Arabidopsis CPA protein sequences were acquired
from the TAIR database (https://www.arabidopsis.
org/index.jsp) [42]; tomato CPA protein sequences
were acquired from the phytozome database (https://
phytozome-next.jgi.doe.gov/) [17]; radish CPA protein
sequences were acquired from the National Genomics
Data Center (NGDC) Genome Sequence Archive (GSA)
(https://ngdc.cncb.ac.cn/gsa/) [43]; grape CPA pro-
tein sequences were acquired from the Genome Ware-
house (GWH) database of the National Genomics Data
Center (https://bigd.big.ac.cn/) (Supplementary Table
S3) [44]. The potato genome and amino acid sequences
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were obtained from the National Genome Science
Data Center (https://ngdc.cncb.ac.cn/) [45], BioPro-
ject: accession no. PRJCA011810. A BLAST-P search
was conducted to query the StCPA proteins within the
potato protein database, and the filtering threshold was
established as an E-value less than e~°. These were fur-
ther verified by interrogating the Pfam database (http://
pfam.xfam.org/search/) [46] for the existence of a sig-
nature Nat/H™ exchanger (PF00999) domain. A total of
33 StCPA gene superfamily proteins were identified for
subsequent analysis. Additionally, ExXPASy ProtParam
(https://www.expasy.org/) was employed to predict the
physicochemical properties of StCPA proteins, includ-
ing the length of the coding region, number of amino
acids, molecular weight, theoretical isoelectric point
(pI) [47]. Subcellular location of the StCPAs proteins
predicted by WoLF PSORT (https://www.genscript.
com/wolf-psort.html/) [40].

Phylogenetic tree and chromosome localization analysis
Use MEGAILl software to align the CPA protein
sequences of potato, Arabidopsis, tomato, radish, and
grape, to construct a neighbor-joining (NJ) phyloge-
netic tree. The chromosomal positions of different
StCPA genes were identified based on the National
Genomics Data Center (https://ngdc.cncb.ac.cn/) [45],
BioProject: accession no. PRJCA011810. The chromo-
somal map was visualized using the Ritchie-lab phe-
nogram tool (http://visualization.ritchielab.org/pheno
grams/plot/).

Conserved motifs and gene structure analysis

The potato StCPA gene superfamily sequence infor-
mation was consistent with the above method. The
structural information related to the StCPA genes was
displayed using TBtools (https://github.com/CJ-Chen/
TBtools/) [48]. The conserved motifs were identified by
Multiple Em for Motif Elicitation (MEME) (http://meme.
nbcr.net/meme/tools/meme/) [49].

Planting and CPA gene superfamily RNA-Seq analysis

The potato genotype A056 was propagated using MS
medium and cultured for 15 days in a growth room (con-
ditions: light duration of 16 h, dark duration of 8 h; tem-
perature of 21 °C) and transplanted into a matrix block
(the matrix block material is composed of coconut bran,
peat, and wood, and after high-temperature sterilization,
it was wrapped in a degradable mesh like non-woven
fabric to form 41 mm X 42 mm sized matrix block). The
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seedlings were cultured for 2—3 days and grown normally
over the course of 15 days. Add NaCl into tap water and
prepare 200 mM NaCl aqueous solution and pour it into
a seedling tray for potato seedlings to absorb and form
NaCl stress. Leaf and root samples were collected from
seedlings at 0 h, 6 h, 12 h, 24 h, and 48 h after NaCl treat-
ment and flash-frozen in liquid nitrogen. Three biologi-
cal replicates for each treatment were conducted. RNA
was extracted using the TRIzol reagent method, and
StCPA transcriptome analysis was performed. RNA-Seq
was completed by the Beijing Annuo Company, China.
The FPKM expression value was determined from the
sequencing data and were further screened by heatmap
drawing using TBtools software.

Quantitative real-time PCR

The RNA samples for qPCR were identical to those used
for RNA-Seq analysis. The first strand cDNA synthe-
sis from total RNA reverse transcription was performed
using the PrimeScript” RT reagent Kit with gDNA
Eraser (Perfect Real Time) from TaKaRa. Quantitative
RT-PCR was performed using TB Green Premix Ex Taq
II (Tli RNaseH Plus) (Code No. RR820A/B) from TaKaRa
on a StepOnePlus Real-Time PCR Instrument (Applied
Biosystems). Tubulin was employed as an internal control
to normalize the samples. Primer design was conducted
using Primer Premier 5 software and is outlined in Sup-
plementary Table S1. All experiments were conducted
with biological triplicates.

Cloning of gene

Plant material accession A056 was utilized for total RNA
extraction and reverse transcription polymerase chain
reaction to generate cDNA sequences (an identical method
to the described qPCR procedure). Primers were designed
based on the CDS of SENHX1, StNHX2, StNHX3, StNHXS,
StNHX6, StNHX7, and StCHX19 from potato DM
genomes. Detailed primer sequences can be found in Sup-
plementary Table S2. In order to clone the coding region
sequences of the StNHXI, StNHX2, StNHX3, StNHXS,
StNHX6, SINHX7, and StCHX19 genes, the cDNA of the
A056 material was employed as a template for PCR ampli-
fication using the Supplementary Table S2 primers. The
sequences of the StNHXI, StNHX2, StNHX3, StNHXS,
StNHX6, StNHX7, and StCHXI9 genes were ampli-
fied and inserted into the P416 vector using the seam-
less cloning method (In-Fusion® Snap Assembly Master
Mix) (TaKaRa). Finally, vector construction was verified
by sequencing. The constructed vectors included P416-
StNHX1, P416-StNHX2, P416-StNHX3, P416-StNHXS,
P416-StNHX6, P416-StNHX 7, and P416-StCHX19.
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Yeast strains and incubation

Saccharomyces cerevisiae strain AXT3K (/\enal:HIS3
::/A\ena4,/Anhal:LEU2, and Anhxl: KanMX4), defi-
cient in the main endogenous Na* transporters, was
used and is a derivative of W303 (MAT ura3-1 leu2-
3,112 his3-11,15 trpl-1 ade2-1 canl-100) [37, 50].
To assess the functionality of the StNHX1, StNHX2,
StNHX3, StNHX5, StNHX6, StNHX7, and StCHX19
proteins, p416-StNHX1, p416-StNHX2, p416-StNHX3,
p416-SINHXS, p4l6-StNHX6, p416-StNHX7, and p416-
StCHX19 were transformed into AXT3K. Addition-
ally, an empty P416 vector was transformed into W303
as a positive control and AXT3K as a negative control.
The transformed strains were grown using an AP-URA
medium for 72 h (AP culture medium comes from
Shanghai Huzhen limited company, the instructions for
use are detailed in the user manual). When precultures
grew to saturation, they were diluted 100-fold, 1,000-fold,
and 10,000-fold. Samples consisting of 2 uL of each series
of diluents were dotted onto AP-URA plates containing
0 mM NaCl and 60 mM NacCl. After incubation for 3-5
days at 30 °C, growth was visualized and analyzed.
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The online version contains supplementary material available at https://doi.
0rg/10.1186/512864-024-10000-2.

Additional file 1: Supplementary Table S1. Primer sequences for
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