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FIGURE 5 | Collinearity analysis of CaNHX gene in pepper. (A) Chiltepin; (B) Corno; (C) Cuneo; (D) Quadrato; (E) Tumaticot; (F) CM334; (G) ECW; (H) PBC81;
(I) SF. Z: Zunla-1.

Supplementary Table 7). The analysis showed that CaNHXs may
be regulated by such things as light and salicylic acid, and
may participate in defense mechanisms through these cis-acting
elements, thus playing a role in protecting plant growth.

Co-expression Network of CaNHX Gene
Under Stress Treatment
According to established methods, the co-expression network
related to the CaNHX gene was extracted. Under stress, 10 groups
of data were obtained: ABA, IAA, GA3, SA, JA, sodium chloride,
mannitol, hydrogen peroxide, heat stress, cold stress, plus control
groups. The co-expressed gene of the CaNHX gene was extracted
by script, and the co-expressed gene related to the NHX gene
under stress was obtained (Figure 7 and Supplementary Table 8).
According to the co-expression network, in the control group,
the genes co-expressed with the NHX gene contained fewer
co-expression network genes than the other 10 groups, among
which ABA, IAA, GA3, and mannitol were the most abundant.
The number of co-expression genes was the highest under heat

TABLE 2 | Nucleotide substitution rate of Pepper CaNHX gene.

Collateral
homologous gene
site

Non-synonymous
substitution rate
(Ka)

Synonymous
substitution rate
(Ks)

Selective
pressure ratio
(Ka/Ks)

CaNHX1-CaNHX6 0.201701088 2.493573377 0.080888371

CaNHX2-CaNHX8 0.026980027 0.041710828 0.646835085

CaNHX4-CaNHX5 0.155507334 0.327196446 0.475272076

stress and cold stress, but other co-expression genes were also
present under NaCl stress. Under salt stress, a total of 4 CaNHX
genes were co-expressed with transcription factors, among which
CaNHX9 co-expressed the most with 11 transcription factors,
followed by CaNHX4 with 7 transcription factors, and CaNHX1
with only 1 NAC co-expressed with CaNHX1 was the least.

Expression Pattern of Pepper NHX
Genes Under Hormone and Abiotic
Stress
The expression profile of the CaNHX gene in pepper was
analyzed using an online database (Figure 8). The results showed
that the expression of CaNHX3, CaNHX4, and CaNHX5 in roots
was upregulated compared with that in leaves during IR (IAA
root stress) and GR (GA3 root stress), while the expression
of CaNHX2, CaNHX6, CaNHX7, CaNHX8, and CaNHX9 was
lower in leaves. Under hormone stress, CaNHX1 expression
was upregulated. Under abiotic stress, CaNHX1 and CaNHX9
genes were upregulated in HR (heat root stress), while CaNHX2,
CaNHX3, and CaNHX4 were upregulated in RR (H2O root
stress), FR (cold root stress), and MR (mannitol root stress),
whereas CaNHX5 was upregulated in FL (cold leaf stress),
CaNHX6 was upregulated in HL (heat leaf stress), CaNHX7 was
upregulated in RL (H2O leaf stress), CaNHX7 was upregulated in
RL and CaNHX8 in FL. At the same time, expression analysis of
the CaNHX gene family under salt stress showed that CaNHX1,
CaNHX3, CaNHX4, CaNHX5, and CaNHX9 were upregulated
in roots, and their expression tended to be consistent over time.
CaNHX6, CaNHX7, and CaNHX8 were upregulated in NL (NaCl
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FIGURE 6 | Cis-acting elements of C. annuum CaNHX genes.

leaf stress), while the root expression of CaNHX2 was higher in
the blank control than in the leaves.

Quantitative RT-PCR Analysis
The pepper at the 6-leaf growth stage was subjected to 100
Mmol salt stress, and the samples at different times (3, 6, 12,
24, and 72 h) were taken for fluorescence quantitative analysis
(Figure 9). Results show that, under salt stress, when processing

CaNHX1, CaNHX2, CaNHX6, CaNHX9 showed a trend of
increased expression, the five time node, CaNHX1, CaNHX9 two
genes in a state of relative balance, express no obvious floating.
The expression of CaNHX2 and CaNHX6 began to be down-
regulated over time after initial stress treatment and then began to
be up-regulated after 24 h. The expression of CaNHX3, CaNHX4,
CaNHX5, and CaNHX8 genes was less obvious than others.
CaNHX1 with CaNHX9 fluorescence quantitative results agree
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FIGURE 7 | (A,B) Co-expression network of C. annuum CaNHX gene under NaCl stress (Diamond: CaNHX genes; Circular: TFs; Node Fill Color Mapping: Degree).

FIGURE 8 | Expression pattern of CaNHX gene in pepper under different stress in root and leaf. (A) Hormonal stress. (B) Abiotic stress. (C) Salt stress.
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FIGURE 9 | Quantitative RT-PCR analysis of pepper CaNHX gene.

with the transcriptome data, in response to salt stress were a
higher expressed state, CaNHX2, CaNHX6, CaNHX7, CaNHX8
increase is not obvious in the transcriptome, which no expression
in fluorescence quantitative CaNHX7 gene, do not make the
same amount in the transcriptome. In conclusion, two genes,
CaNHX1 and CaNHX9, were stably expressed in pepper under
salt stress, which was consistent with transcriptome results. It
was speculated that pepper could adjust its own ion balance by
up-regulating the expression of CaNHX1 and CaNHX9 genes in
the process of salt stress, so that pepper could adapt itself to the
changes in the environment.

DISCUSSION

NHX Gene Family in Pepper
We identified 9 CaNHX genes in the pepper genome (zunla-1),
6 in C. annuum chiltepin, 9 in C. chinense. PI159236, and 9 in
C. annnuum. Cv.CM334.There were 9 identified in C. nnuum.
Cv. ECW, 10 identified in C. accatum. PBC81, 8 identified in
C. nnuum. SF, 8 identified in Corno, 8 identified in Cuneo,
9 identified in Quadrato, and 8 identified in Tumaticot. The
CaNHX gene was found to contain up to 9 genes in different
varieties of pepper. So far, NHX genes have been identified in
many species, with the most identified in Gossypium hirsutum
and G. barbadense (23 GhNHX and 24 GbNHX, respectively)
(Fu et al., 2020).

However, in subcellular localization, NHX genes can be
classified into three subgroups according to their subcellular
localization according to previous reports which were divided
into three categories, namely Vac-Class, Endo-class, and PM-
class, among which VAC-class is located in Vacuole, Endo-class
in Endoretinal Reticulum, and PM-class in Plasma membrane
(Wu et al., 2019). Other NHX gene species based on subcellular
localization also include A. thaliana, P. trichocarpa, G. hirsutum,
V. vinifera, Triticum aestivum, Oryza sativa, Sorghum bicolor,
Cucurbita maxima, Solanum lycopersicum, Panicum virgatum,
Eutrema halophilum,Spinacia oleracea, and Hordeum vulgare.
According to the classification of grapes by Ayadi et al. (2020) the

VvNHX genes of grapes are divided into two categories, namely
Group I Vacuolar (VvNHX1–VvNHX5) and Group II Endosomal
(VvNHX6). However, CaNHX genes in pepper are not classified
according to their subcellular location. CaNHX2 and CaNHX4
are located in the Cell membrane, while the other subcellular
locations of CaNHX gene family members are located in Vacuole.
There is no PM-Class and Endo-class in pepper, which is quite
different from previous studies.

The CaNHX gene in Zunla-1 can be divided into three
subfamilies, namely Class I, Class II, and Class III. In the
identified NHX gene families, NHX contains a complete
functional domain. These CaNHX genes can be divided into
3 categories, which are the same as A. thaliana, beet, and
other plants reported by predecessors (Wu et al., 2019). In
addition to CaNHX7, CaNHX8, and CaNHX9, the other six
genes also have the typical amilorid-binding site of the NHX
gene (FFI/LY/FLLPPI), but this structure does not exist in the
Class II subgroup. At the same time, the intermediate residues
LF/AV/IY, LF in Class I, LA in Class II, and IY in Class III, PgNHX
gene also had the same motif and residues in pomegranate. Not
only pepper but also A. thaliana had an NHX gene without
an amiloride-binding site (Counillon et al., 1993; Dong et al.,
2021). In the wheat TaNHX gene, it was found that under salt
stress, the expression of TaNHX2 and TaNHX3 genes were higher
in leaves and roots, and the expression of TaNHX1 was higher
only in roots. All three TaNHX genes contained an amiloride-
binding site (LFFIYLLPPI) (Brini et al., 2005; Yu et al., 2007;
Lu et al., 2014). It is speculated that the NHX gene containing
an amiloride-binding site is more suitable for the growth of
salinization conditions.

Plants are affected by the external environment during their
growth, such as abiotic stress, drought, high temperature, salt,
and alkali, etc. Transcription is particularly important in the
response of plants to environmental changes. There are many
cis-acting elements in the pepper CaNHX genes family, such as
hormones and stress elements. Studies show that stress-related
elements (such as high temperature, low temperature, drought,
injury, and defense) and hormone-related elements (such as
Auxin, Ethylene, GA, SA, MeJA, and ABA) are identified in the
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promoter of PtNHXs, and there are also cis-acting elements such
as ABA and ABRE in sugar beet, which indicate that they can
pass through during plant growth (Tian et al., 2017; Wu et al.,
2019). In the transcriptional data of pepper, it was found that the
co-expression networks of pepper under biotic and abiotic stress
had higher gene network abundance than those under untreated
conditions. In the co-expression network, CaNHX1, CaNHX3,
CaNHX4, and CaNHX9 were found to be co-expressed with
transcription factors, among which CaNHX3 was co-expressed
with transcription factor WRKY, indicating that the cis-acting
element of CaNHX3 was G-box, which has been found in studies.
The G-box is an element associated with WRKY transcription
factors under stress conditions. CaNHX3 was upregulated in
several periods.

Expression Profiles of NHX Genes in
Pepper
Up to now, the function of the CaNHX gene in pepper has not
been analyzed, and no report on the CaNHX gene in pepper
has been reported. With the transformation of salt-tolerant
transgenic plants, the NHX gene will provide more benefits
for agricultural development in soil salinization. Transgenic
technology has become one of the important ways to obtain salt-
tolerant plants and verify gene function (Dhankher and Foyer,
2018). NHX can improve the salt tolerance of transgenic plants,
and the overexpression of AtNHX5 in rice can improve the
salt tolerance and drought tolerance of transgenic rice, and the
survival rate is higher (Li et al., 2011). SbNHXLP can improve
the salt tolerance of tomatoe, and the Na+ level in tomato is
lower, and the Ca2+ level is higher, compared with wild-type
plants. SbNHXLP maintained ion homeostasis in tomato and
alleviated NaCl stress (Kumari et al., 2017). When plants are
subjected to salt stress, due to the lack of NHX expression
to maintain homeostasis, the premature apoptosis of plants is
caused, and the growth of plants is inhibited, thus affecting the
yield of plants. Cao et al. (2011) through the overexpression
of TaNHX2, improve the survival time of transgenic plants,
showing salt tolerance. The number of flowering was more
than that of the control group (Cao et al., 2011). In recent
years, with the further exploration of the function of NHX, it
has been found that NHX is resistant to cadmium, and the
overexpression of GmNHX1 enhances the antioxidant capacity
of plants and reduces the absorption of cadmium (Yang et al.,
2017). It was also found that silencing genes in plants had a
great influence on plant growth and development. Rodríguez-
Rosales et al. (2008) found that tomato seedling growth, fruit,
and seed yield had significant inhibitory effects by silencing
tomato LeNHX2. Overexpression of LeNHX2 can enhance salt
tolerance in plants (Rodríguez-Rosales et al., 2008; Baghour
et al., 2019). In conclusion, overexpression of the NHX gene
can improve ion homeostasis, osmotic regulation, reduce cell
membrane damage, improve photosynthetic capacity, and play
a role in plant protection and yield increase. The CaNHX gene
in pepper has never been published and identified before. This
study can provide theoretical support for research on the salt
tolerance of pepper.

We found that the expression of CaNHXs was mainly
concentrated in roots under hormone stress, while under
abiotic stress, there were up-regulated expressions of CaNHX2,
CaNHX3, and CaNHX4 genes in roots. In the cis-acting elements
of the CaNHX gene family, it was found that CaNHX was
expressed under various hormones and stress. However, under
salt stress, most of the CaNHX genes were up-regulated, which
indicated that CaNHX genes in Pepper could condition its ion
balance by expressing NHX. The function of plant vacuole NHX
antiporter has been identified and expressed in an exogenous
system to enhance the salt tolerance of plants. Akram et al.
(2020) found that the NHX gene was up-regulated under salt
stress, and Yokoi et al. (2002) found that AtNHX1 had higher
transcript abundance during salt stress (Yarra, 2019). The results
indicated that the expression of NHX genes responded to salt
stress during plant growth, which played a very important role
in plant growth.

Transcriptome analysis found that the CaNHX gene had
multiple expression patterns under single or multiple stress
conditions. Meanwhile, the fluorescence quantitative verification
in this study showed that the results were consistent with
the transcriptome results, in which CaNHX1 and CaNHX9
were up-regulated under salt stress. These results indicated
that the CaNHX gene provided a guarantee for the normal
growth of pepper and the balance of ion channels of plant
stress resistance.

CONCLUSION

In the pepper genome, 42 CaNHX genes were identified by a
Hidden Markov Model database search (hmmsearch). Of these,
9 genes with complete functional domains were identified by
BLASTP. We constructed a phylogenetic tree and found that
the 9 CaNHX genes were divided into three categories: Class
I, Class II, and Class III. The exon number of the Class I
subgroup was relatively stable, and the genes were distributed on
six chromosomes; these were for hydrophilic proteins. There was
a motif amilorid-binding site of the NHX gene (FFI/LY/FLLPPI)
associated with salt tolerance in the pepper CaNHX gene. There
are many elements in the CaNHX gene, such as hormone stress,
salt stress, and so on, and it was found that the CaNHX gene
is associated with many genes in the co-expression process,
and salt stress conditions are also associated with many genes.
Transcriptome analysis showed that the CaNHX gene was up-
regulated under various abiotic stresses, which was verified in
combination with fluorescence quantification in this study and
found to be consistent with transcriptome results. In this study,
the whole gene of Pepper was identified at the genome level,
which provided a theoretical basis for the genetic breeding of
pepper under stress.
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