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We used ‘Shannong No.1" experimental material to simulate higher salt
concentration in ginger and analyzed the physiological responses of different
parts of ginger seedlings under salt stress. The results showed that salt stress led
to a significant decrease in fresh and dry weight of ginger, lipid membrane
peroxidation, increased sodium ion content and enhanced activity of antioxidant
enzymes. Compared with the control, the overall plant dry weight of ginger
under salt stress decreased by about 60%, and the MDA content in roots, stems,
leaves, and rhizomes increased by 372.27%, 184.88%, 291.5%, and 171.13%,
respectively, and the APX content increased by 188.85%, 165.56%, 195.38%,
and 40.08%, respectively. After analysis of the physiological indicators, it was
found that the roots and leaves of ginger were the most significantly changed
parts. We analyzed the transcriptional differences between ginger roots and
leaves by RNA-seq and found that they jointly initiated MAPK signaling pathways
in response to salt stress. By combining physiological and molecular indicators,
we elucidated the response of different tissues and parts of ginger to salt stress
during the seedling stage.

KEYWORDS

Ginger- Zingiber officinale, salt stress, osmotic regulation, antioxidant system,
RNA-sequencing

Introduction

Ginger (Zingiber officinale Roscoe) is a versatile vegetable crop with a savory flavor
belonging to the ginger family. Ginger benefits from its beneficial properties such as
pungent aroma and pharmacological activity and is used as a food, spice, supplement and
flavoring as well as a traditional medicine (Kiyama, 2020). It is one of China’s key export-
earning vegetables. Ginger has been used as a digestive and anti-inflammatory medicine by
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the Chinese for at least 2,500 years. Ginger is an important crop in
Shandong Province, China (Liu et al,, 2020). The rhizome, as the
main product organ of ginger, is an underground organ along with
the root and is influenced by the soil environment. Ginger has the
characteristics of continuous cultivation, which, together with the
large number of fertilizers applied by farmers during the cultivation
process, can lead to secondary salinization in the main ginger-
producing areas, which echoes the following situation.

Salinization of soil and freshwater resources by natural
processes and human activities has become a growing problem
affecting environmental services and socio-economic relations
(Ondrasek et al.,, 2022). Due to the capillary action of
groundwater, the soluble salt in the soil will accumulate on the
surface with the increase of evaporation. High salt content will lead
to different degrees of salinization (Feng et al., 2019). By 2050,
salinization is anticipated to have varied effects on nearly half of
agricultural land (Kumar et al., 2020). China’s arable land resources
are scarce, less than 40% of the world average, and with a large
population, the arable land per capita is only 0.092 hectares (Zhang
and Wang, 2021). By analyzing the soil in the main ginger-
producing area of Shandong province, we found that the average
salt content ranged from 0.22% to 0.36%, and the highest salt
content was up to 0.5%. This has a noteworthy effect on the number
of gingers grown and the cost-effectiveness of land utilization. There
are now two primary techniques for reducing soil salinity: trying to
add chemicals and generating salt-tolerant plant types via
biotechnology. In contrast, the former can lead to secondary
salinization and is expensive. Therefore, it is very important to
understand the mechanism of plant salt tolerance by cultivating
salt-tolerant plants (Hao et al., 2021).

Some scholars have discovered via thorough comparison
studies that the relative importance of fresh weight and electrolyte
leakage is the clear and concise marker to evaluate the salt stress
tolerance of Chinese cabbage (Li et al., 2021). Salt-induced osmotic
stress in tomato exhibited lower relative water content, where
higher Na/K ratios indicated ionic toxicity (Zhou et al., 2022).
Malondialdehyde, endogenous proline and electrolyte leakage,
antioxidant defense systems, and sodium ion content were all
found to increase significantly after NaCl stress (Sofy et al., 2020).
Salt stress caused an increase in antioxidant enzyme activities such
as ascorbate peroxidase (APX), peroxidase (POD), catalase (CAT),
superoxide dismutase (SOD) and proline content in Aloe vera
compared to the control (Kavian et al, 2022). Several DEGs
enriched in plant signal transduction pathways were highly
expressed in oilseed rape seedlings under salt stress (Wang et al.,
2022b). Therefore, in this study, we selected the ginger variety
‘Shannong No.1” as the experimental material to study the changes
in the overall osmoregulatory system and reactive oxygen
metabolism of ginger during the more sensitive seedling stage
(80 d). The possible genes and pathways connected to the stress-
induced response were explored in this work, which employed RNA
sequencing to investigate changes in the expression of several genes
in ginger seedlings under salt stress. The breeding of salt-tolerant
cultivars and the appropriate use of land resources both benefit
tremendously from this work.
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Materials and methods
Plant material and experimental design

The experiment was conducted at the experimental station of
Shandong Agricultural University located in Tai’an, eastern China
(36°09’ N, 117°09’ E). NaCl and Na,SO, (1:1) mass ratio was used
as the salt stress to simulate neutral salt stress of 0.5% in the primary
ginger-producing region. The substrate was poured into special
ginger cultivation bags after the neutral soil, which weighed 10 kg
and had been sieved to remove impurities and stones, had been
evenly mixed with 25 g of sodium chloride and 25 g of sodium
sulfate (produced by Tianjin Kai tong Chemical Reagent Co., Ltd.,
China). The variety of ginger was chosen as ‘Shannong No.l’.
Ginger sprouts to a uniform size of about 1 cm, leaving a healthy
bud to be cultured in a culture bag in mid to early May. The CK
treatment was the same as above, without salt added. Samples were
taken at the ginger seedling stage (80 days of cultivation) and
relevant indicators were measured.

Measuring methods

Measuring parts

Contains root, stem, leaf, and rhizome. The roots of ginger
include fibrous and fleshy roots. The fibrous roots are the main
absorbing organs of ginger, while the fleshy roots mainly serve to
support the plant upright and store nutrients. The underground
stem of ginger is known as the rhizome. The rhizome is the
underground rhizomatous fleshy rhizome that forms when the
base of the ginger expands and serves a reproductive function
and is the main product or food organ of ginger where most of the
nutrients of ginger are stored.

Water content

Plants of the same size were selected for sampling in each
treatment. Weigh the fresh weight of each part, then record the dry
weight by drying. Total water content The determination of total
water content was slightly modified according to Meher et al
(Shivakrishna et al., 2018). Free water and bound water Specific
measurement method reference Vijaya et al. (Singh et al., 2006).

Osmotic regulation system

Five identically sized and positioned leaves from a ginger
seedling were chosen for each treatment. The conductometer
Leici-ddb-303a was used. Li et al. Are referenced in detail (Li
et al., 2021). Proline content is determined by the NINHYDRIN
method with specific reference to Chen et al. (Chen et al., 2019). The
tissue of ginger seedlings was washed, dried, and digested with
H,50,4-H,0,. The solution was analyzed by emission spectrometer.

Antioxidant system
After sampling at the ginger seedling stage, the samples were
quickly washed and dried, and the supernatant was ground to
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extract as the enzyme source (Gong et al,, 2014). To identify the
buildup of superoxide anion, we utilized nitro blue tetrazolium (Xia
et al,, 2009). Using Patterson et al. Approach, the amount of H,0,
was evaluated (Patterson et al., 1984). The barbituric acid technique
was used to measure the amount of malondialdehyde (Wada et al,
2011). Using the extraction enzyme solution technique, the
activities of Superoxide dismutase, Peroxidase, and Catalase were
assessed (Roldan et al., 2008; Chapman et al,, 2019). APX activity
was determined using information from Nakano et al. Research
(Nakano and Asada, 1981).

Transcriptome analysis

Transcriptome sequencing was performed at Beijing Novo
Gene Company (Beijing, China). We get the reference genome
and gene model annotation file from NCBI. In Supplementary
Table 1, the primers for the chosen DEGs genes’ RT-qPCR are
given. It was determined to use Zo RPII as the internal reference
gene. (Lv et al., 2020). qPCR was performed using Hi Script III RT
Super Mix (Vazyme, China). See the instructions for the specific
steps. The relative representation algorithm is detailed in the
references (Li et al., 2021).

Statistical analysis

All plant samples used in this investigation were drawn at
random. GraphPad Prism 6.0, Excel 2016, and the DPS package
were used to process, plot, and statistically analyze the data (DPS for
Windows, 2009), testing for variations between treatments using
Duncan’s new multiple range tests; the significance threshold was
P <0.05.

Results
Fresh weight, dry weight, growth

Salt stress reduced the development of sensitive seedlings, as
seen in Figure 1. Root, stem, leaf, and rhizome fresh weights all
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dropped by 44.96%, 75.34%, 73.81%, and 63.03%, respectively. The
difference between rhizome and leaf was the most obvious. Root,
stem, leaf, and rhizome fresh weights all fell by 68.69%, 68.47%,
66.2%, and 69.25%, respectively. The whole plant’s dry weight
dropped by around 60%.

Leaf water content, electrical conductivity,
free and bound water

Under salt stress, Figure 2 depicted how the water content of
ginger leaves varied. The relative water content dropped by 9.04% in
comparison to the control group, but electrical conductivity rose by
roughly 40%. The amount of free water in leaves reduced by 14.78%
when compared to the control, but the amount of irreducible water
rose by about four times.

Proline, malondialdehyde, superoxide
anion production rate, and hydrogen
peroxide content

Figure 3 demonstrated that, during the seedling stage, ginger
tissues had higher proline and malondialdehyde concentrations due
to salt stress. The proline content in roots, stems, leaves, and
rhizomes grew by 49.96%, 101.56%, 113.85%, and 184.3%,
respectively, when compared to the control group. The most
notable impact of salt stress was on the root and rhizome. The
levels of MDA in various tissues elevated by 372.27%, 184.88%,
291.5%, and 171.13%, respectively, in comparison to the control
group. The most obvious part of the change is the root.

In all tissues of ginger seedlings under salt stress, superoxide
anion production and hydrogen peroxide levels increased.
Superoxide anion concentrations rose by 63.36%, 18.99%, 38.78%,
and 49.52%, respectively, in comparison to the control. Among
them, the change of root system was more significant. In addition,
the superoxide production rate of tissue increased by 81.39%,
25.03%, 56.19%, and 292.75%, respectively. The most significant
changes occurred in the rhizome.
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Effect of salt stress on the water content of various parts of ginger seedlings. (A) Fresh weight. (B) Dry weight. The lowercase letters a and b mean

the letter markers for significant difference analysis.
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analysis.

Superoxide dismutase, peroxidase,
catalase, ascorbate peroxidase content

It can be understood by Figure 4. Under salt stress, SOD, POD,
CAT, and APX concentrations rose. SOD levels rose by 46.95%,
27.9%, 15.88%, and 16.11%, respectively, in relation to the control. The
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most dramatic changes take place at the root. The POD content in
different tissues increased by 261.28%, 57.79%, 258.47% and 136.6%
respectively. The most significant changes are in the root and leaf
sections. The content of CAT increased by 183.75%, 172.98%,
201.12% and 113.13% respectively. Like the POD, the most obvious
changes are in the root and leave. The content of APX increased by
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Effects of salt stress on proline, malondialdehyde, superoxide anion production rate and hydrogen peroxide content in different parts of ginger seedlings.
(A) The proline content. (B) The malondialdehyde content. (C) The rate of superoxide anion production. (D) The hydrogen peroxide content. The
lowercase letters a and b mean the letter markers for significant difference analysis.
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188.85%, 165.56%, 195.38% and 40.08% respectively. The changing
trend was consistent with that of POD and CAT, and the changes in
root and leaf were the most obvious.

Sodium and potassium content

Salt stress resulted in a reduction in potassium ion content and
an increase in sodium ion content, as seen in Figure 5. There in
ginger root, stem, leaf, and rhizome, respectively, the sodium ion
level rose by 29.53%, 20.3%, 12.49%, and 40.7% when compared to
the control. The more prominent parts are the root and rhizome.
And the content of potassium in each tissue decreased by 44.2%,
11.28%, 27.91%, and 15.91%, respectively. The most prominent part
is the root. The ratio of sodium ions to potassium ions similarly
exhibited an increasing trend after salt stress.

Transcriptome sequencing and
RT-qPCR validation

Scatterplot Figure 6 is the top 30 terms that make the most sense.
The left A panel shows the GO functional enrichment analysis of
differential genes between the stress group and the control group in
ginger seedling roots. Differential genes are primarily concentrated in
the ADP-binding area in biological processes, whereas they are
primarily concentrated in the extracellular region in cellular
fractions. In Molecular Function, response to abiotic stimulus was

(A)

10.3389/fpls.2023.1073434

enriched with more differential genes. The differential genes in the
biological process, cellular component, and molecular function were
significantly enriched in glucosyltransferase activity, as shown in the
right B panel, which also shows the enrichment analysis of the
heterozygous GO function in the stress group and the control group
in the leaf parts of ginger seedlings. In contrast to the control, the
extracellular portion of the cellular component in both roots and
leaves under salt stress was enriched in the differential genes.

We can be informed by Figure 7. The left KEGG pathway
enrichment analysis of the stress group and the control group in the
ginger seedling roots is shown in a panel. The right B panel displays the
enrichment analysis of the KEGG pathway in the stress group and
control group in the leaf of ginger seedlings, with MAPK signaling
pathway - plant being the more important pathway. In comparison to
the control, the roots and leaves of the salt-stressed plant had more
abundant of KEGG pathway associated with the MAPK signaling
pathway. The plant has a higher KEGG pathway enrichment.

Figure 8 showed real-time fluorescent quantitative PCR results
and RNA-seq results showing the same underlying trend, although
expression ploidy is slightly different, indicating that transcriptome

data are accurate and reliable.

Discussion

Growth inhibition, rapid development, and aging are prominent
signs of salt stress damage since prolonged exposure may cause plants
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Effects of salt stress on SOD, POD, CAT and APX contents in various parts of ginger seedlings. (A) The SOD content. (B) The POD content. (C) The
CAT content. (D) The APX content. The lowercase letters a and b mean the letter markers for significant difference analysis
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to die (Acosta-Motos et al, 2017). Growth inhibition is a major
impairment leading to other symptoms and may also lead to
programmed cell death under severe salinity shocks (Jouyban,
2012). Tanveer et al. found that salt pressure forced tomato seeds to
reduce germination time by 27.6% and salt tolerance by 27.6%.
Seedling length and viability decreased by 24.33% (Tanveer et al,
2020). Researchers noted that the initial drop in development was
brought on by the osmosis of salt outside the root, but the following
reduction in growth was brought on by the failure to keep the salt
from reaching dangerous levels in the carrying leaves (Geilfus, 2018).
According to Mathias J, greater osmotic content may have contributed
to the relative water content of pepper leaves being higher in salt-
tolerant types than salt-sensitive ones (Hand et al., 2017). After salt
stress, tomatoes experience lipid peroxidation salt stress, which
Siddiqui hypothesized may be generated by the buildup of MDA in
the membrane, which is driven by ROS (Siddiqui et al., 2017). Lipid
peroxidation is a frequently used indicator of membrane damage
brought on by stress (Sekmen et al, 2012). In this case, salt-tolerant
varieties were able to reduce lipid peroxidation levels by reducing
MDA content. Mahmoud et al. showed that similar to Lipid
peroxidation, H,O, content in the leaves of cultivars increased with
varying degrees under salt stress (Akrami and Arzani, 2018).
Interestingly, in our study, after salt stress treatment of ginger, the

10.3389/fpls.2023.1073434

MDA content level of each part was positively correlated with H,O,
content and superoxide anion production rate, indicating that the level
of lipid peroxidation was increased. It is worth noting that the proline
content of each part also showed an upward trend to varying degrees.

Recent studies have shown that antioxidant enzyme activity is
induced to increase under salt stress, suggesting that resistance to it
is protective against stress responses (Cai et al, 2021). Susana
discovered that silicon controlled the activities of antioxidant
enzymes and nitrogen metabolism to mitigate the negative effects
of salt on sunflower plants (Conceicio et al., 2019). The findings
indicated a positive association between SOD, CAT, and POX
activity in tall fescue leaves as an increase in SOD activity was
followed by increases in CAT and POX activity, which reduced the
buildup of H,O, caused by abiotic stress (Fu et al, 2015). Wang
mentioned that melatonin’s impact on cucumber seedlings under
salt stress is connected to the formation of hydrogen peroxide
(Zhang et al,, 2020). According to this research, salt stress
dramatically enhanced the levels of SOD, POD, CAT, and APX in
different tissues and sections of ginger during the seedling stage.
Combined with the ROS products discussed and analyzed above, it
is speculated that this phenomenon may be the stress response of
ginger under salt stress. A potassium deficit should be noted as a
potential cause of growth limitation. The most hazardous sodium-
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Validation of nine differentially expressed genes using real-time quantitative PCR in salt-stressed ginger seedling roots and leaves, P < 0.05. The
lowercase letters a and b mean the letter markers for significant difference analysis.

potassium ratio is high. In order to sustain enough potassium
nutrition under salt stress, plants must thus use a highly selective
and high-affinity potassium absorption mechanism (Jouyban and
Sciences, 2012). It’s interesting how this matches the findings of this
research. After salt stress, it was discovered that the Na*/K" ratio
dramatically rose, particularly in the ginger root. Kongake et al.
found that Na™ content in salt-sensitive rice roots directly increased
with increasing NaCl concentration, resulting in decreased plant
water content and growth inhibition, presumably resulting in
membrane damage due to Na*/K" and Na* toxicity (Siringam
et al,, 2011). Zeeshan found that barley and wheat varieties were
more salt-tolerant by making the sodium-to-potassium ratio more
balanced and by increasing ROS scavenging enzyme activity
(Zeeshan et al., 2020).

DREB is a TFS that regulates the expression of various stress
response genes in plants. In this study, the gene 121982991 in
Ginger Root was closely related to the biological function of DREB
after salt stress. Some studies have shown that the DREB gene
BADBLI1, derived from the desiccation-tolerant moss, makes
transgenic Arabidopsis thaliana tolerant to osmotic pressure and
salt stress. This may be accomplished by raising the activity of its
antioxidant enzymes, controlling the expression of stress-related
genes in plants, and modifying the lignin’s production (Liang et al.,
2021). Additionally, it has been shown that the functional homolog
GHDREBI1 may enhance the freezing, salt, and osmotic tolerance of
transgenic Arabidopsis thaliana (Lata and Prasad, 2011). The
APETALA2/Ethylene Responsive Factor Transcription Factor
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family is one of the mechanisms mentioned by Sameer. This
family regulates salt tolerance by binding to upstream the DNA
of genes that function specifically in the salt-tolerant pathway. As a
result, the DREB protein increased the expression of these salt-
tolerant genes (Hassan et al., 2022). In addition, we discovered that
the biological function of MYB under salt stress was tightly
connected to the ginger root gene 122051202. Many of the MYB
proteins’ downstream targets have been discovered, and these
proteins help plants tolerate salt. IBMYB308, a sweet potato
isozyme, was shown in Wang’s work to enhance transgenic
tobacco’s salt tolerance (Wang et al, 2022a). According to Li’s
work, Fvmyb82 from strawberries may be crucial for regulating
downstream-related genes in Arabidopsis during salt and cold stress
(Li et al.,, 2022). Through an ABA-dependent mechanism, it was
discovered that the maize MYB transcription factor ZMMYB3R
increases tolerance to salt and drought stress (Wu et al., 2019). The
response to abiotic stressors is significantly influenced by the
Mitogen-Activated Protein Kinase (MAPK) cascade. The
biological activity of MAPK following salt stress was discovered
to be strongly connected to the ginger leaf gene 122020538,
according to this research. Ying et al. discovered that
GHCIPK6A’s function in scavenging ROS and MAPK signaling
pathways was responsible for the increased salt tolerance of
transgenic upland cotton (Su et al, 2020). According to Hoang
et al,, the MAP kinase MPKG is activated and interacts with MYB41,
increasing salt tolerance in Arabidopsis thaliana. This suggests that
MAP kinases, which function as signal sensors and transmit
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osmotic pressure signals to the appropriate effectors, aid plant cells
in becoming acclimated to high salt concentrations (Hoang et al.,
2012). By raising the expression of stress-related genes and the
activity of antioxidant enzymes under salt stress, FTMAPKI
improved the stress resistance in Yao’s research (Yao et al., 2022).
The grape-isolated protein VVMAPKY, when overexpressed in
Arabidopsis thaliana, significantly improved the plant’s ability to
withstand salt stress. In addition, overexpressed VVMAPKY in
grape Calli improved the Calli’s capacity to scavenge reactive
oxygen species, which further improved the salt-resistant
mechanism (Ji et al., 2022).

Conclusions

Ginger uses the rootstock as its main edible organ, so the soil
environment is particularly important and sensitive to its
underground organs. Regardless of where ginger is grown globally
or in China, soil salinity problems have a significant impact on plant
growth and development. The results of this study showed that salt
stress inhibited ginger growth with increased osmoregulatory
substances, increased reactive oxygen species, increased sodium
ion content, and enhanced antioxidant enzyme activity. Analysis of
the indicators of each tissue part revealed that roots and leaves were
the most significantly changed parts. After analyzing the
transcriptional differences between roots and leaves by RNA-seq,
it was found that they jointly initiated MAPK signaling pathway in
response to salt stress. This work effectively identifies the
physiological and molecular responses of ginger to salt stress
during the seedling stage. For future research directions,
experimental designs to assist in mitigation can be carried out in
terms of both altered inter-root environment and foliar spraying.

Data availability statement

The original contributions presented in the study are publicly
available. This data can be found here: NCBI, PRINA898683.

References

Acosta-Motos, J. R., Ortufio, M. F., Bernal-Vicente, A., Diaz-Vivancos, P., Sanchez-
Blanco, M. J., and Hernandez, J. A. (2017). Plant responses to salt stress: adaptive
mechanisms. Agronomy 7 (1), 18. doi: 10.3390/agronomy7010018

Akrami, M., and Arzani, A. (2018). Physiological alterations due to field salinity stress in
melon (Cucumis melo1.). Acta Physiol. Plant. 40 (5), 1-14. doi: 10.1007/s11738-018-2657-0

Cai, Z., Liu, X,, Chen, H,, Yang, R,, Chen, J., Zou, L, et al. (2021). Variations in
morphology, physiology, and multiple bioactive constituents of lonicerae japonicae flos
under salt stress. Sci. Rep. 11 (1), 1-15. doi: 10.1038/s41598-021-83566-6

Chapman, J. M., Muhlemann, J. K., Gayomba, S. R., and Muday, G. K. (2019).
RBOH-dependent ROS synthesis and ROS scavenging by plant specialized metabolites
to modulate plant development and stress responses. Chem. Res. Toxicol. 32 (3), 370-
396. doi: 10.1021/acs.chemrestox.9b00028

Chen, Z., Xu, J., Xu, Y., Wang, K., Cao, B., and Xu, K. (2019). Alleviating effects of
silicate, selenium, and microorganism fertilization on lead toxicity in ginger (Zingiber

Frontiers in Plant Science

10.3389/fpls.2023.1073434

Author contributions

ML and KX conceived the experiments. ML and BC performed
the experiments. ML and ZC analyzed the data. ML, YL, ZC, and
KX wrote and revised the manuscript. All authors contributed to
the article and approved the submitted version.

Funding

This work was supported by the Agricultural Fine Variety Project
in Shandong Province of China (Grant No. 2020LZGC0060), China
Agriculture Research System (Grant No. CARS-24-A-09), Taishan
Industrial Experts Programmed (Grant No. tscy20190105), National
Natural Science Foundation of China (Grant No. 31972399),
National Natural Science Foundation of China (32002047), Natural
Science Foundation of Shandong Province (ZR2020QC154).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1073434/

full#supplementary-material

officinale Roscoe). Plant Physiol. Biochem. 145, 153-163. doi: 10.1016/
j.plaphy.2019.10.027

Conceigdo, S. S., Oliveira Neto, C., Marques, E. C., Barbosa, A. V. C,, Galvao, J. R,,
Oliveira, T., et al. (2019). Silicon modulates the activity of antioxidant enzymes and
nitrogen compounds in sunflower plants under salt stress. Arch. Agron. Soil Sci. 65 (9),
1237-1247. doi: 10.1080/03650340.2018.1562272

Feng, J., Ding, J., and Wei, W. (2019). Soil salinization monitoring based on radar
data. Remote Sens. Nat. Res. 31 (1), 195-203. doi: 10.6046/gtzyyg.2019.01.26

Fu,J.J, Sun, Y. F, Chu, X. T, Yang, L. Y., Xu, Y. F.,and Hu, T. M. (2015). Exogenous
nitric oxide alleviates shade-induced oxidative stress in tall fescue (Festuca
arundinaceaSchreb.). J. Hortic. Sci. Biotechnol. 89 (2), 193-200. doi: 10.1080/
14620316.2014.11513068

Geilfus, C.-M. (2018). Chloride: From nutrient to toxicant. 59 (5), 877-886. doi:
10.1093/pcp/pcy071

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2023.1073434/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2023.1073434/full#supplementary-material
https://doi.org/10.3390/agronomy7010018
https://doi.org/10.1007/s11738-018-2657-0
https://doi.org/10.1038/s41598-021-83566-6
https://doi.org/10.1021/acs.chemrestox.9b00028
https://doi.org/10.1016/j.plaphy.2019.10.027
https://doi.org/10.1016/j.plaphy.2019.10.027
https://doi.org/10.1080/03650340.2018.1562272
https://doi.org/10.6046/gtzyyg.2019.01.26
https://doi.org/10.1080/14620316.2014.11513068
https://doi.org/10.1080/14620316.2014.11513068
https://doi.org/10.1093/pcp/pcy071
https://doi.org/10.3389/fpls.2023.1073434
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Liu et al.

Gong, B., Miao, L., Kong, W., Bai, ].-G., Wang, X., Wei, M., et al. (2014). Nitric oxide,
as a downstream signal, plays vital role in auxin induced cucumber tolerance to sodic
alkaline stress. Plant Physiol. Biochem. 83, 258-266. doi: 10.1016/j.plaphy.2014.08.004

Hand, M. J,, Taffouo, V. D., Nouck, A. E,, Nyemene, K. P. ], Tonfack, B., Meguekam, T.
L., et al. (2017). Effects of salt stress on plant growth, nutrient partitioning, chlorophyll
content, leaf relative water content, accumulation of osmolytes and antioxidant
compounds in pepper (Capsicum annuum 1) cultivars. Notulae Botanicae Horti.
Agrobotanici Cluj-Napoca 45 (2), 481-490. doi: 10.15835/nbha45210928

Hao, S., Wang, Y., Yan, Y., Liu, Y., Wang, J., and Chen, S. (2021). A review on plant
responses to salt stress and their mechanisms of salt resistance. Horticulturae 7 (6), 132.
doi: 10.3390/horticulturae7060132

Hassan, S., Berk, K., and Aronsson, H. (2022). Evolution and identification of DREB
transcription factors in the wheat genome: modeling, docking and simulation of DREB
proteins associated with salt stress. J. Biomol. Struct. Dyn. 40 (16), 7191-7204. doi:
10.1080/07391102.2021.1894980

Hoang, M. H. T., Nguyen, X. C, Lee, K., Kwon, Y. S., Pham, H. T. T,, Park, H. C,,
et al. (2012). Phosphorylation by AtMPK®6 is required for the biological function of
AtMYB41 in arabidopsis. Biochem. Biophys. Res. Commun. 422 (1), 181-186. doi:
10.1016/j.bbrc.2012.04.137

Ji, X, Sui, C,, Yu, Y., Liu, X,, Li, B,, Sun, Q,, et al. (2022). Grape VVMAPKY positively
regulates salt tolerance in arabidopsis and grape callus through regulating the
antioxidative system. Plant Cell, Tissue Organ Cult. 148 (3), 609-622.

Jouyban, Z. (2012). The effects of salt stress on plant growth. Appl. Sci. 2 (1), 7-10.

Kavian, S., Safarzadeh, S., and Yasrebi, J. (2022). Zinc improves growth and
antioxidant enzyme activity in aloe vera plant under salt stress. S. Afr. J. Bot. 147,
1221-1229. doi: 10.1016/j.sajb.2022.04.011

Kiyama, R. (2020). Nutritional implications of ginger: Chemistry, biological activities
and signaling pathways. J. Nutr. Biochem. 86, 108486. doi: 10.1016/
j.jnutbio.2020.108486

Kumar, A, Singh, S., Gaurav, A. K,, Srivastava, S., and Verma, J. P. (2020). Plant
growth-promoting bacteria: Biological tools for the mitigation of salinity stress in
plants. Front. Microbiol. 11, 1216. doi: 10.3389/fmicb.2020.01216

Lata, C., and Prasad, M. (2011). Role of DREBs in regulation of abiotic stress
responses in plants. J. Exp. Bot. 62 (14), 4731-4748. doi: 10.1093/jxb/err210

Li, N,, Zhang, Z., Chen, Z., Cao, B., and Xu, K. (2021). Comparative transcriptome
analysis of two contrasting Chinese cabbage (Brassica rapa 1) genotypes reveals that ion
homeostasis is a crucial biological pathway involved in the rapid adaptive response to
salt stress. Front. Plant Sci. 12, 683891. doi: 10.3389/fpls.2021.683891

Li, W., Zhong, J., Zhang, L., Wang, Y., Song, P., Liu, W, et al. (2022). Overexpression of a
fragaria vesca MYB transcription factor gene (FvMYB82) increases salt and cold tolerance
in arabidopsis thaliana. Int. J. Mol. Sci. 23 (18), 10538. doi: 10.3390/ijms231810538

Liang, Y., Li, X,, Yang, R,, Gao, B., Yao, J., Oliver, M. J., et al. (2021). BaDBLI, a
unique DREB gene from desiccation tolerant moss bryum argenteum, confers osmotic
and salt stress tolerances in transgenic arabidopsis. Plant Sci. 313, 111047. doi: 10.1016/
j.plantsci2021.111047

Liu, J., Zhao, Z., and Wang, C. (2020). First report of rhizome rot on ginger (Zingiber
officinale) caused by enterobacter cloacae in Shandong province, China. Plant Dis. 105
(1), 210. doi: 10.1094/PDIS-05-20-1108-PDN

Lv, Y., Li, Y, Liu, X,, and Xu, K. (2020). Identification of ginger (Zingiber officinale
Roscoe) reference genes for gene expression analysis. Front. Genet. 11, 586098.
doi: 10.3389/fgene.2020.586098

Nakano, Y., and Asada, K. (1981). Hydrogen peroxide is scavenged by ascorbate-
specific peroxidase in spinach chloroplasts. Plant Cell Physiol. 22 (5), 867-880. doi:
10.1093/oxfordjournals.pcp.a076232

Ondrasek, G., Rathod, S., Manohara, K. K., Gireesh, C., Anantha, M. S., Sakhare, A.
S., et al. (2022). Salt stress in plants and mitigation approaches. Plants 11 (6), 717. doi:
10.3390/plants11060717

Patterson, B. D., MacRae, E. A,, and Ferguson, L. B. (1984). Estimation of hydrogen
peroxide in plant extracts using titanium (IV). Anal. Biochem. 139 (2), 487-492. doi:
10.1016/0003-2697(84)90039-3

Roldan, A., Diaz-Vivancos, P., Hernandez, J. A., Carrasco, L., and Caravaca, F.
(2008). Superoxide dismutase and total peroxidase activities in relation to drought

recovery performance of mycorrhizal shrub seedlings grown in an amended semiarid
soil. J. Plant Physiol. 165 (7), 715-722. doi: 10.1016/j.jplph.2007.02.007

Frontiers in Plant Science

10

10.3389/fpls.2023.1073434

Sekmen, A. H., Turkan, I, Tanyolac, Z. O., Ozfidan, C., and Dinc, A. (2012).
Different antioxidant defense responses to salt stress during germination and vegetative
stages of endemic halophyte gypsophila oblanceolata bark. Environ. Exp. Bot. 77, 63—
76. doi: 10.1016/j.envexpbot.2011.10.012

Shivakrishna, P., Reddy, K. A., and Rao, D. M. (2018). Effect of PEG-6000 imposed
drought stress on RNA content, relative water content (RWC), and chlorophyll content
in peanut leaves and roots. Saudi J. Biol. Sci. 25 (2), 285. doi: 10.1016/j.5jbs.2017.04.008

Siddiqui, M. H., Alamri, S. A., Al-Khaishany, M. Y., Al-Qutami, M. A,, Ali, H. M.,
Al-Rabiah, H., et al. (2017). Exogenous application of nitric oxide and spermidine
reduces the negative effects of salt stress on tomato. Horticult. Environ. Biotechnol. 58
(6), 537-547. doi: 10.1007/s13580-017-0353-4

Singh, V., Pallaghy, C. K., and Singh, D. (2006). Phosphorus nutrition and tolerance
of cotton to water stress: II. water relations, free and bound water and leaf expansion
rate. Field Crops Res. 96 (2-3), 191-198. doi: 10.1016/j.fcr.2005.06.009

Siringam, K., Juntawong, N., Cha-um, S., and Kirdmanee, C. (2011). Salt stress
induced ion accumulation, ion homeostasis, membrane injury and sugar contents in
salt-sensitive rice (Oryza sativa L. spp. indica) roots under isoosmotic conditions. Afr. J.
Biotechnol. 10 (8), 1340-1346. doi: 10.5897/AJB10.1805

Sofy, M. R,, Elhawat, N., and Tarek, A. (2020). Glycine betaine counters salinity
stress by maintaining high K(+)/Na(+) ratio and antioxidant defense via limiting Na(+)
uptake in common bean (Phaseolus vulgaris 1.). Ecotoxicol. Environ. Saf. 200, 110732.
doi: 10.1016/j.ecoenv.2020.110732

Su, Y., Guo, A, Huang, Y., Wang, Y., and Hua, J. (2020). GhCIPK6a increases salt
tolerance in transgenic upland cotton by involving in ROS scavenging and MAPK
signaling pathways. BMC Plant Biol. 20 (1), 1-19. doi: 10.1186/s12870-020-02548-4

Tanveer, K., Gilani, S., Hussain, Z., Ishaq, R., Adeel, M., and Ilyas, N. (2020). Effect of
salt stress on tomato plant and the role of calcium. J. Plant Nutr. 43 (1), 28-35. doi:
10.1080/01904167.2019.1659324

Wada, M., Nagano, M., Kido, H., Ikeda, R., Kuroda, N., and Nakashima, K. (2011).
Suitability of TBA method for the evaluation of the oxidative effect of non-water-
soluble and water-soluble rosemary extracts. J. Oleo Sci. 60 (11), 579-584. doi: 10.5650/
j0s.60.579

Wang, W., Pang, J., Zhang, F., Sun, L., Yang, L., Fu, T., et al. (2022b). Salt-responsive
transcriptome analysis of canola roots reveals candidate genes involved in the key
metabolic pathway in response to salt stress. Sci. Rep. 12 (1), 1666. doi: 10.1038/s41598-
022-05700-2

Wang, C., Wang, L., Lei, ], Chai, S., Jin, X,, Zou, Y., et al. (2022a). IbMYB308, a sweet
potato R2R3-MYB gene, improves salt stress tolerance in transgenic tobacco. Genes 13
(8), 1476. doi: 10.3390/genes13081476

Wu, ], Jiang, Y., Liang, Y., Chen, L., Chen, W., Cheng, B., et al. (2019). Expression of
the maize MYB transcription factor ZmMYB3R enhances drought and salt stress
tolerance in transgenic plants. Plant Physiol. Biochem. 137, 179-188. doi: 10.1016/
j.plaphy.2019.02.010

Xia, X.-J., Wang, Y.-]., Zhou, Y.-H., Tao, Y., Mao, W.-H,, Shi, K,, et al. (2009).
Reactive oxygen species are involved in brassinosteroid-induced stress tolerance in
cucumber. Plant Physiol. 150 (2), 801-814. doi: 10.1104/pp.109.138230

Yao, Y., Zhao, H., Sun, L., Wu, W,, Li, C,, and Wu, Q. (2022). Genome-wide
identification of MAPK gene family members in fagopyrum tataricum and their
expression during development and stress responses. BMC Genom. 23 (1), 1-18. doi:
10.1186/s12864-022-08293-2

Zeeshan, M., Lu, M., Sehar, S., Holford, P., and Wu, F. (2020). Comparison of
biochemical, anatomical, morphological, and physiological responses to salinity stress
in wheat and barley genotypes deferring in salinity tolerance. Agronomy 10 (1), 127.
doi: 10.3390/agronomy10010127

Zhang, T., Shi, Z., Zhang, X., Zheng, S., Wang, J., and Mo, J. (2020). Alleviating

effects of exogenous melatonin on salt stress in cucumber. Sci. Hortic. 262, 109070. doi:
10.1016/j.scienta.2019.109070

Zhang, B., and Wang, N. (2021). Study on the harm of saline alkali land and its
improvement technology in China (IOP Conference Series: Earth and Environmental
Science: IOP Publishing), 042053.

Zhou, W., Zheng, W., Wang, W, Lv, H,, Liang, B., and Li, J. (2022). Exogenous pig
blood-derived protein hydrolysates as a promising method for alleviation of salt stress
in tomato (Solanum lycopersicum 1.). Sci. Hortic. 294, 110779. doi: 10.1016/
j.scienta.2021.110779

frontiersin.org


https://doi.org/10.1016/j.plaphy.2014.08.004
https://doi.org/10.15835/nbha45210928
https://doi.org/10.3390/horticulturae7060132
https://doi.org/10.1080/07391102.2021.1894980
https://doi.org/10.1016/j.bbrc.2012.04.137
https://doi.org/10.1016/j.sajb.2022.04.011
https://doi.org/10.1016/j.jnutbio.2020.108486
https://doi.org/10.1016/j.jnutbio.2020.108486
https://doi.org/10.3389/fmicb.2020.01216
https://doi.org/10.1093/jxb/err210
https://doi.org/10.3389/fpls.2021.683891
https://doi.org/10.3390/ijms231810538
https://doi.org/10.1016/j.plantsci.2021.111047
https://doi.org/10.1016/j.plantsci.2021.111047
https://doi.org/10.1094/PDIS-05-20-1108-PDN
https://doi.org/10.3389/fgene.2020.586098
https://doi.org/10.1093/oxfordjournals.pcp.a076232
https://doi.org/10.3390/plants11060717
https://doi.org/10.1016/0003-2697(84)90039-3
https://doi.org/10.1016/j.jplph.2007.02.007
https://doi.org/10.1016/j.envexpbot.2011.10.012
https://doi.org/10.1016/j.sjbs.2017.04.008
https://doi.org/10.1007/s13580-017-0353-4
https://doi.org/10.1016/j.fcr.2005.06.009
https://doi.org/10.5897/AJB10.1805
https://doi.org/10.1016/j.ecoenv.2020.110732
https://doi.org/10.1186/s12870-020-02548-4
https://doi.org/10.1080/01904167.2019.1659324
https://doi.org/10.5650/jos.60.579
https://doi.org/10.5650/jos.60.579
https://doi.org/10.1038/s41598-022-05700-2
https://doi.org/10.1038/s41598-022-05700-2
https://doi.org/10.3390/genes13081476
https://doi.org/10.1016/j.plaphy.2019.02.010
https://doi.org/10.1016/j.plaphy.2019.02.010
https://doi.org/10.1104/pp.109.138230
https://doi.org/10.1186/s12864-022-08293-2
https://doi.org/10.3390/agronomy10010127
https://doi.org/10.1016/j.scienta.2019.109070
https://doi.org/10.1016/j.scienta.2021.110779
https://doi.org/10.1016/j.scienta.2021.110779
https://doi.org/10.3389/fpls.2023.1073434
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Physiological and molecular mechanism of ginger (Zingiber officinale Roscoe) seedling response to salt stress
	Introduction
	Materials and methods
	Plant material and experimental design
	Measuring methods
	Measuring parts
	Water content
	Osmotic regulation system
	Antioxidant system
	Transcriptome analysis

	Statistical analysis

	Results
	Fresh weight, dry weight, growth
	Leaf water content, electrical conductivity, free and bound water
	Proline, malondialdehyde, superoxide anion production rate, and hydrogen peroxide content
	Superoxide dismutase, peroxidase, catalase, ascorbate peroxidase content
	Sodium and potassium content
	Transcriptome sequencing and RT-qPCR validation

	Discussion
	Conclusions
	Data availability statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


