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to salt stress and alkali stress: transcriptional
and metabolic profiling
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Abstract

Background: Soil salinization and alkalization are widespread environmental problems that limit grapevine (Vitis
vinifera L) growth and yield. However, little is known about the response of grapevine to alkali stress. This study
investigated the differences in physiological characteristics, chloroplast structure, transcriptome, and metabolome in
grapevine plants under salt stress and alkali stress.

Results: We found that grapevine plants under salt stress and alkali stress showed leaf chlorosis, a decline in photo-
synthetic capacity, a decrease in chlorophyll content and Rubisco activity, an imbalance of Nat and K*, and dam-
aged chloroplast ultrastructure. Fv/Fm decreased under salt stress and alkali stress. NPQ increased under salt stress
whereas decreased under alkali stress. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment showed the differentially expressed genes (DEGs) induced by salt stress and alkali stress were involved in
different biological processes and have varied molecular functions. The expression of stress genes involved in the ABA
and MAPK signaling pathways was markedly altered by salt stress and alkali stress. The genes encoding ion transporter
(AKTT, HKT1, NHX1, NHX2, TPC1A, TPC1B) were up-regulated under salt stress and alkali stress. Down-regulation in the
expression of numerous genes in the ‘Porphyrin and chlorophyll metabolism; ‘Photosynthesis-antenna proteins, and
‘Photosynthesis’ pathways were observed under alkali stress. Many genes in the ‘Carbon fixation in photosynthetic
organisms’ pathway in salt stress and alkali stress were down-regulated. Metabolome showed that 431 and 378 dif-
ferentially accumulated metabolites (DAMs) were identified in salt stress and alkali stress, respectively. L-Glutamic acid
and 5-Aminolevulinate involved in chlorophyll synthesis decreased under salt stress and alkali stress. The abundance
of 19 DAMs under salt stress related to photosynthesis decreased. The abundance of 16 organic acids in salt stress and
22 in alkali stress increased respectively.
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Conclusions: Our findings suggested that alkali stress had more adverse effects on grapevine leaves, chloroplast
structure, ion balance, and photosynthesis than salt stress. Transcriptional and metabolic profiling showed that there
were significant differences in the effects of salt stress and alkali stress on the expression of key genes and the abun-

dance of pivotal metabolites in grapevine plants.
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Background

Soil salinization and alkalization are major factors that
seriously affect crop growth and yield globally [1]. It was
reported that an estimated 1.13 billion hectares of land
worldwide are affected by saline-alkali stress, account-
ing for more than 20% of the total cultivated area [2].
Although soil salinization and alkalization often occur
concurrently in nature, alkaline stress and salt stress in
saline-alkalization soil are two distinct types of stress
faced by plants [3]. Salt stress caused by neutral salts,
such as NaCl and Na,SO, [4], leads to osmotic stress
and ionic imbalance in plants, thereby negatively affect-
ing the metabolism process [5]. Alkaline stress caused
by NaHCO, and Na,CO; has higher pH than salt stress,
which results in plants confronted with not only the same
osmotic stress and ionic toxicity caused by salt stress, but
also high pH stress. Therefore, alkaline stress is a more
diverse form of stress and is more harmful to plants com-
pared with salt stress.

Currently, the research on the effect of saline-alkali
stress on plant growth mainly focuses on salt stress
but alkaline stress attracts less attention. Many plants
respond to salt or alkali stress by regulating signal trans-
duction, ion homeostasis, a series of metabolic pathways
(such as photosynthesis and organic acid metabolism),
and resistance gene expression [4, 6]. Plant hormone
signaling [7] and MAPK signaling pathway [8] are
responsible for sensing and responding to environmen-
tal stresses, thereby triggering major changes in gene
expression and adaptive physiological responses. Fur-
thermore, many genes involved in the two signaling path-
ways played a crucial role in salt stress defense, such as
PtSnRK2.5, PtSnRK2.7, PP2C [9, 10], MsCML46 [11], and
MPK3 gene [12].

Intracellular ion balance is disturbed by saline-alkali
stress, leading to the disorder of biological processes
such as photosynthesis. Thus, maintaining the Na™ and
K* homeostasis is pivotal for plant survival in saline-
alkali environments. The key genes encoding Nat and
K™ transporters have been identified in plants. The NHXs
and HKT1 genes are involved in plant response to salin-
ity and their abundance can improve crop salt resistance
[13-15]. Particularly, NHX1-NHX8 plays a pivotal role in
maintaining Na* homeostasis through intracellular Na™
excretion and vacuolar Na't compartmentalization [13,

16]. However, there were fewer reports of genes encoding
Na™ and K* transporters in plants under alkali stress, and
previous studies mainly focused on salt stress. In addition
to ion transporters, secretion of organic acids (OAs) in
saline-alkali environments also helps plants maintain ion
balance and intracellular pH stability in response to envi-
ronmental changes [17-19].

The reduction of plant photosynthetic capacity caused
by salinity stress is directly related to the reduction of
yield. Therefore, investigating detailed information about
plant responses to stress and the adaptation strategies
employed by them to save their photosynthetic appa-
ratus could be helpful to develop new crops with more
robust photosynthetic machinery for higher yields even
in stressed environments [20]. Stomatal conductance,
chlorophyll biosynthesis, activity of Rubisco and other
key enzymes, chloroplast ultrastructure, electron trans-
port, non photochemical dissipation of heat energy and
changes gene expression, are crucial to the operation of
photosynthesis [21]. However, the effects of alkali stress
on these factors are rarely reported.

Grapevine (Vitis vinifera L.) has high economic value
and is considered one of the world’s most important fruit
crops [22]. Grapevine not only is used to produce wine
but is also consumed fresh and processed into raisins
and juice. Most grapevine-growing regions are in arid or
semi-arid areas [23]. In these areas, soil salinization and
alkalization are a concern due to low rainfall and high
evaporation [24]. Although grapevines could grow in this
saline-alkali environment, in the soil affected by saline-
alkali, grapevine roots often accumulate a large amount
of salt, and root vitality also decreased caused by high
pH, which seriously affects the normal growth and devel-
opment of grapevine plants, resulting in yield loss and
resulting in yield loss and quality change [25, 26]. There-
fore, soil salinization-alkalization is the key factor limit-
ing the growth and yield of grapevine.

Several studies have been reported on the physi-
ological characteristics and transcript changes of
grapevine plants under salt stress [27-30]. However,
information on the transcriptional and metabolic pro-
filing of grapevine plants in response to alkaline stress
is unclear. Knowledge of the differences in genes and
metabolites that maintain ion homeostasis and photo-
synthetic function in grapevine plants under salt stress
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and alkali stress is particularly limited. Here, we inves-
tigate the physiological characteristics, chloroplast
ultrastructure, comparative transcriptomic and metab-
olomic on grapevine plant cuttings exposed alone to
salinity stress and alkali stress, which could provide
new insight into the differences in the response of
grapevine plants to salt stress and alkali stress.

Results

Salt stress and alkali stress affected phenotype

and physiological characteristics in grapevine plant

Stress symptoms and leaf damage in grapevine plants
exposed to stress for 20 days were observed. Follow-
ing salt stress and alkali stress treatment, older leaves
showed chlorosis. Alkali stress induced more etiolated
leaves than that salt stress (Fig. 1a). We measured physi-
ological parameters to investigate the effects of salt stress
and alkali stress on grapevine plants. Significantly, gas
exchanged parameters (Pn, Gs, Tr, and Ci) markedly
decreased in plants subjected to salt stress and alkali stress
compared to control plants (Fig. 1b and c). The Fv/Fm
was significantly lower under salt stress and alkali stress
(Fig. 1d). However, NPQ was increased under salt stress
relative to control but was decreased under alkali stress
(Fig. 1d). The content of chlorophyll and Rubisco activ-
ity was decreased under two stress compared with con-
trol (Fig. 1e). The Na™ content in leaf increased, whereas
K" content decreased in response to salt stress and alkali
stress compared to control (Fig. 1f), thus raising Na*/K"
ratio (Fig. 1g). Notably, alkali stress resulted in more bad
effects on these physiological properties than salt stress.

Salt stress and alkali stress destroyed chloroplast
ultrastructure in grapevine plant

The inhibition of plant photosynthesis in plants under
salt stress is closely related to the damage to chloroplast
structure. In the control plants, the chloroplast structure
was oval and arranged orderly (Fig. 2). The chloroplast
expanded and rounded, and morphology was changed in
salt-treated or alkali-treated plants. In addition, the num-
ber of chloroplasts decreased significantly, and the grana
lamellae stacked and blurred following salt stress and
alkali stress compared to control plants. Particularly, the
number of plastid globules and osmiophilic granules was
increased, and the volume became larger under two salt
stresses compared to control plants. Furthermore, the
rupture of the chloroplast envelope was observed.

Salt stress and alkali stress significantly affected leaf
phenotype, physiological parameters, and chloroplast
ultrastructure. To gain insight into how plants respond
to salt stress and alkali stress at the gene level, transcrip-
tome sequencing was performed.
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Overall transcriptome data

According to the experimental design, nine samples were
sequenced and mapped to the reference transcriptome.
A total of 79.09 Gb clean data were obtained. The effec-
tive data volume of each sample was 7.02 Gb, the Q30
scores with each sample were not less than 90.30%, and
the average GC content was 46.1% (Table 1).

A high similarity among the three biological repli-
cates within each treatment was revealed by the princi-
pal component analysis (PCA) plot of the transcriptomic
data. Meanwhile, there is a clear separation between salt-
treated, alkali-treated, and control samples in grapevine
plants (Fig. 3a). Statistical results showed that 4838 and
3981 DEGs were identified in the comparisons of salt
stress with control (G1 group) and the comparisons of
alkali stress with control (G2 group)., respectively. Of the
DEGs in the G1 group, 1927 DEGs were common with
DEGs in the G2 group, and salt stress and alkali stress
induced uniquely 2911 and 2054 DEGs, respectively
(Fig. 3b).

Analysis of GO enrichment for DEGs

A GO enrichment analysis of these DEGs was performed
to investigate the biological functions of DEGs in grape-
vine plants under salt stress and alkali stress. GO clas-
sification showed that many DEGs from the G1 group
(Fig. 4a) and G2 group (Fig. 4b) were enriched into ‘met-
abolic process; ‘cellular process, and ‘single-organism
process’ in biological process, ‘cell; ‘cell part, ‘organelle;
‘membrane, and ‘membrane part’ in a cellular compo-
nent, and ‘binding’ and ‘catalytic activity’ in molecu-
lar function. The GO enrichment indicate that these
salt stress and alkali stress-induced DEGs participate in
multiple biological processes and have varied molecular
functions.

Analysis of KEGG enrichment for DEGs

To investigate key biological pathways of grapevine
plants in response to salt and alkali stress, KEGG enrich-
ment analysis was performed on these DEGs from the G1
group and G2 group. KEGG classification showed that
DEGs from the G1 group (Fig. 5a) and G2 group (Fig. 5b)
were enriched in ‘Cellular Processes, ‘Environmental
Information Processing;, ‘Genetic Information Process-
ing, ‘Metabolism, and ‘Organismal Systems’ categories,
respectively. Of these 20 pathways from the G1 group
(Fig. 5¢) and G2 group (Fig. 5d), 10 pathways were com-
monly enriched into the G1 group and G2 group, includ-
ing ‘Plant hormone signal transduction, ‘M APK signaling
pathway-plant, ‘Linoleic acid metabolism, ‘Ascorbate
and aldarate metabolism, ‘Inositol phosphate metabo-
lism, ‘Porphyrin and chlorophyll metabolism, ‘Galactose
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Control Salt Alkali
Fig. 2 The chloroplast ultrastructure features of grapevine leaves shown by TEM. The three figures in the first, second, and third columns show
the chloroplast ultrastructure features in grapevine leaves under control (CK), salt (NaCl), and alkali (NaHCO;) treatment, respectively. The figure
in the first, second, and third rows, were observed at 1000 (Scale bar=10.0 um), 5000 (Scale bar=2.0 um), and 15,000 (Scale bar=1.0 um) fold
magnifications, respectively
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showed that the response of plants to saline and alkali stress
was mainly achieved by regulating gene expression involved
in signaling transduction and many metabolic pathways.
Next, we investigated the expression of genes involved in
some important pathways based on physiological measure-
ment, GO and KEGG enrichment to identify the key genes
that plants activate in response to salt and alkali stress.

The DEGs related to signal transduction

In the ‘Plant hormone signal transduction’ pathway,
165 and 174 DEGs were significantly enriched in G1
group and G2 group (Fig. 6a, Table S2), respectively. In
G1 group, there were 51 up- and 114 down-regulated
genes. In G2 group, there were 83 up- and 91 down-
regulated genes. In the ‘M APK signaling pathway-plant’
pathway, we identified 140 and 110 DEGs in G1 group
and G2 group (Fig. 6b, Table S3), respectively. In the
G1 group, 29 up- and 111 down-regulated genes were
identified. In the G2 group, 54 up- and 56 down-regu-
lated genes were identified. In the ABA signal pathway,
14 DEGs encoding the PYR/PYL, PP2C, SnRK2, and
ABF proteins were identified in the G1 and G2 groups
(Fig. 6¢). Many genes related to salt tolerance of plants
were observed, including CAM4, MPK3, WRKY33,
MKK1, and MAPKKK20 (Fig. 6d).

The DEGs related to Na* and K* transport

We identified six DEGs related to ion transport in plant
cells (Fig. 7, Table S4), including AKTI, HKT1, NHXI,
NHX2, TPCIA, and TPC1B. Among these genes, the AKT1
and HKTI expression levels were lower than those of the

other genes. In the G1 group, AKT1, HKT1 and NHXI
were up-regulated. In the G2 group, AKTI, two NHX2,
TPCIA, and TPCIB were significantly up-regulated.

The DEGs involved in ‘Porphyrin and chlorophyll
metabolism’and ‘Photosynthesis-antenna proteins’
pathway

The ‘Porphyrin and chlorophyll metabolism’ pathway
was related to chlorophyll metabolism in plants. In this
pathway, 12 up- and two down-regulated DEGs in the G1
group and two up- and 11 down-regulated DEGs in the
G2 group were related to chlorophyll synthesis and deg-
radation (Fig. 8a. Table S5). Of these DEGs involved in
chlorophyll synthesis, seven of eight in the G1 group were
up-regulated, but all eight in the G2 group were down-
regulated. Of these DEGs related to chlorophyll degrada-
tion, there were four up- and one down-regulated DEGs
in the G1 group and three up- and two down-regulated
DEGs in the G2 group. In the ‘Photosynthesis-antenna
proteins’ pathway, 17 DEGs were annotated as chloro-
phyll a and b binding protein’ (Fig. 8b, Table S6). In the
G1 group, five DEGs were up-regulated, and the remain-
ing 12 genes showed no differential expression. However,
all 17 genes in the G2 group exhibited down-regulation.

The DEGs involved in ‘Photosynthesis’ and ‘Carbon fixation
in photosynthetic organisms’ pathway

In the ‘photosynthesis’ pathway, DEGs encoded pro-
teins responsible for such activities as electron trans-
port, water-splitting, subunits of photosystem I or II,
and ATPase (Fig. 9a, Table S7). In the G1 group, 11 out
of 15 DEGs were up-regulated under salt stress. In the
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G2 group, all 33 DEGs encodings were down-regulated
under alkali stress. In the ‘Carbon fixation in photosyn-
thetic organisms’ pathway (Fig. 9b, Table S8), there were
three up- and nine down-regulated DEGs in the G1
group. In the G2 group, there were two up- and 11 down-
regulated DEGs. An RBCSI (Ribulose bisphosphate
carboxylase small chain) gene encoding Rubp, was down-
regulated under alkali stress compared to control but was
not differentially expressed under salt stress.

Validation of RNA-Seq analysis using quantitative RT-PCR
To validate the reliability of RNA sequencing data, 12
DEGs were randomly selected to perform qRT-PCR anal-
ysis (Fig. 10a). The results showed a high correlation coef-
ficient (R2=0.7642) between RNA sequencing data and
qRT-PCR results, indicating that the RNA sequencing
data are reliable (Fig. 10b).

Metabolomic analysis

Qualitative and quantitative metabolomic analysis was
performed on nine samples. A total of 922 peaks were
detected, of which 922 metabolites were annotated. PCA
of metabolic data indicated a high similarity among the
three biological replicates within each treatment (Figure

s1). Moreover, there was a clear separation between the
salt-treated, alkali-treated, and control samples.

There were 431 and 378 DAMs in the G1 group
(Fig. 11a) and G2 group (Fig. 11b), respectively. Analy-
sis of physiological characteristics and transcripts data
showed that salt stress and alkali stress significantly
affected the gene expression related to chlorophyll
metabolism and photosynthesis. Thus, we analyzed
DAMs abundance to explore the effect of two salt stresses
affecting these biological processes at the metabolic level
(Fig. 11c, Table S9). In the ‘Porphyrin and chlorophyll
metabolism’ pathway, two substrates involved in chlo-
rophyll synthesis were identified, including L-Glutamic
acid and 5-Aminolevulinate (ALA). L-Glutamic acid and
5-Aminolevulinate were enriched in the G1 group, and
they were down-regulated; L-Glutamic acid was enriched
in the G2 group and down-regulated.

In the ‘Carbon fixation in photosynthetic organ-
isms (ko00710)" pathway, we identified six metabolites
involved in the Calvin cycle pathway. In the G1 group,
the abundance of 3-Phospho-D-glyceric acid, D-Sedo-
heptulose 7-phosphate, D-Erythrose-4-phosphate, and
Dihydroxyacetone phosphate increased, but D-Fructose
6-Phosphate and Sedoheptulose decreased. In the G2
group, in addition to 3-Phospho-D-glyceric acid, the
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transduction’ pathway. b The number of DEGs in‘MAPK signaling pathway-plant’ pathway. ¢ Heatmap showed the expression patterns of DEGs
related to ABA signal transduction. d Heatmap showed the expression patterns of DEGs related to MAPK signal transduction

abundance of D-Fructose 6-Phosphate, Sedoheptulose,
D-Sedoheptulose 7-phosphate, D-Erythrose-4-phos-
phate, and Dihydroxyacetone phosphate increased.
Among 22 sugar metabolites (sugar and alcohol), In
the G1 group, the abundance of two DAMs decreased
(Rhamnose and Sedoheptulose 7-phosphate), one
DAM was unchanged (Raffinose), and the remaining
19 DAMs decreased. In the G2 group, the abundance
of seven DAMs increased (Rhamnose, Sedoheptulose,
Sedoheptulose 7-phosphate, Fructose 6-Phosphate,
Glucose 6-phosphate, Solatriose, and Raffinose), seven
DAMs decreased (Xylose, Ribose, Arabinose, Glucose,
Fucitol, Maltitol, and Manninotriose), and eight DAMs
were unchanged (Fructose, Inositol, Galactose, Man-
nose, Sorbitol, Dulcitol, Melibiose, and Melezitose).
Among organic acids (Fig. 11d, Table S10), the abun-
dance of 16 out of 38 DAMs under salt stress increased
compared with control, and 20 out of 40 DAMs
increased under alkali stress. The abundances of oxalic
acid, 2-furoic acid, fumaric acid, acetoxyacetic acid, DL

pipecolic acid, citraconic acid, azelaic acid, and absci-
sic acid in leaves under salt stress and alkali stress were
significantly higher than those in the control. Moreover,
the abundances of oxalic acid, 2-Aminoisobutyric acid,
y-Aminobutyric acid, 3-Methyl-2-Oxobutanoic acid,
glutaric acid, 4-Acetamidobutyric acid, 2,2-Dimethyl-
succinic acid, allantoin, 2-Oxoadipic acid, quinic acid,
and abscisic acid in leaves under alkali stress were
higher than those salt stress.

Discussion

Grapevine plants adapted to arid and semi-arid environ-
ments are affected by salt stress and alkali stress [25, 26].
However, salt stress and alkali stress are two different
stresses. In this study, we investigated the effect of salt
and alkali stress through physiological determination,
transmission electron microscopy, and transcriptome
and metabolome analyses to examine the effects of salt
and alkali stress on grapevine plants and the differences
in grapevine plants between two distinct stresses.
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Fig. 7 The expression patterns of DEGs related to Na™ and K* transport
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The genes in the signalling pathways response to salt
stress and alkali stress

ABA (abscisic acid), a central regulator of many plant
responses to environmental stresses, plays an irreplace-
able role in salt stress defense [31]. Genes involved in
the ABA signaling pathway are critical for plant stress
resistance. In Sophora alopecuroides under salt and alkali
treatment, five genes (SaPYL4-1, SaPYL4-2, SaPYL4-3,
SaPYL4-4, and SaPYL5-1) encoding PYL protein were
down-regulated [32]. Similarly, our results showed that
two PYL4 genes induced by salt stress and three genes

(two PYL4 genes, one PYL9 gene) induced by alkali stress
showed down-regulation. The up-regulation of the PP2C
gene [9] and overexpression of PtSnRK2.5 and PtSnRK2.7
[10] enhance salt tolerance of Arabidopsis plants. In
sorghum plants, an obvious up-regulation of these
genes (SbPP2C09, SbPP2C23, SbPP2C52, SbPP2C54,
SbPP2C58, SbSAPK1, ShSAPKS, and SbSAPK9) occurred
under saline-alkali stress [33]. Similarly, in this study,
multiple genes genes encoding PP2C and SnRK2 were
also up-regulated in grapevine plants under salt stress
and alkali stress. Furthermore, high salinity stresses

a
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Fig. 9 The expression patterns of DEGs related to the ‘Photosynthesis' pathway (a) and ‘Carbon fixation in photosynthetic organisms' pathway (b)
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induced the up-regulation of AREBI/ABF2, AREB2/
ABF4, and ABF3/DPBDS5 in Arabidopsis [34]. In this
study, an ABF4 gene was up-regulated under salt stress
and alkali stress. The above results indicated that grape-
vine plants altered the expression of key stress genes
involved in the ABA signaling pathway, enabling plants to
adapt to the stress environment.

In the ‘MAPK signaling pathway-plant’ pathway, mul-
tiple genes (such as CAM4, MPK3, WRKY33, MKK1, and
MAPKKK20) were related to the salt tolerance of plants.
In this study, these genes were up-regulated under alkali
stress; conversely, in addition to the MAPKKK20 gene,
the remainder were down-regulated under salt stress.
Improving MsCML46, MPK3, MKKI, and WRKY33
expression enhanced the salt tolerance of tobacco [11],
potatoes [12], Arabidopsis [35, 36]. In Arabidopsis, there

was a greater accumulation of superoxide occurring in
mkkk20 mutants, but transgenic plants overexpressing
MKKK20 exhibited tolerance to salt stress [37]. Notably,
the MAPKKK20 gene was up-regulated under both salt
stress and alkali stress in this study, and a significantly
higher expression was observed under alkali stress rela-
tive to salt stress. These results indicate that these genes
respond more strongly to alkaline stress than salt stress
and thus may be important contributors to alkali toler-
ance in grapevine plants.

Na* and K* homeostasis in grapevine leaves under salt
stress and alkali stress

In this experiment, grapevine plants were exposed to salt
stress and alkali stress for a long time leading to chlorosis
of the leaf. Also, plants had more chlorotic leaves under
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alkali stress than salt stress. Chlorotic leaves are often
induced by the excessive accumulation of Na™ [38] and
lack of KT [39] in leaves caused by salt stress and alkali
stress. In this study, the changes in Na®™ and K* level
under alkali stress were significantly greater than those
under salt stress, similar to results reported for apple
[40], tomato [41], and wheat [42]. Therefore, our findings
and previous studies have indicated that relatively more
Na% and less Kt were accumulated in plants under alkali
stress than under salt stress. This may be because the
high pH induced by alkali stress destroys the root mem-
brane, resulting in plants absorbing more sodium ions
than salt stress. At the same time, potassium ions under
alkali stress are lower than that under salt stress due to
the antagonism between sodium and potassium ions [43].

The above results indicated that salt stress and alkali
stress increased Na' and decreased K in grapevine
leaves, disrupting the ion imbalance and decreasing the
K*/Na* ratio. To balance the toxic effect of Na* accumu-
lation and maintain high cytoplasmic K*/Na* ratios dur-
ing salinity stress, plants needed to maintain stable K™
acquisition and distribution by controlling the expression
of gene encoding ion transporter. Studies shows that the

overexpression of NHX1 and NHX2 genes could improve
the salt tolerance of many plant species, such as Arabidop-
sis [44], wheat [45], tomato [46]. In our experiment, we
found that salt stress enhanced the NHX1 gene expression,
but alkali stress improved NHX2 gene expression.

The AKT1 protein participates in high-affinity K*
absorption to ensure a constant K™ supply, resulting in a
high internal-K* to external-K* concentration [47, 48].
In Arabidopsis, the overexpression of PutAKT1I increased
K" uptake by cells and reduced Nat accumulation [49].
In this study, the results showed that both salt stress and
alkali stress induced the up-regulation of the AKTI gene
in grapevine leaves. Similar results were also found in
soybean leaves and roots [50]. AtHKT1 encodes a sodium
(Na™) transporter and plays an important role in regulat-
ing salt stress tolerance in plants. It is generally accepted
that Na™ can be retransmitted to lower leaves and roots
through HKT1 protein to prevent excessive accumulation
in photosynthetic tissues [51, 52]. Salt stress could induce
the expression of AtHKT1;1 in Arabidopsis, reducing the
Na™ content in plants and alleviating toxicity [53]. Simi-
lar to the studies in Arabidopsis, our results indicated that
the HKT1 gene was up-regulated under salt stress. Salt
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stress-induced long-distance Ca®* wave is dependent on
the activity of the vacuolar cation channel protein two-
pore channel 1 (TPC1) channel protein, which appears to
contribute to whole-plant stress tolerance. In Arabidop-
sis, TPC1 plays an important role in cation homeostasis
and vacuolar storage, mediating the passage of Nat and
K* [54]. This study showed that two TPCI (TPCIA and
TPCB) genes showed up-regulation under alkali stress.
Remarkably, the researchers found the weakening of
stomatal conductance was closely related to the imbal-
ance of Na™-K* in plant cells. Some evidence has con-
firmed that the AKT1, NHX1, and NHX2 ion transporter
proteins regulate plants’ stomatal movement. Silenc-
ing of the AKT1 gene in Arabidopsis thaliana damaged
the K transmembrane transport system of guard cells
and decreased stomatal conductance[55]. The NHXI
and NHX2 genes are greatly expressed in guard cells of
stomata, where they contribute to the regulation of sto-
matal function and transpiration [56, 57]. Similar to
Nieves-Cordones et al. [55], Barragin proposed [56] that
dysfunctional stomatal regulation in nhxI nhx2 mutant
plants is presumably linked to the reduced ability to
compartmentalize KT in the vacuoles of guard cells. In
this study, we identified two up-regulated genes [AKT1
and NHX2 (VIT_14s0030g00710)] enriched in ‘Regu-
lation of stomatal closure (G0:0,090,333). The above
results indicate that grapevine plants, during exploring
salt stress and alkali stress, may regulate KT transport
in plant cells by enhancing the expression of AKT1 and
NHX2 (VIT_14s0030g00710) genes in grapevine leaves to
achieve the purpose of regulating stomatal movement.
Additionally, organic acids secreted in plants under
saline-alkali stress could neutralize excess cations, such
as Na+, to maintain charge balance. In tomato[41] seed-
lings treated with salt or alkali stress, accumulation of
organic acids, such as oxalic acid and citric acid, was
observed. In this study, 16 and 22 organic acids with
increased abundance were identified in grapevine leaves
under salt stress and alkali stress, respectively. The above
results suggest that grapevine plants during salt stress
and alkali stress may up-regulate AKT1, HKT1, TPCIA,
TPC1B, NHX1, and NHX2, and increase organic acids in
response to Na " and K™ homeostatic imbalance.

Salt stress and alkali stress decreased photosynthesis
efficiency in grapevine plants by stomatal

and non-stomatal factors

Photosynthesis was negatively affected during high salin-
ity exposure. In this experiment, we investigated the gas
exchange parameters (Pn, Gs, Ci, Tr) to evaluate the
effect of two salt stresses on photosynthesis. The results
showed that the four indexes decreased under salt stress
and alkali stress. A similar phenomenon occurred in

Page 14 of 22

grapevine [27, 28], apple [40], tomato [41], and wheat
[42]. In this study, the obvious decrease of stomatal con-
ductance was identified in grapevine plants under two
salt stresses, suggesting the diffusion of CO, from the
environment to the chloroplast was blocked under salt
stress and alkali stress and reduced the photosynthetic
carbon assimilation [58]. It was considered that the
decrease in Pn was due to either reduced intracellular
CO, partial pressure caused by stomatal closure or non-
stomatal factors. The non-stomatal factors included the
reduction of K* in plant cells caused by the accumulation
of Na*, decrease in photosynthetic pigments, damage of
chloroplast ultrastructure, and decrease in key photosyn-
thetic enzyme activity. In this study, we observed a reduc-
tion of chlorophyll content, a decrease in Rubisco activity,
and damage of chloroplast ultrastructure in grapevine
plants under salt stress. Thus, the above results indicated
that two salt stresses decreased photosynthesis efficiency
in grapevine plants by stomatal and non-stomatal fac-
tors. Significantly, we found that the bad effect of alkali
stresses on gas exchange indices was more marked than
salt stress. Similar results were also reported in previous
studies [40—42]. This may be due to the high pH value
and higher osmotic stress caused by alkali stress [59].

Light energy captured by the photosynthetic appara-
tus is mainly used for photosynthesis, but a small por-
tion is dissipated in the form of fluorescence and heat
energy. The chlorophyll fluorescence index Fv/Fm is used
as a photoinhibition index that reflects the efficiency of
light energy conversion in the active center of PS II [60].
In this study, there are obvious differences in Fv/Fm
between the control and two stress treatments. We also
observed that Fv/Fm was lower under alkali stress than
under salt stress. A similar finding also was reported in
Chinese cabbage [61]. These results indicate that salt
stress and alkali stress causes impairment of photochemi-
cal conversion efficiency in PSII protein complexes, and
alkali stress has a more bad effect on the active center of
PS 1II than salt stress. NPQ played a key role in dissipat-
ing excess light energy [62, 63]. The increase of NPQ has
been thought to be an energy dissipation mechanism that
protects the photosynthetic system [63, 64]. However, in
this study, NPQ was higher under salt stress than in the
control plants, but this trend was reversed under alkali
stress, similar to findings in apple [40]. These results indi-
cate that grapevine plants can resist salt stress by trigger-
ing heat dissipation protection under salt stress, while the
heat dissipation self-protection ability in plants is weak-
ened under alkaline stress.

Photosystems PSI and PSII play a crucial role in the
absorption and conversion of light energy, photosynthetic
electron transport, and photosynthetic carbon fixation
[65]. Previous studies have shown that salt stress led to
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the down-regulation of many PSI and PSII genes in sweet
sorghum [66], wild Jujube [67], and Fraxinus velutina Torr
[68]. In this study, all 17 genes enriched in the ‘Photosyn-
thesis-antenna proteins’ pathway were down-regulated
under alkali stress, indicating grapevine plants might
attempt to decrease the absorbance of light energy by
reducing the light-harvesting complexes to protect grape-
vine plants in an alkali stress environment [69]. Moreover,
33 DEGs enriched in the ‘photosynthesis’ pathway were
down-regulated under alkali stress. This suggests that alkali
stress could suppress the activity of PSI and PSII, reduc-
ing photosynthetic efficiency [69]. In contrast, our results
showed that the genes enriched in the ‘Photosynthesis-
antenna proteins’ showed no differential expression under
salt stress, and the genes enriched in the ‘photosynthesis’
were up-regulated. Therefore, we propose that the negative
effect of alkaline stress on the PSI and PSII genes is more
severe than that of salt stress at the transcriptional level,
thus leading the lower photosynthetic efficiency in alkali
stress-treated plants than that of salt stress-treated plants.

Notably, of these genes in the ‘photosynthesis’ path-
way in this study, a PSBS gene was identified. The PSBS
gene encodes the PSBS protein, which plays an impor-
tant role in non-photochemical quenching [70]. Higher
NPQ in lines of overexpression PsbS (L17) was observed,
but lower NPQ and remarkable reduction of electron
transport rate in PsbS-lacking npg4 mutant was iden-
tified compared to wild type [71]. The npg4 mutant
(lacking PsbS protein) showed a greater extent of pho-
tosystem II photoinhibition due to more singlet oxygen
(*0O,) in chloroplasts [70]. In this study, the expression
of the PSBS (VIT_18s0001g02740) gene was increased
1.45-fold under salt stress relative to control. However,
the expression PSBS gene under alkali stress was signifi-
cantly decreased relative to the control. The trend of this
PSBS gene was consistent with NPQ under salt stress and
alkali stress. Thus, we propose that grapevine plants’ have
improved expression of the PSBS gene under salt stress,
which may enhance the function of psbs protein in regu-
lating non-fluorescent chemical quenching to dissipate
excess light energy. Conversely, the down-regulation of
the PSBS gene induced by alkali stress may weaken the
ability of heat dissipation and lead to chloroplast oxida-
tive stress caused by low electron transfer efficiency.

Salt stress and alkali stress affected chlorophyll
metabolism

In higher plants, chlorophyll plays a key role in light har-
vesting and energy transduction in photosynthesis. In
this study, a reduction of 41.32% and 62.15% in total chlo-
rophyll contents of grapevine leaves was observed under
salt stress and alkali stress, respectively, which indicated
that alkali stress led to a greater reduction in chlorophyll
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content compared to salt stress. This finding was in
agreement with previous reports [40—42]. The decrease
in plant chlorophyll levels under salt stress was attributed
to the inhibition of chlorophyll synthesis and the activa-
tion of chlorophyll enzymes for its degradation [72].

Chl biosynthesis proceeds through a series of reac-
tions, and the synthesis of Chl is affected if any of these
steps are disrupted [73]. It was reported that salt stress
and alkali stress have adverse effects on chlorophyll syn-
thesis, which may be caused by the decrease of protein
or gene expression in chlorophyll synthesis under the two
stress conditions [59]. Here we identified eight down-
regulated DEGs related to chlorophyll synthesis in the
G2 group (including HEMA1, HEMBI, PPOX1, CHLH,
CHLD, CHLM, CRD1, PORA). Similar to this, the down-
regulation of HEMA1 and CHLH genes was observed in
cucumber [74] and Nicotiana benthamiana seedlings fol-
lowing exposure to salinity stress [75]. Thus, the chloro-
phyll content in grapevine leaves under alkali stress was
lower than that of control and salt stress, which may be
due to alkali stress significantly inhibiting the expres-
sion of genes related to chlorophyll synthesis. In the G1
group, there were 10 DEGs related to chlorophyll synthe-
sis under salt stress. However, in addition to a down-reg-
ulated PORA (VIT_19s0014g03160) gene, the remaining
nine genes [GSA (encoding HEML), HEMBI, HEMC,
UROS (HEMD), HEMEI, CPX (encoding HEMEF),
CHLH, DVR, and PORA (VIT_12s0059g00270)] showed
an up-regulation. This indicated that the inhibition of
alkali stress on chlorophyll synthesis-related genes was
stronger than salt stress.

In chlorophyll catabolism, the chlorophyll degradation
can be attributed to these enzymes, including chlorophyl-
lase (CLH) [76], magnesium dechelatase (SGR, SGRL)
[77], pheophorbide a oxygenase [78] (PAO), and red chlo-
rophyll catabolite reductase (RCCR) [79]. It was reported
that the up-regulated expression of SGR and CLH genes
could promote the degradation of Chl [80, 81]. The pre-
vious finding indicated that submergence-induced reduc-
tion of Chl was associated with the down-regulation of
Chl-biosynthetic genes and up-regulation of Chl-degrad-
ing genes in perennial ryegrass [82]. In this study, in
addition to the SGR gene, the CLHI and CLH2, SGRL,
and RCCR genes were up-regulated under salt stress.
Nevertheless, three of four CLHI genes were down-reg-
ulated, but the SGR and PAO genes were up-regulated
under alkali stress. The up-regulation of the CLH gene
with the decrease of Chl content was also observed in
tomato seedlings under salinity-alkalinity stress [83].
These results suggest that salt stress and alkali stress may
increase the expression of genes involved in chlorophyll
degradation, thereby reducing the chlorophyll content in
grapevine leaves.
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The reduction in Chl content was related to the precur-
sor involved in chlorophyll synthesis. In higher plants,
5-Aminolevulinic acid (ALA) is a precursor of plant
chlorophyll synthesis derived from glutamate [84]. The
decrease of chlorophyll content in severely NaCl-stressed
sunflower leaves was mainly due to a decrease in ALA
synthesis [72]. The impairment of ALA biosynthesis under
chill- and heat-stress conditions led to the inhibition of
Chl biosynthesis [85]. In this study, salt stress decreased
glutamate and ALA. Similarly, the reduction of gluta-
mate and ALA also was found in sunflower leaves during
salt stress [73, 86]. Therefore, these findings indicate that
the reduction of Chl in grapevine leaves under salt stress
might be attributed to decreasing the ALA precursor.

Salt stress and alkali stress inhibited the carbon fixation

In this study, salt stress and alkali stress induced many
down-regulated genes involved in the ‘Carbon fixa-
tion in photosynthetic organisms’ pathway, which may
reduce carbon fixed efficiency. Rubisco played a key
role in photosynthetic carbon fixation. Previous stud-
ies have shown that salt stress inhibits Rubisco activ-
ity [87] and induces down-regulation of RBCS gene
expression [87, 88]. Similarly, our results showed that
salt stress and alkali stress decreased Rubisco activity,
and this RBCS gene was down-regulated under alkali
stress. However, we also observed that this RBCS gene
showed no differential expression under salt stress,
and a similar result was identified in NaCl-treated Ser-
ratia liquefaciens plants [89].

Salt stress negatively affected the Calvin cycle in carbon
fixation, increasing the abundance of metabolites related
to the Calvin cycle pathway. The abundance of sedo-
heptulose-7-phosphate, ~ D-fructose-1,6-bisphosphate,
sedoheptulose, and 3-phospho-D-glyceroyl phosphate
in Cyclocarya paliurus was increased under salt stress
[90]. The metabolites in the regeneration pathway of
ribulose-1,5-bisphosphate (ribose-5-phosphate and ribu-
lose-5-phosphate) were highly accumulated in salt-stress
sugar beet [91]. In this study, 3-Phospho-D-glyceric acid,
D-Sedoheptulose  7-phosphate, D-Erythrose-4-phos-
phate, and Dihydroxyacetone phosphate had relatively
increased abundance under salt stress, and D-Fructose
6-Phosphate, Sedoheptulose, D-Sedoheptulose 7-phos-
phate, D-Erythrose-4-phosphate, and Dihydroxyacetone
phosphate were up-regulated under alkali stress. There-
fore, we propose that the accumulation of these metabo-
lites in plants under salt stress and alkali stress may be
caused by decreased carbon fixation efficiency due to the
down-regulation of gene expression.

Sugar metabolites are the main products of photosyn-
thesis, play a key role in stress perception, and signal-
ing, and form a regulatory center for gene expression
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mediated by adverse environments, thus ensuring
osmoregulation responses, scavenging ROS, and main-
taining cellular energy status through carbon partition-
ing [92]. Previous studies have reported that salt stress
could induce the accumulation of sugar metabolites
[93]. In this study, the abundance of sugar metabolites
showed an obvious difference between salt stress and
alkali stress. The abundance of these sugar metabolites
was down-regulated under salt stress but up-regulated
or unchanged under alkali stress, suggesting that these
sugar metabolites could be relevant to the observed dif-
ference in plant tolerance to salt stress and alkali stress.
In ‘Fengtian’ Stevia rebaudiana Bert. (Bertoni), salt stress
increased the Rhamnose level and decreased Glucose
[94], which was also observed in this experiment. Raffi-
nose not only plays a crucial role as osmoprotectants in
plants’ response to cold and drought stresses [95, 96], but
also plays an important in protecting the photosynthetic
apparatus from oxidative damage under cold stress [97].
In this study, the abundance of raffinose was increased
under alkali stress. This implies that enhancing the raf-
finose level in grapevine leaves may protect photosystem
II from damage to alkali stress.

Conclusion

This study investigated the effect of salt stress and alkali
stress on grapevine plants and the differences between
salt-stressed and alkali-stressed grapevine plants. The
chlorosis of grapevine leaves in alkali stress was more
severe than in salt stress. Salt stress and alkali stress
induced the differential expression of key stress genes
involved in the ABA signaling and MAPK signaling path-
ways. Salt stress and alkali stress up-regulated expression
of gene encoding ion transporter and increased the abun-
dance organic acid in response to an imbalance of Na™
and K in grapevine leaves. Alkali stress had more severe
effects on stomatal conductance, chlorophyll content
and Rubisco activity, and chloroplast ultrastructure, and
induced more down-regulated genes involved in ‘Porphy-
rin and chlorophyll metabolism, ‘Photosynthesis-antenna
proteins, ‘Photosynthesis, and ‘Carbon fixation in photo-
synthetic organisms’ in grapevine plants compared with
salt stress, thus leading to photosynthetic capacity in
grapevine plants was lower and accumulating more inter-
mediates related to Calvin cycle under alkali stress than
under salt stress. Most sugar metabolites in leaves under
alkali stress increased, but almost all sugar metabolites in
leaves under salt stress exhibited a decline. These results
revealed the general effects of salt stress and alkali stress
on phenotype, chloroplast structure, physiological char-
acteristics, gene expression, and metabolites in grapevine
plants and indicated the adverse effect of alkali stress on
grapevine plants was more serious than that of salt stress.
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Methods

Plant materials and treatment

Two-year-old cuttings of grapevine cultivar Cabernet
grapevine (Vitis vinifera L.) were used as materials. These
cuttings were purchased from ZhiChang Agriculture
Company in Shandong Provincial. They were planted
in plastic pots (27.5 cm in diameter, 31 cm in height, 15
L) filled with a 2:1 (v/v) mixture of vermiculite:nutrition
soil. After 8 weeks, 30 plants growing uniformly were
selected and divided randomly into three sets. Each plant
was considered a single replicate, with 10 replicates per
set. One set was used as an untreated control group, and
the other two sets were used as stress treatment groups.
Neutral salt stress (T1 treatment) and alkali salt stress
(T2 treatment) were simulated by applying 200 mM
NaCl (pH 6.94) and 200 mM NaHCO, (pH 8.32) (with
an increment of 50 mM per day to the final concentra-
tion), respectively. The without NaCl and NaHCO; treat-
ment were considered the control condition (CK). After
20 days, the grapevine leaves were used for measurement
analysis for gas exchange parameters, chlorophyll fluores-
cence, chlorophyll content, TEM, ribulose-bisphosphate
carboxylase (Rubisco) activity, Na™, and K. Some leave
samples were frozen immediately in liquid nitrogen and
stored at -80 °C for RNA extraction and RNA sequencing.
There were 10 replicates for each treatment. All pots of
seedlings were maintained in a greenhouse (25.0+1.5 °C
at daytime and 20.5 1.5 °C at nighttime, with the photo-
synthetic photon flux density of 600 umol m~2s™1).

Measurement of physiological indices

The third and fourth green leaves [28] at the top of the
plant were selected for detecting the gas exchange
parameters and chlorophyll fluorescence index. Then,
these leaves were collected for the determination of chlo-
rophyll content and ion content. Gas exchange param-
eters, including Net photosynthetic rate (Pn), stomatal
conductance (Gs), Intercellular CO, concentration (Ci),
and transpiration rate (Tr), were measured by the Li-
6400XT photosynthetic system between 8:30 and 11:30
am. The light intensity was controlled at 800 pmolm ™2 s~
at 2541 °C. Chlorophyll fluorescence index, the maxi-
mum quantum yield of photosystem II (Fv/Fm), and non-
photochemical quenching (NPQ) were measured using a
handheld chlorophyll fluorescence instrument (FluorPen
FP 100, Eco Tech, Beijing, China).

The chlorophyll content and Rubisco (ribulose-1,5-bis-
phosphate carboxylase/oxygenase) activity were determined
using a commercial kit (Beijing solarbio science & technol-
ogy co,ltd.). Na* and K" were extracted from the dried
plant leaves in 2/1 (v/v) HNO3/HCIO, at 80 °C for 48 h, and
ion analysis was performed using an ICP-MS (Iris Intrepid
II; Thermo Electron Corporation, Franklin, MA, USA).
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Transmission electron microscopy (TEM)
The chloroplast ultrastructure assay was performed by
Servicebio Company (Wuhan, China), as described below.

Sampling and fixing

The small, cut tissue block was transferred to an EP tube
filled with fresh electron microscope fixing solution and
the air pumped using a vacuum pump until the block
had sunk to the bottom of the tube. The sample was then
fixed at room temperature for 2 h, then stored at 4 °C.

Post fixation

The sample was fixed with 1% osmic acid prepared with
0.1 M phosphate buffer Pb (pH7.4) at room temperature
for 7 h. Then rinsed with 0.1 M phosphoric acid buffer Pb
(pH 7.4) three times for 15 min each time.

Dehydration at room temperature

The sample was treated with 30%, 50%, 70%, 80%, 95%,
100%, and 100% ethanol, respectively, 1 h each time. Then,
the sample was treated with absolute ethanol:acetone (3:1)
for 30 min, absolute ethanol:acetone (1:1) for 30 min, abso-
lute ethanol:acetone (1:3) for 30 min, and acetone for 1 h.

Permeation embedding

Embedding was using using acetone:812 embedding
agent (3:1) at 37 °C for 2-4 h; acetone:812 embed-
ding agent (1:1) permeating at 37 °C for overnight; ace-
tone:812 embedding agent (1:3) 37 °C for 2—4 h; and pure
812 embedding agent treatment at 37 °C for 5-8 h. We
then added pure 812 embedding agent to the embedding
plate, inserted the sample into the embedding plate, and
baked it in the oven at 37°C overnight.

Polymerization

An embedding plate was placed in an oven at 60 °C for
polymerization for 48 h, and the resin block was then
taken out for standby.

Ultra-thin slicing

The resin block was cut to obtain 60—-80 nm ultra-thin
slices using a thin-slice cutting machine and 150 square
copper mesh to salvage.

Dyeing

The copper mesh was dyed in 2% uranium acetate satu-
rated alcohol solution for 8 min without light; washed
with 70% alcohol three times; cleaned with ultrapure
water three times; rinsed with 2.6% lead citrate solution
to avoid carbon dioxide dyeing for 8 min; washed with
ultrapure water three times and dried slightly with filter
paper; then placing the copper mesh slices into the cop-
per mesh box and drying at room temperature overnight.
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Microscopy
A transmission electron microscope was then used for
image acquisition and analysis.

Transcriptome sequencing

RNA sequencing and metabolomic profiling were per-
formed by Biomarker Technologies Co, LTD. Three bio-
logical replicates were involved in RNA-Seq analysis.
Total RNA was extracted from grapevine leaf tissues by
the Aidlab RN40 Plant RNA kit (Aidlab, Beijing, China)
following the manufacturer’s instructions. One micro-
gram of RNA per sample was used for RNA-seq library
construction using NEBNext UltraTM RNA Library Prep
Kit for Illumina (NEB, USA), following the manufactur-
er’s recommendations. The cDNA library was enriched,
purified, and then sequenced on the Illumina NovaSeq
6000 platform. The clean reads were mapped to the ref-
erence genome of Vitis vinifera L. (IGGP_12x, NCBI),
and the database was from ensemblgenomes.org. Gene
expression levels were estimated by fragments per kilo-
base of transcript per million fragments mapped. Differ-
entially expressed genes (DEGs) were identified with a
P<0.05 and|fold change (FC)|>1.5 as the threshold. The
DEGs were submitted to the BMKCloud Bioinformatic
Platform http://www.biocloud.net/) for gene ontology
(GO) and KEGG pathway enrichment analyses. Gene
Ontology (GO) enrichment analysis of the differentially
expressed genes (DEGs) was implemented by the GOseq
R packages [98]. Statistical enrichment of DEGs in the
KEGG pathway [99] was performed using KEGG Orthol-
ogy Based Annotation System (KOBAS) [100] software.

Metabolomic profiling

Six biological replicates samples were performed for
metabolomic profiling through LC-MS/MS. Samples
were analyzed on an Ultra Performance Liquid Chroma-
tography system coupled to mass spectrometry. The raw
data collected using MassLynx V4.2 were processed by
Progenesis QI software. Combining the difference multi-
ple, the p-value and the VIP value of the OPLS-DA model
were adopted to screen the differentially accumulated
metabolites (DAMs). The screening criteria are |[FC|>1,
p-value<0.05 and VIP > 1.

Quantitative Real-Time reverse transcription PCR analysis

To validate the reliability of transcriptome sequencing
data, 12 DEGs from transcriptome data were randomly
selected to perform quantitative real-time (qRT)-PCR
analysis. Reverse RNA transcription was performed
using FastKing gDNA Dispelling RT SuperMix (Tiangen,
Beijing, China). Primers for qPCR were designed using
Primer Premier 5.0 software (Table S1). LightCycler® 96
Real time-PCR machine (Roche, Germany) was used for
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qRT-PCR. The reaction system was 20 pL, containing 10
pL 2 x Talent qPCR PreMix, 2 puL 50 ng/pL cDNA, 0.6
pL forward and reverse primers, and 6.8 uL RNase-Free
ddH,0. The qRT-PCR reaction procedure was: per-dena-
turation at 95 °C for 3 min, and then 40 cycles of 95 °C,
55s; 60 °C, 10 s; 72 °C, 15 s. The relative expression of the
10 genes was calculated using actin-101 as a reference
gene by the 2724 method. Each sample group contained
three biological replicates.

Statistical analysis

The figures and tables were made using Excel 2016 and
GraphPad Prism 8.0. The statistical significance analysis
of the physiological data was performed using IBM SPSS
Statistics 19 software; p <0.05 was considered significant.
The figures were edited using PhotoShop CC 2019.

Abbreviations

Pn: Photosynthetic rate; Gs: Stomatal conductance; Ci: Intercellular CO, con-
centration; Tr: Transpiration rate; Fv/Fm: Maximum quantum yield of photo-
system Il; NPQ: Non-photochemical quenching; DEGs: Differentially expressed
genes; DAMs: Differentially accumulated metabolites; ABA: Abscisic acid.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512870-022-03907-z.

Additional file 1: Figure S1. The principal component analysis (PCA) plot
for DAMs.

Additional file 2: Table S1. Primer sequences used in gRT-PCR analysis.

Additional file 3: Table S2. The DEGs involved in the ‘Plant hormone
signal transduction’ pathway.

Additional file 4: Table S3. The DEGs involved in the MAPK signaling
pathway-plant’ pathway.

Additional file 5: Table S4. The DEGs related to ion transport.

Additional file 6: Table S5. The DEGs involved in the ‘Porphyrin and
chlorophyll metabolism’ pathway.

Additional file 7: Table S6. The DEGs involved in the ‘Photosynthesis-
antenna proteins' pathway.

Additional file 8: Table S7. The DEGs involved in the Photosynthesis’
pathway.

Additional file 9: Table S8. The DEGs involved in the ‘Carbon fixation in
photosynthetic organisms’ pathway.

Additional file 10: Table S9. The DAMs involved in Chl biosynthesis and
photosynthesis.

Additional file 11: Table S10. The DAMs related to organic acids.

Acknowledgements
Not applicable.

Authors’ contributions

Lu Xu and Li Sheng designed the research. Lu Xu, Ma Lei, Zhang CongCong,
Yan HaoKai, Bao JinYu, and Gong Mei Shuang performed the experiments. Lu
Xu analyzed and interpreted the data. Lu Xu wrote the paper. Ma ShaoYing
and Wang WenHui provide experimental equipment and sites. Li Sheng and
Chen BaiHong revised the paper. The author(s) read and approved the final
manuscript.


http://www.biocloud.net/
https://doi.org/10.1186/s12870-022-03907-z
https://doi.org/10.1186/s12870-022-03907-z

Lu et al. BMC Plant Biology (2022) 22:528

Funding

This work was supported by the Industrial support of Gansu Provincial Depart-
ment of Education (2021CYZC-55), Key Research and Development Projects of
Gansu Provincial (21YF5NAQ9O0).

Availability of data and materials

The RNA-seq raw datasets generated during the current study have been
deposited in NCBI repository (https://www.ncbi.nlm.nih.gov/bioproject/), and
login ID of BioProject was PRINA809636.

Declarations

Ethics approval and consent to participants
All methods in this study were performed in accordance with the relevant
guidelines, national or international guidelines and legislation.

Consent for publication
Not applicable.

Competing interests

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.

Author details

1Col\ege of Horticulture, Gansu Agricultural University, Lanzhou 730070, China.

2Agronomy College, Gansu Agricultural University, Lanzhou 730070, China.
3College of Life Science and Technology, Gansu Agricultural University, Lan-
zhou 730070, China. “Basic Experimental Teaching Center, Gansu Agricultural
University, Lanzhou 730070, China. °College of HorticultureCollege of Life Sci-
ence and Technology, State Key Laboratory of Aridland Crop Science, Gansu
Agricultural University, Lanzhou 730070, China.

Received: 18 July 2022 Accepted: 25 October 2022
Published online: 14 November 2022

References

1. Rolly NK, Imran QM, Lee 1J, Yun BW. Salinity Stress-Mediated Suppres-
sion of Expression of Salt Overly Sensitive Signaling Pathway Genes
Suggests Negative Regulation by AtbZIP62 Transcription Factor in
Arabidopsisthaliana. Int J Mol Sci. 2020;21(5):1726. https://doi.org/10.
3390/ijms21051726.

2. Morton MJL, Awlia M, Al-Tamimi N, Saade S, Pailles Y, Negrao S, Tester M.
Salt stress under the scalpel - dissecting the genetics of salt tolerance.
Plant J. 2019,97(1):148-63. https://doi.org/10.1111/tpj.14189.

3. Yang C, Chong J, Li C, Kim C, Shi D, Wang D. Osmotic adjustment and
jon balance traits of an alkali resistant halophyte Kochia sieversiana dur-
ing adaptation to salt and alkali conditions. Plant Soil. 2007;294:263-76.
https://doi.org/10.1007/511104-007-9251-3.

4. Fang S, Hou X, Liang X. Response mechanisms of plants under saline-
alkali stress. Front Plant Sci. 2021;12:667458. https://doi.org/10.3389/
fpls.2021.667458.

5. Richards LA. Diagnosis and improvement of saline and alkaline soils.
Soil Sci. 1947,64(5):432. https://doi.org/10.1097/00010694-19471
1000-00013.

6. Van Zelm E, Zhang Y, Testerink C. Salt tolerance mechanisms of plants.
Annu Rev Plant Biol. 2020;71:403-33. https://doi.org/10.1146/annurev-
arplant-050718-100005.

7. YuZ Duan X, Luo L, Dai S, Ding Z, Xia G. How plant hormones mediate
salt stress responses. Trends Plant Sci. 2020;25(11):1117-30. https://doi.
0rg/10.1016/j.tplants.2020.06.008.

8. Danguah A, de Zelicourt A, Colcombet J, Hirt H. The role of ABA and
MAPK signaling pathways in plant abiotic stress responses. Biotechnol
Adv. 2014;32(1):40-52. https://doi.org/10.1016/j.biotechadv.2013.09.006.

9. LiuX, ZhuY, Zhai H, Cai H, Jiw, Luo X, Li J, Bai X. AtPP2CGT, a protein
phosphatase 2C, positively regulates salt tolerance of Arabidopsis in
abscisic acid-dependent manner. Biochem Biophys Res Commun.
2012;422(4):710-5. https://doi.org/10.1016/j.bbrc.2012.05.064.

20.

21.

22.

23.

24.

25

26

27.

28.

Page 19 of 22

Song X, Yu X, Hori C, Demura T, Ohtani M, Zhuge Q. Heterologous
overexpression of poplar SNRK2 genes enhanced salt stress tolerance
in Arabidopsis thaliana. Front Plant Sci. 2016;7:612. https://doi.org/10.
3389/fpls.2016.00612.

Du B, Chen N, Song L, Wang D, Cai H, Yao L. Alfalfa (Medicago sativa L.)
MsCML46 gene encoding calmodulin-like protein confers tolerance to
abiotic stress in tobacco. Plant Cell Rep. 2021;40(10):1907-22. https.//
doi.org/10.1007/500299-021-02757-7.

Zhu X, Zhang N, Liu X, Wang S, Li S, Yang J, Wang F, Si H. StMAPK3
controls oxidase activity, photosynthesis and stomatal aperture

under salinity and osmosis stress in potato. Plant Physiol Biochem.
2020;156:167-77. https://doi.org/10.1016/j.plaphy.2020.09.012.

Wu GQ, Wang JL, Li SJ. Genome-Wide Identification of Na+/H-+ Anti-
porter (NHX) genes in Sugar Beet (Beta vulgaris L.) and their regulated
expression under salt stress. Genes. 2019;10(5):401. https://doi.org/10.
3390/genes10050401.

Munns R, James RA, Xu B, Athman A, Conn SJ, Jordans C, Byrt CS, Hare
RA, Tyerman SD, Tester M, Plett D. Wheat grain yield on saline soils

is improved by an ancestral Na* transporter gene. Nat Biotechnol.
2012;30(4):360-4. https://doi.org/10.1038/nbt.2120.

Asins MJ, Villalta I, Aly MM, Olias R, Alvarez DE Morales P, Huertas

R, LiJ, Jaime-Pérez N, Haro R, Raga V, Carbonell EA, Belver A. Two
closely linked tomato HKT coding genes are positional candidates

for the major tomato QTL involved in homeostasis. Plant Cell Environ.
2013;36(6):1171-91. https://doi.org/10.1111/pce.12051.

Cui JQ Hua YP, Zhou T, Liu Y, Huang JY, Yue CP. Global Landscapes of
the Na™/HT Antiporter (NHX) family members uncover their potential
roles in regulating the rapeseed resistance to salt stress. Int J Mol Sci.
2020;21(10):3429. https://doi.org/10.3390/ijms21103429.

Yang C, Guo W, Shi D. Physiological roles of organic acids in alkali-toler-
ance of the alkali-tolerant halophyte. Chloris virgata Agronomy Journal.
2010;102:1081-9. https://doi.org/10.2134/agronj2009.0471.

He XJ, ChenT, Zhu JK. Regulation and function of DNA methylation

in plants and animals. Cell Res. 2011;21(3):442-65. https://doi.org/10.
1038/cr2011.23.

Guo HY. Alkali stress induced the accumulation and secretion of
organic acids in wheat. Afr J Agric Res. 2012;7:2844-52. https://doi.org/
10.5897/AJAR11.2086.

Singh, J, Thakur JK. Photosynthesis and Abiotic Stress in Plants. In: Vats,
S. (eds) Biotic and Abiotic Stress Tolerance in Plants. Springer, Singapore.
2018. https://doi.org/10.1007/978-981-10-9029-5_2

Zahra N, Al Hinai MS, Hafeez MB, Rehman A, Wahid A, Siddique KHM,
Faroog M. Regulation of photosynthesis under salt stress and associ-
ated tolerance mechanisms. Plant Physiol Biochem. 2022;178:55-69.
https://doi.org/10.1016/j.plaphy.2022.03.003.

Wang Z,Tan W, Yang D, Zhang K, Zhao L, Xie Z, XuT, Zhao Y, Wang X, Pan
X, Zhang D. Mitigation of soil salinization and alkalization by bacterium-
induced inhibition of evaporation and salt crystallization. Sci Total Environ.
2021;755(Pt1):142511. https://doi.org/10.1016/j.scitotenv.2020.142511.
Golla B. Agricultural production system in arid and semi-arid regions.

J Agric Food Tech. 2021,7(2):234-244. https://doi.org/10.17352/2455-
815X.000113

Hussain S, Shaukat M, Ashraf M, Zhu C, Jin Q, Zhang J. Salinity stress in arid
and semi-arid climates: Effects and management in field crops. Climate
Change Agriculture. 2019. https://doi.org/10.5772/intechopen.87982
Walker RR, Blackmore DH, Clingeleffer PR, Correll RL. Rootstock effects
on salt tolerance of irrigated field-grow grapevines (Vitis vinifera L. cv.
Sultana.) 1.Yield and vigour interrelationships. Aust J Grape Wine Res.
2002;8(1):3-14. https://doi.org/10.1111/j.1755-0238.2002.tb00206 x.
Walker RR, Blackmore DH, Clingeleffer PR, Correll RL. Rootstock effects
on salt tolerance of irrigated field-grown grapevines (Vitis vinifera L. cv.
Sultana) 2. lon concentrations in leaves and juice. Aust J Grape Wine Res.
2004;10(2):90-9. https://doi.org/10.1111/j.1755-0238.2004.tb0001 1 x.
Haider MS, Jogaiah S, Pervaiz T, Yanxue Z, Khan N, Fang J. physiological
and transcriptional variations inducing complex adaptive mechanisms
in grapevine by salt stress. Environ Exp Bot. 2019;162:455-67. https://
doi.org/10.1016/j.envexpbot.2019.03.022.

Guan L, Haider MS, Khan N, Nasim M, Jiu S, Fiaz M, Zhu X, Zhang K, Fang
J.transcriptome sequence analysis elaborates a complex defensive
mechanism of grapevine (Vitis vinifera L.) in response to salt stress. Int J
Mol Sci. 2018;19(12):4019. https://doi.org/10.3390/ijms19124019.


https://www.ncbi.nlm.nih.gov/bioproject/
https://doi.org/10.3390/ijms21051726
https://doi.org/10.3390/ijms21051726
https://doi.org/10.1111/tpj.14189
https://doi.org/10.1007/s11104-007-9251-3
https://doi.org/10.3389/fpls.2021.667458
https://doi.org/10.3389/fpls.2021.667458
https://doi.org/10.1097/00010694-194711000-00013
https://doi.org/10.1097/00010694-194711000-00013
https://doi.org/10.1146/annurev-arplant-050718-100005
https://doi.org/10.1146/annurev-arplant-050718-100005
https://doi.org/10.1016/j.tplants.2020.06.008
https://doi.org/10.1016/j.tplants.2020.06.008
https://doi.org/10.1016/j.biotechadv.2013.09.006
https://doi.org/10.1016/j.bbrc.2012.05.064
https://doi.org/10.3389/fpls.2016.00612
https://doi.org/10.3389/fpls.2016.00612
https://doi.org/10.1007/s00299-021-02757-7
https://doi.org/10.1007/s00299-021-02757-7
https://doi.org/10.1016/j.plaphy.2020.09.012
https://doi.org/10.3390/genes10050401
https://doi.org/10.3390/genes10050401
https://doi.org/10.1038/nbt.2120
https://doi.org/10.1111/pce.12051
https://doi.org/10.3390/ijms21103429
https://doi.org/10.2134/agronj2009.0471
https://doi.org/10.1038/cr.2011.23
https://doi.org/10.1038/cr.2011.23
https://doi.org/10.5897/AJAR11.2086
https://doi.org/10.5897/AJAR11.2086
https://doi.org/10.1007/978-981-10-9029-5_2
https://doi.org/10.1016/j.plaphy.2022.03.003
https://doi.org/10.1016/j.scitotenv.2020.142511
https://doi.org/10.17352/2455-815X.000113
https://doi.org/10.17352/2455-815X.000113
https://doi.org/10.5772/intechopen.87982
https://doi.org/10.1111/j.1755-0238.2002.tb00206.x
https://doi.org/10.1111/j.1755-0238.2004.tb00011.x
https://doi.org/10.1016/j.envexpbot.2019.03.022
https://doi.org/10.1016/j.envexpbot.2019.03.022
https://doi.org/10.3390/ijms19124019

Lu et al. BMC Plant Biology

29.

30.

31

32.

33.

34.

35.

36.

37.

38

39.

40.

41.

42.

43

44,

45.

(2022) 22:528

Upadhyay A, Gaonkar T, Upadhyay AK, Jogaiah S, Shinde MP, Kadoo NY,
Gupta VS. Global transcriptome analysis of grapevine (Vitis vinifera L)
leaves under salt stress reveals differential response at early and late
stages of stress in table grape cv. Thompson Seedless. Plant Physiol-
ogy and Biochemistry. 2018,129:168-179. https://doi.org/10.1016/].
plaphy.2018.05.032

Zhou TA, Wu Y, Henderson SW, Walker AR, Borneman AR, Walker

RR, Gilliham M. Grapevine salt tolerance. Aust J Grape Wine Res.
2021;27(2):149-68. https://doi.org/10.1111/ajgw.12487.

Niu M, Xie J, Chen C, Cao H, Sun J, Kong Q, Shabala S, Shabala L, Huang
Y, Bie Z. An early ABA-induced stomatal closure, Na™ sequestration in
leaf vein and K* retention in mesophyll confer salt tissue tolerance in
Cucurbita species. J Exp Bot. 2018;69(20):4945-60. https://doi.org/10.
1093/jxb/ery251.

Yan F, ZhuY, Zhao Y, Wang Y, Li J, Wang Q, Liu Y. De novo transcriptome
sequencing and analysis of salt-, alkali-, and drought-responsive genes
in Sophora alopecuroides. BMC Genomics. 2020;21(1):423. https://doi.
0rg/10.1186/512864-020-06823-4.

Ma'S, Lv L, Meng C, Zhou C, Fu J, Shen X, Zhang C, Li Y. Genome-wide
analysis of abscisic acid biosynthesis, catabolism, and signaling in sor-
ghum bicolor under saline-alkali stress. Biomolecules. 2019;9(12):823.
https://doi.org/10.3390/biom9120823.

Fujita Y, Fujita M, Satoh R, Maruyama K, Parvez MM, Seki M, Hiratsu

K, Ohme-Takagi M, Shinozaki K, Yamaguchi-Shinozaki K. AREB1 is

a transcription activator of novel ABRE-dependent ABA signaling

that enhances drought stress tolerance in Arabidopsis. Plant Cell.
2005;17(12):3470-88. https://doi.org/10.1105/tpc.105.035659.
Krishnamurthy P, Vishal B, Ho WJ, Lok FCJ, Lee FSM, Kumar PP. Regula-
tion of a cytochrome p450 gene CYP94B1 by WRKY33 transcription
factor controls apoplastic barrier formation in roots to confer salt toler-
ance. Plant Physiology. 2020,184(4):2199-2215. https://doi.org/10.1104/
pp.20.01054

Xing Y, Jia W, Zhang J. AtMKK1 mediates ABA-induced CAT1 expression
and H,0, production via AtMPK6-coupled signaling in Arabidopsis.
Plant J. 2008;54(3):440-51. https://doi.org/10.1111/j.1365-313X.2008.
03433.x.

Kim JM, Woo DH, Kim SH, Lee SY, Park HY, Seok HY, Chung WS, Moon
YH. Arabidopsis MKKK20 is involved in osmotic stress response via
regulation of MPK6 activity. Plant Cell Rep. 2012,31(1):217-24. https://
doi.org/10.1007/500299-011-1157-0.

Bhatti AS, Steinert S, Sarwar GR, Hilpert A, Jeschke WD. lon distribution
in relation to leaf age in Leptochloa fusca (L) Kunth (Kallar grass). New
Phytologist. 1993;125(3):521-8. https://doi.org/10.1111/}.1469-8137.
1993.tb03766.x.

Qin YJ, Wu WH, Wang Y. ZmHAKS5 and ZmHAK]1 function in K™ uptake
and distribution in maize under low Kt conditions. J Integr Plant Biol.
2019:61(6):691-705. https://doi.org/10.1111/jipb.12756.

Jia XM, Hai W, Svetla S, Zhu YF, Hu Y, Cheng L, Zhao T, Wang YX. Com-
parative physiological responses and adaptive strategies of apple Malus
halliana to salt, alkali and saline-alkali stress. Sci Hortic. 2019;245:154-62.
https://doi.org/10.1016/j.scienta.2018.10.017.

Wang XP, Geng SJ, Ri YJ, Cao DH, Liu J, Shi DC, Yang CW. Physiological
responses and adaptive strategies of tomato plants to salt and alkali
stresses. Sci Hortic. 2011;130(1):248-55. https://doi.org/10.1016/j.scien
ta.2011.07.006.

Guo R, Yang Z, Li F, Yan C, Zhong X, Liu Q, Xia X, Li H, Zhao L. Compara-
tive metabolic responses and adaptive strategies of wheat (Triticum
aestivum) to salt and alkali stress. BMC Plant Biol. 2015;15:170. https://
doi.org/10.1186/512870-015-0546-x.

BaveiV, Shiran B, Arzani A. Evaluation of salinity tolerance in sorghum
(Sorghum bicolor L.) using ion accumulation, proline and peroxidase
criteria. Plant Growth Regulation. 2011;64:275-85. https://doi.org/10.
1007/510725-011-9568-7.

Yokoi S, Quintero FJ, Cubero B, Ruiz MT, Bressan RA, Hasegawa

PM, Pardo JM. Diferential expression and function of Arabidopsis
thaliana NHX Na™/H™ antiporters in the salt stress response. Plant J.
2002;30(5):529-39. https://doi.org/10.1046/}.1365-313X.2002.01309.x.
Xuea ZY, Zhia DY, Xueb GP, Zhangc H, Zhaoc YX, Xiaa GM. Enhanced salt
tolerance of transgenic wheat (Tritivum aestivum L.) expressing a vacu-
olar Na+/H+ antiporter gene with improved grain yields in saline soils

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Page 20 of 22

in the field and a reduced level of leaf Na+. Plant Sci. 2004;167:849-59.
https://doi.org/10.1016/j.plantsci.2004.05.034.

Leidi EO, Barragan V, Rubio L, El-Hamdaoui A, Ruiz MT, Cubero B,
Ferndndez JA, Bressan RA, Hasegawa PM, Quintero FJ, Pardo JM. The
AtNHX1 exchanger mediates potassium compartmentation in vacuoles
of transgenic tomato. Plant J. 2010;61(3):495-506. https://doi.org/10.
1111/j.1365-313X.2009.04073 .

Gierth M, Méaser P. Potassium transporters in plants-Involvementin K*
acquisition, redistribution and homeostasis. FEBS Lett. 2007;581:234—
2356. https://doi.org/10.1016/j.febslet.2007.03.035.

Demidchik V. Mechanisms and physiological roles of K efflux from root
cells. J Plant Physiol. 2014;171:696-707. https://doi.org/10.1016/j jplph.
2014.01.015.

Ardie SW, Liu S, Takano T. Expression of the AKT1-type K* channel
gene from Puccinellia tenuiflora, PutAKT1, enhances salt tolerance in
Arabidopsis. Plant Cell Rep. 2010,29:865-74. https://doi.org/10.1007/
500299-010-0872-2.

Feng C, He C,Wang Y, Xu H, Xu K, Zhao 'Y, Yao B, Zhang Y, Zhao Y, Idrice
Carther KF, Luo J, Sun D, Gao H, Wang F, Li X, Liu W, Dong Y, Wang N,
Zhou Y, Li H. Genome-wide identification of soybean Shaker K* channel
gene family and functional characterization of GmAKT1 in transgenic
Arabidopsis thaliana under salt and drought stress. J Plant Physiol.
2021;266:153529. https://doi.org/10.1016/}jplph.2021.153529.

Sunarpi, Horie T, Motoda J, Kubo M, Yang H, Yoda K, Horie R, Chan WY,
Leung HY, Hattori K, Konomi M, Osumi M, Yamagami M, Schroeder JI,
Uozumi N. Enhanced salt tolerance mediated by AtHKT1 transporter-
induced Na unloading from xylem vessels to xylem parenchyma cells.
Plant J. 2005,44(6):928-938. https://doi.org/10.1111/j.1365-313X.2005.
02595.x

Berthomieu P, Conéjéro G, Nublat A, Brackenbury WJ, Lambert C, Savio
C, Uozumi N, Oiki S, Yamada K, Cellier F, Gosti F, Simonneau T, Essah PA,
Tester M, Véry AA, Sentenac H, Casse F. Functional analysis of AtHKT1

in Arabidopsis shows that Na™ recirculation by the phloem is crucial
for salt tolerance. EMBO J. 2003;22(9):2004-14. https://doi.org/10.1093/
emboj/cdg207.

An D, Chen JG, Gao YQ, LiX, Chao ZF, Chen ZR, Li QQ, Han ML, Wang
YL, Wang YF, Chao DY. AtHKT1 drives adaptation of Arabidopsis
thaliana to salinity by reducing floral sodium content. PLoS Genetics,
2017,13(10):1007086. https://doi.org/10.1371/journal.pgen.1007086
Larisch N, Kirsch SA, Schambony A, Studtrucker T, Bckmann RA,
Dietrich P. The function of the two-pore channel TPC1 depends

on dimerization of its carboxy-terminal helix. Cell Mol Life Sci.
2016;73:2565-81. https://doi.org/10.1007/500018-016-2131-3.
Nieves-Cordones M, Caballero F, Martinez V, Rubio F. Disruption of the
Arabidopsis thaliana inward-rectifier K™ channel AKT1 improves plant
responses to water stress. Plant Cell Physiology. 2012;53(2):423-32.
https://doi.org/10.1093/pcp/pcr194.

BarraganV, Leidi EO, Andrés Z, Rubio L, De Luca A, Ferndndez JA,
Cubero B, Pardo JM. lon exchangers NHX1 and NHX2 mediate active
potassium uptake into vacuoles to regulate cell turgor and stomatal
function in Arabidopsis. Plant cell. 2012,24(3):1127-42. https://doi.org/
10.1105/tpc.111.095273.

Andrés Z, Pérez-Hormaeche J, Leidi EQ, Schlticking K, Steinhorst L,
McLachlan DH, Schumacher K, Hetherington AM, Kudla J, Cubero B,
Pardo JM. Control of vacuolar dynamics and regulation of stomatal
aperture by tonoplast potassium uptake. Proc Natl Acad Sci USA.
2014;111(17):E1806-14. https://doi.org/10.1073/pnas.1320421111.
Lawlor DW, Cornic G. Photosynthetic carbon assimilation and associ-
ated metabolism in relation to water deficits in higher plants. Plant Cell
Environ. 2002;25(2):275-94. https://doi.org/10.1046/].0016-8025.2001.
00814.x.

Gong B, Dan W, Vandenlangenberg K, Wei M, Yang F, Shi Q, Wang X.
Comparative effects of NaCl and NaHCO; stress on photosynthetic
parameters, nutrient metabolism, and the antioxidant system in tomato
leaves. Sci Hortic. 2013;157(3):1-12. https://doi.org/10.1016/j.scienta.
2013.03.032.

Lichtenthaler HK, Burkart S. Photosynthesis and high light stress. Bulgar-
ian J Plant Physiol. 1999,25(3-4):3-16.

LiN, Zhang Z,Gao S, LvY, Chen Z, Cao B, Xu K. Different responses

of two Chinese cabbage (Brassica rapa L. ssp. pekinensis) cultivars in


https://doi.org/10.1016/j.plaphy.2018.05.032
https://doi.org/10.1016/j.plaphy.2018.05.032
https://doi.org/10.1111/ajgw.12487
https://doi.org/10.1093/jxb/ery251
https://doi.org/10.1093/jxb/ery251
https://doi.org/10.1186/s12864-020-06823-4
https://doi.org/10.1186/s12864-020-06823-4
https://doi.org/10.3390/biom9120823
https://doi.org/10.1105/tpc.105.035659
https://doi.org/10.1104/pp.20.01054
https://doi.org/10.1104/pp.20.01054
https://doi.org/10.1111/j.1365-313X.2008.03433.x
https://doi.org/10.1111/j.1365-313X.2008.03433.x
https://doi.org/10.1007/s00299-011-1157-0
https://doi.org/10.1007/s00299-011-1157-0
https://doi.org/10.1111/j.1469-8137.1993.tb03766.x
https://doi.org/10.1111/j.1469-8137.1993.tb03766.x
https://doi.org/10.1111/jipb.12756
https://doi.org/10.1016/j.scienta.2018.10.017
https://doi.org/10.1016/j.scienta.2011.07.006
https://doi.org/10.1016/j.scienta.2011.07.006
https://doi.org/10.1186/s12870-015-0546-x
https://doi.org/10.1186/s12870-015-0546-x
https://doi.org/10.1007/s10725-011-9568-z
https://doi.org/10.1007/s10725-011-9568-z
https://doi.org/10.1046/j.1365-313X.2002.01309.x
https://doi.org/10.1016/j.plantsci.2004.05.034
https://doi.org/10.1111/j.1365-313X.2009.04073.x
https://doi.org/10.1111/j.1365-313X.2009.04073.x
https://doi.org/10.1016/j.febslet.2007.03.035
https://doi.org/10.1016/j.jplph.2014.01.015
https://doi.org/10.1016/j.jplph.2014.01.015
https://doi.org/10.1007/s00299-010-0872-2
https://doi.org/10.1007/s00299-010-0872-2
https://doi.org/10.1016/j.jplph.2021.153529
https://doi.org/10.1111/j.1365-313X.2005.02595.x
https://doi.org/10.1111/j.1365-313X.2005.02595.x
https://doi.org/10.1093/emboj/cdg207
https://doi.org/10.1093/emboj/cdg207
https://doi.org/10.1371/journal.pgen.1007086
https://doi.org/10.1007/s00018-016-2131-3
https://doi.org/10.1093/pcp/pcr194
https://doi.org/10.1105/tpc.111.095273
https://doi.org/10.1105/tpc.111.095273
https://doi.org/10.1073/pnas.1320421111
https://doi.org/10.1046/j.0016-8025.2001.00814.x
https://doi.org/10.1046/j.0016-8025.2001.00814.x
https://doi.org/10.1016/j.scienta.2013.03.032
https://doi.org/10.1016/j.scienta.2013.03.032

Lu et al. BMC Plant Biology

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

(2022) 22:528

photosynthetic characteristics and chloroplast ultrastructure to salt
and alkali stress. Planta. 2021;254(5):102. https://doi.org/10.1007/
500425-021-03754-6.

Ruban AV. Nonphotochemical Chlorophyll Fluorescence Quenching:
Mechanism and Effectiveness in Protecting Plants from Photodam-
age. Plant Physiol. 2016;170(4):1903-16. https://doi.org/10.1104/pp.15.
01935.

Silva EN, Silveira JA, Ribeiro RV, Vieira SA. Photoprotective function of
energy dissipation by thermal processes and photorespiratory mecha-
nisms in Jatropha curcas plants during different intensities of drought
and after recovery. Environ Exp Bot. 2015;110:36-45. https://doi.org/10.
1016/j.envexpbot.2014.09.008.

Osmond CB, Chow WS, Robinson SA. Inhibition of non-photochemical
quenching increases functional absorption cross-section of photosys-
tem Il as excitation from closed reaction centres is transferred to open
centres, facilitating earlier light saturation of photosynthetic electron
transport. Funct Plant Biol. 2022,49(6):463-82. https://doi.org/10.1071/
FP20347.

Nelson N, Yocum CF. Structure and function of photosystems | and 1.
Annu Rev Plant Biol. 2006;57:521-65. https://doi.org/10.1146/annurev.
arplant.57.032905.105350.

SuiN, Yang Z, Liu M, Wang B. Identification and transcriptomic profiling
of genes involved in increasing sugar content during salt stress in
sweet sorghum leaves. BMC Genomics. 2015;16:534. https://doi.org/10.
1186/512864-015-1760-5.

Chang XY, Sun JL, Liu LL, He WE, Zhao BL. Transcriptome Analysis of Dif-
ferentially Expressed Genes in Wild Jujube Seedlings under Salt Stress.
J Am Soc Horticultural Sci. 2020,145(3):174-185. https://doi.org/10.
21273/JASHS04801-19

Ma X, Liu JN, Yan L, Liang Q, Fang H, Wang C, Dong Y, Chai Z, Zhou

R, BaoY, Hou W, Yang KQ, Wu D. Comparative transcriptome analysis
unravels defense pathways of fraxinus velutina torr against salt stress.
Front Plant Sci. 2022;13:842726. https://doi.org/10.3389/fpls.2022.
842726.

Liu B, Wang XY, Cao'Y, Arora R, Zhou H, Xia YP. Factors affecting freez-
ing tolerance: a comparative transcriptomics study between field

and artificial cold acclimations in overwintering evergreens. Plant J.
2020;103(6):2279-300. https://doi.org/10.1111/tpj.14899.

Roach T, Krieger-Liszkay A. The role of the PsbS protein in the protection
of photosystems | and Il against high light in Arabidopsis thaliana. Bio-
chem Biophys Acta. 2012;1817(12):2158-65. https://doi.org/10.1016/j.
bbabio.2012.09.011.

Dong L, TuW, Liu K, Sun R, Liu C, Wang K, Yang C. The PsbS protein plays
important roles in photosystem Il supercomplex remodeling under
elevated light conditions. J Plant Physiol. 2015;172:33-41. https://doi.
0rg/10.1016/}jplph.2014.06.003.

Santos CV. Regulation of chlorophyll biosynthesis and degradation by
salt stress in sunflower leaves. Sci Hortic. 2004;103(1):93-9. https://doi.
org/10.1016/j.scienta.2004.04.009.

Tanaka A, Tanaka R. Chlorophyll metabolism. Curr Opin Plant Biol.
2006,9(3):248-55. https://doi.org/10.1016/.pbi.2006.03.011.

Wu, Jin X, Liao W, Hu L, Dawuda MM, Zhao X, Tang Z, Gong T, Yu

J. 5-Aminolevulinic acid (ala) alleviated salinity stress in cucumber
seedlings by enhancing chlorophyll synthesis pathway. Front Plant Sci.
2018;9:635. https://doi.org/10.3389/fpls.2018.0063.

Qin C, Ahanger M, Zhou J, Ahmed N, Wei C, Yuan S, Ashraf M, Zhang

L. Beneficial role of acetylcholine in chlorophyll metabolism and pho-
tosynthetic gas exchange in Nicotiana benthamiana seedlings under
salinity stress. Plant Biol (Stuttg). 2020;22(3):357-65. https://doi.org/10.
1111/plb.13079.

Tsuchiya T, Ohta H, Okawa K, Iwamatsu A, Shimada H, Masuda T,
Takamiya K. Cloning of chlorophyllase, the key enzyme in chlorophyll
degradation: finding of a lipase motif and the induction by methy!
jasmonate. Proc Natl Acad Sci USA. 1999,96(26):15362-7. https://doi.
0rg/10.1073/pnas.96.26.15362.

Harpaz-Saad S, Azoulay T, Arazi T, Ben-Yaakov E, Mett A, Shiboleth YM,
Hortensteiner S, Gidoni D, Gal-On A, Goldschmidt EE, Eyal Y. Chloro-
phyllase is a rate-limiting enzyme in chlorophyll catabolism and is
posttranslationally regulated. Plant Cell. 2007;19(3):1007-22. https://doi.
org/10.1105/tpc.107.050633.

78.

79.

80.

81.

82.

83.

84

85.

86.

87.

89.

90.

91.

92.

93.

94.

95.

Page 21 of 22

Rodoni S, Schellenberg M, Matile P. Chlorophyll breakdown in senesc-
ing barley leaves as correlated with phaeophorbide a oxygenase
activity. J Plant Physiol. 1998;152(2):139-44. https://doi.org/10.1016/
S0176-1617(98)80124-7.

Wauthrich KL, Bovet L, Hunziker PE, Donnison LS, Hortensteiner S.
Molecular cloning, functional expression and characterisation of RCC
reductase involved in chlorophyll catabolism. Plant J. 2000;21(2):189-
98. https://doi.org/10.1046/j.1365-313x.2000.00667 .

Jiang H, Li M, Liang N, Yan H, WeiY, Xu X, Liu J, Xu Z, Chen F, Wu G. Molecular
cloning and function analysis of the stay green gene in rice. Plant J.
2007;52(2):197-209. https://doi.org/10.1111/}.1365-313X.2007.03221 x.
Fujii H, Shimada T, Sugiyama A, Nishikawa F, Endo T, Nakano M, lkoma
Y, Shimizu T, Omura M. Profiling ethylene-responsive genes in mature
mandarin fruit using a citrus 22K oligoarray. Plant Sci. 2007;173:340-8.
https://doi.org/10.1016/j.plantsci.2007.06.006.

Gan L, Han L, Yin S, Jiang Y. Chlorophyll metabolism and gene expres-
sion in response to submergence stress and subsequent recovery in
perennial ryegrass accessions differing in growth habits. J Plant Physiol.
2020;251:153-95. https//doi.org/10.1016/jjplph.2020.153195.

LiJ, Hu'L, Zhang L, Pan X, Hu X. Exogenous spermidine is enhancing
tomato tolerance to salinity-alkalinity stress by regulating chloroplast
antioxidant system and chlorophyll metabolism. BMC Plant Biol.
2015;15:303. https://doi.org/10.1186/512870-015-0699-7.

Gough SP, Westergren T, Hansson M. Chlorophyll biosynthesis in higher
plants. Regulatory aspects of 5-aminolevulinate formation. J Plant Biol.
2003;46(3):135. https://doi.org/10.1007/BF03030443.

Tewari AK, Tripathy BC. Temperature-stress-induced impairment of
chlorophyll biosynthetic reactions in cucumber and wheat 1. Plant
Physiol. 1998;117(3):851-8. https://doi.org/10.1104/pp.117.3.851.
Santos C, Azevedo H, Caldeira G. In situ and in vitro senescence
induced by KClI stress: nutritional imbalance, lipid peroxidation and
antioxidant metabolism. J Exp Bot. 2001;52(355):351-60. https://doi.
0rg/10.1093/jexbot/52.355.351.

ElSayed Al, Rafudeen MS, Gomaa AM, Hasanuzzaman M. Exogenous
melatonin enhances the reactive oxygen species metabolism, antioxi-
dant defense-related gene expression, and photosynthetic capacity

of Phaseolus vulgaris L. to confer salt stress tolerance. Physiologia
Plantarum. 2021;173(4):1369-81. https://doi.org/10.1111/ppl.13372.
ElSayed Al, Rafudeen MS, Ganie SA, Hossain MS, Gomaa AM. Seed
priming with cypress leaf extract enhances photosynthesis and
antioxidative defense in zucchini seedlings under salt stress. Sci Hortic.
2022;293:110707. https://doi.org/10.1016/j.scienta.2021.110707.
El-Esawi MA, Alaraidh IA, Alsahli AA, Alzahrani SM, Ali HM, Alayafi AA,
Ahmad M. Serratia liquefaciens KM4 improves salt stress tolerance in
maize by regulating redox potentialion homeostasis leaf gas exchange
and stress-related gene expression. Int J Mol Sci. 2018;19(11):3310.
https://doi.org/10.3390/ijms19113310.

Zhang L, Zhang Z, Fang S, Liu Y, Shang X. metabolome and transcrip-
tome analyses unravel the molecular regulatory mechanisms involved
in photosynthesis of cyclocarya paliurus under salt stress. Int J Mol Sci.
2022;23(3):1161. https://doi.org/10.3390/ijms23031161.

Hossain MS, Persicke M, ElSayed Al, Kalinowski J, Dietz KJ. Metabo-

lite profiling at the cellular and subcellular level reveals metabolites
associated with salinity tolerance in sugar beet. J Exp Bot. 2017,68(21-
22):5961-76. https://doi.org/10.1093/jxb/erx388.

Saddhe AA, Manuka R, Penna S. Plant sugars: Homeostasis and trans-
port under abiotic stress in plants. Physiol Plant. 2021;171(4):739-55.
https://doi.org/10.1111/ppl.13283.

Zulfigar F, Akram NA, Ashraf M. Osmoprotection in plants under
abiotic stresses: new insights into a classical phenomenon. Planta.
2019;251(1):3. https://doi.org/10.1007/500425-019-03293-1.

Debnath M, Ashwath N, Hill CB, Callahan DL, Dias DA, Jayasinghe NS,
Midmore DJ, Roessner U. Comparative metabolic and ionomic profiling
of two cultivars of Stevia rebaudiana Bert (Bertoni) grown under salinity
stress. Plant Physiol Biochem. 2018;129:56-70. https://doi.org/10.1016/).
plaphy.2018.05.001.

Zuther E, Schulz E, Childs LH, Hincha DK. Clinal variation in the non-
acclimated and cold-acclimated freezing tolerance of Arabidopsis
thaliana accessions. Plant Cell Environ. 2012;35(10):1860-78. https://doi.
org/10.1111/j.1365-3040.2012.02522.x.


https://doi.org/10.1007/s00425-021-03754-6
https://doi.org/10.1007/s00425-021-03754-6
https://doi.org/10.1104/pp.15.01935
https://doi.org/10.1104/pp.15.01935
https://doi.org/10.1016/j.envexpbot.2014.09.008
https://doi.org/10.1016/j.envexpbot.2014.09.008
https://doi.org/10.1071/FP20347
https://doi.org/10.1071/FP20347
https://doi.org/10.1146/annurev.arplant.57.032905.105350
https://doi.org/10.1146/annurev.arplant.57.032905.105350
https://doi.org/10.1186/s12864-015-1760-5
https://doi.org/10.1186/s12864-015-1760-5
https://doi.org/10.21273/JASHS04801-19
https://doi.org/10.21273/JASHS04801-19
https://doi.org/10.3389/fpls.2022.842726
https://doi.org/10.3389/fpls.2022.842726
https://doi.org/10.1111/tpj.14899
https://doi.org/10.1016/j.bbabio.2012.09.011
https://doi.org/10.1016/j.bbabio.2012.09.011
https://doi.org/10.1016/j.jplph.2014.06.003
https://doi.org/10.1016/j.jplph.2014.06.003
https://doi.org/10.1016/j.scienta.2004.04.009
https://doi.org/10.1016/j.scienta.2004.04.009
https://doi.org/10.1016/j.pbi.2006.03.011
https://doi.org/10.3389/fpls.2018.0063
https://doi.org/10.1111/plb.13079
https://doi.org/10.1111/plb.13079
https://doi.org/10.1073/pnas.96.26.15362
https://doi.org/10.1073/pnas.96.26.15362
https://doi.org/10.1105/tpc.107.050633
https://doi.org/10.1105/tpc.107.050633
https://doi.org/10.1016/S0176-1617(98)80124-7
https://doi.org/10.1016/S0176-1617(98)80124-7
https://doi.org/10.1046/j.1365-313x.2000.00667.x
https://doi.org/10.1111/j.1365-313X.2007.03221.x
https://doi.org/10.1016/j.plantsci.2007.06.006
https://doi.org/10.1016/j.jplph.2020.153195
https://doi.org/10.1186/s12870-015-0699-7
https://doi.org/10.1007/BF03030443
https://doi.org/10.1104/pp.117.3.851
https://doi.org/10.1093/jexbot/52.355.351
https://doi.org/10.1093/jexbot/52.355.351
https://doi.org/10.1111/ppl.13372
https://doi.org/10.1016/j.scienta.2021.110707
https://doi.org/10.3390/ijms19113310
https://doi.org/10.3390/ijms23031161
https://doi.org/10.1093/jxb/erx388
https://doi.org/10.1111/ppl.13283
https://doi.org/10.1007/s00425-019-03293-1
https://doi.org/10.1016/j.plaphy.2018.05.001
https://doi.org/10.1016/j.plaphy.2018.05.001
https://doi.org/10.1111/j.1365-3040.2012.02522.x
https://doi.org/10.1111/j.1365-3040.2012.02522.x

Lu et al. BMC Plant Biology =~ (2022) 22:528 Page 22 of 22

96. Zhuo C,WangT, Lu S, Zhao'Y, Li X, Guo Z. A cold responsive galactinol
synthase gene from Medicago falcata (MfGolS1) is induced by myo-
inositol and confers multiple tolerances to abiotic stresses. Physiol
Plant. 2013;149(1):67-78. https://doi.org/10.1111/ppl.12019.

97. Knaupp M, Mishra KB, Nedbal L, Heyer AG. Evidence for a role of raf-
finose in stabilizing photosystemil during freeze-thaw cycles. Planta.
2011,234(3):477-86. https://doi.org/10.1007/500425-011-1413-0.

98. Young MD, Wakefeld MJ, Smyth GK, Oshlack A. Gene ontology analysis
for RNA-seq: accounting for selection bias. Genome Biol. 2010;11:R14.
https://doi.org/10.1186/gb-2010-11-2-r14.

99. Kanehisa M, Goto S. KEGG: kyoto encyclopedia of genes and genomes.
Nucleic Acids Res. 2000;28(1):27-30. https://doi.org/10.1093/nar/28.1.
27.

100. Mao X, CaiT, Olyarchuk JG, Wei L. Automated genome annotation and
pathway identification using the KEGG Orthology (KO) as a controlled
vocabulary. Bioinformatics. 2005;21(19):3787-93. https://doi.org/10.
1093/bioinformatics/bti430.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.1111/ppl.12019
https://doi.org/10.1007/s00425-011-1413-0
https://doi.org/10.1186/gb-2010-11-2-r14
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1093/bioinformatics/bti430
https://doi.org/10.1093/bioinformatics/bti430

	Grapevine (Vitis vinifera) responses to salt stress and alkali stress: transcriptional and metabolic profiling
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Salt stress and alkali stress affected phenotype and physiological characteristics in grapevine plant
	Salt stress and alkali stress destroyed chloroplast ultrastructure in grapevine plant
	Overall transcriptome data
	Analysis of GO enrichment for DEGs
	Analysis of KEGG enrichment for DEGs
	The DEGs related to signal transduction
	The DEGs related to Na+ and K+ transport
	The DEGs involved in ‘Porphyrin and chlorophyll metabolism’ and ‘Photosynthesis-antenna proteins’ pathway
	The DEGs involved in ‘Photosynthesis’ and ‘Carbon fixation in photosynthetic organisms’ pathway
	Validation of RNA-Seq analysis using quantitative RT-PCR
	Metabolomic analysis

	Discussion
	The genes in the signalling pathways response to salt stress and alkali stress
	Na+ and K+ homeostasis in grapevine leaves under salt stress and alkali stress
	Salt stress and alkali stress decreased photosynthesis efficiency in grapevine plants by stomatal and non-stomatal factors
	Salt stress and alkali stress affected chlorophyll metabolism
	Salt stress and alkali stress inhibited the carbon fixation

	Conclusion
	Methods
	Plant materials and treatment
	Measurement of physiological indices
	Transmission electron microscopy (TEM)
	Sampling and fixing
	Post fixation
	Dehydration at room temperature
	Permeation embedding
	Polymerization
	Ultra-thin slicing
	Dyeing
	Microscopy

	Transcriptome sequencing
	Metabolomic profiling
	Quantitative Real-Time reverse transcription PCR analysis
	Statistical analysis

	Acknowledgements
	References


