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Introduction: Eelgrass is a typical marine angiosperm that exhibits strong
adaptability to high-salt environments. Previous studies have shown that
various growth and physiological indicators were significantly affected after the
nitrate reductase (NR) pathway for nitric oxide (NO) synthesis in eelgrass
was blocked.

Methods: To analyze the molecular mechanism of NO on the adaptability to
high-salt environment in eelgrass, we treated eelgrass with artificial seawater
(control group) and artificial seawater with 1 mM/L Na,WO, (experimental
group). Based on transcriptomics and metabolomics, we explored the
molecular mechanism of NO affecting the salt tolerance of eelgrass.

Results: We obtained 326, 368, and 859 differentially expressed genes (DEGs) by
transcriptome sequencing in eelgrass roots, stems, and leaves, respectively.
Meanwhile, we obtained 63, 52, and 36 differentially accumulated metabolites
(DAMs) by metabolomics in roots, stems, and leaves, respectively. Finally, through
the combined analysis of transcriptome and metabolome, we found that the NO
regulatory mechanism of roots and leaves of eelgrass is similar to that of
terrestrial plants, while the regulatory mechanism of stems has similar and
unique features.

Discussion: NO in eelgrass roots regulates osmotic balance and antioxidant
defense by affecting genes in transmembrane transport and jasmonic acid-
related pathways to improve the adaptability of eelgrass to high-salt
environments. NO in eelgrass leaves regulates the downstream antioxidant
defense system by affecting the signal transduction of plant hormones. NO in
the stems of eelgrass regulates ion homeostasis by affecting genes related to ion
homeostasis to enhance the adaptability of eelgrass to high-salt environments.
Differently, after the NO synthesis was inhibited, the glyoxylate and dicarboxylate
metabolism, as well as the tricarboxylic acid (TCA) cycle, was regulated by
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glucose metabolism as a complementary effect to cope with the high-salt
environment in the stems of eelgrass. These are studies on the regulatory
mechanism of NO in eelgrass, providing a theoretical basis for the study of the
salt tolerance mechanism of marine plants and the improvement of terrestrial
crop traits. The key genes discovered in this study can be applied to increase salt
tolerance in terrestrial crops through cloning and molecular breeding methods in

the future.
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1 Introduction

Compared with freshwater angiosperms, marine angiosperms
(seagrasses) occupy a unique and high-salinity marine ecological
habitat. The latter evolved from the former (Les et al., 1997) and
gradually adapted to the high-salinity seawater environment during
its evolution (Duarte et al., 1995; Anton et al., 2018). Zostera marina
(eelgrass) is a typical representative species of perennial seagrass.
Seagrass bed is an integral part of the global marine ecosystem and
plays an essential role in maintaining and stabilizing the marine
ecosystem and even the global ecosystem (Lefebvre et al,, 2010). As
a representative higher plant that enters the sea multiple times in
the evolutionary process, eelgrass is an ideal model to clarify the
molecular mechanism of salt tolerance of marine higher plants. The
study of its salt tolerance mechanism will have important practical
significance for the development of marine agriculture and the
cultivation of land salt-tolerant crop varieties in the future.

The consistency and uniqueness of the salt tolerance
mechanism between eelgrass and other plants, especially
terrestrial plants, are important scientific issues. So far, research
on the salt tolerance mechanism of plants mainly focused on
terrestrial plants, while research on marine angiosperms has been
very limited. Liu et al. (2010) used the SMART (switching
mechanism at the 5" end of RNA transcript) method to construct
a full-length cDNA library of eelgrass under different salinity and
discovered several genes that may be related to salt tolerance. Kong
et al. (2014) explored the transcriptome characteristics of eelgrass
under environmental stress by high-throughput sequencing
analysis, providing a theoretical basis for exploring the molecular
mechanism of salt tolerance. However, due to the defects of the
comparison database, there were still a large number of new genes
with unknown functions in the above results, and there was no
molecular and physiological experimental evidence to confirm that
these genes or metabolic pathways were involved in the adaptation
of eelgrass to high-salt environments. Based on genomic data, Olsen
et al. (2016) found that seagrass lost genes related to ethylene,
terpenoid biosynthesis, anti-ultraviolet damage and stomatal
differentiation during evolution, and evolved genes related to
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high-salinity adaptation. On this basis, Lv et al. (2018) observed
that nitrate reductase (NR) and nitrite reductase (NiR) were
upregulated in eelgrass under high-salt environments, and NR-
dependent NO synthesis played an essential role in the adaptation
of eelgrass to high-salt environments (Lv et al., 2022; Lv et al., 2023).
Therefore, it is necessary to study the molecular mechanism of NO
involved in regulating the adaptation of eelgrass to marine high-
salt environments.

NO is a small-molecule signal, which is widely found in various
animals and plants. It not only can regulate almost all growth and
development processes in plants, such as seed germination,
flowering, and senescence (Durner and Klessig, 1999; Neill et al.,
2002), but also can play an important role in plant response to
various biotic and abiotic stresses (Molassiotis et al., 2010). NR-
dependent pathway is one of the pathways for NO synthesis in
plants (Hasanuzzaman et al., 2018). In general, NR is a key enzyme
in the process of nitrogen metabolism, reducing NO;~ to NO, .
Under special conditions such as hypoxia, NR can also reduce NO,~
to NO (Wany et al., 2020). Lv et al. (2023) showed that the synthesis
of NO in eelgrass mainly depended on the NR pathway, and the
addition of an NR inhibitor, sodium tungstate (Na,WO,),
significantly inhibited the formation of NO. It can be seen that,
unlike terrestrial plants, NR in marine eelgrass efficiently catalyzes
the synthesis of NO to participate in the adaptation of plants to the
marine environment. In our previous study, we concluded that the
NO produced by the NR pathway affected the amino acid
metabolism and signal transduction of eelgrass by transcriptome
analysis in leaves (Lv et al., 2023), which laid a solid foundation for
further analysis of its molecular mechanism. Up to now, there are
few studies on the molecular mechanisms of eelgrass adaptation to
high-salt environments, and NO molecule provides an ideal
breakthrough point. How does NO produced by the NR pathway
affect the high-salt adaptability of different tissues (roots, stems, and
leaves) of eelgrass? Which genes and metabolic pathways do NO
affect eelgrass adaptation to high-salt environments? This is exactly
the scientific question that this study aims to solve.

This study focused on how the NO produced by the NR
pathway affects the high-salt adaptability of eelgrass. In order to
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further explore the molecular mechanism of the NO synthesis
pathway affecting the salt tolerance of eelgrass, we conducted a
combined analysis of transcriptomics and metabolomics. RNA-seq
was used for transcriptome analysis, and liquid chromatography-
tandem mass spectrometry (LC-MS/MS) was used for metabolome
analysis to find differentially expressed genes (DEGs), differentially
accumulated metabolites (DAMs), and significant metabolic
pathways affected by NO. In this study, the related genes and
metabolites of different tissues of eelgrass affected by the NO
synthesis pathway were discussed from the perspective of omics
combination, and the regulation map of related metabolic pathways
was drawn, which provided a basis for the study of salt tolerance
mechanism of other marine plants and the improvement of traits of
terrestrial crops in the future.

2 Materials and methods
2.1 Eelgrass growth conditions

Eelgrass plants in this study were harvested in May 2022 and
May 2023 in Shuangdao Bay (37°28'N, 121°58’E) located in the
southern part of the Bohai Sea. Eelgrass plants of similar size were
collected, transported to the culture chamber in sample boxes
containing seawater, cleaned with deionized water, and then
domesticated in an incubator containing artificial seawater for 72
h. The eelgrass plants were divided into two groups: one group was
treated with artificial seawater (control group (CK group)), and the
other group was treated with 1 mM/L Na,WO, in artificial seawater
(experimental group (EG group)) for 24 h. Three biological
replicates were set up for each group of experiments. During
domestication and culture, eelgrass plants were kept in natural
light with a 14-h-light/10-h-dark photoperiod and temperature of
22°C during the day and 18°C during the night. Whole root, stem,
and leaf tissues were collected after 24 h of treatment and stored at
—80°C until RNA and metabolites were extracted.

2.2 Transcriptome sequencing

After 24 h of treatment under the above conditions, different
tissues of each group of eelgrass were frozen in liquid nitrogen and
stored at —80°C, cryopreserved using dry ice, and sent to Qingdao
Ouyi Biotechnology Co., Ltd. (Qingdao, China) for transcriptome
sequencing. Total RNA was extracted from different tissues of
eelgrass using TRIzol reagent (Invitrogen, Shanghai, China). RNA
purity and quantification were evaluated using the NanoDrop 2000
spectrophotometer (Thermo Scientific, Waltham, MA, USA). RNA
integrity was assessed using the Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA), and the transcriptome
libraries were constructed using the VAHTS Universal V6 RNA-
seq Library Prep Kit. The libraries were sequenced on an Illumina
NovaSeq 6000 platform, and 150-bp paired-end reads were
generated after passing the quality inspection of that library using
Agilent 2100 Bioanalyzer. Approximately 40-53 M raw reads for
each sample were obtained. Raw reads of fastq format were first
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processed using fastpl, and the low-quality reads were removed to
obtain the clean reads. Based on the Z. marina genome sequence
(ftp://ftp.ncbi.nlm.nih.gov/genomes/all/GCA_001185155.1_
Zosma_marina.v.2.1), HISAT2 was used to perform sequence
alignment between clean reads and the designated reference
genome to obtain position information on the reference genome
or gene and sequence characteristic information unique to the
sequenced sample. The sequencing data were stored in the
Sequence Read Archive (SRA) database (accession number
SRR26157017-SRR26157034) of the National Center for
Biotechnology Information (NCBI). A differential expression
analysis was performed following our previously described
approach (Lv et al., 2023). Briefly, the fragments per kilobase per
million reads (FPKM) method was used for calculating the unigene
expression abundance. DEG identification was performed using
DESeq2 software; g < 0.05 and [log,(FC)| = 1 were set as the
threshold. Principal component analysis (PCA), Gene Ontology
(GO) term enrichment analysis, and Kyoto Encyclopedia of Genes
and Genomes (KEGG) analysis of DEGs were performed using R
(v 3.2.0).

2.3 Quantitative RT-PCR

Primers were designed using NCBI (https://www.ncbi.nlm.
nih.gov/) (Supplementary Table 1). RNA-seq analysis was
performed following the protocol of Lv et al. (2018). Total RNA
was extracted using TransZol reagent (TransGen, Beijing, China).
The first-strand cDNA was synthesized using TransScript Uni All in
One First Strand cDNA Synthesis SuperMix for qPCR kit, and qRT-
PCR was performed using the ABI QuantStudio 1 qRT-PCR system
and PerfectStart Green qPCR SuperMix kit. The qRT-PCR analysis
of each gene was performed in three biological replicates with three
technical repeats per experiment. The amplification program
consisted of one cycle at 94°C for 30 s, followed by 45 cycles at
94°C for 5 s, and finally 45 cycles at 60°C for 30 s. After the reaction,
the specificity of the reaction was verified by melting curve analysis.
B-Actin (Zosma01g00180) was used as the internal reference gene,
and the 27" method was used to calculate the relative change of
relative gene expression.

2.4 Metabolome profiling analysis

The metabolome analysis material was the same as the
transcriptome analysis material, with three biological replicates per
treatment group. Metabolite extraction and LC-MS analysis were
performed by Qingdao Ouyi Biotechnology Co., Ltd. (Qingdao,
China). A sample at a volume of 80 mg was transferred to a 1.5-
mL tube and abstracted with 1 mL cold methanol-water and 20 uL
internal standard (L-2-chlorophenylalanine, 0.06 mg/mL; methanol
configuration) after being stored at —20°C for 2 min and then
grounded at 60 Hz for 2 min. The sample was ultrasonically
extracted in an ice water bath for 30 min and stored overnight at
—-20°C. After 10-min centrifugation (13,000 rpm and 4°C), the
supernatant was filtered and transferred to LC injection vials and
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stored at —80°C until LC-MS analysis. LC-MS/MS analysis was
performed using a liquid chromatography-mass spectrometer (AB
Sciex, Framingham, MA, USA) consisting of AB ExionLC ultra-high-
performance liquid phase tandem QE plus a high-resolution mass
spectrometer. The chromatography was performed on an ACQUITY
UPLC HSS T3 (100 mm x 2.1 mm, 1.8 um) column at 45°C. The
mobile phase was water (containing 0.1% formic acid) and
acetonitrile (containing 0.1% formic acid), the flow rate was 0.35
mL/min, and the injection volume was 2 uL. Electrospray ionization
(ESI) ion source was used for mass spectrometry, and positive and
negative ion scanning modes were used to collect signals. Qualitative
and relative quantification analyses of raw data were performed using
the metabolome data processing software Progenesis QI v2.3
(Nonlinear Dynamics, Newcastle, UK), and standardization pre-
processing of raw data was carried out. Multivariate statistical
analysis was performed using PCA to distinguish the overall
difference in metabolic profiles between groups. Variable
importance in projection (VIP) > 1 and p < 0.05 were set as the
threshold to screen out differential metabolites between samples.

2.5 Verification of DAM content

The contents of ascorbic acid, allantoic acid, curcumin, proline, and
chlorogenic acid in eelgrass were determined by spectrophotometry with
a UV752N ultraviolet-visible spectrophotometer (YoKe, Shanghai,
China). The content of lysine was determined by high-performance
liquid chromatography (HPLC) using an Agilent 1200 HPLC liquid
chromatograph (Agilent Technologies, California). Three biological
replicates were performed in each group.

The ascorbic acid concentration was determined using the
methods described by Maliya et al. (2019). Root samples (1.25 g)
were ground in a chilled mortar and homogenized in 25 mL of 1%
hydrochloric acid solution. The mixture was centrifuged at 13,000 rpm/
min for 4 min, and the supernatant was filtered. The samples were
measured at 243 nm using a 1% hydrochloric acid solution for a blank.

The content of allantoic acid was determined after modification
according to the method of Brychkova et al. (2008). The root samples
(200 mg) were extracted in 0.8 mL of 80% ethanol. After centrifugation
at 13,000 r/min for 5 min at 4°C, 300 UL H,O and 100 UL of 0.15 mol/L
hydrochloric acid were added to 100 PL of extraction solution and
underwent 100°C constant temperature water bath for 8 min and then
ice bath for 4 min. At room temperature, 100 UL of 0.4 mol/L
phosphate buffer and 100 uL of 23.0 mM/L phenylhydrazine
hydrochloride were added. The homogenate was mixed with 500 uL
concentrated hydrochloric acid and 100 pL of 50.0 mM/L potassium
ferricyanide. The absorbance was measured at the wavelength of 535
nm after centrifugation for 5 min at 10,000 rpm/min (4°C).

The curcumin content was quantified using visible
spectrophotometry as described by Tang et al. (2002). The stem
tissue of eelgrass was dried at 60°C for 8 h and ground using a
mortar. The stem powders (1 g) were mixed with 25 mL of
methanol and shaken for 5 h. The mixture was centrifuged at
13,000 rpm/min for 5 min, the supernatant was transferred to a new
test tube, and the absorbance was read at 420 nm.
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The proline content was estimated using the standard
procedure described by Lv et al. (2023). The samples (500 mg)
were extracted in 5 mL of 3% of sulfosalicylic acid. The homogenate
was centrifuged, and 2 mL of supernatant was treated with a
mixture of 2 mL glacial acetic acid and 3 mL acid ninhydrin by
boiling at 100°C for 40 min. After cooling, 4 mL of toluene was
added. The upper liquid was centrifuged at 3,000 rpm/min for 5
min. The chromophore containing toluene was transferred to a new
test tube, and the absorbance at 520 nm was read using toluene as
a blank.

Chlorogenic acid was determined using the methods described
by Choma et al. (2019). The control and treated samples (1 g) were
triturated in 50 mL of 95% ethanol and placed in a constant
temperature water bath at 85°C for 4 h. After cooling the mixture
to room temperature, the solution was fixed capacity to 250 mL with
95% ethanol, and then the absorbance at a wavelength of 330 nm
was measured.

High-performance liquid chromatography as described by Daliri
et al. (2021) was used to determine the lysine content. Leaf samples
(100 mg) were ground in a chilled mortar and mixed with 5 mL of 6
mol/L hydrochloric acid solution. The hydrolysis reaction was carried
out at 110°C for 24 h, and then 5 mL of 6 mol/L sodium hydroxide
solution was added and shaken well for 1 min. After high-speed
centrifugation at 5,000 rpm/min for 10 min, 0.5 mL supernatant was
added with 0.5 mL of 0.5 mol/L sodium bicarbonate solution with a
pH of 9.0 and 0.5 mL of DNFB solution. After 60 min of constant
temperature water bath at 60°C, the mixture was cooled to room
temperature. The solution was fixed capacity to 5 mL with phosphate
buffer (pH = 7.0) and vortexed for 1 min. After allowing it to stand in
the dark for 15 min, 1-mL solution was taken and filtered through the
membrane (0.22 pwm). The samples were passed through a CI8
chromatographic column (250 x 4.6 mm, 5 um) at 40°C, and the
mobile phase contained I mol/L sodium acetate solution (pH = 5.3)
and methanol (containing water of the same volume). The flow rate
was held at 1 mL/min, and the injection volume was 20 uL.

2.6 Conjoint analysis of transcriptome
and metabolome

By simultaneously mapping DEGs and DAMs to the KEGG
Pathway database, their common pathway information was
obtained. Spearman’s correlation coefficient (Cor) and p-value
were calculated using the Cor function of R language. Finally, a
network map of DEGs-DAMs based on Spearman’s correlation
coefficient (with |Cor| > 0.8 and p < 0.05) using Cytoscape
was constructed.

2.7 Statistical analysis

In the experiment of qRT-PCR and content verification of
DAMs, the statistical analysis was performed using SPSS software,
p <0.05 was considered to be significantly different in the t-test, and
the final graph was plotted using Origin software.
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3 Results

3.1 Overview of transcriptomic responses
of eelgrass treated with Na,WO,

To obtain genetic information on the salinity tolerance of eelgrass
affected by the NO synthesis pathway, all transcript information in
different tissues (roots, stems, and leaves) of the CK group and EG
group was identified by RNA-seq analysis. A total of 41.84-52.73
million raw reads were obtained from samples of the CK group and
EG group. A total of 39.5-50.1 million clean reads were obtained. The
proportions of Q30 were 91.38-94.47%, and the GC content of clean
reads was 44.57-46.98%, indicating that the transcriptome
sequencing data were of high quality. After a trimming process in
the low-quality regions and adapter sequences were removed, the
clean reads were mapped in the reference genome sequences of
eelgrass with the mapping ratio of 93.32%-99.97% and the uniquely
mapped reads of 83.26%-93.73% (Table 1).

The PCA results showed a clear separation between the different
tissues by PC1 (Figure 1A). A clustering analysis of expression patterns
of genes with significant differences in expression between two
comparative groups was conducted. Through heat maps (Figures 1B-
D), it can also be visually observed that the three biological replicates
have similar trends, and there were significant obvious differences
between the CK group and EG group. Based on a threshold of g < 0.05
and |log, (FC)| = 1, a total of 326 (103 upregulated and 223
downregulated), 368 (157 upregulated and 211 downregulated), and

TABLE 1 Transcriptome sequencing results statistics.

10.3389/fpls.2024.1343154

859 (470 upregulated and 389 downregulated) DEGs were detected in
the CKR vs. EGR, CKS vs. EGS, and CKL vs. EGL, respectively
(Supplementary Figure 1). These results indicated that inhibition of
NO synthesis affected the gene expression levels in all tissues of eelgrass
under high-salt environments.

3.2 The functional analysis of DEGs
involved in NO regulation under high
salinity in eelgrass

To explore the function of these DEGs and the biological
pathways associated with the DEGs, we performed GO term
enrichment analysis and KEGG analysis in different tissues.

For downregulated genes in roots after inhibition of NO synthesis,
the significantly enriched GO terms were “jasmonic acid biosynthetic
process” (p = 1.98E-3), “regulation of jasmonic acid mediated signaling
pathway” (p = 6.41E-03), “secondary active sulfate transmembrane
transporter activity” (p = 2.68E-03), “sulfate transmembrane
transporter activity” (p = 3.55E-03), and “anion-anion antiporter
activity” (p = 3.55E-03) (Figure 2A). These results suggested that
jasmonate biosynthesis and its signaling pathways were inhibited in
eelgrass after the NO synthesis pathway was inhibited, and genes
related to ion transmembrane transporter activity were also affected, all
of which play important roles in high-salt adaptation. KEGG
enrichment analysis showed that phenylpropanoid biosynthesis,
flavonoid biosynthesis, flavone, and flavonol biosynthesis were

Sample realfjasMZM) regiiia?M) Q30 (%) GC (%) Total mapped Uniquely mapped
CKILZ 52.73 50.08 91.94 4638 47,340,634 (94.54%) 42,729,786 (85.33%)
CKIRZ 44,08 43.76 9421 45.04 43,750,869 (99.97%) 40,954,951 (93.58%)
CK1SZ 50.93 50.1 92,01 45.26 47,533,305 (94.87%) 44,907,397 (89.63%)
CK2LZ 50.67 48.14 91.56 46.47 45,280,572 (94.06%) 40,080,511 (83.26%)
CK2RZ 45.73 45.44 94.47 44.57 45,424,522 (99.97%) 42,696,457 (93.97%)
CK25Z. 47.67 46.55 92 44,67 43,440,972 (93.32%) 41,137,319 (88.37%)
CK3LZ 49.93 48.77 91.68 46.62 45,732,625 (93.77%) 41,265,628 (84.61%)
CK3RZ 4336 43.07 94.01 45 43,047,394 (99.94%) 40,183,828 (93.29%)
CK3SZ 40.68 395 91.52 45.24 37,228,427 (94.25%) 35,355,319 (89.51%)
EGILZ 47.73 46.88 92.19 46.5 44,906,971 (95.80%) 40,416,514 (86.22%)
EGIRZ 41.84 4155 93.71 44.89 41,532,489 (99.97%) 38,941,801 (93.73%)
EGI1SZ 49.4 48.61 91.94 4526 46,521,100 (95.70%) 44,030,521 (90.57%)
EG2LZ 48.93 47.53 91.81 46.98 45,042,204 (94.76%) 40,374,171 (84.94%)
EG2RZ 44.83 44,53 94.19 44,98 44,515,074 (99.97%) 41,651,505 (93.54%)
EG2SZ 47.07 458 91.4 45.39 43,251,681 (94.43%) 40,741,949 (88.95%)
EG3LZ 48.07 46.64 91.62 46.01 44,605,705 (95.65%) 40,598,685 (87.05%)
EG3RZ 432 4292 94.18 449 42,909,347 (99.97%) 40,250,390 (93.78%)
EG3SZ 46.4 4591 91.38 45.07 43,579,166 (94.92%) 41,016,479 (89.34%)
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FIGURE 1

The transcriptomic analysis in eelgrass treated with Na,WO,. (A) PCA clustering based on transcriptome data. Heat map of DEGs in roots (B), stems
(C). and leaves (D). PCA, principal component analysis; DEGs, differentially expressed genes.

significantly enriched in the downregulated genes (Figure 2B),
indicating that the inhibition of NO synthesis also had a notable
influence on the biosynthesis of flavonoids in eelgrass. Supplementary
Table 2 lists several genes in the significant enrichment pathways.
Compared to the CK group, the expression levels of genes involved in
the synthesis of phenylpropanoid and flavonoid in the EG group, such
as 3-ketoacyl-CoA thiolase (KAT2) (Zosma06g19680), 4-coumarate-
CoA ligase like (4CL) (Zosma06g25690), and allene oxide synthase
(AOS) (Zosma01g01290) were downregulated by 0.284-, 0.426-, and
0.410-fold, respectively.

For downregulated genes in stems after inhibition of NO synthesis,
the significantly enriched GO terms were “zinc ion transmembrane
transport” (p = 6.35E-04), “iron ion homeostasis” (p = 2.15E-03),
“iron ion transport” (p = 8.46E—03), “oxidoreductase activity, oxidizing
metal ions” (p = 7.65E-04), “zinc ion transmembrane transporter
activity” (p = 1.90E-03), and other pathways (Figure 2C). KEGG
enrichment analysis showed that fatty acid elongation, ABC
transporters, and other pathways were significantly enriched in the
downregulated genes after inhibiting NO synthesis (Figure 2D). These
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results suggested that the inhibition of NO synthesis had a significant
impact on the genes involved in the biological processes related to ion
transmembrane transport and ion homeostasis in eelgrass.
Supplementary Table 3 lists several genes in the significant
enrichment pathways. Compared to the CK group, the expression
levels of genes involved in synthesis of long-chain fatty acid or
substance transport in the EG group, such as ketoacyl-CoA reductase
(KCR) (Zosma02g09920), ABC transporter B family member 21
(Zosma06g17130), and zinc transporter (Zosma01g21230), were
downregulated by 0.316-, 0.080-, and 0.231-fold, respectively.

For downregulated genes in leaves after inhibition of NO synthesis,
the significantly enriched GO terms were “response to auxin” (p =
4.35E-03), “auxin-activated signaling pathway” (p = 2.22E-02), and
“calmodulin binding” (p = 8.37E-03) (Figure 2E). These results
indicated that the inhibition of NO synthesis affected the
biosynthesis of auxin and the calmodulin binding in eelgrass. KEGG
enrichment analysis showed that MAPK signaling pathway-plant,
tropane piperidine, and pyridine alkaloid biosynthesis were
significantly enriched in the downregulated genes after inhibiting NO
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FIGURE 2

Down-regulated DEGs enriched on GO terms and KEGG pathways after inhibition of NO synthesis. Top 30 GO terms of DEGs in roots (A), stems (C),
and leaves (E). Significantly enriched KEGG pathways of DEGs in roots (B), stems (D), and leaves (F). DEGs, differentially expressed genes; GO, Gene

Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.

synthesis (Figure 2F). This showed that signal transduction was related
to the NO synthesis pathway and played an important role in the
adaptation to high-salt adaptation in eelgrass. Supplementary Table 4
lists several genes in the significant enrichment pathways. Compared to
the CK group, the expression levels of genes related to auxin synthesis
and calcium signaling in the EG group, such as auxin-responsive
protein (Zosma05g13460), Centrin-2 (Zosma03g31500), and calcium-
binding EF-hand family protein (Zosma03g31770) were
downregulated by 0.383-, 0.300-, and 0.124-fold, respectively.

In addition to analyzing the downregulated genes, we also
examined the upregulated genes. For the upregulated genes in
the EG group, the most significantly enriched GO terms in roots
were “naringenin-chalcone synthase activity” (p = 5.13E-05),
“transmembrane receptor protein serine/threonine kinase activity”
(p = 4.82E-03), and “response to wounding” (p = 1.50E-02)
(Supplementary Figure 2A). KEGG enrichment analysis in roots
showed that the flavonoid biosynthesis metabolic pathway was
significantly enriched (Supplementary Figure 2B). These results
showed that genes related to flavonoid biosynthesis and
transmembrane transport in eelgrass were closely related to NO. GO
enrichment analysis in stems showed that the metabolic pathways such
as “glucose metabolic process” (p = 1.17E-02) and “glyceraldehyde-3-
phosphate dehydrogenase (NAD™) (phosphorylation) activity” (p =
2.14E-03) were significantly enriched (Supplementary Figure 2C).
KEGG enrichment analysis showed that linoleic acid metabolism
and inositol phosphate metabolism pathways were significantly
enriched in stems (Supplementary Figure 2D). These results
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indicated that genes related to energy metabolism and plant signaling
in eelgrass were influenced by the NO synthesis. GO enrichment
analysis in leaves of eelgrass showed that the metabolic pathways such
as “response to salt stress” (p = 1.66E-03) and “response to wounding”
(p = 1.48E-03) were significantly enriched (Supplementary Figure 2E).
KEGG enrichment analysis showed that MAPK signaling pathway-
plant, flavonoid biosynthesis, ubiquinone, and other terpenoid-
quinone biosynthesis pathways were enriched considerably in leaves
(Supplementary Figure 2F). These results suggested that the inhibition
of the NO synthesis in eelgrass affected its pathways of response to salt
stress, injury, and signal transduction.

To verify the reliability of the RNA-seq data, we selected 13
downregulated genes and determined their relative expression levels
in the CK group and the EG group by qRT-PCR. The experimental
results showed that the expression patterns of the 13 genes were
similar to those obtained by RNA-seq analysis (Figure 3). Similarly,
we performed qRT-PCR for upregulated genes (Supplementary
Figure 3). For each gene, the RNA-seq data were similar to qRT-
PCR results, which proved the reliability of transcriptome data.

3.3 Metabolome analysis of eelgrass
treated with Na,WO,

In order to obtain metabolites affected by the NO synthesis
pathway in eelgrass, a widely untargeted metabolome analysis was
performed using an LC-MS system. In total, 2,419, 2,382, and 2,343
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(A), stems (B), and leaves (C). gRT-PCR was performed to obtain the relative expression levels in roots (D), stems (E), and leaves (F). The error bars
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metabolites were detected in roots, stems, and leaves, respectively.
The PCA showed a clear separation between the different tissues by
PC1 (Figure 4A). The heat map analysis showed that the contents of
various metabolites in the replicate samples had similar trends
(Figures 4B-D), indicating that the metabolome data were of
high quality.

In this study, the changes of DAMs in different tissues of
eelgrass under the CK group and EG group were detected based
on non-targeted metabolome technology. Based on a threshold of
VIP > 1 and p < 0.05, DAMs between the EG group and CK group
in different tissues were screened. A total of 63 (42 downregulated
and 21 upregulated), 52 (19 downregulated and 33 upregulated),
and 36 (30 downregulated and 6 upregulated) DAMs were detected
in the roots, stems, and leaves, respectively (Supplementary
Figure 4). There were no common DAMs in different tissues,
indicating that DAMs exhibited tissue specificity.

The KEGG enrichment analysis based on DAMs showed that
several KEGG pathways were significantly enriched in different
tissues. This suggests that these metabolic pathways might play
significant roles during NO regulation in eelgrass. DAMs in roots
were enriched in purine and pyrimidine metabolic pathways
(Figure 5A). The results showed that several metabolites were
downregulated after inhibition of NO synthesis, such as various
nucleotides (hypoxanthine, xanthine, deoxyuridine, and thymidine),
organic acids (allantoic acid and chlorogenic acid), amino acids (t-
phenylalanine and cysteinylglycine), phenylpropanoids, and
polyketides (Supplementary Table 5). Several metabolites were
upregulated after inhibition of NO synthesis, such as nucleotides
(5-thymidylic acid), phenylpropanoids, polyketides (diosmetin and
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maysin), and other metabolites (Supplementary Table 5). Purine and
pyrimidine metabolism belongs to basic metabolism, indicating that
the basic metabolism of roots was significantly affected. They were
involved in the formation of nitrogen metabolism and other
metabolic intermediates, which can protect the eelgrass from high-
salt environmental pressure. DAMs in leaves were enriched in purine
and pyrimidine metabolic pathways and plant hormone signal
transduction pathways (Figure 5B). The results showed that various
nucleotides and organic acids were also downregulated in leaves,
which is similar to the result in roots. In addition, the contents of
carbohydrates and carbohydrate conjugates (salicylic acid and beta-p-
glucoside), lipids, and lipid-like molecules (9,10-epoxyoctadecenoic
acid) were significantly downregulated in leaves. Meanwhile, the
contents of jasmonic acid, organic acids (trans-aconitic acid and
chlorogenic acid), amino acid (1-lysine), and other metabolites were
significantly upregulated (Supplementary Table 6). DAMs in plant
hormone signal transduction pathways were also significantly
enriched, and the most significantly enriched DAM was jasmonic
acid. This indicated that NO not only had a great influence on the
jasmonic acid synthesis in leaves but also played a role in the
synthesis of other plant hormones. It was found that auxin-related
pathways were also significantly enriched, indicating that plant
hormones may be the most significantly affected pathway by NO
in leaves.

Unlike the roots and leaves, most of the DAMs in the stems of
eelgrass were upregulated. After the NO synthesis pathway in the
stems of eelgrass had been inhibited, the contents of metabolites
such as organic acids and other derivatives (citric acid and isocitric
acid), lipids, and lipid-like molecules (hexyl glucoside and
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The metabolite analysis in eelgrass treated with Na,WO,. (A) PCA clustering based on metabolome data. Heat map of DAMs in roots (B), stems
(C), and leaves (D). PCA, principal component analysis; DAMs, differentially accumulated metabolites.

curcumol), phenylpropanoids and polyketides (mulberrin,
xanthomicrol, and 6-hydroxydaidzein), amino acids, peptides and
analogs (betalamic acid and r-proline), and other metabolites
(homogentisic acid) were significantly upregulated
(Supplementary Table 7). In addition, the contents of metabolites
such as phenylpropanoids and polyketides (1-O-p-coumaroyl-beta-
p-glucose, cichoriin, and tamarixetin) were significantly
downregulated (Supplementary Table 7). DAMs in stems were
enriched in the tricarboxylic acid cycle (TCA cycle) and
glyoxylate and dicarboxylate metabolism pathways (Figure 5C),
indicating that the energy metabolism in stems was significantly
affected after the NO synthesis pathway had been inhibited, which
further affected the synthesis of other related metabolites.

To verify the reliability of metabolome data, we detected six
DAMs using extra methods (Figure 6). After measurement, the
changes in the contents of selected metabolites (Figures 6D-F) were
consistent with the metabolome data (Figures 6A-C), which proved
the reliability of metabolome data.
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3.4 Conjoint analysis of transcriptome
and metabolome

In order to study the common enriched pathways of DEGs and
DAMs, we performed a KEGG co-enrichment analysis. The results
showed nine co-enrichment pathways in roots, including
pyrimidine metabolism, purine metabolism, phenylalanine
tyrosine, tryptophan biosynthesis, and other metabolic pathways
(Figure 7A). There were eight co-enrichment pathways in stems,
including glyoxylate and dicarboxylate metabolism, ubiquinone and
other terpenoid-quinone biosynthesis, arginine and proline
metabolism, and other metabolic pathways (Figure 7B). There
were 10 co-enrichment pathways in the leaves, including purine
metabolism, pyrimidine metabolism, plant hormone signal
transduction, tropane piperidine, pyridine alkaloid biosynthesis,
and other metabolic pathways (Figure 7C). These results
indicated that these metabolic pathways may jointly participate in
the process of NO regulation in eelgrass.
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To further understand the relationship between DEGs and
DAMs, the correlation analysis was performed based on
Spearman’s correlation coefficient. In roots, the gene involved in
pyrimidine metabolism (Zosma03g12850) was negatively correlated
with most metabolites, while the gene involved in purine
metabolism (Zosma03g05960) was positively associated with most
metabolites and genes in the jasmonic acid-related pathway,
transmembrane transporter activity, and symporter activity
pathway (Zosma06g25690 and Zosma01g01290) were strongly
positive correlated with DAMs in the phenylalanine tyrosine and
tryptophan biosynthesis and glutathione metabolism (chlorogenic
acid and 4-hydroxycinnamic acid) (Figure 7D). In addition, several
DEGs (Zosma04g18610, Zosma01g25830, and Zosma04g18620)
involved in the flavonoid biosynthesis pathway and naringin-
chalcone synthase activity were negatively correlated with DAMs.
These results showed that when NO synthesis was blocked, the
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expression of genes related to jasmonic acid, flavonoid biosynthesis,
and transmembrane transport decreased, which led to a decrease in
the accumulation of metabolites downstream. In stems, the DEGs
(Zosma01g39290, Zosma06g00770, and Zosma02g10160) involved
in glycolysis, glyoxylate, and dicarboxylate metabolism were
positively correlated with many DAMs, such as citric acid,
isocitric acid, and r-proline. In addition, there was a strong
negative correlation between the DEGs in metal ion transport and
ion homeostasis-related pathways (Zosma05g21520 and
Zosma01g35590) with the homogentisic acid (HGA) and proline
(Figure 7E). These results indicated that ion transport, ion
homeostasis, and energy-related pathways were significantly
affected after NO synthesis was inhibited. In leaves, the DEGs
involved in purine metabolism, pyrimidine metabolism, plant
hormone signal transduction, and MAPK signaling pathway-
plant (Zosma03g05960, Zosma03g22290, Zosma05g12850,
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Zosma03g35940, and Zosma01g41250) were negatively correlated
with DAMs in many pathways. In addition, there was a strong
positive correlation between the DEGs in response to auxin, auxin-
activated signaling pathway, calmodulin binding, tropane
piperidine, and pyridine alkaloid biosynthesis pathways
(Zosma01g13700, Zosma05g13460, Zosma05g26860, and
Zosma04g01420) with DAMs (Figure 7F). These results indicated
that NO in leaves has a significant impact on purine and pyrimidine
metabolism and plant hormone signal transduction.

4 Discussion

4.1 Conjoint analysis to explore the role of
NO in adapting to high-salinity marine
environment in roots of eelgrass

Jasmonic acid is an important plant hormone and signal molecule
in plant defense response. When plants are subjected to abiotic stress,
jasmonic acid can effectively induce the expression of defense system
genes, thereby enhancing the tolerance of plants to stress. In this study,
we found that the downregulated genes of roots involved in the
jasmonic acid-related pathway were significantly enriched after
inhibiting NO synthesis (Figure 2A), including WRKY transcription
factor 7 (WRKY7) (Zosma05g26860), allene oxide synthase (AOS)
(Zosma01g01290), 3-ketoacyl-CoA thiolase 2 (KAT2)
(Zosma06g19680), and 4-coumarate coenzyme A ligase (4CL)
(Zosma06g25690) (Supplementary Table 2). As one of the most
important transcription factor families in higher plants, WRKY
transcription factors can regulate the expression of downstream
functional genes and then participate in the defense processes against
biotic and abiotic stress, growth, and development. There are cis-acting
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elements related to hormone regulation, biotic stress, and abiotic stress
in the WRKY gene family of terrestrial plants (Cheng et al., 2021). For
example, CsWRKY?7 in tea plants is mainly involved in growth and the
response of plants to environmental stress (Chen et al., 2019). Similar
to terrestrial plants, the cis-acting elements mentioned above also exist
in the WRKY gene family in the eelgrass (unpublished data), indicating
that the WRKY gene family in the eelgrass may perform similar
functions to terrestrial plants. AOS and KAT2 are key enzymes in
the jasmonic acid biosynthesis pathway, which regulate the defense
response by influencing the biosynthesis of jasmonic acid (Castillo
et al, 2004; Sun et al., 2023). 4CL is involved in synthesizing different
phenylpropanoid derivatives (Zhang et al, 2019). 4CL is the main
enzyme at the branch point, which plays an important role in the
synthesis and accumulation of flavonoids by converting the
phenylpropanoid biosynthesis pathway into the flavonoid
biosynthesis pathway. Flavonoids exhibit strong antioxidant defense
biological activity and are used by organisms to cope with almost all
abiotic stresses (Zhang et al, 2019). Through the analysis of the
correlation network diagram, we found a strong positive correlation
between WRKY7 (Zosma05g26860) and AOS (Zosma01g01290)
(Supplementary Figure 5A). Therefore, we speculated that the NO
synthesis pathway might participate in transcriptional regulation
through the transcription factor WRKY7, which activates the
downstream AOS gene to synthesize jasmonic acid and participate in
the adaptation to high-salt environments. The 4CL in the jasmonic acid
biosynthesis pathway affects the synthesis of flavonoids by regulating
phenylpropane biosynthesis. Interestingly, we also discovered that the
expression levels of genes involved in phenylpropanoid biosynthesis,
flavonoid biosynthesis, flavone and flavonol biosynthesis, and
naringenin-chalcone synthase activity pathways in eelgrass
(Figure 2B), such as p-coumaroyl shikimate 3-hydroxylase (C3'H),
4CL, and flavonoid glucosyltransferase family GT1, were significantly
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downregulated. These genes are related to the synthesis of
phenylpropanoids and flavonoids in terrestrial plants (Coleman
et al,, 2008; Zhang et al., 2019; Zhang et al., 2020; Ma et al., 2022).
Through the analysis of the correlation network diagram, we found
that the genes mentioned above, which are involved in
phenylpropanoid biosynthesis pathway, flavonoid biosynthesis
pathway (Zosma02g24370, Zosma04g20730, and Zosma06g25690),
and jasmonic acid biosynthesis pathway (Zosma05g26860,
Zosma01g01290, and Zosma06g1968) had a strong positive
correlation (Supplementary Figure 5A). There was a strong positive
correlation between L-phenylalanine, 4-hydroxycinnamic acid (4-
HCA), and genes in the phenylpropanoid and jasmonic acid
biosynthesis pathways (Zosma06g25690 and Zosma01g01290)
(Figure 7D). At the same time, the contents of L-phenylalanine, 4-
HCA, and chlorogenic acid in the phenylalanine synthesis pathway of
roots were downregulated (Supplementary Table 5). This further
proved that our speculation was reasonable. In the phenylpropanoid
biosynthesis pathway, phenylalanine was used as the initial reaction
substrate and then intermediate metabolites (such as cinnamic acid,
coumaric acid, and chlorogenic acid) generated after various reactions
and transformed into secondary metabolites (such as lignin, flavonoids,
and alkaloids) (Vogt, 2010; Fraser and Chapple, 2011; Pratyusha and
Sarada, 2022). Chlorogenic acid and 4-HCA have the effects of
antioxidants, scavenging free radicals, and preventing apoptosis
induced by oxidative stress, which can improve the ability of
terrestrial plants to adapt to adversity and maintain their normal
growth and development (Liang and Kitts, 2015; Yan et al,, 2016; Yu
and Fan, 2021). In addition, the contents of metabolites, such as
melatonin, ascorbic acid (ASA), and allantoic acid, were also reduced
(Supplementary Table 5). These metabolites with antioxidant functions
have been shown to be able to cope with abiotic oxidative damage and
play an important role in maintaining the integrity of cell membranes
by removing reactive oxygen and free radicals in terrestrial plants
(Brychkova et al., 2008; Gallie, 2013; Li J. et al,, 2019). Therefore, NO in
the eelgrass roots could regulate the expression of genes in jasmonic
acid biosynthesis and phenylpropanoid biosynthesis to regulate the
contents of metabolites with antioxidant and free radical scavenging
functions to enhance the antioxidant defense ability and improve the
adaptation of eelgrass to high-salt environments.

The results showed that DEGs in various functional pathways
related to transmembrane transporter activity were significantly
enriched (Figure 2A), and the contents of L-phenylalanine and
cysteinylglycine were also significantly downregulated. Moreover,
there was a strong positive correlation between these DEGs and
DAMs (Figure 7B), indicating that these amino acids may be
regulated by genes related to transmembrane transport activity.
When plants are subjected to abiotic stress, these amino acids act as
osmotic regulators to regulate osmotic pressure and maintain cell
membrane stability to prevent water loss in terrestrial plants (Batista-
Silva et al,, 2019; Khan et al., 2020). In addition, the content of betaine,
an osmotic adjustment substance, was also downregulated. These
results indicated that the NO synthesis could regulate the osmotic
balance in roots and maintain the stability of the cell membrane, thus
enhancing the adaptation to high-salt environments.

The conjoint analysis of transcriptome and metabolome in
roots showed that the effect of NO on eelgrass was similar to that
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in terrestrial plants. NO mainly regulated the downstream
phenylpropanoid metabolic pathway through the pathway related
to the biosynthesis of jasmonic acid, entered the flavonoid branch,
and finally improved the adaptability of eelgrass roots to high-salt
environments through the antioxidant defense system. In addition,
genes involved in transmembrane transport pathways regulated the
synthesis of several amino acids, thereby maintaining the osmotic
pressure balance and enhancing the adaptability of eelgrass to high-
salt environments (Figure 8).

4.2 Conjoint analysis to explore the role of
NO in adapting to high-salinity marine
environment in stems of eelgrass

Maintaining intracellular ion homeostasis is an essential feature for
plants to adapt to high-salt environments. When plants are exposed to
high-salt environments, excessive accumulation of harmful ions (such
as Na") in cells will affect normal metabolic activities, such as the
absorption of other ions (such as K*), resulting in an imbalance of ion
homeostasis (Yin et al., 2023). In this study, the expression levels of
genes such as ABC transporter B family member 21 (Zosma06g17130),
zinc transporter (ZTP) (Zosma01g21230), zinc transporter ZTP29
(Zosma05g21520), and manganese transport protein MntH
(Zosma01g35590) (Supplementary Table 3) in ABC transporter, zinc
ion transmembrane transporter, and iron ion transporter pathways in
the stems were significantly downregulated after inhibiting NO
synthesis (Figures 2C, D). Studies on terrestrial plants have shown
that ABC transporters can transport various substances, among which
subfamily B can transport heavy metal ions, which can avoid cell
toxicity to heavy metal ions (Kim et al., 2006; Chen et al., 2007). ZTP
can alleviate the peroxidation damage of biofilm, and the ZTP29
mutant in Arabidopsis thaliana is involved in the response to salt
stress by regulating Zn content (Wang et al,, 2010). The manganese
transporter affects the absorption and transport of Mn, as well as plays
a role in oxidative stress (Ha and Lee, 2023). Theoretically, similar to
terrestrial plants, NO regulates the ion balance in stems by affecting
various transporters to participate in the antioxidant defense system
and ultimately improve the adaptability of eelgrass to high-salt
environments. Interestingly, we found that the contents of
metabolites that can clear reactive oxygen, such as HGA (Rosa et al,
2011), curcumol (Peng et al., 2021), mulberrin (Ge et al,, 2022), and 6-
hydroxydaidzein (Esaki et al., 1999), were significantly upregulated
(Supplementary Table 7). These antioxidant metabolites are currently
primarily used in pharmacological studies but have not been found to
play a role in plant adaptation to abiotic stress, indicating that they may
be unique metabolites in eelgrass with the function of adapting to
high-salt environments. We discovered that genes involved in ion
homeostasis and transmembrane transport pathways (Zosma05g21520
and Zosma01g35590) were strongly negatively correlated with HGA
(Figure 7E). This indicated that NO may affect antioxidant metabolites
such as HGA through transmembrane transport, enhancing
adaptability to the high-salt environment in eelgrass stems.

Carbohydrates such as glucose are the foundation of plant
growth and development. This study revealed that the NO
synthesis pathway in eelgrass also affected genes involved in the
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The mechanism of NO affecting the adaptability of eelgrass to high-salt environment (Website China Dialogue Ocean, 2020).

glucose metabolic process and glyceraldehyde-3-phosphate
dehydrogenase (NAD™) activity (Supplementary Figure 2C), and
the significantly enriched glyceraldehyde-3-phosphate
dehydrogenase (phosphorylating) (GAPDH) gene was
upregulated (Supplementary Table 3). GAPDH is a glycolytic
enzyme and also an inhibitor of glycolytic activity (Qvit et al,
2016). Glycolysis is the primary metabolic pathway of glucose
oxidation, providing energy and intermediate precursors for other
metabolic pathways. In addition, the experimental results showed
that the fatty acid elongation pathway was also affected (Figure 2D).
Fatty acids generate acetyl-CoA through various mitochondrial
decomposition B-oxidation processes and then enter the TCA
cycle to produce ATP. It was worth noting that the TCA cycle,
glyoxylate, and dicarboxylate metabolism in the stems of eelgrass
were also significantly affected (Figure 5C), and the contents of
enriched metabolites, citric acid, and isocitric acid, were
significantly upregulated (Supplementary Table 7). Glyoxylate and
dicarboxylate metabolism, known as the supply pathway of the
TCA cycle, provides energy for plants (Schnarrenberger and
Martin, 2002). The TCA cycle is a hub connecting the three
major metabolic pathways of carbohydrates, lipids, and amino
acids, promoting amino acid metabolism and energy cycling
under salt stress (Widodo et al., 2009). Previous studies on
terrestrial plants have revealed that the TCA cycle pathway was
promoted, and intermediate metabolites (malic acid and citric
acid) were significantly accumulated under salt stress conditions
(Panda et al., 2021). Citric acid is an antioxidant, and its high
accumulation contributes to improving the tolerance and
adaptability of plants to abiotic stress (Tahjib-Ul-Arif et al,
2021). These results suggested that after the NO synthesis was
inhibited, eelgrass enhanced its adaptability to the high-salt
environment by accumulating citric acid to promote the TCA
cycle. Interestingly, there was a strong positive correlation
between the GAPDH and isocitric acid through correlation
network analysis (Supplementary Figure 5B). This indicated that
the glyoxylate and dicarboxylate metabolism and the TCA cycle
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would be regulated as complementary possibly while the glycolytic
process had been inhibited in the stems of eelgrass, which can
provide sufficient energy and raw materials for metabolite synthesis
to adapt to high-salt environments.

In summary, the results of conjoint analysis showed that the
function of NO in the stems of eelgrass was similar and unique to
that of terrestrial plants. The similarity was that NO in the stems
also plays a vital role in salt tolerance through metal ion transport
and ion homeostasis. The difference was that NO in the stems of
eelgrass may regulate unique substances with antioxidant function
in vivo to enhance the antioxidant defense system so that eelgrass
can continue to adapt to high-salt environments. In addition, after
the NO synthesis pathway was inhibited, glucose metabolism
helped the stems of eelgrass continue to adapt to high-salt
environments by regulating glyoxylic acid and dicarboxylic acid
metabolism and TCA cycling as complementary effects (Figure 8).

4.3 Conjoint analysis to explore the role of
NO in adapting to high-salinity marine
environment in leaves of eelgrass

Plant hormone signaling pathways play a crucial regulatory role
in plant response to various stresses (Waadt et al., 2022). Auxin is a
plant hormone that plays a key role in many aspects of plant
development and is an important signal for response to stress
(Jing et al, 2023). In this study, the results showed that the
expression levels of genes in response to auxin, auxin-activated
signaling pathway, plant hormone signal transduction pathway,
and MAPK signaling pathway-plant (Figure 2E), such as ABC
transporter B family member 19 (ABCB19) (Zosma06g04050),
auxin signaling F-box 2 (AFB2) (Zosma0lgl3700), and auxin-
responsive protein (Zosma01g08410 and Zosma05g13460) were
significantly downregulated after the NO synthesis pathway was
inhibited (Supplementary Table 4). In terrestrial plants, ABCB19 can
efficiently transport auxin (Ma and Han, 2016), AFB2 plays an
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essential role in auxin polar transport (Guo et al., 2021), and the
auxin-responsive protein family plays a central role in auxin signal
transduction by interacting with auxin-responsive factors (Li et al,
2020). In addition, this study revealed that the eelgrass calmodulin
binding pathway was also affected by NO, such as the expression
levels of calmodulin-binding protein (Zosma03g19950), IQ-domain
6 (IQ6) (Zosma06g11260), and putative cyclic nucleotide-gated ion
channel 9 (CNGC9) (Zosma06g17940), which were significantly
downregulated (Supplementary Table 4), suggesting that NO plays
a role in calcium signal transduction. As the second messenger of
plants, Ca®" is widely involved in stress response and developmental
regulation processes (Tong et al., 2021). Previous studies showed that
Ca® in plants is closely related to NO. NO can regulate the
concentration of Ca**, while the synthesis of NO depends on Ca*
(Besson-Bard et al., 2008; Wu et al., 2021). When NO synthesis was
inhibited in the presence of Ca®', the growth traits of Brassica
seedlings were significantly inhibited (Singh et al., 2020). NO
treatment increased the expression of calmodulin (CAM) and
calcium protein kinase (CPK) genes in Brassica napus under salt
stress (Rezayian and Zarinkamar, 2023). However, Ca** also affects
the synthesis of NO, acting as a promoter and a sensor in NO
signaling pathways (Mariyam et al., 2023). Interestingly, the gene
correlation network analysis showed that genes in the auxin-
activated signaling pathway (Zosma01g08410, Zosma05g13460,
Zosma01g26740, and Zosma01g42050) and calmodulin binding
pathway (Zosma03g19950, Zosma04g01420, Zosma05g26860, and
Zosma06g11260) had a strong positive correlation (Supplementary
Figure 5C). Research on terrestrial plants has shown there is a close
relationship between Ca®" and auxin. Auxin polar transport is highly
dependent on calcium signal transduction, and auxin is an effective
inducer of Ca®" signaling (Li T. et al., 2019; Winnicki, 2020). These
results indicated that the plant hormones and Ca*' signaling
pathways in the eelgrass leaves were significantly affected after the
NO synthesis of eelgrass was inhibited, which is similar to terrestrial
plants, and there was a certain regulatory relationship between them.
The specific mechanism needs further research in the future.
Surprisingly, the gene correlation network analysis showed that
genes in the auxin-related pathway and the calmodulin-binding
protein pathway (Zosma01g26740, Zosma05g26860,
Zosma06g11260, and Zosma06g17940) and flavonoid biosynthesis
(Zosma06g08180 and Zosma06g25630) had a strong positive
correlation (Supplementary Figure 5C). Studies in Arabidopsis
have shown that auxin response factor 2 plays a positive
regulatory role in the synthesis and accumulation of flavonoids
(Jiang et al., 2022). This revealed that similar to terrestrial plants,
NO also regulates antioxidant substances such as flavonoids in
response to high-salt environments in eelgrass leaves.

In short, we speculated that NO can affect plant hormone
signaling pathways and calcium-binding protein pathways in the
leaves through the combined transcriptome and metabolome
analysis, thereby affecting downstream gene expression and
metabolite synthesis to enhance the adaptability to the high-salt
environment through antioxidant regulation in eelgrass (Figure 8).

For terrestrial plants, the roots absorb water and inorganic salts
from the soil and transport them to the stems and leaves.
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For seagrass living in the ocean, the leaf is the primary tissue that
absorbs inorganic salts. The physiological functions of different
tissues of land plants and seagrass are significantly different, and the
role of NO in different tissues is also different. It was worth noting
that we discovered some unique DEGs and DAMs in this study.
Transcriptome data showed that TBC1 domain family member 8B
(Zosma01g17090) was found in the DEG analysis of all tissues in
eelgrass. This gene has been associated with cancer research in
clinicopathology (Liu et al., 2022) and is mainly involved in protein
coding, and its function in plants has not yet been discovered. Cleft
lip and palate transmembrane protein (Zosma0lg41810) and
adiponectin receptor protein (Zosma01g32560) were also found
in roots and stems of eelgrass, respectively, which were also mostly
related to pathological studies (Kim et al., 2018; Zhang et al., 2023).
Protein ApaG (Zosma01g01070) with unknown function was found
in the leaves of eelgrass. Metabolome analysis showed that there
were several unique antioxidant functional substances in stems,
such as HGA, curcumol, mulberrin, and 6-hydroxydaidzein. The
above genes and metabolites may play a unique regulatory role in
the adaptation of eelgrass to marine high-salt environments, and
the specific mechanism needs to be further studied in the future.
This article studies the salt tolerance mechanism of eelgrass through
omics technology, providing practical reference for the study of
molecular adaptation mechanisms of marine plants and providing
theoretical support for salt tolerance research, reproduction of other
marine plants, and improvement of salt tolerance of terrestrial crops
in the future, for example, verification of the role of DEGs in other
plants through cloning technology and heterologous expression
experiments and verification of the specific role of DAMs in other
plants through physiological and biochemical experiments in
the future.

5 Conclusions

In this study, we sequenced and analyzed the transcriptome
and metabolome in eelgrass roots, stems, and leaves. A total of
326, 368, and 859 DEGs and 63, 52, and 36 DAMs were identified
from roots, stems, and leaves, respectively. The combined
transcriptome and metabolome data provided insight into the
association between expression regulation of important genes
and metabolites. In this study, the conjoint analysis uncovered
the regulatory pathway of NO in different tissues of eelgrass. In
the roots and stems, NO enhanced the adaptability of eelgrass to
high-salt environments through antioxidant defense ability. The
difference is that NO in the roots and stems can also regulate
osmotic balance and energy metabolism, respectively, to
improve the adaptability of eelgrass to high-salt environments.
The leaves ultimately affected the synthesis of antioxidants
through plant hormone signal transduction to cope with high-
salt environments. Seagrass has a close genetic relationship with
crops. In the future, we can further carry out gene cloning and
physiological function research, verify the functions of genes in
key pathways, and use transgenic technology to improve crop
salt resistance traits.

frontiersin.org


https://doi.org/10.3389/fpls.2024.1343154
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Wang et al.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found below: NCBI Accession number:
SRR26157017 - SRR26157034.

Author contributions

XW: Investigation, Project administration, Visualization,
Validation, Writing — original draft, Writing - review & editing.
TW: Data curation, Project administration, Validation, Writing -
review & editing. PY: Data curation, Writing - review & editing. YL:
Project administration, Supervision, Writing - review & editing. XL:
Conceptualization, Methodology, Project administration,
Supervision, Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This
research was funded by National Natural Science Foundation of

References

Anton, A., Hendriks, I. E., Marba, N., Krause-Jensen, D., Garcias-Bonet, N., and
Duarte, C. M. (2018). Iron deficiency in seagrasses and macroalgae in the Red Sea is
unrelated to latitude and physiological performance. Front. Mar. Sci. 5. doi: 10.3389/
fmars.2018.00074

Batista-Silva, W., Heinemann, B., Rugen, N., Nunes-Nesi, A., Aratjo, W. L., Braun,
H. P, et al. (2019). The role of amino acid metabolism during abiotic stress release.
Plant Cell Environ. 42, 1630-1644. doi: 10.1111/pce.13518

Besson-Bard, A., Pugin, A., and Wendehenne, D. (2008). New insights into nitric
oxide signaling in plants. Annu. Rev. Plant Biol. 59, 21-39. doi: 10.1146/
annurev.arplant.59.032607.092830

Brychkova, G., Alikulov, Z., Fluhr, R., and Sagi, M. (2008). A critical role for ureides
in dark and senescence-induced purine remobilization is unmasked in the Atxdhl
Arabidopsis mutant. Plant J. 54, 496-509. doi: 10.1111/j.1365-313X.2008.03440.x

Castillo, M. C., Martinez, C., Buchala, A., Métraux, J., and Leon, J. (2004). Gene-
specific involvement of B-oxidation in wound-activated responses in arabidopsis. Plant
Physiol. 135, 85-94. doi: 10.1104/pp.104.039925

Chen, S., Sanchez-Fernandez, R., Lyver, E. R, Dancis, A., and Rea, P. A. (2007).
Functional characterization of atATMI1, atATM2, and atATM3, a subfamily of
arabidopsis half-molecule ATP-binding cassette transporters implicated in iron
homeostasis. J. Biol. Chem. 282, 21561-21571. doi: 10.1074/jbc.M702383200

Chen, W., Hao, W. ], Xu, Y. X, Zheng, C,, Ni, D. ], Yao, M. Z,, et al. (2019). Isolation
and characterization of csWRKY7, a subgroup IId WRKY transcription factor from
camelliasinensis, linked to development in arabidopsis. Int. J. Mol. Sci. 20, 2815.
doi: 10.3390/ijms20112815

Cheng, Z., Luan, Y., Meng, J., Sun, J,, Tao, J,, and Zhao, D. (2021). WRKY
transcription factor response to high-temperature stress. Plants (Basel) 10, 2211.
doi: 10.3390/plants10102211

Choma, I. M., Olszowy, M., Studzinski, M., and Gnat, S. (2019). Determination of
chlorogenic acid, polyphenols and antioxidants in green coffee by thin-layer
chromatography, effect-directed analysis and dot blot — comparison to HPLC and
spectrophotometry methods. J. Sep Sci. 42, 1542-1549. doi: 10.1002/jssc.201801174

Coleman, H. D, Park, J. Y., Nair, R,, Chapple, C., and Mansfield, S. D. (2008). RNAi-
mediated suppression of p-coumaroyl-CoA 3’-hydroxylase in hybrid poplar impacts
lignin deposition and soluble secondary metabolism. Proc. Natl. Acad. Sci. U S A. 105,
4501-4506. doi: 10.1073/pnas.0706537105

Daliri, H., Ahmadi, R., Pezeshki, A., Hamishehkar, H., Mohammadi, M., Beyrami,
H., etal. (2021). Quinoa bioactive protein hydrolysate produced by pancreatin enzyme-

Frontiers in Plant Science

15

10.3389/fpls.2024.1343154

China, grant number “32000367” and The APC was funded by
National Natural Science Foundation of China.

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.2024.1343154/

full#supplementary-material

functional and antioxidant properties. Food Sci. Technol. 150, 111853. doi: 10.1016/
jIwt.2021.111853

Duarte, C. M., Merino, M., and Gallegos, M. (1995). Evidence of iron deficiency in
seagrasses growing above carbonate sediments. Limnol. Oceanogr. 40, 1153-1158. doi:
10.4319/10.1995.40.6.1153

Durner, J., and Klessig, D. F. (1999). Nitric oxide as a signal in plants. Curr. Opin.
Plant Biol. 2, 369-374. doi: 10.1016/S1369-5266(99)00007-2

Esaki, H., Kawakishi, S., Morimitsu, Y., and Osawa, T. (1999). New potent
antioxidative o-dihydroxyisoflavones in fermented Japanese soybean products. Biosci.
Biotechnol. Biochem. 63, 1637-1639. doi: 10.1271/bbb.63.1637

Fraser, C. M., and Chapple, C. (2011). The phenylpropanoid pathway in Arabidopsis.
Arabidopsis Book 9, e0152. doi: 10.1199/tab.0152

Gallie, D. R. (2013). The role of L-ascorbic acid recycling in responding to
environmental stress and in promoting plant growth. J. Exp. Bot. 64, 433-443.
doi: 10.1093/jxb/ers330

Ge, C,, Tan, ], Lou, D, Zhu, L., Zhong, Z., Dai, X,, et al. (2022). Mulberrin confers
protection against hepatic fibrosis by Trim31/Nrf2 signaling. Redox Biol. 51, 102274.
doi: 10.1016/j.redox.2022.102274

Guo, F,, Huang, Y., Qi, P,, Lian, G., Hu, X, Han, N, et al. (2021). Functional analysis
of auxin receptor OsTIR1/OsAFB family members in rice grain yield, tillering, plant
height, root system, germination, and auxinic herbicide resistance. New Phytol. 229,
2676-2692. doi: 10.1111/nph.17061

Ha, N,, and Lee, E. J. (2023). Manganese Transporter Proteins in Salmonella enterica
serovar Typhimurium. J. Microbiol. 61, 289-296. doi: 10.1007/s12275-023-00027-7

Hasanuzzaman, M., Oku, H., Nahar, K., Bhuyan, M. H. M. B, Al Mahmud, J,,
Baluska, F., et al. (2018). Nitric oxide-induced salt stress tolerance in plants: ROS
metabolism, signaling, and molecular interactions. Plant Biotechnol. Rep. 12, 77-92.
doi: 10.1007/s11816-018-0480-0

Jiang, W., Xia, Y., Su, X, and Pang, Y. (2022). ARF2 positively regulates flavonols and
proanthocyanidins biosynthesis in Arabidopsis thaliana. Planta. 256, 44. doi: 10.1007/
500425-022-03936-w

Jing, H., Wilkinson, E. G., Sageman-Furnas, K., and Strader, L. C. (2023). Auxin and
abiotic stress responses. J. Exp. Bot. 74 (22), 7000-7014. doi: 10.1093/jxb/erad325

Khan, N., Alj, S., Zandi, P., Mehmood, A., Ullah, S., Ismail, M. L, et al. (2020). Role of
sugars, amino acids and organic acids in improving plant abiotic stress tolerance. Pak. J.
Bot. 52, 355-363. doi: 10.30848/P]B2020-2(24

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2024.1343154/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2024.1343154/full#supplementary-material
https://doi.org/10.3389/fmars.2018.00074
https://doi.org/10.3389/fmars.2018.00074
https://doi.org/10.1111/pce.13518
https://doi.org/10.1146/annurev.arplant.59.032607.092830
https://doi.org/10.1146/annurev.arplant.59.032607.092830
https://doi.org/10.1111/j.1365-313X.2008.03440.x
https://doi.org/10.1104/pp.104.039925
https://doi.org/10.1074/jbc.M702383200
https://doi.org/10.3390/ijms20112815
https://doi.org/10.3390/plants10102211
https://doi.org/10.1002/jssc.201801174
https://doi.org/10.1073/pnas.0706537105
https://doi.org/10.1016/j.lwt.2021.111853
https://doi.org/10.1016/j.lwt.2021.111853
https://doi.org/10.4319/lo.1995.40.6.1153
https://doi.org/10.1016/S1369-5266(99)00007-2
https://doi.org/10.1271/bbb.63.1637
https://doi.org/10.1199/tab.0152
https://doi.org/10.1093/jxb/ers330
https://doi.org/10.1016/j.redox.2022.102274
https://doi.org/10.1111/nph.17061
https://doi.org/10.1007/s12275-023-00027-7
https://doi.org/10.1007/s11816-018-0480-0
https://doi.org/10.1007/s00425-022-03936-w
https://doi.org/10.1007/s00425-022-03936-w
https://doi.org/10.1093/jxb/erad325
https://doi.org/10.30848/PJB2020-2(24
https://doi.org/10.3389/fpls.2024.1343154
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Wang et al.

Kim, D. Y., Bovet, L., Kushnir, S., Noh, E. W., Martinoia, E., and Lee, Y. (2006).
AtATMS3 is involved in heavy metal resistance in Arabidopsis. Plant Physiol. 140, 922—
932. doi: 10.1104/pp.105.074146

Kim, Y., Lim, J. H., Kim, M. Y., Kim, E. N., Yoon, H. E., Shin, S. J., et al. (2018). The
adiponectin receptor agonist adipoRon ameliorates diabetic nephropathy in a model of
type 2 diabetes. J. Am. Soc. Nephrol. 29, 1108-1127. doi: 10.1681/ASN.2017060627

Kong, F., Li, H,, Sun, P., Zhou, Y., and Mao, Y. (2014). De novo assembly and
characterization of the transcriptome of seagrass Zostera marina using lllumina paired-
end sequencing. PloS One 9, e112245. doi: 10.1371/journal.pone.0112245

Lefebvre, A., Thompson, C. E. L., and Amos, C. L. (2010). Influence of Zostera
Marina canopies on unidirectional flow, hydraulic roughness and sediment movement.
Cont Shelf Res. 30, 1783-1794. doi: 10.1016/j.csr.2010.08.006

Les, D. H,, Cleland, M. A., and Waycott, M. (1997). Phylogenetic studies in
alismatidae, II: evolution of marine angiosperms (Seagrasses) and hydrophily. Syst.
Bot. 22, 443-463. doi: 10.2307/2419820

Li, J., Liu, J., Zhu, T., Zhao, C., Li, L., and Chen, M. (2019). The role of melatonin in
salt stress responses. Int. J. Mol. Sci. 20, 1735. doi: 10.3390/ijms20071735

Li, K., Wang, S., Wu, H., and Wang, H. (2020). Protein levels of several arabidopsis
auxin response factors are regulated by multiple factors and ABA promotes ARF6
protein ubiquitination. Int. J. Mol. Sci. 21, 9437. doi: 10.3390/ijms21249437

Li, T., Yan, A., Bhatia, N., Altinok, A., Afik, E., Durand-Smet, P., et al. (2019).
Calcium signals are necessary to establish auxin transporter polarity in a plant stem cell
niche. Nat. Commun. 10, 726. doi: 10.1038/s41467-019-08575-6

Liang, N., and Kitts, D. D. (2015). Role of chlorogenic acids in controlling oxidative
and inflammatory stress conditions. Nutrients. 8, 16. doi: 10.3390/nu8010016

Liu, L. M., Kong, F. N,, Mao, Y. X, and Yang, H. (2010). Constructing a Full-Length
c¢DNA Library of Zostera marina. Periodical Ocean Univ. China 40, 85-89.
doi: 10.7666/d.y1926607

Liu, Y., Li, J., Li, H., Zeng, S., Chen, Y., Han, M., et al. (2022). An analysis of the
significance of the Tre2/Bub2/CDC 16 (TBC) domain protein family 8 in colorectal
cancer. Sci. Rep. 12, 13245. doi: 10.1038/s41598-022-15629-1

Lv, X. F.,, Wang, J,, Pan, J., and Li, Y. C. (2022). Role of nitrate reductase and nitrite
reductase in NaCl tolerance in eelgrass (Zostera marina L.). Ecol. Chem. Eng. S. 29, 111-
125. doi: 10.2478/eces-2022-0010

Lv, X. F, Yu, P, Deng, W. H,, and Li, Y. C. (2018). Transcriptomic analysis reveals
the molecular adaptation to NaCl stress in Zostera marina L. Plant Physiol. Bioch. 130,
61-68. doi: 10.1016/j.plaphy.2018.06.022

Lv, X.F, Yu, P, Pan, ], Wang, X. Y., and Li, Y. C. (2023). Role of nitric oxide in response
to high salinity in eelgrass. Curr. Plant Biol. 33, 100272. doi: 10.1016/j.cpb.2023.100272

Ma, J. J., and Han, M. (2016). Genomewide analysis of ABCBs with a focus on
ABCBI1 and ABCB19 in Malus domestica. ]. Genet. 95, 141-149. doi: 10.1007/s12041-
016-0614-5

Ma, Q., Xu, J., Feng, Y., Wu, X,, Lu, X,, and Zhang, P. (2022). Knockdown of p-
coumaroyl shikimate/quinate 3’-hydroxylase delays the occurrence of post-harvest
physiological deterioration in cassava storage roots. Int. J. Mol. Sci. 23, 9231.
doi: 10.3390/ijms23169231

Maliya, I, Darmanti, S., and Suedy, W. A. (2019). The Content of Chlorophyll, and
Antioxidant Activity of Malabar plum (Syzygium jambos) Leaves at Different
Developmental Stages. J. Biol. Educ. 11, 226-233. doi: 10.15294/biosaintifika.v11i2.18419

Mariyam, S., Bhardwaj, R., Khan, N. A,, Sahi, S. V., and Seth, C. S. (2023). Review on
nitric oxide at the forefront of rapid systemic signaling in mitigation of salinity stress in
plants: Crosstalk with calcium and hydrogen peroxide. Plant Sci. 336, 111835.
doi: 10.1016/j.plantsci.2023.111835

Molassiotis, A., Tanou, G., and Diamantidis, G. (2010). NO says more than ‘YES’ to
salt tolerance: Salt priming and systemic nitric oxide signaling in plants. Plant Signal.
Behav. 5, 209-212. doi: 10.4161/psb.5.3.10738

Neill, S. J., Desikan, R., Clarke, A., Hurst, R. D., and Hancock, J. T. (2002). Hydrogen
peroxide and nitric oxide as signalling molecules in plants. J. Exp. Bot. 53, 1237-1247.
doi: 10.1093/jexbot/53.372.1237

Olsen, J. L., Rouze, P., Verhelst, B, Lin, Y. C,, Bayer, T., Collen, J., et al. (2016). The
genome of the seagrass Zostera marina reveals angiosperm adaptation to the sea.
Nature. 530, 331-335. doi: 10.1038/nature16548

Panda, A., Rangani, J., and Parida, A. K. (2021). Unraveling salt responsive
metabolites and metabolic pathways using non-targeted metabolomics approach and
elucidation of salt tolerance mechanisms in the xero-halophyte Haloxylon salicornicum.
Plant Physiol. Biochem. 158, 284-296. doi: 10.1016/j.plaphy.2020.11.012

Peng, Y., Ao, M., Dong, B, Jiang, Y., Yu, L., Chen, Z,, et al. (2021). Anti-inflammatory
effects of curcumin in the inflammatory diseases: status, limitations and
countermeasures. Drug Des. Devel Ther. 15, 4503-4525. doi: 10.2147/DDDT.S327378

Pratyusha, D. S., and Sarada, D. V. L. (2022). MYB transcription factors—master
regulators of phenylpropanoid biosynthesis and diverse developmental and stress
responses. Plant Cell Rep. 41, 2245-2260. doi: 10.1007/s00299-022-02927-1

Frontiers in Plant Science

16

10.3389/fpls.2024.1343154

Qvit, N,, Joshi, A. U., Cunningham, A. D., Ferreira, J. C., and Mochly-Rosen, D.
(2016). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) protein-protein
interaction inhibitor reveals a non-catalytic role for GAPDH oligomerization in cell
death. J. Biol. Chem. 291, 13608-13621. doi: 10.1074/jbc.M115.711630

Rezayian, M., and Zarinkamar, F. (2023). Nitric oxide, calmodulin and calcium
protein kinase interactions in the response of Brassica napus to salinity stress. Plant
Biol. 25, 411-419. doi: 10.1111/plb.13511

Rosa, A., Tuberoso, C. 1., Atzeri, A., Melis, M. P., Bifulco, E., and Dessi, M. A. (2011).
Antioxidant profile of strawberry tree honey and its marker homogentisic acid in
several models of oxidative stress. Food Chem. 129, 1045-1053. doi: 10.1016/
j.foodchem.2011.05.072

Schnarrenberger, C., and Martin, W. (2002). Evolution of the enzymes of the citric
acid cycle and the glyoxylate cycle of higher plants. A case study of endosymbiotic
gene transfer. Eur. J. Biochem. 269 (3), 868-883. doi: 10.1046/j.0014-2956.2001.
02722.x

Singh, R., Parihar, P., and Prasad, S. M. (2020). Interplay of calcium and nitric oxide
in improvement of growth and arsenic-induced toxicity in mustard seedlings. Sci. Rep.
10, 6900. doi: 10.1038/s41598-020-62831-0

Sun, T. T., Chen, Y., Feng, A. Y., Zou, W. H., Wang, D. ], Lin, P. X,, et al. (2023). The
allene oxide synthase gene family in sugarcane and its involvement in disease
resistance. Ind. Crops Prod. 192, 116136. doi: 10.1016/j.indcrop.2022.116136

Tahjib-Ul-Arif, M., Zahan, M. I, Karim, M. M., Imran, S., Hunter, C. T., Islam, M. S.,
et al. (2021). Citric acid-mediated abiotic stress tolerance in plants. Int. J. Mol. Sci. 22,
7235. doi: 10.3390/ijms22137235

Tang, B., Ma, L., Wang, H. Y., and Zhang, G. Y. (2002). Study on the supramolecular
interaction of curcumin and B-cyclodextrin by spectrophotometry and its analytical
application. J. Agric. Food Chem. 50, 1355-1361. doi: 10.1021/jf0111965

Tong, T., Li, Q., Jiang, W., Chen, G., Xue, D., Deng, F,, et al. (2021). Molecular
evolution of calcium signaling and transport in plant adaptation to abiotic stress. Int. J.
Mol. Sci. 22, 12308. doi: 10.3390/ijms222212308

Vogt, T. (2010). P henylpropanoid biosynthesis. Mol. Plant 3, 2-20. doi: 10.1093/mp/
ssp106

Waadt, R, Seller, C. A., Hsu, P., Takahashi, Y., Munemasa, S., and Schroeder, J. L.
(2022). Plant hormone regulation of abiotic stress responses. Nat. Rev. Mol. Cell Biol.
23, 680-694. doi: 10.1038/s41580-022-00479-6

Wang, M., Xu, Q.,, Yu, J., and Yuan, M. (2010). The putative Arabidopsis zinc
transporter ZTP29 is involved in the response to salt stress. Plant Mol. Biol. 73, 467—
479. doi: 10.1007/s11103-010-9633-4

Wany, A., Pathak, P. K., and Gupta, K. J. (2020). Methods for measuring nitrate
reductase, nitrite levels, and nitric oxide from plant tissues. Methods Mol. Biol. 2057,
15-26. doi: 10.1007/978-1-4939-9790-9_2

Website China Dialogue Ocean. (2020). Available at: https://chinadialogueocean.net/
en/conservation/15310-seagrass-meadows-oases-of-life/ [Accessed October 6, 2020].

Widodo,, Patterson, J. H., Newbigin, E., Tester, M., Bacic, A., and Roessner, U.
(2009). Metabolic responses to salt stress of barley (Hordeum vulgare L.) cultivars,
Sahara and Clipper, which differ in salinity tolerance. J. Exp. Bot. 60, 4089-4103.
doi: 10.1093/jxb/erp243

Winnicki, K. (2020). The winner takes it all: auxin-the main player during plant
embryogenesis. Cells. 9, 606. doi: 10.3390/cells9030606

Wu, Z., Zheng, R, Liu, G., Liu, R, Wu, S, and Sun, C. (2021). Calcium protects

bacteria against cadmium stress via reducing nitric oxide production and increasing
iron acquisition. Environ. Microbiol. 23, 3541-3553. doi: 10.1111/1462-2920.15237

Yan, K., Cui, M,, Zhao, S., Chen, X,, and Tang, X. (2016). Salinity stress is beneficial
to the accumulation of chlorogenic acids in honeysuckle (Lonicera japonica thunb.).
Front. Plant Sci. 7. doi: 10.3389/fpls.2016.01563

Yin, Y., Fan, S, Li, S., Amombo, E., and Fu, J. (2023). Involvement of cell cycle and
ion transferring in the salt stress responses of alfalfa varieties at different development
stages. BMC Plant Biol. 23, 343. doi: 10.1186/s12870-023-04335-3

Yu, Q. and Fan, L. (2021). Understanding the combined effect and inhibition
mechanism of 4-hydroxycinnamic acid and ferulic acid as tyrosinase inhibitors. Food
Chem. 352, 129369. doi: 10.1016/j.foodchem.2021.129369

Zhang, C., Zang, Y., Liu, P., Zheng, Z. J., and Ouyang, J. (2019). Characterization,

functional analysis and application of 4-Coumarate: CoA ligase genes from Populus
trichocarpa. J. Biotechnol. 302, 92-100. doi: 10.1016/j.jbiotec.2019.06.300

Zhang, P., Zhang, Z., Zhang, L., Wang, J., and Wu, C. (2020). Glycosyltransferase
GT1 family: Phylogenetic distribution, substrates coverage, and representative
structural features. Comput. Struct. Biotechnol. ]. 18, 1383-1390. doi: 10.1016/
j.csbj.2020.06.003

Zhang, X. L., Zhou, J. Y., Zhang, P., Lin, L., Mei, R,, Zhang, F. L., et al. (2023). Clptm1,
a new target in suppressing epileptic seizure by regulating GABAA R-mediated
inhibitory synaptic transmission in a PTZ-induced epilepsy model. Kaohsiung J.
Med. Sci. 9, 61-69. doi: 10.1002/kjm2.12629

frontiersin.org


https://doi.org/10.1104/pp.105.074146
https://doi.org/10.1681/ASN.2017060627
https://doi.org/10.1371/journal.pone.0112245
https://doi.org/10.1016/j.csr.2010.08.006
https://doi.org/10.2307/2419820
https://doi.org/10.3390/ijms20071735
https://doi.org/10.3390/ijms21249437
https://doi.org/10.1038/s41467-019-08575-6
https://doi.org/10.3390/nu8010016
https://doi.org/10.7666/d.y1926607
https://doi.org/10.1038/s41598-022-15629-1
https://doi.org/10.2478/eces-2022-0010
https://doi.org/10.1016/j.plaphy.2018.06.022
https://doi.org/10.1016/j.cpb.2023.100272
https://doi.org/10.1007/s12041-016-0614-5
https://doi.org/10.1007/s12041-016-0614-5
https://doi.org/10.3390/ijms23169231
https://doi.org/10.15294/biosaintifika.v11i2.18419
https://doi.org/10.1016/j.plantsci.2023.111835
https://doi.org/10.4161/psb.5.3.10738
https://doi.org/10.1093/jexbot/53.372.1237
https://doi.org/10.1038/nature16548
https://doi.org/10.1016/j.plaphy.2020.11.012
https://doi.org/10.2147/DDDT.S327378
https://doi.org/10.1007/s00299-022-02927-1
https://doi.org/10.1074/jbc.M115.711630
https://doi.org/10.1111/plb.13511
https://doi.org/10.1016/j.foodchem.2011.05.072
https://doi.org/10.1016/j.foodchem.2011.05.072
https://doi.org/10.1046/j.0014-2956.2001.02722.x
https://doi.org/10.1046/j.0014-2956.2001.02722.x
https://doi.org/10.1038/s41598-020-62831-0
https://doi.org/10.1016/j.indcrop.2022.116136
https://doi.org/10.3390/ijms22137235
https://doi.org/10.1021/jf0111965
https://doi.org/10.3390/ijms222212308
https://doi.org/10.1093/mp/ssp106
https://doi.org/10.1093/mp/ssp106
https://doi.org/10.1038/s41580-022-00479-6
https://doi.org/10.1007/s11103-010-9633-4
https://doi.org/10.1007/978-1-4939-9790-9_2
https://chinadialogueocean.net/en/conservation/15310-seagrass-meadows-oases-of-life/
https://chinadialogueocean.net/en/conservation/15310-seagrass-meadows-oases-of-life/
https://doi.org/10.1093/jxb/erp243
https://doi.org/10.3390/cells9030606
https://doi.org/10.1111/1462-2920.15237
https://doi.org/10.3389/fpls.2016.01563
https://doi.org/10.1186/s12870-023-04335-3
https://doi.org/10.1016/j.foodchem.2021.129369
https://doi.org/10.1016/j.jbiotec.2019.06.300
https://doi.org/10.1016/j.csbj.2020.06.003
https://doi.org/10.1016/j.csbj.2020.06.003
https://doi.org/10.1002/kjm2.12629
https://doi.org/10.3389/fpls.2024.1343154
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	NO enhances the adaptability to high-salt environments by regulating osmotic balance, antioxidant defense, and ion homeostasis in eelgrass based on transcriptome and metabolome analysis
	1 Introduction
	2 Materials and methods
	2.1 Eelgrass growth conditions
	2.2 Transcriptome sequencing
	2.3 Quantitative RT-PCR
	2.4 Metabolome profiling analysis
	2.5 Verification of DAM content
	2.6 Conjoint analysis of transcriptome and metabolome
	2.7 Statistical analysis

	3 Results
	3.1 Overview of transcriptomic responses of eelgrass treated with Na2WO4
	3.2 The functional analysis of DEGs involved in NO regulation under high salinity in eelgrass
	3.3 Metabolome analysis of eelgrass treated with Na2WO4
	3.4 Conjoint analysis of transcriptome and metabolome

	4 Discussion
	4.1 Conjoint analysis to explore the role of NO in adapting to high-salinity marine environment in roots of eelgrass
	4.2 Conjoint analysis to explore the role of NO in adapting to high-salinity marine environment in stems of eelgrass
	4.3 Conjoint analysis to explore the role of NO in adapting to high-salinity marine environment in leaves of eelgrass

	5 Conclusions
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


