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Abstract

Salinity severely limits global crop productivity, prompting a need to uncover plant salinity adaptation strategies.
Suaeda salsa (L) Pall, a halophyte thriving in saline habitats, offers a valuable model to dissect plant growth
mechanisms under saline conditions. Although a chromosome-level reference genome of S. salsa was recently
published, the corresponding gene annotation remained unavailable. Using the Helixer tool, we generated and
released the first publicly available genome annotation for S. salsa, exhibiting high completeness with 92.80%
(1,498) complete BUSCOs, thus providing an essential genomic resource. Using the S. salsa reference genome and
annotation, we conducted RNA-seg-based transcriptomic profiling of plants subjected to 0, 200, and 400 mM
NaCl for 30 days, respectively. We identified 462 significantly differentially expressed annotated genes across all
treatments, with 11 key candidates consistently regulated. These genes are involved in key salinity response-related
processes, including ion transport, osmotic adjustment, antioxidant defense, hormone signaling, transcriptional
regulation, and genome plasticity. Enrichment analyses further supported their roles in ion homeostasis, redox
regulation, and metabolic adjustment. This study provides new insights into the long-term salt tolerance
mechanisms of S. salsa during normal development. The findings lay a foundation for future functional studies,
comparative evolutionary analyses, and genetic improvement of salt-tolerant crops.
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Introduction

Soil salinity is a critical global threat that severely
restricts plant growth and agricultural productivity by
disrupting osmotic and ion balance and impairing meta-
bolic pathways, which can greatly reduce crop yields [1,
2]. Halophytes are specialized plants that thrive and com-
plete their life cycle in saline soils or waters, often per-
forming optimally under such conditions [3].

Suaeda salsa (L.) Pall. is a leaf-succulent annual halo-
phyte widely distributed in saline habitats across Eurasia
and cultivated as a seawater-irrigated vegetable in coastal
China [4]. Suaeda salsa exhibits pronounced salt-adap-
tive traits, including leaf succulence, efficient vacuolar
Na* sequestration, and sustained photosynthetic activity
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under high salinity [5]. At the genomic level, S. salsa is
a diploid species (2n = 18) with a chromosome-scale
genome of approximately 445.10 Mb, providing an essen-
tial foundation for dissecting halophyte-specific mecha-
nisms of salinity adaptation [6].

Physiological studies have demonstrated that nor-
mal growth of S. salsa under saline conditions relies on
coordinated regulation of hormonal signaling, ion com-
partmentation, and osmotic balance [5, 7-9]. In particu-
lar, active sequestration of Na* into vacuoles, mediated
by proton gradients generated by vacuolar H* pumps,
enables cytosolic ion homeostasis while allowing inor-
ganic ions to function as the dominant osmoticum [5]. In
parallel, accumulation of compatible solutes such as pro-
line and glycine betaine contributes to osmotic adjust-
ment, although soluble sugars typically account for a
relatively small fraction of the total osmotic potential in
this species [8, 10].

At the molecular level, functional genomic studies have
identified that salt-responsive genes in S. salsa, some of
which confer enhanced salinity tolerance when heterolo-
gously expressed in Arabidopsis thaliana, include genes
involved in lipid remodeling, water transport, osmo-
lyte biosynthesis, and antioxidant defense, highlight-
ing the complexity of halophytic stress adaptation [11].
Transcriptomic and metabolomic studies further reveal
extensive metabolic reprogramming under salt stress,
characterized by increased accumulation of protective
metabolites such as glycine betaine, proline, and allan-
toin, alongside reductions in specific sugars and amino
acids [6, 8, 12, 13]. Comparative analyses indicate that
many halophytes of the family Chenopodiaceae (now
classified within Amaranthaceae), such as Suaeda mari-
tima, Suaeda salsa, Atriplex nummularia, and Salicor-
nia europaea, predominantly rely on ion-based osmotic
adjustment and efficient ion compartmentation, with
organic osmolytes contributing only marginally to total
osmotic potential, in contrast to glycophytes [10, 14—16].

Despite these advances, comprehensive integration of
transcriptomic data with high-quality genome annota-
tions in S. salsa has remained limited. Transcriptome
profiling is essential for capturing dynamic regulatory
responses to salinity, particularly for distinguishing long-
term adaptive regulation from transient stress responses.
However, the absence of a publicly available, high-quality
genome annotation has limited the accurate mapping of
expression changes to specific loci, thereby constraining
mechanistic interpretation.

Although a chromosome-level reference genome of S.
salsa, generated using high-fidelity long-read sequenc-
ing (approximately 44x HiFi coverage), has been pub-
lished and is publicly accessible [17], a high-quality,
publicly available genome annotation has been lack-
ing. To address this gap, we generated the first publicly
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available genome annotation for S. salsa in General Fea-
ture Format version 3 (GFF3). The annotation has been
deposited in the open-access repository Figshare, provid-
ing a valuable resource for halophyte genomics research.
Using this S. salsa genome and annotation as references,
we conducted RNA-seq-based transcriptomic analyses
across multiple salinity treatments. This comprehensive
annotation facilitated the identification of key biologi-
cal pathways associated with salt tolerance and revealed
widespread and significant changes in salt-responsive
gene expression. Through these analyses, we identified 11
candidate genes that were consistently differentially regu-
lated in response to salinity. Together, our results provide
new insights into the transcriptional strategies underly-
ing long-term salinity adaptation in a true halophyte and
establish a robust genomic resource for future functional
and comparative studies aimed at improving salt toler-
ance in crops.

Results

Sequencing data and read mapping statistics

A total of nine RNA-seq libraries from S. salsa were
sequenced, generating between 43.9 and 50.8 million
clean reads per sample (Table S1). Sequencing quality
consistently was high across all libraries, with Q20 val-
ues exceeding 99% and Q30 values approximately 97%.
The average GC content ranged from 42.48% to 42.69%,
showing minimal variation among samples.

Cleaned RNA-seq reads were aligned to the refer-
ence genome, yielding an average mapped read length of
approximately 148 bp per sample. Unique mapping rates
ranged from 84.70% to 85.22%, while multi-mapped reads
accounted for 7.27% to 7.88%. Unmapped reads due to
short length remained stable between 7.10% and 7.47%.
These mapping statistics indicate consistent sequencing
performance across samples and reliable alignment to the
reference genome (Table 1).

Genome and genome annotation

RNA-seq reads were aligned to the S. salsa refer-
ence genome obtained from the Genome Warehouse
(GWH) of the National Genomics Data Center (NGDC)
under accession GWHBQEE00000000 (BioProject:
PRJCA006671; Biosample: SAMC461466). Gene struc-
ture prediction produced the first publicly accessible
GFF3 genome annotation for S. salsa (https://doi.org/10
.6084/m9.figshare.31445281). In total, 26,035 protein-co
ding genes were predicted, each represented by a single
transcript model.

Assessment of annotation completeness identified
92.8% complete, 1.5% fragmented, and 5.6% missing
BUSCOs out of 1,614 ortholog groups (Table 2). In addi-
tion, the consistently high unique mapping rates of RNA-
seq reads across samples (84.70-85.22%) support the
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Table 1 Mapping statistics for RNA-seq samples
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Sample Input Reads Uniquely Mapped (%) Multi Mapped (%) Unmapped Avg. Mapped Length (bp)
(Too Short) (%)
SS1_1 49,808,246 85.02 7.71 717 147.74
SS1.2 47,966,750 84.92 7.81 7.16 148.05
SS1.3 47,136,114 84.96 7.82 yan 147.76
SS2_1 44,925,770 85.17 742 7.28 147.85
SS2.2 50,334,162 85.02 7.38 747 147.97
SS2.3 46,266,814 85.22 7.27 7.38 147.98
SS3_1 49,608,826 84.7 7.84 7.34 147.58
SS3.2 43,959,582 84.79 7.88 7.21 148.87
SS3_3 50,813,238 85.04 7.75 7.1 148.17

Table 2 BUSCO assessment of Helixer-predicted protein
sequences

Category Number Percentage (%)

Complete BUSCOs (C) 1,498 92.80%
Single-copy (S) 1,409 87.30%
Duplicated (D) 89 5.50%

Fragmented BUSCOs (F) 25 1.50%

Missing BUSCOs (M) 91 5.60%

Total BUSCO groups (n) 1,614 -

overall quality of the transcriptomic data and its compat-
ibility with the annotated reference genome.

Principal component analysis of transcriptomic responses
to salinity

Multivariate analyses were conducted to assess global
transcriptional variation among samples. Principal com-
ponent analysis (PCA) revealed clear separation of sam-
ples according to salinity treatment (Fig. 1A). The first
two principal components explained 55.93% (PC1) and
26.07% (PC2) of the total variance.

Permutational multivariate analysis of variance showed
that salinity treatment accounted for a significant pro-
portion of expression variance (R = 0.738, F=8.4484,
p=0.007), with low intra-group dispersion (Table S2).
Hierarchical clustering of the top 1,000 most variable
genes further distinguished samples by treatment while
maintaining close clustering among biological replicates
(Fig. 1B). Pearson correlation analysis showed high cor-
relations among replicates (r>0.94, p<0.001; Fig. 1C).
Boxplots of variance-stabilized expression values demon-
strated comparable global expression distributions across
all samples (Fig. 1D).

Differentially expressed genes identification

Pairwise comparisons were conducted among plants
exposed to 0 mM (SS1), 200 mM (SS2), and 400
mM (SS3). Between SS2 and SS1, 4,173 differentially
expressed genes (DEGs) were identified, including 2,721
upregulated and 1,452 downregulated genes (Table S3).
The SS3 vs. SS1 comparison yielded 3,101 DEGs (1,991

upregulated and 1,110 downregulated; Table S4). A total
of 2,712 DEGs were detected between SS3 vs. SS2, con-
sisting of 1,347 upregulated and 1,365 downregulated
genes (Table S5).

To visualize the global expression pattern, the union
DEGs from the SS2 vs. SS1 and SS3 vs. SS1 compari-
sons were examined. A total of 5,380 unique DEGs were
obtained after removing duplicates. Heatmap visual-
ization based on Variance-stabilized and z-score-nor-
malized expression values showed distinct clustering of
samples according to salinity levels (Fig. 2A), with SS2
and SS3 clearly separated from SS1. This global expres-
sion pattern highlights coordinated transcriptional
reprogramming in response to increasing salinity and
confirms the consistency of biological replicates within
each treatment group.

A Venn diagram revealed 462 genes that were con-
sistently differentially expressed across all three com-
parisons (Fig. 2B). To further characterize the functional
landscape of these ubiquitous DEGs, protein sequences
encoded by the 462 genes were subjected to functional
annotation using the InterPro web platform. In total, 445
DEGs were successfully annotated, yielding 5,763 func-
tional annotation entries, while 17 genes lacked detect-
able InterPro signatures (Table S6).

Gene Ontology (GO) terms derived from InterPro
annotation indicated that the shared DEGs were pre-
dominantly associated with core molecular functions
and regulatory processes. To summarize these functional
features and reduce redundancy among closely related
GO terms, treemap visualization was performed using
REVIGO, displaying only GO terms annotated by more
than 20 genes to enhance interpretability (Fig. 3A-C).

Within the Molecular Function category (Fig. 3C), the
most represented GO terms included protein binding
(GO:0005515, 215 genes), ATP binding (GO:0005524,
184 genes), and DNA binding (GO:0003677, 128 genes),
reflecting extensive involvement of regulatory proteins,
enzymes, and transcription-associated factors. Several
catalytic and signaling-related functions were also promi-
nent, including protein kinase activity (GO:0004672, 113
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Principal Component Analysis of Salinity-Treated Samples
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Fig. 1 Transcriptomic quality assessment of S. salsa samples under salinity treatments. A Principal component analysis (PCA) based on variance-stabilized
expression values shows distinct clustering of SS1 (0 mM NacCl), SS2 (200 mM), and SS3 (400 mM) samples. B Heatmap of the top 1,000 most variable
genes reveals consistent within-group clustering. C Sample-to-sample Pearson correlation matrix illustrates high reproducibility among replicates. D
Boxplot of normalized gene expression across samples. PCA grouping was further supported by PERMANOVA (R?=0.738, p=0.007), as detailed in Supple-

mentary Table S2

genes) and multiple oxidoreductase-related activities,
such as heme binding (GO:0020037, 121 genes), mono-
oxygenase activity (GO:0004497, 58 genes), and oxidore-
ductase activity acting on paired donors (GO:0016705, 62
genes).

In the Biological Process category (Fig. 3B), GO terms
related to protein phosphorylation (GO:0006468, 125
genes), transcriptional regulation (GO:0003700 and
GO:0006355, 57 genes each), and response to oxida-
tive stress (GO:0006979, 63 genes) were highly repre-
sented, suggesting coordinated regulation of signaling

pathways and stress-responsive processes under saline
conditions. Enrichment of membrane-related compo-
nents (GO:0016020, 53 genes) in the Cellular Component
category (Fig. 3A) further highlights the importance of
membrane-associated proteins in cellular adjustment to
salinity.

To provide a global overview and statistical context for
these functional patterns, conventional GO enrichment
analysis was also performed on the 462 shared DEGs
(Fig. 3D). Consistent with the InterPro-based annota-
tion, enriched Biological Process terms included cellular
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Heatmap of All Significant DEGs (SS2 vs SS1 & SS3 vs SS1)
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Fig. 2 Transcriptional response of S. salsa to salinity stress. A Heatmap of 5,380 unique differentially expressed genes (DEGs) identified from the union of
SS2 vs. SST and SS3 vs. SS1 comparisons. Variance-stabilized and z-score normalized expression values are shown. Genes were ordered by average log,
fold change. Clustering reveals distinct transcriptional profiles across salinity treatments. B Venn diagram illustrating the overlap of DEGs among three
salinity treatment comparisons (SS2 vs. SS1, 553 vs. SS1,and SS3 vs. SS2) in S. salsa. A total of 462 DEGs were identified as common to all three comparisons
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Fig. 3 Treemap visualization of major Gene Ontology (GO) functional cat-
egories among 462 DEGs under salinity treatments. Treemaps summarize
selected GO terms associated with the 462 DEGs consistently detected
across all salinity comparisons. A Cellular Component (CC), B Biological
Process (BP), and € Molecular Function (MF) categories are shown sepa-
rately. Only GO terms annotated by more than 20 genes were included,
yielding 26 representative terms. Rectangle size reflects the number of an-
notated genes, and colors denote functionally related GO clusters summa-
rized by REVIGO. D Gene Ontology (GO) enrichment analysis of the shared
DEGs. The top 20 significantly enriched GO terms are shown, categorized
into Biological Process, Cellular Component, and Molecular Function. Bar
lengths indicate the number of genes associated with each GO term
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process (GO:0009987), metabolic process (GO:0008152),
and response to stimulus (GO:0050896). The Molecular
Function category was dominated by catalytic activity
(GO:0003824), while the Cellular Component category
was enriched for membrane (G0O:0016020), cytoplasm
(GO:0005737), and related subcellular components.

Together, the concordant results from GO enrichment
and InterPro-based functional annotation indicate that
the ubiquitous DEGs are primarily involved in regulatory
control, energy metabolism, redox balance, and signal
transduction. These functional features provide a mecha-
nistic framework for understanding the transcriptional
programs underlying salinity adaptation and sustained
growth in S. salsa.

Identification of key genes for S. salsa growth under saline
conditions

To further elucidate transcriptional mechanisms sup-
porting growth under saline conditions, the 462 ubiqui-
tously DEGs were examined in detail. Based on consistent
expression trends across increasing salinity levels and
functional annotations, eleven genes were identified as
key candidates potentially contributing to salinity toler-
ance and sustained growth in S. salsa ( (Fig. 4; Table 3).

Among the genes upregulated under saline condi-
tions, chr2_003131 (phosphoenolpyruvate carboxylase,
PEPC) showed a robust stepwise increase in transcript
abundance. Specifically, its expression was upregulated
by 2.50-fold (log,FC=1.32) in the SS2 vs. SS1 compari-
son and further increased by 3.76-fold (log,FC=1.91) in
the SS3 vs. SS2, resulting in an overall 9.4-fold induction
(log,FC=3.23) under high salinity (Table S7). As PEPC
is a key enzyme involved in organic acid metabolism,
its sustained upregulation suggests an important role in
enhancing carbon fixation efficiency and maintaining cel-
lular osmotic balance in saline environments.

Several additional genes were strongly induced,
reflecting higher metabolic demands. chr6_000414.1
(Ribonuclease 1, RNS1) and chr8_000327.1 (Phospho-
glycerate kinase, PGK) were upregulated by 12.8-fold
(log,FC=3.68) and 10.3-fold (log,FC=3.36) in SS3 wvs.
SS1, respectively. Similarly, chr4_002858.1 (bZIP tran-
scription factor FD) was consistently induced, reaching
6.7-fold (log,FC=2.74) under high salinity. Addition-
ally, chr3_000195.1 (probable serine/threonine-protein
kinase PBL26) was identified as strictly salinity-inducible,
shifting from undetectable in control conditions to high
expression in SS3 (FC=50.1; log,FC =5.65), suggesting its
specific role in rapid hypersaline adaptation.

Chr2_001401.1 (LTR copia-type retrotransposon) was
activated under high salinity. Its expression increased
468-fold (log,FC=8.87) from negligible in SS1 to
extremely high in SS3. This dramatic transposon activa-
tion suggests salt stress may induce “genomic shock,
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Fig. 4 Expression patterns of key salt-responsive genes in S. salsa under
increasing salinity. A-F Six genes were significantly upregulated in re-
sponse to increasing NaCl concentrations (0, 200, and 400 mmol/L). G-K
Five genes were significantly downregulated under salinity stress. Gene
expression values are shown as normalized counts (mean+SEM, n=3).
Statistical significance was assessed using one-way ANOVA followed by
multiple comparisons. Significant differences among treatment groups
are indicated by asterisks: p <0.05 (*), p<0.01 (**), p <0.007 (***). All upreg-
ulated genes show monotonic increases, while all downregulated genes
exhibit consistent suppression under rising salinity conditions, indicating
their potential regulatory roles in S. salsa salt stress adaptation

potentially driving genomic plasticity and transcriptional
reprogramming as an adaptation.

Conversely, a subset of genes was strongly down-
regulated, indicating a shift in physiological priorities.
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chr7_001758.1 (chloroplastic cysteine synthase, CS)
showed the most severe suppression, with expression
levels dropping to near zero (FC=0.01; log,FC=-6.81)
in SS3 vs. SS1. Genes associated with oxidative stress
and carbohydrate biosynthesis were also markedly sup-
pressed. For example, chr5_001889.1 (cytosolic ascor-
bate peroxidase, cAPX), and chr5_000112.1 (galactinol
synthase), exhibited strong downregulation (FC=0.03;
log,FC=-5.0). In addition, chr4_000776.1 (ethylene-
responsive transcription factor ABR1) and the abscisic
acid biosynthesis—related gene chr2_000708.1 (zea-
xanthin epoxidase, ZEP) showed significant repression
(log,FC=-2.91 and -2.83, respectively). Collectively,
this coordinated downregulation suggests a strategic
metabolic reprogramming, potentially aimed at conserv-
ing energy and reallocating resources toward pathways
critical for long-term survival under high salinity.

Pathway enrichment and network analysis

KEGG pathway enrichment analysis was performed
on the identified candidate genes. Seven genes were
assigned KEGG Orthology identifiers, linking them to
20 metabolic pathways (Fig. 5). The resulting pathway-
gene network highlighted pathways related to carbon
metabolism, glycolysis/gluconeogenesis, glutathione
metabolism, and sulfur metabolism. Several genes,
including chr7_001758.1 (chloroplastic cysteine syn-
thase), chr8_000327.1 (phosphoglycerate kinase), and
chr2_003131.1 (phosphoenolpyruvate carboxylase), were
associated with multiple pathways, indicating exten-
sive pathway connectivity among the salinity-responsive
genes.

Discussion

Salinity significantly restricts plant growth, development,
and agricultural productivity, necessitating sophisticated
physiological and molecular adaptations [18]. In this
study, we comprehensively characterized the transcrip-
tional landscape of normal growth S. salsa plants under
incremental salinity conditions, leveraging the first pub-
licly available genome annotation for this halophyte [6].
Our comprehensive transcriptomic RNA-seq analysis
revealed extensive transcriptional reprogramming across
a gradient of salinity, with 462 DEGs. Specifically, we
identified 11 robust candidate genes that exhibited con-
sistent trends (up- or down-regulation) with increasing
salinity (p < 0.05, log,|Fold Change| > 1).

Several upregulated candidate genes are directly linked
to metabolic and energetic processes critical for salt
tolerance. The coordinated induction of phosphoenol-
pyruvate carboxylase (PEPC; chr2 003131.1) and phos-
phoglycerate kinase (PGK; chr8 000327.1) indicates
sustained transcriptional reinforcement of central carbon
metabolism in S. salsa. PEPC catalyzes an anaplerotic
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Table 3 Functional annotation and PFAM domains of the 11 candidate genes under salt stress
Gene_ID Description PFAMs Expres-
sion under
salt stress

chr2_001401.1 gag-polypeptide of LTR copia-type
chr2_003131.1
chr3_000195.1
chr4_002858.1
chr6_000414.1
chrg8_000327.1
chr2_000708.1
chr4_000776.1
chr5_000112.1
chr5_001889.1
chr7_001758.1

phosphoenolpyruvate carboxylase

bZIP transcription factor FD

Ribonuclease 1 (RNST)

Phosphoglycerate kinase

Zeaxanthin epoxidase (ZEP)
Ethylene-responsive transcription factor ABR1
Raffinose synthase (RS)

Cytosolic ascorbate peroxidase (CAPX)
Chloroplastic cysteine synthase (CS)

Probable serine/threonine-protein kinase PBL26

Retrotran_gag_2, Retrotran_gag_3, Retrotrans_ up
gag, gag_pre-integrs, rve

PEPcase up
Pkinase, Pkinase_Tyr up
bZIP_1 up
Ribonuclease_T2 up
PGK up
FAD_binding_3, FHA, NAD_binding_8 down
AP2 down
Raffinose_syn down
peroxidase down
PALP down
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Fig.5 KEGG pathway-gene network of selected differentially expressed genes. The network illustrates the associations between KEGG pathways (purple
nodes) and input genes (pink nodes). Node size represents the number of connections (degree), and edges indicate known functional relationships
based on KEGG pathway annotation. For pathway nodes, larger circle sizes indicate a higher number of associated DEGs

CO, fixation reaction, replenishing C,-dicarboxylic
acids and supporting organic acid metabolism, cellular
pH buffering, and metabolic stability [19-21]. In paral-
lel, PGK catalyzes an ATP-generating step in glycolysis,
sustaining glycolytic flux and cellular energy supply [22],
and has been associated with improved ion homeostasis
and osmolyte accumulation under saline conditions [23].
Together, these responses suggest that metabolic repro-
gramming under salinity prioritizes energetic stability
and osmotic homeostasis during prolonged stress.

In contrast, genes involved in compatible solute and
sulfur metabolism, including raffinose synthase (RafS;
chr5_000112.1) and chloroplastic cysteine synthase (CS;
chr7_001758.1), were downregulated under salinity.
While these pathways are commonly induced in glyco-
phytes to support osmotic protection and glutathione-
dependent redox homeostasis [24—30], their regulation is
highly species- and context-dependent. As a euhalophyte,
S. salsa primarily relies on inorganic ion—based osmotic
adjustment, with Na* and CI~ accounting for ~ 67% of
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total osmotic solutes in Amaranthaceae species, whereas
soluble sugars contribute only ~ 1% [5, 10, 15, 16]. This
quantitative distinction provides a physiological basis for
the attenuated induction of organic solute—related path-
ways in S. salsa under prolonged salinity.

The downregulation of cytosolic ascorbate peroxidase
(cAPX; chr5_001889.1) represents a departure from
the classical oxidative stress paradigm in glycophytes.
Although cAPX detoxifies cytosolic H,O, via the ascor-
bate—glutathione cycle [31], accumulating evidence indi-
cates that ROS accumulation does not necessarily equate
to cellular damage under abiotic stress [32, 33]. Recent
studies highlight reactive carbonyl species (RCS) as
dominant cytotoxic agents regulating stress-induced pro-
grammed cell death [34—36]. Consistent with this frame-
work, tolerant halophytes exhibit a strategic tolerance to
elevated ROS signaling, prioritizing the maintenance of
essential H,O, signaling while simultaneously enhanc-
ing RCS detoxification capacity via upregulated AO
activity [37]. This suggesting that cAPX downregulation
in S. salsa reflects a strategic reconfiguration of oxida-
tive stress management by prioritizing the maintenance
of ROS-mediated signaling over total elimination rather
than compromised antioxidant defense.

Applying this paradigm to S. salsa, the observed down-
regulation of cAPX likely reflects a sophisticated recon-
figuration of oxidative stress management rather than a
compromised antioxidant defense. In this species, effi-
cient vacuolar ion sequestration limits ionic imbalance—
induced ROS generation at its source, thereby reducing
the requirement for strong induction of NADPH-depen-
dent ROS-scavenging pathways such as the ascorbate—
glutathione cycle [10, 38]. Instead, S. salsa appears to
prioritize tolerance mechanisms that mitigate down-
stream carbonyl toxicity while allowing controlled H,O,
signaling to operate within adaptive regulatory networks.

This reconfiguration is further supported by transcrip-
tional signatures indicative of ROS avoidance and sig-
naling optimization. The downregulation of zeaxanthin
epoxidase (ZEP; chr2_000708.1) likely restricts the con-
version of zeaxanthin to violaxanthin, promoting zeaxan-
thin accumulation and enhancing non-photochemical
quenching (NPQ) [39-41]. By dissipating excess excita-
tion energy as heat, this mechanism prevents excessive
ROS formation at the photosynthetic source, thereby
reducing the burden on cytosolic antioxidant systems
such as cAPX [42, 43]. At the signaling level, the coor-
dinated upregulation of the receptor-like cytoplasmic
kinase PBL26 (chr3_000195.1) and downregulation of
the AP2/ERF transcription factor ABR1 (chr4_000776.1),
a known repressor of ABA signaling, suggest enhanced
stress perception and signal amplification without the
metabolic cost of extensive hormone biosynthesis [44,
45]. In parallel, the upregulation of ribonuclease RNS1
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(chr6_000414.1) may facilitate nutrient remobilization,
supporting ion transport and metabolic adjustment dur-
ing prolonged salinity exposure [46, 47].

Under sustained salinity, S. salsa also exhibits signs of
deeper transcriptional and genomic reprogramming. The
strong induction of an LTR copia-type retrotransposon
(chr2_001401.1) suggests activation of transposable ele-
ments, which may contribute to genomic plasticity by
reshaping chromatin structure or modulating neighbor-
ing gene expression [48, 49]. Although the functional
consequences of this activation remain unclear, it may
reflect stress-induced relaxation of epigenetic repression
or represent a trade-off associated with prolonged envi-
ronmental pressure.

In summary, our findings reveal a temporally struc-
tured, multi-tiered adaptation strategy in S. salsa that
integrates reinforcement of central metabolic, pre-
dominantly ion-dominated osmotic adjustment, repro-
grammed oxidative stress management, and long-term
transcriptional and genomic plasticity. Consistent with
these gene-level responses, GO treemap and KEGG
enrichment analyses indicate that ubiquitously salt-
responsive genes are mainly involved in core metabolic
processes, signal transduction, redox regulation, and
membrane-related functions. This pattern indicates a
coordinated systems-level optimization that supports
sustained growth under salinity, rather than a generalized
stress-induced response. Therefore, the candidate genes
identified in this study provide valuable entry points
for dissecting the mechanisms underlying halophyte
resilience and represent promising resources for the
genetic improvement of salinity tolerance in crop spe-
cies. Although qRT-PCR validation was not performed
in this study, our previous experiments have confirmed
the reliability of our RNA-seq pipeline [50]. Future inves-
tigations combining spatiotemporal expression profiling,
functional validation (e.g., CRISPR/Cas9-mediated muta-
genesis and overexpression), targeted biochemical mea-
surements of osmoprotectants, and epigenetic analyses
will be essential to further elucidate the regulatory archi-
tecture governing long-term salinity adaptation in halo-
phytic plants.

Materials and methods
Plant growth and sample collection

Suaeda salsa seeds were sourced from Sugian City,
Jiangsu Province, China. Species identification was inde-
pendently confirmed by Prof. Jingkuan Sun, a botanist
and ecologist at Shandong University of Aeronautics,
based on morphological characteristics according to the
Flora of China. A voucher specimen was prepared during
the study, and digital images of the specimen are retained
by the research group at Shanghai Ocean University.
After surface sterilization in 1% potassium permanganate
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for 20 min, seeds were rinsed thoroughly and imbibed in
water for 24 h. Seeds were then sown in perforated pots
under controlled conditions (25 °C day/20°C night, 600
umol-ms™ light intensity, 14 h light/10 h dark photo-
period) and irrigated daily with half-strength Hoagland
nutrient solution containing 100 mmol-L' NaCl. The
detailed composition of the nutrient solution is described
in our previous work [50]. Seedlings of S. salsa were first
germinated and grown under uniform, non-saline condi-
tions until they developed six pairs of true leaves. At this
stage, plants were assigned to three treatment groups
designated as SS1, SS2, and SS3, corresponding to salin-
ity levels of 0, 200, and 400 mM NacCl, respectively. The
selected salinity concentrations are consistent with previ-
ous studies on S. salsa, where 200 mM NaCl [51] is con-
sidered an optimal growth condition, and 400 mM NaCl
represents a higher salinity level used to investigate stress
responses [52]. The salt treatments were maintained for
30 consecutive days. After 30 days of salinity treatment,
leaf tissues from the upper third of each plant were har-
vested for RNA extraction and transcriptome sequenc-
ing. This prolonged salinity treatment was designed
to capture transcriptional programs associated with
long-term salinity adaptation during normal vegetative
growth, rather than transient stress responses.

Source of genome and genome annotation

The reference genome of S. salsa used in this study was
downloaded from the Genome Warehouse (GWH) of the
National Genomics Data Center (NGDC) under acces-
sion GWHBQEE00000000 (BioProject: PRJCA006671;
Biosample: SAMC461466). The chromosome-level
genome assembly was originally generated by Wang et
al. [17] using high-fidelity PacBio HiFi sequencing com-
bined with Hi-C scaffolding.

As no official GFF annotation was available, gene anno-
tation was performed by using a GFF3 file predicted by
Helixer v0.3.4 [53]. This annotation was used for read
summarization and gene-level quantification. The -g ID
parameter was specified during count matrix generation
to group transcript features by gene ID. To evaluate the
completeness of the Helixer-derived gene annotation,
BUSCO v5.8.2 [54] was run on the predicted protein
sequences by using the embryophyta_odb10 lineage data-
set (2025-06-19).

Genome indexing was performed by using STAR
v2.7.11b [55] with the genome FASTA file and the
Helixer-generated GFF3 annotation. STAR indices were
generated by using the parameters --sjdbOverhang 99
and --sjdbGTFtagExonParentTranscript Parent, which
optimize spliced alignment for GFF3-formatted annota-
tions [55].
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RNA extraction, library construction, and high-throughput
lllumina sequencing

Total RNA was extracted from tissue samples and
sequenced by Majorbio Co., Ltd. (Shanghai, China)
using TGuide S96 Magnetic Bead-based Polysaccharide
& Polyphenol Plant Total RNA Extraction Kit (Tiangen
Biotech Co., Ltd., China), following the manufacturer’s
instructions and standardized quality control procedures.
Three biological replicates were included for each treat-
ment. RNA quality was rigorously assessed by using mul-
tiple approaches: RNA concentration and purity were
measured with a Nanodrop 2000 spectrophotometer,
integrity was evaluated by agarose gel electrophoresis,
and RNA Quality Number (RQN) was determined by
using the Agilent 5300 Fragment Analyzer (Agilent Tech-
nologies, USA) with the DNF-471 RNA Kit, following the
manufacturer’s instructions. Only RNA samples meeting
the following strict criteria were used for library con-
struction: total RNA quantity > 1 pg, concentration > 30
ng/pL, RQN > 6.5, and an OD260/280 ratio between 1.8
and 2.2, following standard molecular biology guidelines
for RNA purity assessment [56].

Polyadenylated mRNAs were isolated from total RNA
by using oligo(dT)-conjugated magnetic beads, which
selectively bind to the poly(A) tails of eukaryotic mRNAs.
Strand-specific libraries were constructed using the Illu-
mina® Stranded mRNA Prep, Ligation (Standard) kit
(Ilumina, USA) according to the manufacturer’s pro-
tocol. The purified mRNA was then fragmented into
~300 bp fragments by using the fragmentation buffer
under controlled conditions to suit short-read sequenc-
ing requirements. First-strand cDNA was synthesized by
using random primers and reverse transcriptase, followed
by second-strand synthesis to generate double-stranded
cDNA. End-repair was then performed to produce blunt
ends, and a single ‘A’ nucleotide was added to the 3" ends
to facilitate adapter ligation.

Adapter-ligated ¢cDNA fragments were purified and
size-selected, followed by PCR amplification to enrich
for successfully ligated fragments. The final libraries were
quantified by using a Qubit 4.0 fluorometer, pooled equi-
molar concentrations, and subjected to cluster generation
by bridge PCR amplification on an Illumina cBot system.
Paired-end sequencing (2 x 150 bp) was performed on an
[llumina NovaSeq 6000 platform following the manufac-
turer’s standard protocol.

RNA-seq data processing and gene expression
quantification

Raw paired-end RNA-seq reads generated by the Nova-
Seq platform were first trimmed by using Cutadapt v4.9
[57] to remove Illumina universal adapter sequences (AG
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ATCGGAAGAG) from both forward and reverse reads.
Reads shorter than 25 bp after trimming were discarded.
The quality of the trimmed reads was assessed by using
FastQC v0.11.8 [58] to ensure sequencing integrity. For
each sample, trimmed paired-end reads were concat-
enated before alignment.

Reads were aligned to the reference genome by using
STAR with the options --outSAMstrandField intronMo-
tif and --outSAMunmapped Within to retain splicing
junctions and unmapped read information. The resulting
SAM files were converted to BAM format, sorted, and
indexed by using samtools v1.9 [59]. Gene-level quan-
tification was performed by using featureCounts from
the Subread package v2.0.6 [60], based on the Helixer-
generated GFF3 annotation file. The resulting raw count
matrix was used for downstream differential expression
analysis by using the DESeq2 package [61] in R (v4.2.2).

RNA-seq quality control and multivariate statistical analysis
To assess the consistency and global structure of the
RNA-seq dataset across treatments, we applied a series
of multivariate analyses by using R. Variance-stabilizing
transformation (VST), which was performed on raw
count data by using DESeq2 [61]. And the transformed
values were subsequently used for downstream visu-
alization and statistical testing. Principal Component
Analysis (PCA) was conducted by using the plotPCA()
function from DESeq2 to reduce dimensionality and
visualize sample clustering [61]. The top 500 most vari-
able genes across all samples were included in the PCA
calculation. The first two principal components (PC1 and
PC2), which together explained > 80% of the variance,
were plotted to illustrate inter- and intra-group sample
separation.

To statistically validate the PCA-based groupings, we
performed a permutational multivariate analysis of vari-
ance (PERMANOVA) by using the adonis2() function in
the vegan package v2.6.10 [62].

Hierarchical clustering was conducted on the top 1,000
most variable genes by using Euclidean distance and
complete linkage. This subset was selected to capture the
major sources of transcriptional variation across samples
while minimizing noise contributed by genes with low
expression variance. Clustering results were visualized
with a heatmap generated by using the pheatmap() func-
tion from the pheatmap package v1.0.12 [63], and both
rows and columns were scaled to highlight variation
across salinity treatments.

Sample-to-sample Pearson correlation analysis was
performed by using the cor() function and hierarchical
clustering to evaluate reproducibility among biological
replicates. All pairwise correlation coefficients (r>0.94)
indicated high data quality. Statistical significance,
assessed with the cor.test() function (based on the Fisher
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transformation), confirmed that all correlations were
highly significant (» <0.001).

Finally, expression distributions across all samples were
visualized via boxplots of VST values by using base R
functions, confirming that global gene expression levels
were evenly distributed and free of batch effects.

Differential expression analysis and functional annotation
Downstream analyses were conducted in R contributed
packages. Gene expression count matrices were filtered
and processed by using DESeq2 [61]. The count values
from three biological replicates under each condition
(SS1, SS2, SS3) were combined and aggregated by gene
ID. Redundant gene IDs were merged by summing their
counts by using the summarise() function from dplyr
v1.1.4. Differential gene expression analysis was per-
formed by using DESeq2 with the model formula ~ con-
dition. Genes were considered significantly differentially
expressed if they met the thresholds of adjusted p.adj <
0.05 (two-tailed test) and log,|Fold Change| > 1.

To visualize global transcriptional patterns induced by
salinity treatments relative to the control (0 mM NaCl), we
compiled a union set of significantly DEGs from the SS2
vs. SS1 (200 mM vs. 0 mM) and SS3 vs. SS1 (400 mM vs. 0
mM) comparisons. This resulted in a total of 5,380 unique
DEGs after removing overlapping genes. Variance-stabi-
lized transformation (VST) was applied to the raw count
matrix by using the vst() function in DESeq2 (with blind
= FALSE) to normalize expression values and reduce het-
eroscedasticity [61]. The transformed expression matrix
was then subset to include only the 5,380 DEGs.

To emphasize gene-level expression dynamics across
treatments, we calculated the average log, fold change for
each gene across the two comparisons (SS2 vs. SS1 and
SS3 vs. SS1) and used this metric to order genes from
lowest to highest. Z-score normalization was applied
row-wise to standardize expression values across sam-
ples for each gene. A heatmap was generated by using
the pheatmap package [63], with hierarchical clustering
applied to columns (samples) but not to rows (genes),
thereby preserving the predefined gene order. Treatment
conditions were annotated above the columns to reflect
sample grouping by salinity level.

To understand their functions, we performed a com-
prehensive annotation analysis of these DEGs by using
five databases: EggNOG mapper v2.1.12 [64], UniProt
[65] (accessed April 2025), KEGG (accessed April 2025),
RefSeq (accessed April 2025), and Gene Ontology. Egg-
NOG mapper provided orthology-based functional
assignments across multiple species. The output annota-
tion file (out.emapper.annotations) was processed in R to
extract Gene Ontology (GO) terms and KEGG ortholog
(KO) identifiers for downstream functional annotation
and pathway analyses.
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GO enrichment analysis was conducted by using the
enricher () function in the clusterProfiler package v4.12.6
[66]. GO terms were reformatted into a two-column
TERM2GENE data frame, associating GO terms with
corresponding gene IDs. For each contrast group (SS1
vs. SS2, SS1 vs. SS3, SS2 vs. SS3), significantly differen-
tially expressed genes (p < 0.05 and log,|Fold Change| >
1) were used as input. Parameters were set to pvalueCut-
off = 1, qvalueCutoff = 1, minGSSize = 1, and maxGSSize
= 5000 to include all terms for exploratory visualization.
Results were visualized by using the dotplot() function
from enrichplot v1.24.4 [67]. KEGG pathway enrich-
ment followed the same framework. KO identifiers were
extracted and split by using the separate_rows() func-
tion from tidyr (v1.3.1), and a TERM2GENE data frame
was constructed linking KO terms with gene IDs. KEGG
enrichment was then performed by using the same statis-
tical thresholds implemented in the clusterProfiler pack-
age [66].

To further characterize the functional features of the
ubiquitously differentially expressed genes at the protein
level, coding sequences corresponding to the 462 shared
DEGs were translated into protein sequences and sub-
jected to functional annotation using the InterPro web
platform (InterProScan, EMBL-EBI). InterPro integrates
multiple protein signature databases, including Pfam,
SMART, PROSITE, SUPERFAMILY, and others, enabling
comprehensive annotation of protein domains, families,
and associated GO terms.

InterProScan annotation results were downloaded in
tab-delimited format and processed in R. Proteins with
at least one InterPro-derived GO term were retained for
downstream analysis, while entries lacking functional
signatures were recorded separately. For proteins anno-
tated with multiple GO terms, all associated terms were
retained to capture functional diversity.

All enrichment results were visualized as dot plots in R,
and summary tables of enriched pathways were compiled
for downstream interpretation. GO enrichment analy-
sis was also conducted, and only the top 20 significantly
enriched GO terms (ranked by p.adj) were included in
the final figure. For KEGG enrichment results, circular
bubble plots representing pathway enrichment statistics
were generated by using the online platform OmicShare
Tools [68]. In addition, GraphPad Prism version 10.4.2
(GraphPad Software, Inc.) was used to generate bar plots
illustrating the expression patterns of selected DEGs
across salinity gradients.

Conclusion

In summary, by integrating the S. salsa reference genome
with newly generated genome annotations and tran-
scriptome data, this study identified 11 consistently
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salt-responsive genes that collectively reflect central
metabolic reinforcement, ion-dominated osmotic adjust-
ment, reconfiguration of oxidative stress management,
and regulatory plasticity characteristic of euhalophytes.
These data resources and findings advance our under-
standing molecular mechanisms of plant growth under
salinity conditions and provide a valuable foundation for
future crop improvement efforts.
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