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Abstract

Salt stress severely limits plant growth, particularly in woody species. In this study, a time-
course transcriptomic analysis (0-24 h NaCl treatment) revealed a clear time-dependent
transcriptional reprogramming pattern in Betula platyphylla, characterized by rapid early
activation followed by gradual stabilization. The response can be divided into three phases:
early stress perception and signaling (1-3 h), mid-stage metabolic and hormonal repro-
gramming (5-9 h), and late-stage homeostasis and physiological adaptation (1224 h). Early
responses are dominated by signal transduction, the middle phase by metabolic reorga-
nization and enhanced translation, and the late phase by redox and cellular homeostasis.
Compared to the limited role of the Dehydration-Responsive Element-Binding protein
(DREB) pathway, Abscisic acid (ABA) and Jasmonic acid (JA) signaling appear to play
more central regulatory roles. Further analyses revealed the coordinated temporal activa-
tion of Reactive oxygen species (ROS), Salt Overly Sensitive (SOS), and ABA pathways:
ROS shows an early burst followed by antioxidant activation; the SOS pathway regulates
ion homeostasis via the Calcineurin B-like protein (CBL)-CBL-interacting protein kinase
(CIPK) module; and ABA signaling progresses from biosynthesis to downstream transcrip-
tional regulation. Protein interaction network analysis further identifies ABA signaling
as a central hub integrating Ca®* signaling, ROS metabolism, and ion transport. Overall,
B. platyphylla responds to salt stress through a temporally coordinated regulatory network,
providing new molecular insights into salt tolerance mechanisms in woody plants.

Keywords: Betula platyphylla; salt stress; time-series analysis; transcriptome; ROS signaling;
SOS pathway; ABA signaling

1. Introduction

Soil salinity is a prevalent environmental challenge that severely limits plant growth
and productivity worldwide [1,2]. Excessive salt disrupts cellular ion balance and osmotic
regulation. This leads to reduced photosynthetic efficiency, accumulation of reactive oxygen
species, and impaired development [3,4]. Therefore, uncovering the molecular mechanisms
underlying salt tolerance is critical for ecological restoration, sustainable forestry, and
crop improvement.

White birch (Betula platyphylla) is a temperate tree species of considerable ecologi-
cal and economic value, widely cultivated for timber, pulp, and landscape purposes [5].
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This species exhibits moderate resilience to abiotic stresses, including drought and salin-
ity, making it a promising model for exploring stress responses in woody plants [6—14].
However, previous studies have provided important insights into salt stress responses in
birch, including physiological analyses and transcriptomic investigations. However, the
temporal dynamics and coordinated regulation of multiple stress-responsive pathways
during the progression of salt stress remain to be further elucidated, particularly through
time-resolved transcriptomic approaches.

High salt concentration disrupts cellular ion homeostasis and osmotic balance, leading
to photosynthetic inhibition, oxidative damage, and growth retardation. To survive under
such stress, plants have evolved sophisticated molecular mechanisms that maintain ion
equilibrium, stabilize cellular metabolism, and regulate stress-responsive gene expres-
sion [1,4]. Salt tolerance involves several interconnected processes. First, salt stress is
perceived by membrane-localized receptors and ion sensors, which activate downstream
calcium signaling and Mitogen-activated protein kinase (MAPK) cascades [1,2]. The SOS
pathway, consisting of SOS3-SOS2-SOS]1, plays a key role in mediating Na* efflux and
maintaining cytosolic ion balance [15]. Second, ion transporters such as NHX, HKT, and
AKT1 regulate Na* and K" distribution across membranes to sustain ionic homeostasis [16].
Third, plants accumulate compatible solutes such as proline, soluble sugars, and betaine,
synthesized by enzymes like P5CS and BADH, to alleviate osmotic stress [17]. Moreover,
antioxidant enzymes including SOD, CAT, POD and APX are activated to remove excess
reactive oxygen species (ROS) and mitigate oxidative injury [18]. Soil salinization severely
limits plant growth, particularly in woody species. Although ROS regulation has been
extensively studied in both herbaceous and woody plants, the molecular mechanisms
underlying ROS homeostasis and its integration with stress signaling networks in woody
species remain to be further elucidated, particularly in long-lived trees with complex en-
vironmental adaptation strategies [19]. Myo-inositol metabolism plays an important role
in plant stress responses, and its rate-limiting enzyme Myoinositol phosphate synthase
(MIPS) can promote ROS scavenging and improve stress tolerance. However, its function
in woody plants remains largely unclear [20]. Under salt stress conditions, ABA biosyn-
thesis is rapidly enhanced (e.g., via upregulation of NCED), and its accumulation acts
as an early signal to trigger stomatal closure, osmotic adjustment, and the expression of
stress-responsive genes. ABA is perceived by PYR/PYL receptors, which inhibit PP2C
phosphatases (ABI1/ABI2), thereby activating SnRK2 kinases and downstream ABF tran-
scription factors to regulate the expression of genes involved in ion transport, antioxidant
defense, and osmotic regulation [1,2]. ABA is a central phytohormone involved in plant
responses to salt stress. Under saline conditions, ABA accumulation contributes to stress
adaptation by regulating processes such as stomatal closure, osmotic adjustment, and the
expression of stress-responsive genes. In addition, ABA signaling is closely associated
with ROS metabolism, as ROS can function as signaling molecules downstream of ABA
responses, while ABA-regulated antioxidant systems contribute to maintaining ROS home-
ostasis during stress adaptation. Therefore, the coordination between ABA signaling and
ROS balance represents an important component of plant salt stress responses [1,2].

At the transcriptional level, numerous transcription factor families, such as WRKY,
NAC, MYB, bZIP and DREB/CBF regulate the expression of salt-responsive genes [21]. These
transcription factors act as molecular switches that integrate signaling networks controlling
ion transport, osmotic regulation, and antioxidant defense [22,23]. In B. platyphylla, several
transcription factors have been identified as key regulators in stress responses. For example,
BpWRKY32 and BpWRKY49 are significantly induced under salt stress and enhance salt
tolerance by regulating ROS scavenging and the expression of stress-responsive genes [24].
In addition, NAC, MYB and bZIP transcription factors also play important roles in tolerance
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to salt and osmotic stress [6,14,25]. In addition, emerging evidence indicates that non-
coding RNAs, including microRNAs and long noncoding RNAs, participate in salt stress
regulation, adding another layer of post-transcriptional control [26]. The salt-responsive
IncRNA BpIncSIR1 enhances salt tolerance and promotes growth in B. platyphylla by acti-
vating BpNAC2 expression, which in turn regulates stress-responsive genes, reduces ROS
accumulation, and induces stomatal closure [8].

High-throughput RNA sequencing (RNA-seq) has emerged as a powerful tool to
capture genome-wide expression profiles under stress conditions [27]. Time-course RNA-
seq, in particular, enables the detection of early, intermediate, and late response genes,
revealing dynamic regulatory networks that single-time-point studies cannot capture,
as they often overlook transiently expressed regulators that are critical for early stress
responses. This approach facilitates the identification of key regulators and provides a
comprehensive view of the temporal coordination of stress responses.

To date, most salt stress transcriptomic studies have focused on model species or
crops, including Arabidopsis thaliana [28], rice [29] and wheat [30]. In woody plants, such
as poplar and white birch, relevant studies remain scarce. Existing evidence suggests
that these species employ mechanisms similar to herbaceous plants—ion homeostasis,
osmotic adjustment, and antioxidant defenses [31]—but systematic time-series analyses
and identification of core hub genes are still lacking. Addressing this gap is essential for
revealing the molecular basis of salt tolerance and for guiding future breeding efforts.

In this study, we performed a high-resolution time-course transcriptomic analysis of
B. platyphylla subjected to NaCl treatment to elucidate the temporal architecture of its salt-
stress response. By integrating differential gene expression profiling, time-series clustering,
and pathway-specific analyses, we aimed to characterize the sequential activation of key
regulatory networks, including reactive oxygen species (ROS) signaling, SOS-mediated
ion homeostasis, and abscisic acid (ABA) signaling. We further identified phase-specific
transcriptional regulators and core hub genes that coordinate early stress perception,
mid-term metabolic adjustment, and late-stage physiological stabilization. This work
provides valuable genetic resources for future functional studies and breeding of salt-
tolerant B. platyphylla varieties.

2. Result
2.1. Global Transcriptional Dynamics of B. platyphylla in Response to Salt Stress

To elucidate the time-dependent transcriptional responses of B. platyphylla to salt stress,
differentially expressed genes (DEGs) were identified at six time points (1, 3, 5,9, 12, and
24 h) following NaCl treatment and compared with the untreated control (Figures 1, S1
and S2). Salt stress triggered dynamic changes in gene expression over time. At 1 h after
treatment, the number of up-regulated genes peaked at 1320, accompanied by 1107 down-
regulated genes. By 24 h, the total number of DEGs declined markedly (564 up-regulated
and 539 down-regulated genes) (Figure 1A). Overlap analysis of differentially expressed
genes (DEGs) across time points (Figure 1B,C) revealed a limited overlap among different
time points, highlighting strong temporal specificity in the transcriptional response to
salt stress. Among up-regulated genes (Figure 1B), only 248 genes were shared across all
comparisons, whereas a large proportion were uniquely induced at individual time points,
indicating stage-specific regulatory roles. Similarly, only 185 down-regulated genes were
common to all time points (Figure 1C).
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Figure 1. Temporal transcriptional reprogramming of B. platyphylla under progressive salt stress.
(A) Quantification of upregulated (red) and downregulated (cyan) DEGs across six sampling time
points (1-24 h, 0 h as untreated baseline). (B,C) Venn analysis of overlapping upregulated (B) and
downregulated (C) DEGs across time points. (D,E) GO enrichment analysis for upregulated (D) and
downregulated (E) DEGs. X-axis = enriched DEG number; color gradient = —log10 (p-value). BP:
Biological Process; CC: Cellular Component; MF: Molecular Function. Gene ratio represents the
number of differentially expressed genes (DEGs) associated with each GO term divided by the total
number of DEGs analyzed.

Functional enrichment analysis of DEGs (Figure 1D,E) further revealed clear func-
tional divergence between up- and down-regulated genes. The enriched functions of
up-regulated genes could be broadly classified into three major biological themes, includ-
ing stress signaling, photosynthesis-related processes, and glycosyltransferase activity.
Specifically, these genes were significantly enriched in responses to abiotic stresses such
as drought and abscisic acid signaling, photosynthetic membrane organization (includ-
ing thylakoid-associated components), and glycosyltransferase activity (e.g., indole-3-
butyric acid 3-glucosyltransferase and UDP-glucosyltransferase) (Figure 1D). In contrast,
down-regulated genes were mainly associated with transcriptional regulation, protein
ubiquitination, and metabolic processes. These included DNA-binding transcription fac-
tor activity, ubiquitination-related pathways, and cell wall or cell periphery components
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(Figure 1E), with DNA-binding transcription factor activity showing the strongest en-
richment (—log10 (P) = 12). In addition, genes involved in sugar and lipid metabolism,
including glucosinolate metabolic pathways, were generally repressed, suggesting a coor-
dinated downregulation of energy-consuming and secondary metabolic processes under
salt stress. Collectively, This dynamic transcriptional reprogramming reflects a shift from
acute stress response to longer-term adaptive regulation.

We further analyzed the genes involved in the up- and down-regulated pathways.
The results showed that up-regulated genes were mainly enriched in abscisic acid (ABA)
and jasmonic acid (JA) response-related pathways, suggesting that hormone signaling
plays a dominant role in the early response to salt stress (Figure 2). In contrast, the down-
regulated genes were significantly enriched in the GO term “DNA-binding transcription
factor activity” and were mainly associated with the AP2/ERF superfamily, including
the CBF and DREB subfamilies. Although CBF and DREB are generally considered key
regulators in classical stress responses, these transcription factors exhibited a sustained
down-regulation in this study and did not show clear stage-specific induction patterns
(Figure 3).

This observation suggests that the DREB-related pathway may not play a major
regulatory role in the salt stress response of B. platyphylla, and its contribution appears to
be relatively limited. In comparison, ABA and JA signaling pathways are likely to have a
more central role in regulating stress tolerance.
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Figure 2. Analysis of upregulated genes enriched in GO biological process (BP) terms under salt
stress in B. platyphylla. (A) Functional classification and abundance of upregulated gene categories.
(B) Heatmap showing normalized expression levels of genes across control and salt stress treatments.
Red and blue colors indicate relatively high and low expression levels, respectively.
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Figure 3. Distribution and expression profiles of downregulated transcription factors under salt stress.
(A) Classification and abundance of downregulated TF families. (B) Heatmap showing normalized
expression levels of TFs across control and salt stress treatments. Red and blue colors indicate
relatively high and low expression levels, respectively.

2.2. Stage-Specific Distribution and Functional Enrichment of DEGs Under Salt Stress

To further characterize the temporal structure of the salt stress response in B. platyphylla,
DEGs were grouped into three expression phases—early (1-3 h), middle (3-9 h), and late
(12-24 h)—based on their dynamic expression patterns (Figure 4). During the early stage of
salt stress (1-3 h), a total of 701 up-regulated and 604 down-regulated genes were identified.
In the middle stage (5-9 h), the numbers of up- and down-regulated genes decreased to
507 and 387, respectively. In the late stage (12-24 h), the number of up-regulated genes
further declined to 440, while 463 genes were down-regulated, collectively indicating a
transition from a strong early response to a more stabilized transcriptional state at later
stages (Figure 4A).

GO enrichment analysis revealed distinct functional signatures associated with each
phase. In the early stage (1-3 h), up-regulated DEGs were primarily enriched in oxida-
tive stress responses, pigment binding, hydrolase activity, and abscisic acid- and water
deprivation-related processes. In contrast, down-regulated genes were mainly associated
with transcription factor activity, sequence-specific DNA binding, transmembrane trans-
port, and glucoside metabolic processes, suggesting a transient suppression of growth- and
transport-related functions (Figure 4B). During the middle stage (3-9 h), up-regulated DEGs
were significantly enriched in abscisic acid and auxin responses, photosynthetic membrane
organization, and UDP-glucosyltransferase activity, indicating extensive metabolic repro-
gramming and hormone-mediated regulation. Meanwhile, down-regulated DEGs were
associated with cell wall organization, external encapsulating structures, and transmem-
brane transporter activity, reflecting resource reallocation during sustained stress exposure
(Figure 4B). In the late stage (12-24 h), up-regulated DEGs were predominantly enriched in
photosynthesis-related processes, including pigment binding and light-harvesting func-
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tions, This suggests that photosynthetic activity is partially maintained or restored to
support energy demands during sustained stress conditions. Conversely, down-regulated
DEGs were enriched in sulfur compound metabolism, cell wall biogenesis, and glycoside
biosynthesis pathways, indicating a shift toward metabolic stabilization and long-term

adjustment (Figure 4B).
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Figure 4. Stage-specific distribution and functional enrichment of differentially expressed genes
under salt stress. (A) Venn diagrams showing overlaps of upregulated and downregulated DEGs
at early (1-3 h), middle (3-9 h), and late (12-24 h) stages. (B) GO enrichment analysis of DEGs in
each stage. Dot size represents gene counts and color indicates significance (—log10 (p-value)). Gene
ratio represents the number of differentially expressed genes (DEGs) associated with each GO term
divided by the total number of DEGs analyzed.

Together, these results demonstrate that B. platyphylla displays a temporally structured
transcriptional response to salt stress, characterized by rapid stress perception and sig-
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naling during the early phase, extensive metabolic and hormonal regulation during the
middle phase, and transcriptional stabilization associated with physiological adaptation at
later stages.

2.3. Time-Course Clustering Patterns and Functional Enrichment of DEGs

To further investigate the temporal dynamics of gene expression under NaCl stress,
all DEGs were subjected to time-series clustering analysis (Table 1). Time-series clustering
analysis was performed to identify coordinated expression patterns during salt stress
(Figure 5A, Table 1). Based on their expression trajectories across time points, DEGs were
grouped into 20 distinct clusters using a model-based clustering algorithm.
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individual genes or subgroups within the cluster. (B-D) GO enrichment analysis of representative
clusters corresponding to early, middle, and late response phases. Dot color indicates enrichment
significance (—log10(padj)), and dot size represents the number of genes associated with each GO
term. (B) Early-response clusters: Clusters 4, 7, 11, 14, and 15. (C) Middle-response clusters: Clusters
6,13, 17, and 19. (D) Late-response clusters: Clusters 1, 2, 3, 5, 8, 9, 10, 12, 16, 18, and 20. BP, CC,
and MF correspond to the GO categories Biological Process, Cellular Component, and Molecular
Function, respectively. Gene ratio represents the number of differentially expressed genes (DEGs)
associated with each GO term divided by the total number of DEGs analyzed.
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Table 1. Functional summary of 20 Mfuzz clusters under NaCl treatment.

Expression Trend Under

Representative Enrich GO

Cluster Salt Treatment Terms/Pathways Functional Implication Stage
Gradual upregulation at late Cell wall organization, Cell wall reinforcement,
1 s - L Late
stage (1224 h) lipid biosynthetic process osmotic adjustment
. Secondary metaboht.e Antioxidant defense
2 Strong late upregulation biosynthesis, flavonoid Late
. and stress recovery
metabolism
S Photosynthetic
3 Sustained late activation Pho?osystem stablll;atlon, adaptation and Late
pigment metabolism .
protection
4 Rapid early induction (1-3 h) Response to ab.sc15.1c acid, ABA-med.lated. early Early
water deprivation stress signaling
5 Late stage upregulation Cell growt.h., m?mbrane Tissue repair ar?d Late
modification growth resumption
Oxidation-reduction Metabolic
6 Middle stage peak (3-6 h) . reprogramming and Middle
process, ROS scavenging Lo
oxidative balance
Response to inorganic Ion homeostasis,
7 Early transient induction P . & Na™*/K* balance Early
substance, ion transport .
regulation
8 Late accumulation Lipid metabollsm, wax Memb.rane remoc.lehng, Late
biosynthesis cuticle protection
9 Late gradual increase Protein foldl'ng, chaperone  Proteostasis and stress Late
activity recovery
. Cell wall biogenesis, Structural repair and
10 Delayed activation (5-24 h) carbohydrate metabolism carbon partitioning Late
1 Rapid early induction Response to abscisic acid, Early signaling a.nd Early
osmotic stress stomatal regulation
Down-then—up (biphasic Protein ubiquitination, Reg}llatory adjustment
12 . during stress-recovery Late
pattern) degradation pathways o
transition
13 Mid-term activation Secondary metabf)hsm, Metabolic a'd'fapte'ltlon Middle
energy metabolism and detoxification
. Stress-responsive -
14 Farly up ;i%ﬁfslon then transcription factors Eaiy ;ZaI;Z:;lr};;fnal Early
(WRKY, NAC) Prog &
15 Early transient response ABA-depend.ent gene Salt. st.r?ss. signal Early
expression Initiation
16 Late gradual increase Fatty acid blOS}{ITthe.SIS, Cell mem.brane Late
membrane stabilization protection
. . Redox homeostasis, Defense response and .
17 Mid-term upregulation glutathione metabolism ROS detoxification Middle
18 Late induction Trans:porter actn./lty, Ion tra.msport a1.r1d Late
nutrient relocation osmotic regulation
Mid-to-late gradual Photosynthetic electron Energy maintenance .
19 . transport, chlorophyll . Middle
upregulation o and photoprotection
binding
20 Late sustained upregulation Carbohydrate m?tabohsm, Energy supply for Late
glycolysis recovery

Clusters define early, middle and late transcriptional response phases (Figure 5B-D),

to facilitate biological interpretation, the 20 clusters were further classified into three major
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response categories—early-response, mid-activation, and late-response clusters—according
to their dominant expression trends. Genes in early-response clusters were primarily
enriched in transcriptional regulatory functions, including DNA-binding transcription
factor activity and protein binding, as well as responses to abiotic stress-related stimuli
such as chlorine- and oxygen-containing compounds. Mid-activation clusters were signifi-
cantly enriched in ribosomal structural constituents, RNA-binding activity, and metabolic
processes related to ribosome biogenesis and mRNA processing. Ribosome-associated
categories contained the largest number of enriched genes, suggesting that the middle
phase of the salt stress response is characterized by enhanced translational capacity and
active metabolic reprogramming. In contrast, genes in late-response clusters were mainly
enriched in glycosyltransferase activity (e.g., 3-1,3-glucan transferase), regulation of cel-
lular processes such as homologous recombination and cell cycle control, and oxidative
stress-related functions, including hydrogen peroxide catabolic processes. In the late stage
of salt stress, plant responses involve complex metabolic regulation and the maintenance
of cellular homeostasis under prolonged stress conditions.

Overall, time-series clustering analysis supports a sequential transcriptional response
of B. platyphylla to NaCl stress, consisting of rapid stress perception and transcriptional
activation during the early phase, enhanced metabolic and translational activity during the
middle phase, and cellular adjustment coupled with oxidative stress mitigation during the
late phase.

2.4. Dynamic Transcriptional Changes in ROS-Related Genes Under Salt Stress

Salt stress is known to activate the SOS, ABA, and ROS signaling pathways in herba-
ceous plants, involving Ca?* sensing, osmotic adjustment, and reactive oxygen species
detoxification, with extensive crosstalk converging on key transcription factor families
such as WRKY, NAC and bZIP (Figure 6). During the early stages of plant responses to salt
stress, reactive oxygen species (ROS) typically accumulate rapidly and act as important
signaling molecules in regulating stress responses. Previous studies have shown that salt
stress can induce a rapid ROS burst, thereby activating a series of defense-related genes and
signaling pathways [32]. We further analyzed the expression patterns of genes involved in
ROS production and scavenging at different time points.

To investigate how B. platyphylla regulates redox homeostasis under salt stress, the
expression patterns of 34 ROS-related genes were examined across seven time points. The
heatmap analysis revealed pronounced time-dependent transcriptional reprogramming in-
volving ROS production, antioxidant detoxification, redox regulation, and stress-responsive
transcription factors (Figure 7A). During the early phase of salt stress (1-3 h), several res-
piratory burst oxidase homolog (RBOH) genes involved in ROS generation, including
RBOHC, RBOHB, and RBOHD, were transcriptionally up-regulated, indicating a rapid
oxidative burst following salt perception. RBOHF and RBOHE also showed moderate in-
duction at early time points. Concurrently, a subset of antioxidant genes, such as CSD1 and
APX2, exhibited early upregulation. During the intermediate phase (5-12 h), a broad range
of antioxidant-related genes showed strong transcriptional induction. Multiple glutathione
peroxidases (GPX4, GPX6, and GPX8) and key components of the ascorbate—glutathione
cycle, including GR1 and GR2 were strongly induced. In addition, major antioxidant en-
zymes such as CAT2 and CSD?2 also displayed elevated expression levels. This coordinated
induction suggests that B. platyphylla actively reinforces its enzymatic antioxidant system
following the initial oxidative burst to maintain cellular redox balance.

Transcription factors involved in ROS signaling show early-to-mid activation. Several
transcription factors associated with ROS signaling and stress responses displayed marked
temporal regulation. bZIP60 was mainly induced during the intermediate phase, consistent
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with its role in endoplasmic reticulum stress and ROS signaling. Members of the WRKY
family, including WRKY40, showed early induction. These expression patterns indicate that
transcriptional regulation plays a central role in coordinating early ROS signaling and sub-
sequent antioxidant responses. Key genes, including ByPRBOHC, BpGRXC2, BpGR1, BpGR2,
and BpDHAR3, all reached peak expression levels at 1-3 h under salt stress (Figure 7B),
suggesting that the antioxidant defense system in B. platyphylla is rapidly activated at the
early stage of stress to mitigate oxidative damage.

2.5. Dynamic Expression of SOS Signaling Pathway Genes Under Salt Stress

To investigate the transcriptional regulation of the SOS signaling pathway under
salt stress, the expression profiles of Ca?* sensors (CBL family), CBL-interacting protein
kinases (CIPKs), and core SOS components (SOS1-SOS4) were analyzed across seven
time points (0-24 h). All raw RNA-seq read counts were normalized to TPM values to
eliminate the bias of gene length and sequencing depth; hierarchical clustering based
on Euclidean distance was performed on standardized TPM data to classify genes with
similar expression patterns. The results revealed a clear time-dependent activation of SOS
pathway-related genes, reflecting sequential regulation of signal perception, transduction,
and ion homeostasis (Figure 8A).

(5059) o
S0S2
MAPK
SOD

! | SnRK2 |

| SCaBP | 4
Y CAT || APX
- @Am GPX
| S0S4 | PRX
[ ABA pathway ] (GRX
SOS pathway ROS pathway

> | Crosstalk/_’
| CSA707A H Abiotic Stress ]\—I

— Activation / Up-regulation —I Inhibition / Down-regulation

Figure 6. Integrated model of SOS, ABA, and ROS signaling pathways in B. platyphylla under salt
stress. The diagram illustrates the key signaling components and their interactions in response
to salt stress. Salt-induced Ca®* signals activate the SOS module (left), where SCaBP/SOS3 and
SOS2 regulate downstream Na* transport processes to maintain ion homeostasis. In parallel, ABA
signaling (middle) is triggered via PYL receptors, leading to PP2C inhibition and SnRK2 activation,
which modulates ion channels and osmotic adjustment. Concurrently, ROS production mediated
by RBOHDY/F (right) activates MAPK cascade signaling and antioxidant defenses. Arrows indicate
activation or signal transduction, while the convergence of the three pathways on stress-responsive
transcription factors (e.g., WRKY, NAC, bZIP, ZAT) highlights their coordinated regulation during
salt stress adaptation. Red arrows indicate up-regulation or activation, whereas blue T-shaped lines
indicate down-regulation or inhibition.
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Figure 7. Temporal expression patterns of ROS production, antioxidant, and redox-regulating genes in
B. platyphylla under NaCl stress. (A) Heatmap illustrates the normalized expression profiles (z-scores
of TPM values) of genes involved in reactive oxygen species (ROS) production, scavenging, and
redox regulation across seven salt-treatment time points (0, 1, 3, 5,9, 12, and 24 h). (B) The expression
patterns of six representative genes (BpRBOHC, BpGRXC2, BpGR2, BpGR1, and BpDHAR3). Data
are presented as mean + standard error (SE, n = 3 biological replicates).
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Figure 8. Temporal expression patterns of SOS pathway genes under NaCl treatment in B. platyphylla.
(A) heatmap shows the normalized expression profiles (z-scores of TPM values) of key components
in the SOS signaling pathway. (B) The expression patterns of six representative genes (BpSOS2,
BpCBL1, BpCIPK5, BpCIPK6, and BpCIPKS). Data are presented as mean =+ standard error (SE, n =3
biological replicates).

During the early stage of salt stress, several Ca?* sensor genes, including CBL1, showed
strong transcriptional induction. Consistently, multiple CIPK genes (CIPK5, CIPK6, CIPKS,
and CIPK17) were also markedly up-regulated during this period, representing the most
pronounced early transcriptional response within the SOS pathway. The core regulatory
components SOS1 and SOS2, which form the central signaling module of the SOS pathway,
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exhibited moderate but consistent transcriptional upregulation. Although their induction
levels were lower than those of upstream CBLs and CIPKs, the sustained expression of SOS1
and SOS2 suggests continuous reinforcement of SOS signaling during the intermediate
phase of salt stress.

Six key genes, including BpSOS2, BpCBL1, BpCIPK5, BpCIPK6, BpCIPKS, and BpCIPK17,
all responded to salt stress. Among them, BpSOS2 was significantly upregulated as early
as 1 h after treatment and reached its peak expression level. BpCIPK5, BpCIPK6, and
BpCIPK17 exhibited peak expression at 1-3 h, followed by a gradual decline with prolonged
treatment. In contrast, ByCBL1 and BpCIPKS8 showed an induced upregulation trend at the
early stage of treatment (Figure 8B). These results indicate that genes associated with the
CBL-CIPK-50S signaling pathway are rapidly activated in the early phase of salt stress,
likely participating in the rapid response of birch to salt stress through the regulation of
calcium signaling.

2.6. Temporal Expression Dynamics of ABA Signaling Pathway Genes Under Salt Stress

To examine the role of abscisic acid (ABA) signaling in B. platyphylla under salt stress, in
this study, 30 ABA pathway-related genes of B. platyphylla were identified via homologous
sequence alignment. These genes fall into six major functional categories: ABA biosynthesis
and catabolism, PYR/PYL ABA receptors, SnRK2 protein kinases, PP2C phosphatases, ABA-
responsive transcription factors, and ion channel regulatory proteins. We further performed
quantitative analysis of their temporal expression patterns across multiple time gradients
(Figure 9A).

During the early phase of salt exposure, the key ABA biosynthetic gene NCED3 exhib-
ited strong transcriptional induction. During the middle phase, a broad set of ABA signaling
components showed pronounced transcriptional activation. Multiple ABA receptors (PYL2,
PYL8, and PYLY) exhibited sustained induction, accompanied by strong upregulation of
SnRK2 kinases, including SnRK2.3, SnRK2.6/0ST1, and SnRK2.8. These coordinated expres-
sion patterns indicate that ABA signal transduction reaches maximal intensity between 5 h
and 12 h after salt treatment. At the same time, several PP2C phosphatases (ABI1, ABI2,
HAB1, HAI?, and AHG1) displayed moderate and dynamic expression changes, reflecting
the fine-tuned balance between positive and negative regulation within the ABA signaling
pathway. The activation of this signaling cascade can further regulate ABA-responsive
transcription factors (e.g., ABFs), thereby modulating the expression of downstream stress-
responsive genes. At later stages of salt stress, downstream ABA-responsive transcription
factors, including ABF2/AREB1 and ABF3, were strongly induced. In addition, key ion
channel genes involved in stomatal regulation and osmotic adjustment, such as SLAH3 and
ALMT12, also exhibited increased expression levels, indicating activation of ABA-mediated
control of ion transport and water balance during the late phase.

Ten key genes, including BpABI1, BpABF3, BpSnRK2.8, BpCYP707A2, BpAHGI,
BpAREB, BpNCED3, BpHAI2, BySLAH3, and BpABI2, all responded to salt stress (Figure 9B).
Among them, BpNCED3 was significantly upregulated at 1 h after treatment and reached
its peak expression level. Signal transduction components and downstream transcrip-
tion factors, such as BpSnRK2.8, BpABF3, and BpABI1, also exhibited peak expression at
1-3 h. In contrast, the ABA catabolic gene BpCYP707A2 showed a continuous downreg-
ulation following treatment. These results indicate that the ABA signaling pathway is
rapidly activated at the early stage of salt stress, likely contributing to the rapid response of
B. platyphylla by regulating the expression of stress-responsive genes.
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Figure 9. Temporal expression patterns of ABA biosynthesis, signaling, and response genes in
B. platyphylla under NaCl stress. (A) heatmap displays the normalized expression profiles (z-scores
of TPM values) of key ABA pathway genes across seven time points following NaCl treatment (0, 1,
3,5,9,12, and 24 h). (B) The expression patterns of ten representative genes. Data are presented as
mean =+ standard error (SE, n = 3 biological replicates).

2.7. Protein—Protein Interaction (PPI) Network Analysis Based on ABA, ROS, and SOS Pathways

To investigate the coordinated regulatory roles of the selected genes in plant stress
responses, a protein—protein interaction (PPI) network was constructed, identifying core
interacting nodes that formed a tightly connected regulatory network (Figure 10). The ABA
signaling pathway forms the primary cascade backbone of the entire interaction network,
covering all components across the complete signal transmission cascade. Biosynthetic
genes (ZEP, NCED3, ABA2) for ABA production, ABA receptor genes (PYR1, PYL4, PYLS,
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PYL9) responsible for stress signal perception, intermediate signaling regulators including
PP2C phosphatases (ABI1/ABI2, HAB1, HAI3, AHG1) and SnRK?2 kinases (SRK2E, SRK2I),
as well as downstream transcription factors (ABF2, ABF3, ABF4). Located at the geometric
center of the network, ABI1 and ABI2 interact with the vast majority of upstream and
downstream ABA pathway components.
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Figure 10. Protein—protein interaction (PPI) network analysis based on ABA, ROS, and SOS pathways.
The figure shows a protein—protein interaction (PPI) network constructed around the abscisic acid
(ABA) signaling pathway, reactive oxygen species (ROS) metabolic pathway, and the salt stress-
related SOS ion homeostasis pathway. Nodes represent proteins, and edges indicate the interactions
between proteins.

The calcium signaling pathway realizes coupled regulation with the ABA pathway
via the CBL-CIPK module. Inner-layer calcium sensor proteins CBL1, CBL2, CBL3, CBL4,
CBL9 and CBL10 all physically interact with the core ABA hubs ABI1 and ABI2, while
abundant CIPK family proteins distributed at the peripheral ring of the network further
expand the regulatory scope of calcium signals. ROS metabolism is governed by two
counterbalancing branches for ROS generation and scavenging. The mid-layer nodes
RBOHD and RBOHEF receive regulatory inputs from upstream ABA and calcium signals
and mediate controlled intracellular ROS biosynthesis. Antioxidant proteins including
APX1, CAT2, GRX family and DHAR family are enriched at the network periphery and
interact with RBOH homologs to eliminate excess reactive oxygen species.

Ion transporter proteins function as downstream effector modules of the regulatory
cascade. The vacuolar Na*/H* antiporter gene NHX7, together with ion channel genes
SLAH3 and ALMT12, are dually regulated by ABA-dependent downstream transcription
factors and upstream calcium signaling. In summary, this PPI network centers on the ABA
signaling pathway as the master regulatory hub, and connects the SOS calcium cascade,
ROS metabolic pathway and multiple ion transport modules through protein crosstalk,
constructing a hierarchically organized and tightly balanced regulatory interactome. Its
multi-layered topological structure drives mild, long-lasting overall signaling responses,
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which aligns with the moderate salt-tolerant trait of B. platyphylla, and provides systematic
molecular regulatory support for B. platyphylla to cope with salt-induced abiotic stress.

3. Discussion

Salt stress triggers complex and dynamic transcriptional responses that enable plants
to perceive environmental changes and establish adaptive physiological states. In this
study, a time-resolved transcriptomic analysis was performed to elucidate the temporal
regulatory landscape of salt stress responses in B. platyphylla. The results reveal that B. platy-
phylla responds to salt stress through a highly structured, phase-dependent transcriptional
program, integrating early signaling, mid-term metabolic and hormonal reprogramming,
and late-stage homeostatic regulation.

Salt stress imposes strong osmotic and ionic challenges on plants, and extensive
studies in herbaceous species have revealed the central roles of ROS signaling, Ca**~CBL~
CIPK modules, SOS ion-homeostasis pathways, and ABA-mediated osmotic regulation
in coordinating transcriptional and physiological responses [1,33]. These foundational
studies illustrate how rapid ROS bursts, Ca®* transients, and hormone signaling converge
to initiate transcriptional reprogramming and maintain cellular homeostasis. However,
most mechanistic insights derive from short-lived herbaceous models, whereas the tem-
poral organization of stress responses in long-lived woody plants remains comparatively
understudied [34-36].

In woody species, salt tolerance is further complicated by large biomass, slow tissue
turnover, and long-term carbon allocation strategies. In poplar and other trees, salt stress
has been shown to alter photosynthesis, antioxidant capacity, ion distribution, and ABA
signaling [37,38]. Yet, the timing of these regulatory events—how trees transition from
early perception to acclimation and eventual stabilization—has rarely been characterized
at high temporal resolution. Unlike annual herbaceous plants that can rapidly complete
their life cycles, perennial woody species must maintain cellular activity and growth over
extended periods while coping with recurrent environmental fluctuations. Therefore,
the ability to establish a precisely coordinated temporal stress response may represent
an important adaptive strategy for woody plants. Evidence suggests that woody plants
maintain prolonged signaling phases and greater redox-buffering capacity than herbaceous
species [39], reflecting their distinct life histories and larger, long-lived tissues. Consistent
with this concept, our time-resolved transcriptomic analysis revealed a sequential response
pattern in B. platyphylla, characterized by early activation of stress signaling-related genes,
followed by metabolic and hormonal adjustment, and later regulation of homeostasis-
associated processes. This temporal organization may reflect the necessity of balancing
rapid stress perception with sustained physiological stability in long-lived woody plants.

The ROS regulatory network exhibited a clear separation between early oxidative
signaling and subsequent detoxification. Strong induction of RBOH isoforms corresponded
with the canonical early ROS burst that initiates downstream signaling cascades [40,41].
During the mid-phase (5-12 h), the robust upregulation of antioxidant enzymes and com-
ponents of the ascorbate—glutathione cycle indicates enhanced ROS scavenging capac-
ity [42,43]. The phased expression of glutaredoxins and thiol-redox regulators underscores
the importance of protein redox homeostasis in long-lived woody species. The phased ex-
pression of glutaredoxins and thiol-redox regulators not only contributes to the fine-tuning
of ROS signaling, but also maintains protein functional stability by regulating protein thiol
status, further highlighting the critical role of protein redox homeostasis in the adaptation
of long-lived woody species to environmental changes. In addition, cell cycle-related genes
also respond to salt stress. During the late stage of salt treatment, the upregulation of cell
cycle-associated genes indicates a transition from a defensive state to the resumption of
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growth. This dynamic regulatory pattern of “suppression-recovery” not only helps prevent
the accumulation and propagation of damaged cellular components, but also ensures that
plants maintain basic survival under stress conditions while rapidly restoring growth once
conditions improve. Therefore, the stage-specific regulation of the cell cycle during salt
stress responses represents an important mechanism by which plants balance growth and
stress tolerance.

SOS signaling displayed a similarly structured temporal architecture. The rapid acti-
vation of CBL-CIPK components during the early phase is indicative of efficient decoding
of salt-induced Ca?* transients [44—48]. In contrast, the delayed yet strong induction of
SOS1 during 9-24 h highlights the temporal decoupling between early perception and
later Na* extrusion. This pattern is consistent with previous observations in other plant
species [49,50] and may represent a physiological strategy in woody plants, where large
tissue volumes necessitate more controlled ion redistribution.

ABA signaling followed a highly structured three-stage progression: early enhance-
ment of biosynthesis (e.g., NCED3), mid-term amplification through PYR/PYL receptors
and SnRK2 kinases, and late-phase transcriptional and physiological execution involv-
ing ABF transcription factors and ion channels. This progression reinforces the role of
ABA as a central integrator connecting osmotic adjustment, ion homeostasis, and global
transcriptional coordination during salt exposure [51,52].

Integrating the dynamics of the ROS, SOS, and ABA pathways reveals a hierarchical
and interconnected regulatory framework. Early ROS and Ca?* signals initiate defense pro-
gramming, followed by coordinated activation of metabolic and translational adjustments,
and ultimately the restoration of redox and ionic stability. Such temporally structured
responses align with the broader understanding of tree physiology, where stress adaptation
is shaped by large, long-lived tissues and slow turnover rates [53,54]. Compared with
herbaceous plants, B. platyphylla exhibits extended signaling windows, stronger redox
buffering, and delayed yet robust ion-homeostasis adjustments—features consistent with
woody-specific adaptive strategies [55-58].

Collectively, this work provides a high-resolution view of the dynamic transcriptional
landscape underlying salt tolerance in B. platyphylla. The identification of phase-specific
regulators—including RBOH isoforms, CIPK10, NCED3, PYL6, SnRK2.6, ABF2, and SOS1—
offers promising targets for genetic improvement and functional validation. However, it
should be noted that this study is primarily based on transcriptomic analysis, and direct
physiological measurements and experimental validation (e.g., qRT-PCR or functional
assays) were not included, which represents a limitation of the current work. Despite this,
our findings provide a robust framework for understanding the coordinated regulation of
salt stress responses and generate testable hypotheses for future studies. These results not
only deepen our understanding of salt-stress adaptation in B. platyphylla but also provide a
conceptual framework for exploring long-term stress resilience in woody plants. Future
work integrating metabolomics, phosphoproteomics, and gene-editing approaches will be
essential to validate the functional roles of these candidate genes and further advance the
development of salt-tolerant B. platyphylla cultivars.

4. Materials and Methods
4.1. Plant Materials and Salt Treatment

B. platyphylla seedlings were cultivated in pots containing a soil and perlite mixture (2:1,
v/v) under controlled greenhouse conditions. The growth environment was maintained at
20-24 °C with a 16 h light/8 h dark photoperiod and approximately 70% relative humidity.
Ten-week-old seedlings were used for salt stress treatment. Before treatment, plants were
grown under well-watered conditions for three weeks.
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Salt stress was imposed by treating seedlings with a 200 mmol/L NaCl solution
according to the method described in the original study [59]. The salt concentration was
selected based on previous studies and experimental observations [11], as it was sufficient to
induce significant salt-responsive transcriptional changes while maintaining plant viability
during the short-term treatment period. Control plants were treated with water under the
same conditions.

To investigate early transcriptional responses to salinity, leaf samples were collected
at1,3,5,9,12, and 24 h after NaCl treatment. According to the original study [59], each
treatment included at least 20 seedlings, and three independent biological replicates were
performed for each treatment time point. Leaf tissues were collected for RNA-seq analysis.
The sampling schedule was designed so that all samples could be harvested within the
designated time windows, thereby minimizing potential variation caused by circadian
rhythms or temporal fluctuations [7,59].

4.2. Data Source

In the present study, we utilized the publicly available RNA-seq dataset derived
from the above experiment, downloaded from the NCBI Sequence Read Archive (SRA):
(Experiment ID:SRX28995372, SRX28995373, SRX28995384, SRX28995386, SRX28995387,
SRX28995388, SRX28995389, SRX28995390, SRX28995391, SRX28995392, SRX28995374,
SRX28995375, SRX28995376, SRX28995377, SRX28995378, SRX28995379, SRX28995380,
SRX28995381, SRX28995382, SRX28995383, SRX28995385). The dataset includes three
biological replicates for each time point, with the 0 h samples serving as untreated controls
for downstream secondary analysis.

4.3. Data Acquisition and Quality Control

Raw sequencing reads in FASTQ format were downloaded from NCBI SRA using the
SRA Toolkit (v3.0.0) [60]. Quality assessment was performed using FastQC (v0.11.9) to
evaluate per-base quality scores, GC content, sequence duplication, and adapter contamina-
tion [61]. Low-quality reads (Phred score < 20) and reads shorter than 50 bp were removed
using Trimmomatic (v0.39). Clean reads were retained for downstream analyses [62].
Adapter sequences and low-quality bases were removed, and reads with an average Phred
quality score below 20 or a length shorter than 50 bp after trimming were discarded.
The resulting high-quality clean reads were used for subsequent genome alignment and
transcriptomic analyses. Quality control statistics, including total reads, clean reads, and
retained read proportions, were summarized for each sample before downstream analysis.

4.4. Read Alignment and Expression Quantification

Clean reads were aligned to the Betula platyphylla reference genome using HISAT2
(v2.2.1) with default parameters. Alignment efficiency was evaluated based on the per-
centage of mapped reads and uniquely mapped reads for each sample. The aligned reads
were subsequently assigned to annotated genes using featureCounts (v2.0.3) to generate
gene-level raw read count matrices. Normalized expression values were calculated as
transcripts per million (TPM) to enable comparison of gene expression patterns among dif-
ferent samples and time points. The resulting expression matrix was used for downstream
differential expression analysis, functional enrichment analysis, and time-series expression
pattern analysis.

4.5. Differential Gene Expression Analysis

Differentially expressed genes (DEGs) were identified by comparing each NaCl-treated
time point (1, 3, 5, 9, 12, and 24 h) with the corresponding 0 h untreated control samples.
Differential expression analysis was performed using the DESeq2 package (v1.36.0) based
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on raw read count data. Genes with an absolute log2 fold change (11og2FC|) > 1 and a
false discovery rate (FDR) < 0.05 were considered significantly differentially expressed.
Upregulated and downregulated DEGs were identified separately for each time point.
Temporal changes in DEG numbers were visualized using bar plots, while volcano plots
and Venn diagrams were generated to illustrate the overall distribution and overlap of
salt-responsive genes across different treatment durations.

4.6. Functional Annotation and Pathway Enrichment

Gene Ontology (GO) enrichment analyses were performed using TBtools-1I (Toolbox
for Biologists), version 2.485 based on the identified DEGs. Significantly enriched GO terms
were determined using a false discovery rate (FDR) threshold of <0.05. Enriched biological
processes were classified according to their functional relevance to salt stress responses,
with particular emphasis on processes involved in ion transport and homeostasis, osmotic
adjustment, reactive oxygen species (ROS) metabolism, hormone signaling, and stress-
responsive regulation. For selected salt-responsive pathways, including SOS-mediated
ion transport regulation, ABA signaling, ROS scavenging pathways, and transcriptional
regulation networks, expression patterns of representative genes were further examined to
characterize their dynamic responses during salt treatment.

4.7. Time-Series Clustering

To characterize the dynamic transcriptional responses to salt stress, time-series clus-
tering of differentially expressed genes (DEGs) was performed using the Mfuzz package
(v2.58.0) based on fuzzy c-means clustering. Prior to clustering, TPM expression values
were transformed as log2(TPM + 1) and standardized to eliminate scale differences among
genes. The optimal fuzzification parameter (m) was estimated using the mestimate() func-
tion implemented in Mfuzz. To determine the appropriate number of clusters, a range
of cluster numbers (c = 8-25) was tested. Based on cluster separation, pattern stability,
and biological interpretability, 20 clusters were selected as the optimal clustering solution.
Each gene was assigned a membership value indicating its degree of association with
a given cluster. Genes with membership values greater than 0.5 were considered to be
reliably assigned and were retained for downstream analysis. According to the temporal
expression patterns of cluster centroids, the clusters were further grouped into three major
response phases, representing distinct stages of transcriptional regulation under salt stress
conditions. Functional enrichment analysis of genes within each cluster was performed
using the clusterProfiler package 4.8.1, and significantly enriched Gene Ontology (GO)
terms were identified with an adjusted p < 0.05.

5. Conclusions

In this study, a time-course transcriptomic reanalysis was conducted to investigate
the dynamic transcriptional responses of white birch to salt stress. The results reveal
that salt stress induces a clearly structured and phase-dependent transcriptional program,
characterized by rapid early stress perception, coordinated mid-phase metabolic and
hormonal reprogramming, and late-stage transcriptional stabilization associated with
physiological adaptation.

Integrated analyses further demonstrate that reactive oxygen species (ROS), salt overly
sensitive (SOS), and abscisic acid (ABA) signaling pathways are sequentially and coor-
dinately activated during salt stress. The temporal interplay among early ROS and Ca2*
signaling, mid-phase ABA-mediated signal transduction, and late SOS-dependent ion
homeostasis highlights an integrated regulatory network supporting salt tolerance in birch.
Together, these findings provide a dynamic transcriptional framework for understand-
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ing salt stress adaptation in woody plants and identify candidate genes and regulatory
processes for future functional validation.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/f17080919/s1. Figure S1. Principal component analysis (PCA) of
transcriptome profiles. Figure S2. Volcano plots of differentially expressed genes (DEGs) in white
birch at different time points under salt stress.
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