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Abstract

Members of the bZIP transcription factor family play critical roles in plant salt adaptation. In this study, transgenic poplar lines with overexpression (OE) and
RNA interference (RNAi) mediated suppression of PagbZIP60 were generated to investigate its function. Under salt stress, OE lines exhibited reduced growth,
whereas RNAi lines showed improved performance. Increased superoxide dismutase (SOD) activity, electrolyte leakage rate, Na* levels, malondialdehyde
and hydrogen peroxide (H,0,) contents, but decreased peroxidase (POD) and catalase (CAT) activities, and anthocyanin content were revealed in OE lines
compared with those in wild-type poplar (WT). OE lines also presented reductions in leaf number and area, increased stomatal density and aperture, and
diminished photosynthetic rate and water utilization efficiency (WUE), leading to a lower capacity for carbon assimilation. PagbZIP60 was found to decrease
salt tolerance and carbon sequestration capacity by impairing reactive oxygen species (ROS) scavenging and photosynthesis through negatively regulating
the expression of downstream genes (TT7, PMEI, MLP, SAUR, and bZIP61). This study provides a theoretical and experimental basis for poplar germplasm

development with enhanced salt tolerance and improved carbon sequestration capacity.
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Introduction

Plants encounter various abiotic stresses during their growth,
such as salt, drought, and extreme temperature stresses, which
adversely affect plant growth, development, and productivity!'l.
Among these factors, salt stress is a major abiotic stressor that exerts
detrimental effects through ion toxicity, osmotic imbalance, and
oxidative stressl?l. The combined effects of these mechanisms can
lead to stunted plant growth, chlorosis, impaired root development,
and ultimately death. Plant salt tolerance is intrinsically linked to
carbon sequestration capacity, which reflects the long-term ability
of plants to store carbon in biomass. Salt stress not only impairs
photosynthesis and carbon assimilation efficiency (the instanta-
neous CO, fixation process), but also reduces carbon sequestration
capacity by altering metabolic homeostasis and carbon allocation
patternsBl In photosynthetic carbon fixation, salt stress primarily
affects plants via stomatal and non-stomatal limitation. Stomatal
limitation occurs when elevated salinity triggers stomatal closure,
leading to decreased CO, uptake and reduced photosynthetic rate.
In contrast, non-stomatal limitation is characterized by structural
damage to chloroplasts and the impairment of essential enzymatic
activities>#l, For example, salt stress enhances osmotic solute accu-
mulation (e.g., sugars from starch breakdown), but reduces carbon
assimilation due to photosynthetic limitations in Thellungiella
halophila'.
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Salt-tolerant plants can maintain carbon assimilation through
several adaptive mechanisms to support long-term carbon seques-
tration. Osmotic adjustment through proline and compatible solute
accumulation preserves cellular hydration, although metabolic costs
are simultaneously observed. lon compartmentalization (e.g., vacuo-
lar Na+ sequestration) protects chloroplast function and helps
sustain photosynthesis. Meanwhile, strategic carbon reallocation
enhances belowground carbon storage potential, thereby support-
ing soil carbon sequestrationPl. Given the increasing severity of
global soil salinization and the growing demand to mitigate climate
change, the identification of key stress-responsive genes and the
development of salt-tolerant plant varieties through genetic engi-
neering have become increasingly prioritized!6-8l, Furthermore,
elucidating the molecular mechanisms underlying plant salt stress
responses will facilitate the development of strategies to enhance
stress tolerance, thereby contributing to food security and environ-
mental sustainability.

The bZIP (basic leucine zipper) transcription factors constitute a
conserved protein family that is ubiquitous in eukaryotes. Through
their characteristic basic regions and leucine zipper domains, they
specifically bind to cis-acting elements in promoters of target genes,
hence playing important roles in regulating plant responses to envi-
ronmental stresses®'%. The pepper bZIP transcription factor
CaADBZ1 is induced by dehydration and exogenous abscisic
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acid (ABA), and enhances plant drought tolerance through
ABA-dependent pathways. Specifically, CaADBZ1 overexpression
strengthens ABA signaling and activates dehydration-responsive
genes, improving plant survival under water-deficit conditions(''l.
PmbZIP31/36/41 are markedly upregulated during freezing stress,
but respond weakly to chilling stress, demonstrating functional
divergence in cold adaptation in Prunus mumel'2. Arabidopsis NAC
transcription factor ANAC096 interacts with ABF/AREB-type bZIP
transcription factors to coactivate ABA-responsive genes. This syner-
gistic regulation strengthens ABA signaling pathways and enhances
plant survival under osmotic stresses such as drought and
salinityl'3], Although numerous studies in poplar have focused on
identifying members of the bZIP gene family and analyzed their
expression patterns, their regulatory roles in salt stress responses
remain poorly understood'4'5], In particular, few studies have
examined the relationship between bZIP genes and carbon seques-
tration capacity in poplar, or the mechanisms by which bZIP
regulates salt tolerance through reactive oxygen species (ROS) scav-
enging. Elucidating these mechanisms is therefore essential for
developing poplar genotypes that can tolerate salt stress without
compromising carbon assimilation capacity; traits that are critical for
afforestation and sustainable bioenergy production.

Populus species are fast-growing and ecologically adaptable trees,
widely used in plantation forests worldwide. As a vital renewable
resource, they provide timber and bioenergy feedstock while also
supporting landscape restoration through afforestation. Their high
biomass productivity contributes significantly to carbon sequestra-
tion in terrestrial ecosystems. However, poplars are sensitive to envi-
ronmental stresses such as salinity and drought. Soil salinization
represents a major abiotic stress that severely limits poplar growth
and biomass productivity. Therefore, elucidating the molecular
mechanisms of salt stress responses in poplar is critical for advanc-
ing fundamental knowledge and providing a theoretical basis for
developing novel poplar varieties with enhanced carbon assimila-
tion capacity. Our previous study indicated that members of the
bZIP gene family played important roles in regulating poplar
growth, development, and salt stress responses through distinct
gene networks or biological processes. Some members may also
respond to salt or osmotic stress by regulating ion balancel'4.
Although AtbZIP60 mediates cellular salt stress responses in
Arabidopsis, the function of its poplar ortholog (PagbZIP60)
in growth, development, and stress resistance remains largely
uncharacterized!®.. In this study, we identified the salt-induced
gene PagbZIP60 and generated transgenic poplar lines with either
overexpression or RNA interference (RNAi)-mediated suppression of
PagbZIP60. Physiological and biochemical analyses demonstrated
that PagbZIP60 negatively modulates salt tolerance and carbon
assimilation capacity by impairing key physiological processes,
including ROS scavenging and photosynthesis. This work provides a
molecular basis for developing salt-tolerant poplar varieties, facili-
tates the afforestation of saline-alkali lands, and enhances carbon
sequestration in plantation forests.

Materials and methods

Plant materials and growth conditions

Both the 84K poplar (Populus alba x P. glandulosa) and Nicotiana
benthamiana used in this study were grown under controlled condi-
tions in the Forest Tree Genetics and Breeding Laboratory at Shanxi
Agricultural University. Growth parameters were maintained as
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follows: temperature at 25 °C, a 16 h light/8 h dark photoperiod, and
relative humidity at 60%—70%.

To investigate the function of PagbZIP60 in response to salt
stress, one-month-old tissue-cultured saplings (non-transgenic and
transgenic) were first acclimated in a hydroponic system containing
distilled water for an additional month. They were then trans-
planted into pots and grown in a greenhouse for 45 d. Previous
studies show that 150 mM NaCl imposes significant salt stress on
poplar seedlings without causing immediate lethality('7.18], There-
fore, plants were treated with 150 mM NaCl solution (N-group) for
10 d, while controls received distilled water (C-group). Root, stem,
and leaf tissues were separately harvested, flash-frozen in liquid
nitrogen, and stored at —80 °C for further analysis.

Gene cloning and poplar genetic transformation

Total RNA was extracted from 84K poplar leaves using the
RNAprep Pure Plant Kit (Tiangen Biotech, Beijing), following the
manufacturer's instructions. cDNA was synthesized, and PagbZIP60
(GenBank number PX842721) was cloned based on the homolo-
gous PtrbZIP60 (Potri.005G257900) transcript sequence retrieved
from the Phytozome database (https://phytozome-next.jgi.doe.
gov/). Primers bZIP60-F/R, synthesized by Tsingke Biotech (Beijing,
China), were used for amplification (Supplementary Table S1).

For the PagbZIP60 overexpression vector, the pBI121-GFP vector
was digested with Sma | and Spe | enzymes, and then ligated with
the PagbZIP60 fragment (amplified using primers PagbZIP60-121-
F/R) to generate the recombinant pBI121-PagbZIP60-GFP construct
(Supplementary Fig. S1a). A BLAST-verified, unique fragment of
PagbZIP60, lacking conserved domains, was selected as the RNAi
target to ensure specificity. The sense fragment was cloned into
pROKII via Xba | and Sma | restriction sites, while the antisense frag-
ment was inserted using Spe | and Sac | sites (Supplementary Fig.
S1b) yielding the final pROKII-RNAi-PagbZIP60 recombinant vector.
Both the PagbZIP60 overexpression (OE) and RNAi recombinant
vectors were successfully transferred into Agrobacterium tumefa-
ciens strain EHA105 via the freeze-thaw method. Transgenic poplar
lines with either PagbZIP60 overexpression or suppression were
generated through Agrobacterium-mediated leaf disc transforma-
tion. Positive transgenic lines were selected on 1/2 Murashige and
Skoog (MS) medium containing 50 mg/L kanamycin, and transgenic
lines were validated by PCR and RT-qPCR.

Protein alignment and tertiary structure

Amino acid sequences of PagbZIP60 homologs were identified by
BLAST searches and downloaded from NCBI (https://ncbi.nlm.nih.
gov/). Multiple sequence alignment was conducted using the
ClustalW algorithm implemented in BioEdit 7.0.9.1 with default
parameters, and the protein tertiary structure was predicted by
homology modeling using SWISS-MODEL (https://swissmodel.
expasy.org/).

RNA extraction and RT-qPCR

Leaves from transgenic poplar lines were harvested for RNA
extraction. RT-qPCR analysis was performed using the CFX Duet
Real-Time PCR System (Bio-Rad, California, USA) and SuperReal
PreMix Kit (SYBR Green, Tiangen, Beijing, China). The expression
level of each transcript was normalized to internal reference genes
Actin and UBQ in each sample. The relative expression of the target
gene was quantified via the 2-2ACT method!'9l. The primers used in
this study are listed in Supplementary Table S1.
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Subcellular localization

To determine the subcellular localization of the PagbZIP60
protein, the pBI121-PagbZIP60-GFP vector containing the 35S
promoter and the full coding sequence of PagbZIP60 was prepared.
The 35S:mKATE-NLS vector fused with a nuclear localization signal
(NLS) was used as a nuclear marker2l, Agrobacterium tumefaciens
strains carrying pBI121-PagbZIP60-GFP or 35S:GFP (control) were
each mixed with the 35S:mKATE-NLS strain at a 1:1 ratio. The
mixtures were then infiltrated into Nicotiana benthamiana leaves.
After 48 h incubation in darkness, fluorescence signals were exam-
ined under a confocal microscope (Olympus FV1000, Japan) to visu-
alize the PagbZIP60-GFP fusion protein localization.

Transcriptional activation activity

To assess transcriptional activation activity, PagbZIP60 was cloned
into the pGBKT7 vector using EcoR | and Sal | restriction sites with
primers PagbZIP60-BD-F/R (Supplementary Table S1). The recombi-
nant pGBKT7-PagbZIP60, empty pGBKT7, and positive control
plasmids (pGBKT7-53/pGADT7-T co-transformed plasmids) were
individually transformed into the Y2HGold yeast strain. Trans-
formed yeast cells were plated on SD/-Trp, and SD/-Trp/-His/-Ade/X-
a-Gal media to evaluate their growth phenotypes2'l.

Morphological indicators

Morphological traits of transgenic and wild-type (WT) 84K poplar
lines were quantified. Plant height was measured with a ruler, and
basal stem diameter was measured with a vernier caliper. Leaf
length and width were measured using a leaf area scanner (TOP
CloudAgri, Zhejiang, China). Roots were scanned with an Epson
Perfection V750 Pro scanner (Epson, China), and parameters (length,
diameter, area, volume) were analyzed using WinRHIZO software
(Regent Instrument, Canada). At least six biological replicates per
line were used to ensure experimental reliability.

Photosynthesis-related Indicators

Between 9:00 and 11:00 a.m., the 3™ to 5t leaves of each plant
were selected for photosynthetic measurement using an infrared
gas analyzer (LI-6400; LI-COR, Lincoln, NE, USA). Parameters were set
as follows: leaf temperature at 25 °C, photosynthetically active radia-
tion (PAR) at 1,500 umol/(mZ2-s), and a flow rate of 500 umol/sl?2. Net
photosynthetic rate (Pn, umol/[m2s]), stomatal conductance (Gs,
mmol/[mZs]), and transpiration rate (Tr, mmol/[m2s]) were
recorded. Instantaneous water utilization efficiency (WUE) was
calculated as the ratio of Pn to Tr (WUE = Pn/Tr, umol/mmol).
Six biological replicates per treatment were used to ensure data
reliability.

Stress-related physiological indicators

The activities of enzymes, including superoxide dismutase (SOD),
peroxidase (POD), and catalase (CAT), as well as the contents of
malondialdehyde (MDA), soluble sugars, soluble proteins, and
anthocyanins in plant leaves were measured spectrophotometri-
cally before, and after stress treatment. SOD, POD, and CAT
activities were determined using established spectrophotometric
methods based on NBT photoreduction inhibition, guaiacol oxida-
tion, and hydrogen peroxide (H,0,) decomposition, respectively,
while MDA content was quantified using the thiobarbituric acid
(TBA) method. Soluble sugars, soluble proteins, and anthocyanins
were measured according to standard colorimetric methods. Leaf
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relative electrical conductivity was quantified with a conductivity
meter. Relative electrolyte leakage (%) was calculated as the ratio of
initial to total conductivity after boiling. Proline and H,0, contents
were assayed using kits (Nanjing Jiancheng Bioengineering
Institute, China). Superoxide anion (O,) content was determined
with a kit (Beijing Solarbio Science & Technology Co., Ltd., China),
following the manufacturer's instructions. Hydrogen peroxide
accumulation was cross-validated by 3,3'-diaminobenzidine (DAB)
histochemical staining. Brown precipitates indicate in situ H,0,
accumulation in leaf tissues.

Na* and K* content

Leaves were rinsed with distilled water, dried, and enzyme-
inactivated at 105 °C. After drying at 65 °C to constant weight, 2.5 g
samples were weighed into polytetrafluoroethylene digestion
tubes. Then, 5 mL of concentrated nitric acid (HNO;, 65%—68%) and
2 mL of hydrogen peroxide (H,0,, 30%) were added, followed by
vortex mixing. Digestion proceeded with sequential temperature
ramping: 100 °C (60 s) to 140 °C (60 s), and finally to 180 °C (10 min).
Digests were diluted to 50 mL with deionized water, filtered through
Whatman filter membranes and analyzed for Na*/K* using the
NovAA400P atomic absorption spectrometer (Analytik Jena,
Germany)z3,

Carbon sequestration capacity

Plants assimilate atmospheric CO, (inorganic carbon) into organic
carbon (e.g., glucose, cellulose) via photosynthesis. This organic
carbon constitutes plant biomass (cell walls, starch, lipids) and
serves as energy storage. To assess carbon sequestration capacity,
we quantified total organic carbon (TOC) in poplar. Terminal buds
were subcultured for 35 d in 1/2 MS medium containing 0 or 50 mM
NaCl (20 biological replicates per line). Uniformly vigorous plants
were subjected to enzyme inactivation (105 °C, 15 min), drying
(80 °C to constant weight), and ball-mill grinding. Samples were
acid-washed (1 M HCI, 24 h) to remove inorganic carbon. Aliquots
(10 mg) were combusted at 850 °C for 5 min in preheated furnaces.
TOC content was determined using a Multi N/C 2100 analyzer
(Analytik Jena AG, Germany) with Potassium Hydrogen Phthalate
(KHP) standards (0—1,000 mg C/L) and quartz crucible blanks24,

Stomatal morphology

Apical shoots with 2—3 leaves were excised and rooted in medium
containing 0 or 50 mM NaCl for one month. Then the abaxial surface
of mature functional leaves was coated with nail polish. Stomatal
impressions were transferred using transparent adhesive tape to
prepare temporary slides?’l. Slides were examined under an
Olympus CX31RTSF microscope (Japan), and stomatal density and
aperture of open stomata were quantified with ImageJ softwarel29l,
For stomatal aperture measurement, the width of the stomatal pore
(transverse aperture) of fully expanded open stomata was measured
in randomly selected microscopic fields. Stomatal density was calcu-
lated as the number of stomata per unit leaf area (stomata/mm?2) by
counting three randomly selected fields per leaf using ImageJ soft-
ware. Twelve biological replicates per line were used to ensure
experimental accuracy.

Fiber cell length
Stem segments (7t nodes, 1cm) from transgenic and WT plants
were sectioned. Segments were incubated in 30% H,0,: glacial
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acetic acid (1:1 v/v) at 60 °C for 24-36 h. After rinsing with
deionized water, samples were stained with 0.1% safranine O. Fiber
cell lengths in secondary xylem were measured using an Olympus
CX31RTSF microscope (Japan) with ImageJ software, analyzing = 12
biological replicates per linel27],

RNA-seq

Total RNA was extracted from leaves of 35-d-old OE and WT
plants (n = 3 biological replicates). RNA integrity (Supplementary
Table S2) was assessed using a Qsep400 High-throughput Biological
Fragment Analyzer (Taiwan, China). Libraries (insert size: 250—
350 bp) were sequenced on the BGI platform by Metware Biotech-
nology Co. (Wuhan, China)[28.. Each sample yielded =6 Gb of clean
data (total 46.15 Gb), with Q30 = 94%, and GC content of 40%—60%.
Clean reads were aligned to the Populus trichocarpa v4.1 reference
genome (JGI: https://genome.jgi.doe.gov/portal/pages/dynamicOr-
ganismDownload.jsf?organism=Ptrichocarpa) using the HISAT2
softwarel?, The overall mapping rate ranged from 77.24% to
77.66%, with unique mapping rates between 75.25% and 75.63%
across all samples. Genes with an adjusted |log,(FoldChange)| =1
and an FDR < 0.05, as determined by DESeq2, were classified as
differentially expressed genes (DEGs)B%. The FPKM (fragments per
kilobase of transcript per million mapped reads) values for each
gene were calculated based on its length and the number of reads
mapped to it. Using the clusterProfiler software, we performed GO
(Gene Ontology) term, and KEGG (Kyoto Encyclopedia of Genes and
Genomes) pathway enrichment analyses on the set of DEGsB'L. A
significance threshold of padj < 0.05 was applied.

Twenty non-transgenic 84K soil-grown seedlings (60 d old with
uniform growth status) were subjected to 150 mM NaCl for 24 h.
Roots, stems, leaves, and buds were separately harvested for tran-
scriptome sequencing to examine the expression patterns of target
genes.

Yeast one-hybrid assay

The PagbZIP60 coding sequence was directionally cloned into
pPGADT7-Rec2 in-frame with the GAL4 activation domain, generat-
ing the prey fusion proteinB2, For bait construction, a triple-repeat
conserved cis-element was synthesized and inserted into the pHis2
vector upstream of the minimal promoter. Prey and bait plasmids
were cotransformed into Y187 yeast cells. In this yeast one-hybrid
(YTH) system, binding of the PagbZIP60-GAL4 activation domain
fusion protein to the cis-element recruits the transcriptional appara-
tus to the minimal promoter, thereby activating the HIS3 reporter
gene. Yeast growth on histidine-deficient selective media supple-
mented with an appropriate concentration of 3-amino-1,2,4-triazole
(3-AT) directly reflects the protein-DNA interaction, providing a
functional readout of the binding specificity of PaghZIP60 to the
target cis-element. Y1H assays followed the manufacturer's protocol
(Y187-pHis2 Interaction Validation Kit, Coolaber, China).

Dual luciferase reporter assay

The full-length coding sequence of PagbZIP60 was cloned and
ligated into the effector vector pGreenll 62-SK, while 5x tandem
copies of cis-elements were tandemly inserted into the reporter
vector pGreenll 0800-LUC. The constructs were transformed into
Agrobacterium strains GV3101 and co-infiltrated into Nicotiana
benthamiana leaves. After 72 h, the LUC signals were detected with
a luminescence imaging systemB3l, Following the measurement of
FLUC and RLUC activities using the Dual Luciferase Reporter
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Gene Assay Kit (Coolaber, China), relative luciferase activity was
calculated as the FLUC/RLUC ratiol'”], The values were normalized to
the control group, and the data was expressed as normalized rela-
tive luciferase activity.

Promoter motif analysis

The presence of ABRE cis-regulatory elements in the promoters of
candidate genes was analyzed using the Basic Biosequence View
tool in TBtools (v2.0) with its built-in motif database. The 2,000 bp
sequence upstream of the translation initiation codon of PagbZIP60
was defined as the promoter region, which was then submitted to
the tool for motif scanning with default parameters.

Data analysis

Statistical analyses were performed using GraphPad Prism 9. One-
way ANOVA followed by Tukey's HSD test was applied to determine
significance among samples, with significance defined at p < 0.05.

Results

PagbZIP60 exhibited salt-responsive and tissue-
specific expression patterns

To characterize the expression pattern of PagbZIP60, RNA-seq was
performed on 60-d-old non-transgenic 84K poplar seedlings
subjected to 150 mM NaCl. Under control conditions, PagbZIP60
displayed tissue-specific expression, with the highest expression
level in roots and the lowest in buds. Under salt stress, PagbZIP60
was significantly induced in buds, leaves, and stems (Fig. 1a). RT-
gPCR result demonstrated that PagbZIP60 was also significantly
upregulated in roots under salt stress (Fig. 1b). In summary,
PagbZIP60 was induced by salt stress in a tissue-specific manner,
with the strongest expression observed in buds and leaves.

To further elucidate the biological function of PagbZIP60, we
cloned the PagbZIP60 gene from 84K poplar leaves. The full-length
coding sequence (CDS) of PagbZIP60 comprised 921 base pairs,
encoding a protein of 306 amino acids (Supplementary Fig. S2a).
Notably, it exhibited a high similarity to PtrbZIP60 (XP_002307824)
from P. trichocarpa, with only one amino acid difference in the
conserved bZIP domain (Fig. 1¢, d). Furthermore, the tertiary struc-
ture of PagbZIP60 primarily consisted of random coils and a-helices,
and contained a conserved bZIP_HY5-like domain (Supplementary
Fig. S3). Transcriptional activation analysis in yeast cells revealed
that the PagbZIP60 protein did not exhibit transcriptional activation
activity in yeast (Fig. 1e). PagbZIP60 was predominantly localized in
the nucleus and cytoplasm, as determined by transient expression
of a GFP fusion protein in tobacco leaves (Fig. 1f).

PagbZIP60 inhibited poplar growth and
development

The Agrobacterium-mediated leaf disc transformation method
was employed to generate transgenic poplar lines overexpressing or
suppressing PagbZIP60 (Supplementary Fig. S2b, S2c). The positive
transgenic lines were confirmed using PCR and RT-gPCR techniques
at both the DNA and RNA levels. The results of these analyses
revealed the successful generation of three PagbZIP60 overexpres-
sion lines (Supplementary Fig. S2d, S2e) and three RNAi lines,
respectively (Supplementary Fig. S2f, S2g). Based on significant
differences in PagbZIP60 expression levels compared to the WT,
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Fig. 1 Gene expression and protein characterization of PagbZIP60. (a) Expression pattern of PagbZIP60 in different tissues of poplar under 150 mM NadCl,
detected by RNA-seq. The stars indicate significant differences between samples, * p < 0.05, ** p < 0.01, *** p < 0.001. (b) Expression pattern of PagbZIP60
in different tissues of poplar under 150 mM NaCl, detected by RT-gPCR. (c) Phylogenetic tree of PagbZIP60 and representative plant bZIP proteins. (d)
Multiple alignment of the bZIP conserved domain in PagbZIP60. (e) Transactivation assay of PagbZIP60 in yeast cells. (f) Subcellular localization of
PagbZIP60 protein in tobacco leaves. GFP: green fluorescence; mKATE: nucleus marker; Chl.: chloroplast marker; Bright: bright field; Merged: merged field;

Bar: 20 um.
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two overexpression lines (OE-1 and OE-2) and two RNAi lines
(RNAIi-1 and RNAI-2) showing the highest overexpression or knock-
down efficiency were selected for further investigation.

To investigate the role of PagbZIP60 in poplar growth and devel-
opment, growth phenotypes of transgenic lines were monitored.
One-month-old tissue-cultured seedlings were transplanted into
pots following hydroponic acclimation and a 20-d recovery phase.
Under these conditions, OE lines exhibited significantly weaker
growth, whereas RNAi lines showed enhanced growth compared to
WT (Fig. 2a—d). By the 40t d post-transplantation, the plant height,
basal stem diameter, and leaf number of OE lines gradually
converged toward WT levels. In contrast, the RNAi lines continued to
significantly outperform WT, with an approximately two-fold higher
leaf number compared to OE lines.

PagbZIP60 amplified salt-induced leaf
phenotypes

To assess salt stress response, 45-d-old potted seedlings were
subjected to 150 mM NaCl for 10 d. The leaves of the OE lines wilted
first, followed by those of WT, whereas leaves of RNAi lines showed
minimal wilting or chlorosis (Fig. 3a). No lines exhibited significant
increases in height or diameter during the treatment, indicating
growth ceases under salt stress (Fig. 3b, c). Furthermore, salt stress
caused severe leaf dehydration and shrinkage, which was more
pronounced in OE lines (Fig. 3d). Notably, under salt stress, the
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length and width of OE leaves were significantly reduced compared
to non-stressed controls (Fig. 3e, f). These results indicated that
PagbZIP60 overexpression conferred hypersensitivity to salt stress,
resulting in pronounced stress-related leaf phenotypes.

To characterize root phenotypes under salt stress, plants were
cultured on rooting medium with 50 mM NaCl for 30 d. Under
normal conditions, OE lines had significantly greater total root
length, surface area, and total volume than those of WT, while no
clear pattern was observed between RNAi lines and the WT
(Fig. 4a—e). After salt stress, all root parameters declined across lines;
however, OE lines maintained significantly higher values than the
WT for metrics including average diameter. These findings
suggested that PagbZIP60 overexpression promoted root growth in
poplar, even under conditions of short-term salt stress.

PagbZIP60 triggered oxidative damage in leaves

Given the heightened sensitivity of OE line leaves to salt stress,
we examined associated changes in physiological and biochemical
indicators. Under normal conditions, DAB staining intensity in trans-
genic plants was comparable to WT, indicating the absence of
oxidative stress (Fig. 5a). Under salt stress, OE leaves exhibited
significantly higher DAB staining intensity than WT, whereas RNAi
leaves showed significantly lower intensity. Furthermore, H,0,
and O,~ contents in OE leaves were 16.50%-21.30%, and
5.79%—-9.40% higher, relative to WT; conversely, those in RNAi
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Fig. 2 The growth status of PagbZIP60 transgenic poplar under normal conditions. (a) The growth status of PagbZIP60 transgenic poplar under normal
conditions. (b) Plant height, (c) ground diameter, and (d) number of leaves of PagbZIP60 transgenic poplar at different developmental stages. The stars
indicate significant differences between PagbZIP60 transgenic poplar and non-transgenic poplar at the same developmental stage (p < 0.05), * p < 0.05, *
m p < 0.07, *** p < 0.001. The plot represents the mean + SD (n = 6). OE: PagbZIP60 overexpression lines, RNAi: PagbZIP60 suppression lines, WT: non-

transgenic poplar. Scale bars, 1 cm.
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Fig. 3 The growth status of PagbZIP60 transgenic poplar under salt stress (150 mM NaCl) conditions. (a) The growth status of PagbZIP60 transgenic
poplar. (b) Plant height, and (c) ground diameter of PagbZIP60 transgenic poplar. (d) The status of mature functional leaves of PagbZIP60 transgenic
poplar. (e) Leaf length, and (f) leaf width of PagbZIP60 transgenic poplar. The different lowercase letters indicate significant differences among samples
(p < 0.05). The plot represents the mean + SD (n = 6). OE: PagbZIP60 overexpression lines, RNAi: PagbZIP60 suppression lines, WT: non-transgenic poplar, C:
normal control growth condition, N: salt stress with NaCl condition. C-OE-1 represents overexpression line 1 under normal conditions; N-OE-1 represents
the same line under salt stress. The same nomenclature applies to other abbreviations. Bars: 1 cm.

leaves were 19.50%—-27% and 25.39%—-27.63% lower compared to  under normal conditions, and this disparity increased under salt

WT, respectively (Fig. 5b, c).

Under salt stress, SOD activity and MDA content in OE lines were
much higher than those in WT, whereas both parameters were
reduced in RNAi lines (Fig. 5d, e). However, POD activity showed the
opposite trend to that of SOD and MDA (Fig. 5f). CAT activity
(Fig. 5g) and proline content (Fig. 6a) were slightly lower in OE lines

Zhang et al. Forestry Research 2026, 6: e014

stress. In contrast, no significant differences were observed in elec-
trolyte leakage or soluble protein content across lines (Fig. 6b, c).
Notably, soluble sugar and anthocyanin levels were highest in OE
lines under normal conditions, but these showed an opposite
pattern under salt stress, with OE lines exhibiting the lowest
contents (Fig. 6d, e).
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Fig. 4 Root system phenotype analysis of PagbZIP60 transgenic poplar under salt stress. (a) The root status of PagbZIP60 transgenic poplar grown in the
1/2 MS medium containing 50 mM NaCl for 30 d. (b) Total root length, (c) root surface area, (d) root volume, and (e) average diameter of PagbZIP60
transgenic poplar in the 1/2 MS media containing 50 mM NaCl for 30 d. The different lowercase letters indicate significant differences among samples (p <
0.05). The plot represents the mean + SD (n = 6). OE: PagbZIP60 overexpression lines, RNAi: PagbZIP60 suppression lines, WT: non-transgenic poplar, C:
normal control growth condition, N: salt stress with NaCl condition. C-OE-1 represents overexpression line 1 under normal conditions; N-OE-1 represents
the same line under salt stress. The same nomenclature applies to other abbreviations. Bars: 1 cm.

PagbZIP60 disrupted K*/Na* homeostasis conditions, OE lines showed the highest Na* content, whereas RNAi
The balance between K* and Na* contents is crucial for cellular  lines displayed the lowest (Fig. 6f). Upon salt stress, Nat content
osmotic regulation and water retention in plants. Under normal increased significantly in all lines with OE lines maintaining the
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Fig. 5 Antioxidative physiological indices in PagbZIP60 transgenic poplar under salt stress. (a) Diaminobenzidine (DAB) histological staining of the mature
functional leaves of PagbZIP60 transgenic poplar grown in the pots with 150 mM NaCl for 10 d. (b) Hydrogen peroxide (H,0,), and (c) superoxide anion
0,7) content of the mature functional leaves. (d) Superoxide (SOD), (e) malondialdehyde (MDA) content, (f) peroxidase (POD), and (g) catalase (CAT)
activities. The different lowercase letters indicate significant differences among samples (p < 0.05). The plot represents the mean + SD (n = 6). OE:
PagbZIP60 overexpression lines, RNAi: PagbZIP60 suppression lines, WT: non-transgenic poplar, C: normal control growth condition, N: salt stress with
NaCl condition. C-OE-1 represents overexpression line 1 under normal conditions; N-OE-1 represents the same line under salt stress. The same
nomenclature applies to other abbreviations.

highest, which suggested impaired Na* export capacity (Fig. 6g).  PagbZIP60 mediated ion imbalance and impaired osmotic regula-
Specifically, OE lines had the lowest K*/Na* ratio, suggesting that  tion in poplar.
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Fig. 6 Osmotic regulation, ion balance and carbon fixation capacity under salt stress in PagbZIP60 transgenic poplar. (a) Proline content, (b) electrolyte
leakage, (c) soluble protein content, (d) soluble sugar content, and (e) anthocyanins content. (f) The contents of Na* and (g) ratio of K* to Na*. (h) Carbon
sequestration capacity of whole plants detected by 20 biological replicates per line. The different lowercase letters indicate significant differences among
samples (p < 0.05). The plot represents the mean + SD (n = 6). OE: PagbZIP60 overexpression lines, RNAi: PagbZIP60 suppression lines, WT: non-transgenic
poplar, C: normal control growth condition, N: salt stress with NaCl condition. C-OE-1 represents overexpression line 1 under normal conditions; N-OE-1
represents the same line under salt stress. The same nomenclature applies to other abbreviations.

PagbZIP60 limited carbon assimilation capacity
To explore the function of PagbZIP60 in carbon sequestration, we
compared TOC contents among transgenic lines. Under non-salt
conditions, OE lines showed the lowest carbon sequestration capac-
ity, whereas RNAi lines exhibited significantly higher capacity
compared to WT (Fig. 6h). Under salt stress, this trend persisted, with
RNAI lines exhibiting a further increase in carbon sequestration
capacity. To further elucidate how PagbZIP60 regulates poplar
carbon sequestration, we analyzed leaf photosynthesis. Stomatal
morphology analysis showed that under normal conditions, OE lines
had significantly lower stomatal density than WT and RNAi lines,
respectively. However, under salt stress, OE lines exhibited higher
stomatal density and larger stomatal apertures compared with WT
and RNAi lines (Fig. 7a—c). During salt stress, net photosynthetic
rates declined in all lines after 3 d (Fig. 7d). From day 6, however,
RNAI lines maintained a higher photosynthetic rate but lower tran-
spiration rate compared with WT, which indicated elevated WUE
in RNAi lines (Fig. 7e, f). Additionally, OE lines exhibited higher
stomatal conductance compared with WT, whereas RNAi lines
displayed a lo, wer level during the first 6 d of treatment (Fig. 7g).
These results demonstrated that PagbZIP60 suppression enhanced
photosynthetic efficiency and reduced transpiration rates, thereby
establishing a mechanistic link between improved photosynthetic
performance and elevated carbon sequestration capacity in poplar.
Analysis of stem anatomy revealed that under control conditions,
the wood fiber lengths in the OE-1 and OE-2 lines were shorter by
approximately 4.84% and 0.55% relative to WT (Fig. 7h, i), but those
in RNAi-1 and RNAI-2 lines were approximately 4.83% and 0.18%
longer, respectively. This pattern remained stable under salt stress.
Unfortunately, none of these differences achieved statistical signifi-
cance, and paraffin section analysis of stem cross-section reveal-
ed no significant differences among lines (Supplementary Fig. S4).
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PagbZIP60 participated in antioxidant biological
processes

RNA-Seq analysis of leaves from OE and WT lines revealed 97
upregulated and 197 downregulated DEGs (Supplementary Fig.
S5a). KEGG analysis showed that these DEGs participated in various
processes, including cellular processes, environmental information
processing, and metabolism (Supplementary Fig. S5b). GO analysis
indicated significantly enriched terms, such as cellular/metabolic
processes, binding/catalytic activities, response to stimulus, devel-
opment process, negative regulation of biological processes,
growth, and antioxidant activity (Supplementary Fig. S5c). Particu-
larly, DEGs like TT7, PMEI, MLP, SAUR, UGT73B, and bZIP61 were
involved in the carbohydrate metabolism and antioxidant biologi-
cal processes of poplar. Their expression patterns, verified by RT-
gPCR, indicated that PagbZIP60 may negatively regulate these
potential target genes (PTGs), except for UGT73B (Supplementary
Fig. S6a, S6b; Supplementary Table S1).

bZIPs recognize motifs centered on ACGT, known as ABRE and the
unfolded protein response element (UPRE)34. ABRE and UPRE
elements in the promoters of the PTGs were computationally
predicted (Supplementary Fig. S6¢). The Y1H assay results showed
that the interaction between PagbZIP60 and ABRE/UPRE elements
supported yeast growth on the 3-AT selection medium, even at
reduced yeast concentrations (Fig. 8a). To verify the inhibitory effect
of PagbZIP60 on these PTGs via binding to ABRE/UPRE motifs in
their promoters, we genetically fused the coding sequence of
PagbZIP60 to the effector vector and constructed a reporter vector
containing five tandem repeats of ABRE/UPRE for LUC assay
(Fig. 8b). These results demonstrated that PagbZIP60 significantly
repressed the downstream reporter gene activity by specifically
recognizing and binding to ABRE/UPRE motifs (Fig. 8¢, d). Collec-
tively, PagbZIP60 repressed the expression of these PTGs through its

Zhang et al. Forestry Research 2026, 6: €014
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Fig. 7 Photosynthesis indicators and fiber traits of PagbZIP60 transgenic poplar under salt stress conditions. (a) Stomatal morphology of PagbZIP60
transgenic poplar. (b) Density, and (c) aperture of open stomata. (d) Net photosynthetic rate, (e) transpiration rate, (f) water utilization efficiency, and (g)
stomatal conductance of leaves. (h) Fiber morphology and length of the stems. The different lowercase letters indicate significant differences among
samples (p < 0.05, [b], [c], [i]). The stars indicate significant differences between PagbZIP60 transgenic poplar and non-transgenic poplar at the same
developmental stage (p < 0.05, [d]-[g]). * p < 0.05, ** p < 0.01, and *** p < 0.001. The plot represents the mean + SD (n = 6). OE: PagbZIP60 overexpression
lines, RNAi: PagbZIP60 suppression lines, WT: non-transgenic poplar, C: normal control growth condition, N: salt stress with NaCl condition. C-OE-1
represents overexpression line 1 under normal conditions; N-OE-1 represents the same line under salt stress. The same nomenclature applies to other
abbreviations. Bar: 50 um.
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and histidine (SD/-His/-Leu/-Trp), with 3-AT (3-amino-1,2,4-triazole). Positive control: p53-His2 + AD-53; Negative control: p53-His2 + AD-empty, UPRE-
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LUC vector, respectively. (c) Dual luciferase assays of PagbZIP60 and (d) cis-elements (UPRE/ABRE) by transient expression in tobacco leaves. (e) A model of
the mechanism by which PagbZIP60 regulates salt tolerance and carbon assimilation by impairing ROS scavenging and ion homeostasis in poplar. The
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Tukey's post hoc test. Asterisks denote statistically significant differences (p < 0.05), * p < 0.05, ** p < 0.01, *** p < 0.001.

interaction with ABRE/UPRE elements in their promoters, thereby
regulating growth and antioxidant responses in poplar.

Discussion

Salt stress poses a significant challenge to plant growth and
development by severely disrupting the dynamic balance of ions
within plant cells, which leads to membrane damage and cell
deathB3), ultimately interfering with the dynamic balance between
ROS accumulation and scavenging within cellsB%. As a conse-
quence, plants experience oxidative stress, which further exacer-
bates cellular damage. Additionally, the photosynthetic apparatus is
adversely affected by salt stress, impairing their ability to efficiently
convert light energy into chemical energy37.. In the context of plant
responses to salt stress, bZIPs have emerged as key regulators'. In
this study, expression pattern analysis revealed that PagbZIP60
exhibited tissue-specific expression in response to salt stress,
suggesting a crucial role in regulating salt tolerance as well as
growth and development in poplar.

Growth measurements showed that the vegetative growth,
reflected by the plant height and basal stem diameter, was reduced
in the OE lines, but RNAi lines displayed the opposite trend
compared with WT plants. This aligned with reports that some bZIPs
inhibited stem internode elongationB38. In addition, although
PagbZIP60 was induced by salt stress in the above-ground tissues, its
overexpression resulted in greater sensitivity to salt stress. DAB
staining revealed that OE leaves accumulated the highest ROS levels
(darkest stain), whereas RNAi leaves accumulated the lowest. As
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antioxidant proteins, SOD, POD, and CAT constitute a primary
defense against stress to reduce ROS accumulation9, Under salt
stress, the activity of the SOD enzyme in OE lines was notably
elevated, which may facilitate the dismutation of O,~ into H,0, and
O.,. This, in turn, resulted in an increased concentration of H,0, in OE
lines. Meanwhile, comparatively low levels of POD and CAT in OE
lines may be insufficient to catalyze the decomposition of H,0,
promptly, leading to ROS accumulation and oxidative damage
(Fig. 8e). As a secondary metabolite, anthocyanin plays a role in
enhancing plant stress tolerance by neutralizing free radicals and
mitigating oxidative damage®?. For example, BONAC019 reduced
anthocyanin accumulation by suppressing the expression of genes
involved in anthocyanin synthesis“l, This reduction in anthocyanin
led to an increase in ROS and consequently resulted in a decrease in
drought resistance in cabbage flowers. Consistent with this result,
OE lines had low levels of anthocyanins, which led to their reduced
tolerance to salt stress. Salt stress also damages cell membranes,
resulting in the leakage of cellular electrolytes. Meanwhile, MDA, a
byproduct of lipid peroxidation, and the rate of electrolyte leakage
are both crucial indicators of cell membrane damage!“2. Under such
conditions, OE plants demonstrated elevated electrolyte leakage
and MDA levels, whereas RNAI lines showed reduced levels of both
parameters. These results indicated that PagbZIP60 negatively regu-
lated salt tolerance in poplar by promoting ROS accumulation and
lipid peroxidation.

Indeed, under salt stress, an increase in the intracellular Na* level
can lead to ion imbalance and toxicity within plants!*3l. Research has
indicated that the expression of certain genes, such as FcWRKY40,
can enhance the salt tolerance of transgenic plants by preserving
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cellular ion homeostasisi*4. AtbZIP62 negatively regulates Na*
excretion, thereby modulating the antioxidant response and
enhancing salt tolerance in Arabidopsis®®l. In our study, OE lines
exhibited higher Na* content, indicating that PagbZIP60 impaired
Na+* efflux, resulting in intracellular Na* accumulation. Although this
diminished Na* efflux strategy can help provide sufficient Na* under
low-salt conditions, it exacerbates Na* toxicity in high-salinity envi-
ronments. Maintaining the balance between K* and Na* within cells
is critical for plant growth under abiotic stress“6l. A high K*/Na* ratio
is beneficial as it can mitigate the toxic effects of Na*, thus improv-
ing salt tolerance!’). However, OE lines showed a low K*/Na* ratio,
indicative of disrupted ion homeostasis. These observations demon-
strated that PagbZIP60 negatively regulated salt tolerance in poplar
by impairing ion homeostasis, which is a key factor in plant response
to saline conditions.

Enhancing afforestation and the carbon sequestration capacity of
trees in saline-alkali lands represents a crucial step toward address-
ing global climate change. Our analysis revealed that under salt-
stress conditions, OE lines exhibited higher soluble sugar content
than WT plants; however, their ability to sequester carbon was
significantly lower than that of WT. These findings demonstrated
that OE lines reprogrammed carbon partitioning to accumulate
soluble sugars, diverting resources from growth processes to priori-
tize survival8l, Conversely, RNAI lines not only had a significantly
higher soluble sugar content but also exhibited a superior carbon
sequestration capacity. These findings suggested that suppressing
the expression of PagbZIP60 can enhance both the salt tolerance
and the carbon sequestration capacity of poplar. The enhancement
of plant carbon sequestration capacity is indeed closely linked to
photosynthesis, which is the primary process through which plants
capture CO, and convert it into organic matter®l. In the context of
our study, RNAi lines showed a significant increase in photosyn-
thetic rate and WUE under salt stress, highlighting a physiological
mechanism that underlies their enhanced growth and carbon accu-
mulation under saline conditions.

Stomatal movement is regulated by a complex signaling network
integrating both endogenous and environmental cues, including
the concerted action of signaling proteins, ROS-generating
enzymes, and downstream effectors, thereby controlling guard cell
turgorBYl, The earliest hallmarks of stomatal closure are ROS accu-
mulation in the apoplast and chloroplasts accompanied by a
consecutive rise in cytosolic Ca2* levels, which modulate multiple
kinases and regulate ROS-generating enzymes and ion channels'l,
In addition, ROS directly modulates the function of numerous
proteins via oxidative post-translational modifications and fine-
tuning guard cell signaling®?. Stomatal regulation of gas exchange
between the leaf and atmosphere controls CO, uptake for photo-
synthesis and transpiration, determining plant productivity and
WUEI3], These processes depend on stomatal responses to environ-
mental and internal signals, coordinated with mesophyll CO,
demands. Consequently, stomatal behavior governs CO, diffusion
into intercellular air spaces for photosynthesis and plays a critical
role in minimizing water loss. In addition, ROS functions in high-CO,-
induced stomatal closurel>#., The reduction in stomatal density and
stomatal conductance observed in RNAi lines contributed to the
decrease in water loss, a critical adaptation to high-salinity condi-
tions. Furthermore, the larger leaf area and higher leaf number in
RNAi lines conferred enhanced light-harvesting capacity, promot-
ing greater photosynthetic biomass production. This dual enhance-
ment of salt tolerance and carbon sequestration capacity makes
PagbZIP60-suppressed poplar a promising candidate for saline-alkali
afforestation.
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Notably, our analysis revealed a set of DEGs that were associated
with antioxidant activity and carbohydrate metabolism (Supple-
mentary Tables S3, S4). For example, UGT73B, a UDP-glycosyltrans-
ferase, affects metabolite stability through modulating the glycosy-
lation of diverse secondary metabolites (e.g., flavonoids,
terpenoids), ROS-scavenging capacity, and carbon metabolic flux(>5l.
Consistent results from Y1H and LUC assays demonstrated that
PagbZIP60 directly bound to ABRE/UPRE elements to repress the
expression of downstream genes (TT7, PMEI, MLP, SAUR, and bZIP61).
TT7, a key enzyme in flavonoid biosynthesis, catalyzes the forma-
tion of secondary metabolites (e.g., anthocyanin) with potent
antioxidant activity®®l. In this study, under salt stress conditions,
overexpression of PagbZIP60 inhibited the expression of TT7, result-
ing in reduced anthocyanin accumulation and decreased salt toler-
ance in OE lines. PMEI modifies cell wall structure by inhibiting
pectin methylesterase, influences carbohydrate metabolism and
carbon skeleton allocation, processes that are closely linked to
carbon sink capacity and cell wall responses to stressi®’l. The
suppressed expression of PMEI observed in OE lines may contribute
to the impaired photosynthesis and carbon fixation capacity.
Notably, MLP, which participates in MAPK and hormone signaling,
serves both as a stress signal transducer and a mediator of ROS
signaling!®8l. Suppression of MLP by PagbZIP60 promoted ROS accu-
mulation in OE lines, consequently reducing their salt tolerance.
Furthermore, SAUR participates in salt stress responses, where auxin
signaling closely interacts with ROS dynamics and photosynthetic
carbon assimilation®L. It is plausible that in the OE plants, the inhibi-
tion of SAUR expression may disrupt auxin-mediated ROS/carbon
crosstalk, thereby leading to the integrated phenotypes of ROS
accumulation, impaired salt tolerance, reduced photosynthetic
carbon assimilation, and suppressed growth. Finally, PagbZIP60-
mediated suppression of bZIP61, a transcription factor implicated in
MAPK signaling and stress responses may represent an additional
mechanism underlying the reduced salt stress tolerance of OE
lines(®%, Collectively, these results indicated that PagbZIP60 played
crucial roles in regulating poplar growth and development, as well
as adaptation to salt stress.

Conclusions

In this study, a salt stress-induced bZIP transcription factor gene,
PagbZIP60, was cloned, and its function was characterized (Fig. 8e).
Under salt stress, PagbZIP60 was induced in above-ground tissues
and PagbZIP60 bound to ABRE/UPRE elements to repress the
expression of downstream genes (MLP, SAUR, bZIP61, TT7) associ-
ated with antioxidant responses, resulting in elevated ROS levels.
The accumulation of ROS led to membrane lipid peroxidation, elec-
trolyte leakage, and increased Na* levels. These effects caused
oxidative damage and ion imbalance, ultimately reducing salt
tolerance. Additionally, the suppression of PMEI impaired photosyn-
thesis and water utilization efficiency, thereby reducing carbon
assimilation capacity. Collectively, PagbZIP60 impaired salt toler-
ance and carbon sequestration capacity by inducing oxidative
damage and repressing photosynthesis. Our findings provide a
molecular basis for breeding salt-tolerant poplar varieties with
enhanced carbon sequestration capacity. These varieties could
support targeted afforestation and the improvement of carbon stor-
age in saline-alkali lands.
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