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Abstract

Soybean is the most crucial oilseed and plant-protein crop worldwide, yet its yield is
frequently threatened by salinity and drought stress. In this study, the chitinase gene AcCHI
was cloned from the highly stress-tolerant plant Atriplex canescens and heterologously over-
expressed in soybean to generate stable T3 homozygous transgenic lines. Wild-type and
transgenic plants were subjected to water-withholding drought treatment, 20% PEG6000-
induced osmotic stress, and 150 mM NaCl salt stress. After drought treatment, the survival
rate of transgenic lines reached 2.66-2.69 times relative to wild-type plants. Under os-
motic and salt stress conditions, AcCHI-overexpressing lines exhibited better-maintained
photosynthetic performance, higher proline accumulation, and lower malondialdehyde
(MDA) levels compared with wild-type controls. Enhanced antioxidant enzyme activi-
ties and weakened histochemical ROS staining were also observed in transgenic leaves.
Stress-responsive genes associated with DREB, RD22, and SOS pathways showed stronger
stress-inducible expression in transgenic plants. Our results show that heterologous Ac-
CHI expression is associated with improved osmotic- and salt-stress tolerance in soybean
seedlings under laboratory conditions. This study provides new observational insights
into chitinase-linked abiotic-stress responses and offers candidate genetic resources for
breeding stress-tolerant soybean varieties.

Keywords: chitinase; Glycine max; Atriplex canescens; abiotic stress; ABA sensitivity;
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underlying soybean stress tolerance, with the aim of overcoming bottlenecks in enhanc-
ing soybean stress tolerance [2,3]. Drought and soil salinization, exacerbated by climate
change, are the primary abiotic stressors limiting soybean yields. These stressors often
occur simultaneously, with their core damage mechanisms involving osmotic, ionic, and
oxidative damage that inhibit plant growth [3]. Soil water deficit directly causes osmotic
stress, which limits water uptake by the root system and leads to cellular dehydration. In
regions affected by soil salinization, drought conditions further concentrate salts in the soil
solution, forcing plants to absorb excessive harmful ions like Na* and ClI~ and disrupting
intracellular ion homeostasis. The synergistic effect of osmotic stress and ionic toxicity
induces a burst of reactive oxygen species (ROS) accumulation, which in turn triggers
membrane lipid peroxidation and irreversible damage to photosynthetic machinery [4,5].
Substantial progress has been made in dissecting soybean abiotic-stress response pathways,
and multiple stress-related genes participating in ion homeostasis, antioxidant defense
and ABA-dependent signaling have been identified [6-8]. Even so, our understanding
remains incomplete. Most existing functional studies concentrate on soybean endogenous
genes from glycophytic backgrounds, while the potential of stress-adapted genes derived
from extremophile halophytes remains under-explored for soybean genetic improvement,
creating an important research gap for further investigation.

Atriplex canescens thrives under drought, saline-alkali, cold, heavy metals, and even
high-temperature stress conditions [9,10]. It has been confirmed to be a salt-excreting halo-
phyte, and its reactive oxygen species (ROS) scavenging system is significantly activated
under salt stress [11,12]. The heterologous expression of the AcCHI and AcF3H genes in
Arabidopsis confirmed that both genes promote the accumulation of flavonoids to maintain
the homeostasis of reactive oxygen species [13]. Specifically, AcF3H confers significant dual
tolerance to salt and drought in Arabidopsis [14]. Additionally, high-level expression of the
plasma membrane intrinsic protein AcPIP2 from Atriplex canescens in Arabidopsis thaliana
was found to enhance plant growth rate and abiotic stress tolerance [15]. Furthermore,
the expression of a heavy metal-associated protein (AcHMA1) from Atriplex canescens in
Saccharomyces cerevisine conferred tolerance to iron and other abiotic stresses [16]. Notably,
an ErbB-3-binding protein gene AcEBPI1, also known as the proliferation-associated 2G4
gene (PA2G4s) belonging to the M24 superfamily, was obtained from the saltbush Atriplex
canescens. It may function by negatively regulating cell growth and stress responses in
Arabidopsis thaliana [17]. These results indicate that the Atriplex canescens genome contains a
rich source of stress-resistance genes, providing genetic resources for improving soybean
stress tolerance.

Pathogenesis-related (PR) proteins are synthesized in plants in response to biotic and
abiotic stresses, with their expression regulated by signaling molecules like salicylic acid
and jasmonic acid. These proteins are crucial for enhancing plant resistance to external
threats. To date, a total of 19 pathogenesis-related (PR) protein families (PR-1 to PR-19)
have been identified, with PR-3 consisting of chitinases [18]. Chitinases belong to the
glycoside hydrolases (GH) that catalyze the hydrolysis of natural polymers such as chitin,
chitosan, chitosan oligosaccharides, and peptidoglycans [19]. Chitin, a major component
of fungal cell walls, prompts plants to secrete chitinases during fungal infections, thereby
resisting invasion and activating defense signaling pathways, while chitinases play a role
in protecting plants against fungal pathogens [20-22]. Recent research has revealed that
chitinases not only help plants resist biotic stress but also play a significant role in abiotic
stress conditions. For example, chitinase gene Chi11 enhances tomato tolerance to salt and
drought stress [23]. In addition, overexpression of HvChi22 in Arabidopsis thaliana enhances
drought tolerance by boosting oxidative stress-responsive enzyme activity, thus reducing
MDA accumulation [24]. In maize, ZmChi7 confers salt stress tolerance by regulating ROS
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homeostasis [25]. Further studies have confirmed that chitinases not only hydrolyze the
cell walls of pathogens to defend plants against fungal invasion but also significantly
enhance plant response to abiotic stress by activating stress signaling pathways within the
plant [26,27]. Nevertheless, most functionally characterized abiotic-stress-related chitinases
are derived from glycophytic crop species. Whether chitinase genes from extremophile
halophytes can improve stress tolerance in soybean remains largely unexplored.

Accordingly, we hypothesized that heterologous expression of AcCHI isolated from
Atriplex canescens may improve soybean performance under drought, osmotic, and salt
stress, possibly via modulating plant antioxidant and osmotic-related responses. To test
this hypothesis, we introduced AcCHI into soybean and generated stable T3 homozygous
overexpression lines. We subjected wild-type and transgenic soybean plants to water-
withholding drought, PEG-simulated osmotic stress, and NaCl-imposed salt stress, and
evaluated plant phenotypes, photosynthetic performance, physiological-biochemical in-
dices, as well as stress-responsive gene expression profiles. This work aims to explore the
potential value of the halophyte-origin AcCHI as a genetic resource for improving soybean
abiotic-stress adaptation.

2. Results
2.1. Isolation and Characterization of AcCHI

A partial EST sequence of AcCHI (GenBank accession: JZ536011) was retrieved from
the Atriplex canescens cDNA library [28]. The full-length cDNA encoding the putative CHI
protein was subsequently amplified using the RACE method (Figure S1). To characterize
the AcCHI protein, the physicochemical properties were predicted using the online Prot-
Param tool. The results show that the AcCHI-encoded protein has the molecular formula
C1277H1919N35503945,1 and consists of 278 amino acids. It has a theoretical molecular mass
of approximately 29 kDa and a theoretical isoelectric point of 8.70. Furthermore, it exhibits
an aliphatic index of 53.45 and a grand average of hydropathicity (GRAVY) of —0.137,
suggesting it is a hydrophilic protein.

In this study, we selected CHI protein sequences from Atriplex canescens, Arabidopsis
thaliana, wheat (Triticum aestivum), soybean (Glycine max), rice (Oryza sativa), and alfalfa
(Medicago truncatula) to analyze the evolutionary relationship between AcCHI from Atriplex
canescens and CHI family-encoding proteins in common crops (Figure 1). Phylogenetic
analysis showed that AcCHI clustered together with wheat CHI homologs, although this
node exhibited low bootstrap support. It next clustered with the proteins encoded by rice
CHI genes (e.g., LOC_Os04G41680 and LOC_0Os04G41620) in the phylogenetic tree. The
proteins encoded by the CHI genes in soybean and Medicago truncatula showed a more
distant relationship to AcCHI, while AcCHI is most distantly related to the protein encoded
by the CHI gene in Arabidopsis.
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Figure 1. Phylogenetic tree of the protein encoded by the Atriplex canescens CHI gene and CHI family
proteins from different species. A phylogenetic tree was constructed using the Neighbor-Joining (NJ)
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method based on the full-length amino acid sequence of the CHI protein. The bootstrap analysis was
performed with 1000 repetitions, and the node values represent the bootstrap support values for the
branches (only values > 40 are shown). The AcCHI sequence from Atriplex canescens obtained in
this study is annotated in the figure. The remaining homologous sequences were obtained from the
Phytozome database and include CHI family protein sequences from Triticum aestivum, Oryza sativa,
Arabidopsis thaliana, Glycine max, and Medicago truncatula.

2.2. Overexpression of AcCHI Enhances Soybean Tolerance to Drought and 20% PEG6000
Osmotic Stress

To characterize the biological function of AcCHI, we constructed 355::AcCHI over-
expression soybean lines via Agrobacterium-mediated genetic transformation. After PCR
identification, purification and screening of T transgenic soybeans, we advanced the plants
to the T3 generation to generate homozygous lines, and three lines (named OE1, OE2
and OE3) were chosen for subsequent experiments (Figure S2a). Quantitative Reverse
Transcription Polymerase Chain Reaction (QRT-PCR) analysis revealed that no expression
of the AcCHI gene was detected in wild-type “SN9” plants, whereas AcCHI exhibited high
transcript abundance in independent transgenic lines (p < 0.01, Figure S2b).

Wild-type (WT) and three transgenic lines were planted in flower pots. After 14 days of
normal growth, all lines exhibited consistent growth patterns, with no significant differences
in plant height, leaf relative water content (RWC) or growth vigor (Figure 2a—c). However,
under the water-withholding treatment (drought) for 7 days, the wild-type plants exhibited
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severe water loss and wilting, with curled and yellowed leaves and virtually no further
growth. In contrast, the transgenic lines remained largely green with only mild leaf
drooping (Figure 2a). After 7-day drought treatment, plant growth was inhibited, and the
final plant height of drought-stressed seedlings was lower than that of well-watered plants
(Figure 2b). The trend in RWC was consistent with the trend in plant height. After 7 days
of drought, the RWC of wild-type plants dropped to 63.71%, while that of the transgenic
lines remained between 82.7% and 85.98% (Figure 2c). After 7 days of drought treatment
followed by rewatering, around 80% of transgenic plants survived, whereas only 30% of
WT plants survived (p < 0.0001, Figure 2d). This phenotype is in accordance with their
significantly lower leaf water-loss rate (p < 0.0001, Figure 2e).
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Figure 2. Effects of the water-withholding treatment (drought) on the phenotypes and comprehensive
indicators of wild-type (WT) and transgenic soybeans (OE1, OE2, OE3). (a) Phenotypes of 14-day-old
seedlings after 7 days of well-watered growth or 7-day water withholding; (b) Plant height at 7 days
under normal growth (Mock) and drought stress conditions; (c) Leaf relative water content (RWC)
after normal growth and drought stress; (d) Survival rate of soybean plants rehydrated following
7-day drought stress; (e) Dynamic changes in water loss rates of isolated leaves. Data represent
the mean =+ standard error (Mean =+ SE, n = 3) from three independent biological replicates. Each
biological replicate comprised nine technical replicates. Asterisks indicate significant differences
(Student’s t-test), * p < 0.05, ** p < 0.01, **** p < 0.0001. Scale bar = 5 cm.

In a further assay, wild-type (WT) and three overexpression transgenic lines (OE1-OES3,
hereafter referred to as OEs) were subjected to 20% (w/v) PEG6000 osmotic stress, and
phenotypic changes and physiological indices were subsequently characterized. Under nor-
mal hydroponic conditions (Mock), no significant differences were noted in growth, plant
height, leaf morphology, or vigor between the wild-type and OEs (Figure 3a). However,
following the 20% PEG6000 treatment, growth inhibition occurred in all lines. Wild-type
plants exhibited severe leaf wilting and drooping by 96 h, whereas the transgenic lines
showed only slight leaf curling and maintained a relatively normal growth state (Figure 3a,
red arrows). Plant heights in the 20% PEG6000 treatment group were all significantly lower
than those in the control group, but the plant heights of the transgenic lines in that group
were significantly higher than those of the wild-type (p < 0.0001, Figure 3b). Treatment with
20% PEG6000 resulted in a decrease in chlorophyll content in all lines. WT chlorophyll
declined by 29.6%, whereas chlorophyll in transgenic lines only dropped 16-17.6%, retain-
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ing markedly higher chlorophyll levels (p < 0.0001, Figure 3c)). Under normal hydroponic
conditions, all lines maintained low proline (PRO) and malondialdehyde (MDA) levels
with no significant differences. After 96 h of 20% PEG6000 stress, PRO and MDA contents
sharply increased in all lines. Comparison of the stress-induced increments (treatment —
control) between WT and OEs showed that the proline increment in the OE lines reached
5.85-6.10 times that in WT, whereas the MDA increment was only 34.1-36.2% of that in WT,
and both differences were extremely significant (p < 0.0001, Figure 3d,e).
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Figure 3. Phenotypic and physiological responses of WT and OE transgenic soybean lines to 20%
(w/v) PEG6000 osmotic stress. (a) Phenotypes of 14-day-old soybean seedlings under normal culture
or 4-day 20% (w/v) PEG6000 osmotic stress. Red arrows mark wilted and drooping leaves; (b) Plant
height 96 h after normal culture and stress treatment; (c) Leaf chlorophyll content measured at 96 h
under normal and osmotic stress conditions; (d) Leaf proline (PRO) contents under normal culture
and 96 h osmotic stress treatment; (e) Leaf malondialdehyde (MDA) content under normal culture
and 96 h osmotic stress treatment. Data represent the mean + standard error (Mean =+ SE, n = 3) from
three independent biological replicates. Each biological replicate comprised nine technical replicates.
Asterisks indicate significant differences (Student’s t-test), **** p < 0.0001. Scale bar = 5 cm.
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Under normal growth conditions, WT and OEs showed no significant differences in
stomatal conductance (Gs), transpiration rate (Ir), intercellular CO, concentration (Ci), and
net photosynthetic rate (Pn, p > 0.05, Figure 4a—d). With prolonged osmotic stress duration,
Gs, Tr, Ci and Pn gradually decreased in all lines. At 48 h post-stress, Gs, Tr and Pn in
WT dropped by 15.8%, 36.1% and 69.4% relative to 0 h, whereas Ci only declined by 3.3%
(p > 0.05, non-significant). The decreases in Gs and Tr values in the transgenic lines were
significantly greater than those in the wild-type, declining by 47.9-55.9% and 74.6-77%,
respectively, while Ci decreased significantly by 27.4-33.3% (p < 0.05), whereas the decrease
in Pn was only 34.4-45.3%, compared with the 69.4% loss in WT. After 96 h of osmotic
stress, photosynthetic parameters further declined in all lines, yet transgenic lines retained
substantially higher photosynthetic capacity than WT. At this point, WT Gs, Tr and Pn fell
by 31.2%, 71.4% and 84.5% relative to 0 h, whereas Ci only dropped by 15.5% and stayed
at a relatively high level. The Gs, Tr, and Pn values of the OEs decreased by 66.2-67.8%,
82.6-83.2%, and 49.5-60.4%, respectively, and their Ci values also decreased significantly
by 33.6-39.9%. This suggests that under prolonged severe osmotic stress, transgenic lines
possess partial stomatal adjustment capability. Even with pronounced stomatal closure,
they maintain better photosynthetic performance and a higher net photosynthetic rate.
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Figure 4. Effects of osmotic stress on leaf photosynthetic parameters of WT and OE transgenic
soybean lines. The plants were subjected to osmotic stress with 20% (w/v) PEG6000 solution. Stomatal
conductance (Gs), transpiration rate (Tr), intercellular CO, concentration (Ci), and net photosynthetic
rate (Pn) were determined on fully expanded apical functional leaves at 0, 48, and 96 h post-treatment:
(a) Gs, (b) Tr, (c) Ci, (d) Pn. Tukey’s honestly significant difference (HSD) test was used to compare
treatment means following a significant two-way ANOVA. Data represent the mean =+ standard error
(Mean =+ SE, n = 3) from three biological replicates, different lowercase letters indicate significant
differences among groups (p < 0.05). Each biological replicate comprised nine technical replicates.

2.3. AcCHI Qwerexpression Is Associated with Up-Regulation of Stress-Related Genes in Soybean
Under PEG-Mediated Osmotic Stress

Considering the consistent phenotypic performance among three independent trans-
genic lines observed in phenotypic assays, we selected two representative overexpression
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lines (OE1, OE2) for subsequent qRT-PCR quantification of three core stress-responsive
genes (GmDREB1B, GmDREB2, GmRD22) in WT and transgenic leaves under 20% (w/v)
PEG6000 osmotic stress (Figure 5a—c). Transcript levels of these genes were markedly
elevated in all lines with prolonged osmotic stress, yet transgenic lines displayed stronger
and higher expression peaks than WT. Both GmDREB1B and GmDREB2 reached peak
expression 3 h after treatment (Figure 5a,b). At this point, GmDREB1B expression levels
in the transgenic lines OE1 and OE2 were 2.91-fold and 2.19-fold higher than those in the
wild-type, respectively, while GmDREB2 expression levels were 1.86-fold and 1.66-fold
higher than those in the wild-type, respectively (p < 0.0001). GmRD22 is an important
downstream functional gene in the ABA-dependent signaling pathway, and its expression
level peaked at 6 h (Figure 5c). In the transgenic lines OE1 and OE?2, its expression levels
were 1.59-fold and 1.54-fold higher than those of the wild-type, respectively (p < 0.0001).
During the 24-h stress treatment, expression levels in both transgenic lines were higher
than those in the wild-type.
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Figure 5. Stress-responsive gene expression profiles of WT and OE transgenic soybean lines under
20% (w/v) PEG6000 osmotic stress. Relative transcript abundances of (a) GmDREB1B, (b) GmDREB2
and (c) GmRD22 were quantified by qRT-PCR at 0, 3, 6, 12 and 24 h, normalized to the reference
gene GmActin. Data are presented as the mean =+ standard error (Mean =+ SE, 1 = 3) from three inde-
pendent biological replicates. Asterisks indicate significant differences (Student’s t-test), ** p < 0.01,
% p < 0.0001.

2.4. Overexpression of AcCHI Enhances Soybean Tolerance to Salt Stress

Under 150 mM NaCl salt stress, WT suffered far more severe stress damage than
the OEs. After 3 days of salt treatment, WT leaves displayed obvious yellowing and
wilting accompanied by growth arrest, while transgenic lines maintained green leaves with
only mild growth retardation and significantly greater plant height than WT (Figure 6a).
After 3 days of salt stress, final plant height was 44.7% lower than that of untreated
controls. By contrast, overexpression lines exhibited only a 6.8-10.6% reduction in height
and maintained significantly greater plant height (p < 0.0001, Figure 6b). WT chlorophyll
content decreased by 34.6%, compared with a mild 10.4-12.6% reduction in transgenic
lines, which maintained higher pigment levels (p < 0.0001, Figure 6¢). Salt stress markedly
elevated leaf PRO and MDA contents in all lines. Comparison of the stress-induced
increments (treatment- control) between WT and OEs revealed that proline increment in
OEs reached 2.00-2.11 times that in WT, whereas the MDA increment was only 9.53-12.02%
of that in WT (p < 0.0001, Figure 6d,e).
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Figure 6. Phenotypic and physiological responses of wild-type (WT) and overexpression soybean
lines (OE1-OE3) to 150 mM NaCl salt stress. 14-day-old soybean seedlings were cultured under
normal conditions or 150 mM NaCl salt stress for 3 d. The following indicators were measured:
(a) Seedling phenotypes; (b) Plant height; (c) Leaf chlorophyll content; (d) Leaf proline (PRO) level;
(e) Leaf malondialdehyde (MDA) level. Data represent the mean =+ standard error (Mean =+ SE, n = 3)
from three independent biological replicates. Each biological replicate comprised nine technical
replicates. Asterisks indicate significant differences (Student’s t-test), **** p < 0.0001. Scale bar = 5 cm.

We further analyzed leaf photosynthetic parameters of WT and overexpression lines
under 150 mM NaCl salt stress. With prolonged salt treatment, Gs, Tr, Ci and Pn contin-
uously declined in all lines (Figure 7a—-d). At 24 h post-stress, WT Gs, Tr and Pn fell by
17%, 27.2% and 56.6% relative to 0 h, with Ci only reduced by 11.7%. Transgenic lines
displayed milder declines in Pn (43.8-44.5%) yet larger reductions in Gs (18.77-23.09%), Tr
(46.74-48.28%) and Ci (19-23.02%, p < 0.05). At 72 h of salt treatment, all lines exhibited
further reduced photosynthetic parameters, whereas transgenic lines retained stronger
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photosynthetic capacity. Relative to 0 h, WT Gs, Tr and Pn decreased by 27%, 69.1% and
77.1%, and Ci dropped by 19.9%. Under the same treatment, transgenic lines showed
greater reductions in Gs (45.7-49.2%), Tr (83.3-84.0%) and Ci (30.4-34.8%), whereas their
Pn was less inhibited with a reduction of 55.6-57.2%. Collectively, although transgenic
lines exhibited stronger stomatal closure under prolonged severe salt stress, they were able
to sustain higher photosynthetic capacity.
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Figure 7. Effects of 150 mM NaCl stress on leaf photosynthetic parameters of WT and OE transgenic
soybean lines. Plants were exposed to 150 mM NaCl salt stress. Stomatal conductance (Gs), transpira-
tion rate (Tr), intercellular CO, concentration (Ci), and net photosynthetic rate (Pn) were determined
on fully expanded apical functional leaves at 0, 24, and 72 h post-treatment: (a) Gs, (b) Tx, (c) Ci, (d) Pn.
Tukey’s honestly significant difference (HSD) test was used to compare treatment means following
a significant two-way ANOVA. Data represent the mean =+ standard error (Mean =+ SE, n = 3) from
three biological replicates, different lowercase letters indicate significant differences among groups
(p < 0.05). Each biological replicate comprised nine technical replicates.

2.5. AcCHI Ouerexpression Alters lon Transport and Stress-Responsive Genes in Soybean Under
Salt Stress

The expression profiles of six core stress genes, including three salt-responsive ion
transporter genes (GmCLC1, GmNHX1, GmSOS1) and three abiotic stress-related genes
(GmDREB1B, GmDREB2, GmRD22), were analyzed under 150 mM NaCl stress (Figure 8a—f).
Salt stress markedly induced all six genes, with transgenic lines showing faster, stronger
induction and higher expression peaks than WT. For ion transport-related genes, both
GmCLC1 and GmSOS1 reached their expression peaks 6 h after stress onset. At this time,
the GmCLC1 expression levels in the transgenic lines OE1 and OE2 were 2.62-fold and
2.67-fold higher than those in the wild-type, respectively, and GmSOS1 expression levels
were 2.96-fold and 2.77-fold higher than those of the wild-type, respectively, with all
differences being extremely significant (p < 0.0001). The expression of GmNHX1 peaked
at 3 hin OE1 and at 6 h in OE2, with expression levels in OE1 and OE2 being 2.72-fold
and 1.54-fold higher, respectively, than in the wild-type (p < 0.0001). The GmDREB1B

https://doi.org/10.3390/plants15192939


https://doi.org/10.3390/plants15192939

Plants 2026, 15, 2939

11 of 22

transcription factor gene reached its peak expression 6 h after stress, with expression levels
in the transgenic lines being 3.07-fold and 2.46-fold higher than those in the wild-type,
respectively (p < 0.0001). GmDREB2 and GmRD22 showed peak expression at 3 h and 6 h,
respectively. At these peak time-points, GmDREB2 was 1.85-fold (OE1) and 2.56-fold (OE2)
higher than WT, while GmRD22 was 1.56-fold (OE1) and 3.7-fold (OE2) higher (p < 0.0001).
At 24 h after stress, although the expression levels of all genes had decreased, those in the
transgenic lines remained significantly higher than those in the wild-type (Figure 8a—f).
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Figure 8. Stress-responsive gene expression profiles of WT and OE transgenic soybean lines under
150 mM NaCl stress. Relative transcript abundances of (a) GmCLC1, (b) GmSOS1, (¢) GmNHX1,
(d) GmDREBI1B, (e) GmDREB2, and (f) GmRD22 were quantified by qRT-PCR at 0, 3, 6, 12 and
24 h, normalized to the reference gene GmActin. Data are presented as the mean + standard error
(Mean £ SE, n = 3) from three independent biological replicates. Asterisks indicate significant
differences (Student’s t-test), * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

2.6. Antioxidant Enzyme Activities in Soybean Under 20% PEG-Mediated Osmotic Stress

To explore the physiological basis for enhanced stress-tolerance phenotypes, we as-
sayed the activities of key antioxidant enzymes, since ROS over-accumulation represents
an important indicator of stress-induced cellular injury. The peroxidase (POD), catalase
(CAT), and superoxide dismutase (SOD) activities increased progressively in all lines with
prolonged osmotic stress, yet transgenic lines exhibited markedly greater induction of an-
tioxidant enzymes than WT (Figure 9a—c). Compared with the values at 0 d, POD, CAT and
SOD activities in WT at 1 d post-treatment increased by 139.5%, 29.8% and 23.5%, whereas
the corresponding increases in the transgenic lines reached 182.5-260.6%, 40.1-45.4% and
78.3-121.8%, respectively (p < 0.0001). At 2 d post-treatment, all enzyme activities were
further elevated relative to 0 d, with increases of 289.6%, 49.1% and 97.9% in WT versus
411.7-482.1%, 68.0-73.9% and 182.3-213.9% in the transgenic lines (p < 0.0001). Collectively,
transgenic soybean showed more robust activation of the antioxidant system during the
early phase of osmotic stress.
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Figure 9. Antioxidant enzyme activities in soybean under 20% (w/v) PEG6000 osmotic stress.
Leaves were harvested at 0, 1 and 2 d after 20% (w/v) PEG6000 treatment to measure (a) POD,
(b) CAT and (c) SOD activities. Data represent the mean =+ standard error (Mean =+ SE, n = 3) from
three independent biological replicates. Each biological replicate comprised six technical replicates.
Asterisks indicate significant differences (Student’s t-test), **** p < 0.0001.

2.7. AcCHI Ouerexpression Is Associated with Reduced ROS Accumulation in Soybean Leaves
Under Abiotic Stress

No obvious DAB and NBT staining was observed in WT and transgenic leaves under
normal conditions, indicating low and comparable basal ROS levels (Figure 10a,b). Under
salt (150 mM NacCl) and osmotic (20% PEG6000) stress, WT leaves displayed intense
dark brown DAB staining and deep blue NBT staining, indicating more pronounced
accumulation of H,O, (hydrogen peroxide) and O,.” (superoxide anion). Transgenic leaves
only presented sparse stained spots with visibly weaker staining intensity and smaller
stained areas compared with WT (Figure 10a,b).
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Figure 10. Histochemical staining for ROS in leaves of wild-type and AcCHI-overexpressing soybean

under abiotic stresses. Leaves were sampled under Mock, 150 mM NaCl and 20% PEG6000 treatments.
(a) DAB staining for HyO, (brown deposits); (b) NBT staining for O, (blue deposits).
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2.8. AcCHI Owerexpression Enhances ABA-Responsive Inhibition

No obvious differences in germination potential, germination rate and radicle length
existed between WT and transgenic lines under normal conditions (p > 0.05, Figure 11a—f).
10 uM ABA treatment suppressed seed germination in all lines, with stronger inhibitory
effects on transgenic lines. At 4 d, transgenic germination rates (46.4-52.8%) and radicle
lengths (0.40-0.43 cm) were markedly lower than WT (63.3%, 0.96 cm, p< 0.05, Figure 11a—c).
At 7 d, transgenic lines showed germination rates of 61.5-68.6% and radicle lengths of
0.57-0.63 cm, while WT reached 76.5% and 1.76 cm (p < 0.05, Figure 11d—f). Under the
tested 10 uM exogenous ABA condition, seed germination and radicle elongation of AcCHI-
overexpressing soybean were more strongly inhibited compared with wild-type.
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Figure 11. Effects of ABA treatment on seed germination of wild-type (WT) and transgenic soybeans
(OE1, OE2, OE3). Seeds were germinated under Mock and 10 pM ABA treatments. (a—c) Germination
phenotype, germination potential and radicle length at 4 d; (d—f) Germination phenotype, germination
rate and radicle length at 7 d. Data represent the mean =+ standard error (Mean =+ SE, n = 3) from
three independent biological replicates. Asterisks indicate significant differences (Student’s t-test),
*p <0.05,* p <0.01, *** p < 0.001, *** p < 0.0001. Scale bar = 1 cm.

3. Discussion

The present study demonstrates that heterologous expression of AcCHI, a chitinase-
encoding gene isolated from the xero-halophyte Atriplex canescens, is associated with
improved soybean performance under water-withholding drought, PEG-simulated osmotic
stress, and NaCl-imposed salt stress at the seedling stage. Transgenic lines exhibited
better-maintained photosynthetic capacity, higher osmolyte accumulation, lower oxidative
damage markers, and enhanced stress-inducible expression of genes linked to DREB-,
RD22-, and SOS-associated pathways. Beyond confirming the stress-related functions of
plant chitinases in a new crop context, our findings raise two broader questions that merit
consideration. First, do halophyte-derived chitinases possess functional properties that
distinguish them from glycophytic homologs when deployed in a distant crop genome?
Second, does the abiotic stress resilience conferred by AcCHI operate through mechanisms
that extend beyond simple reinforcement of antioxidant and osmotic responses? With these
questions in mind, we discuss our findings in light of current knowledge and propose
testable hypotheses for future work.

Plant chitinases have been repeatedly implicated in abiotic stress responses across
diverse species. In tomato, Chi11 overexpression enhanced salt and drought tolerance [23].
In barley, HuChi22 conferred drought resilience via oxidative enzyme modulation [24], and
in maize, ZmChi7 was shown to regulate ROS homeostasis under salinity [25]. Collectively,
these studies support a general principle that elevated chitinase abundance can improve
stress performance in glycophytic crops. However, nearly all functionally validated ex-
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amples derive from crop species themselves or their close relatives. Our work takes this
principle a step further, showing that a stress-adapted gene from an extremophile can
function effectively in a phylogenetically distant crop genome. This observation aligns with
emerging evidence that Atriplex canescens harbors multiple genes including AcF3H [14],
AcPIP2? [15], and AcHMA1 [16], all of which confer stress tolerance when heterologously
expressed. It also adds chitinase to the repertoire of halophyte-derived genetic resources
applicable to crop improvement. The functionality of AcCHI in soybean also suggests that
downstream stress-response pathways targeted by chitinases are highly conserved. This
compatibility enables proteins from distantly related halophytic species to function in crops,
which provides valuable insights for future gene mining efforts.

Having established the general feasibility of halophyte-derived chitinase function in
soybean, we now turn to a more critical question regarding the nature of the observed
phenotypes. An important unresolved issue concerns whether the stress-protective effects
reflect a property specific to AcCHI or simply a general consequence of increased chitinase
dosage. Soybean possesses its own multigene chitinase family, several members of which
are known to be stress- and pathogen-inducible [26]. In principle, overexpression of an
endogenous GmCHI gene might produce similar effects. Two non-mutually exclusive
possibilities could explain our observations. First, AcCHI may possess unique structural
or catalytic features such as differential substrate affinity, pH optima, or interaction part-
ners that confer superior stress-alleviating capacity compared with soybean endogenous
chitinases. Second, the benefit may derive primarily from quantitative elevation of to-
tal chitinase enzyme activity regardless of the gene’s origin, with heterologous AcCHI
simply adding to the existing chitinase pool. Distinguishing these possibilities would
require parallel overexpression of representative GmCHI genes under identical promoter
and growth conditions, combined with comparative enzymatic characterization and, ide-
ally, substrate-specificity profiling. These experiments fall outside the scope of the current
work but constitute a reasonable direction for future research. Either way, our phenotypic
evidence supports the stress-protective role of this halophyte-derived chitinase in soybean
and motivates systematic comparisons between chitinase orthologs from extremophile and
glycophyte species.

Beyond the question of specificity versus dosage, our gas-exchange data also reveal
a noteworthy pattern. The measurements showed that under PEG and NaCl treatments,
transgenic soybean exhibited greater relative reductions in Gs compared with WT, while Pn was
maintained at relatively higher levels (Figures 4 and 7). This pattern suggests that transgenic
plants may have higher intrinsic water-use efficiency (Pn/Gs) under stress. The underlying
causes of this response remain unclear. One possible explanation is that non-stomatal limitations
to photosynthesis were partially alleviated in transgenic plants. Another possibility is that the
accumulation of osmotic substances such as proline (Figures 3d and 6d) may help maintain
leaf water status and chloroplast function. Distinguishing between these possibilities would
require further validation through approaches such as chlorophyll fluorescence measurements.
Overall, these gas-exchange data suggest that the effect of AcCHI overexpression on plant stress
tolerance may involve coordination between photosynthetic carbon assimilation and water loss.

The physiological and transcriptional data described above suggest that AcCHI
overexpression may influence multiple stress-responsive processes. In addition, the
enhanced inhibition of seed germination under ABA treatment in AcCHI-overexpressing
lines (Figure 11), together with the increased transcript abundance of GmDREB1B, Gm-
DREB2, GmRD22, GmSOS1, GmNHX1 and GmCLC1 in transgenic plants (Figures 5 and 8),
suggests that AcCHI may have certain associations with ABA-dependent and ABA-
independent stress-responsive networks [29,30]. However, whether these transcriptional
changes are directly regulated by AcCHI requires further experimental verification. In
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the existing literature, PR-3 chitinases are primarily considered to participate in fungal
defense [18,31], but recent studies have also found that certain chitinase family members
play regulatory roles in abiotic stress responses [32,33]. Our observations are consistent
with this trend, showing that heterologous expression of a halophyte-derived AcCHI in
the glycophytic soybean is associated with improved tolerance to osmotic and salt stress.

Before concluding, we acknowledge several limitations that should be considered
when interpreting our findings. First, the absence of an empty-vector control means that
transformation-associated effects cannot be completely excluded. However, the consistent
phenotypes across three independent transgenic events mitigate this concern, though they
do not eliminate it entirely. Second, we have not determined AcCHI protein abundance
or chitinase enzymatic activity in transgenic soybeans. Establishing a direct quantitative
link between AcCHI protein level and stress-tolerance magnitude would strengthen causal
interpretation. Third, all phenotypic assessments were conducted under controlled lab-
oratory conditions at the seedling stage. Multi-year, multi-location field trials on saline
or drought-prone soils are indispensable to evaluate whether the observed benefits trans-
late into yield-related agronomic traits [34]. Addressing these limitations in future work,
particularly through comparative studies with endogenous GmCHI overexpression lines,
biochemical characterization of AcCHI catalytic properties, and field-based agronomic
evaluation, will be essential to assess the breeding utility of this gene.

4. Materials and Methods
4.1. Cloning and Bioinformatic Analysis of AcCHI

The partial sequence of AcCHI (GenBank accession: JZ536011) was obtained from
Atriplex canescens EST data [28]. Full-length AcCHI ¢cDNA was amplified via 5’ and 3’
RACE using leaf-derived cDNA templates (Vazyme, HiScript-TS 5’ /3’ RACE Kit RA101-
01, Nanjing, Jiangsu, China). The CDS and amino acid sequences of AcCHI are shown in
Figure S1. Purified PCR products were ligated into the pMD19-T vector and subjected
to Sanger sequencing. The complete open reading frame (ORF) was predicted via NCBI
OREF Finder 2.0. Subsequent BLASTP searches and multiple sequence alignment of the
deduced amino acid sequence identified conserved chitinase domains, verifying the
full-length sequence of AcCHI.

The physicochemical properties of the deduced AcCHI protein, including amino acid
number and molecular weight, were calculated using the ProtParam tool available on the
ExPASy bioinformatics platform [35].

Genomic and protein sequences of Arabidopsis, wheat, soybean, rice and alfalfa
were retrieved from Phytozome v14 (https:/ /phytozome.jgi.doe.gov /). Multiple sequence
alignment was performed using ClustalW implemented in MEGA 12.0, and a phylogenetic
tree was built via the neighbor-joining (NJ) algorithm with 1000 bootstrap replicates to
evaluate tree topological reliability [36].

4.2. Construction of Overexpression Vector and Soybean Genetic Transformation

The full-length coding sequence (CDS) of AcCHI was amplified and inserted into the
binary vector pTF101 via Xbal and BamHI restriction sites. This vector carries the CaMV 355
constitutive promoter and the bar herbicide resistance gene for plant transformant screening.
All primer sequences used for vector construction are provided in Supplementary Table
51. The recombinant pTF101-355::AcCHI plasmid was introduced into Agrobacterium
tumefaciens strain EHA101 using the freeze-thaw method.

Soybean cultivar Shennong No. 9 (SN9) was subjected to genetic transformation via
the cotyledon-node method mediated by engineered Agrobacterium [37]. Regenerated TO
seedlings were obtained after 2-3 months of tissue culture, and positive transformants
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were preliminarily screened on medium supplemented with 5 mg/L glufosinate based
on the expression of the Bar marker gene. The resistant T plants were continuously self-
pollinated, and the progenies were screened generation by generation. At each generation,
stable inheritance of the transgene was verified by PCR amplification of the AcCHI-specific
fragment from genomic DNA, in combination with glufosinate resistance conferred by the
bar marker gene. Finally, three independent homozygous T3 overexpression lines (OE1,
OE2, and OE3) were selected for subsequent phenotypic and molecular assays.

4.3. Molecular Identification of Transgenic Soybean Lines

Transgenic soybean lines overexpressing AcCHI and wild-type (WT) soybean culti-
var Shennong No. 9 were used as experimental materials. Fresh leaves were harvested
from 2-3-week-old soybean seedlings, immediately frozen in liquid nitrogen, and stored
at —80 °C for subsequent experiments. Soybean leaf genomic DNA was extracted using
the CTAB method [38]. The purity and concentration of extracted DNA were deter-
mined via the absorbance values at 260 nm and 280 nm detected by an ultramicro
spectrophotometer, and the Ajgo/Asgp ratio was calculated to evaluate DNA quality.

The genomic DNA was used as the template for PCR amplification of the exogenous
AcCHI gene with specific primers (Supplementary Table S2) [39]. The 20 pL PCR reaction
system contained 10 pL of 2 x Taq PCR MasterMix, 0.8 uL of forward primer (10 pmol/L),
0.8 uL of reverse primer (10 umol/L), 1 uL of template DNA (50 ng/uL), and 7.4 uL of
ddH,O. The PCR amplification procedure was set as follows: initial pre-denaturation at
94 °C for 5 min, 35 cycles of denaturation at 94 °C for 30 s, annealing at 58 °C for 30 s, and
extension at 72 °C for 1 min, followed by a final extension at 72 °C for 10 min. Amplified
products were temporarily stored at 4 °C after the reaction.

4.4. Plant Materials and Stress Treatments

Mature seeds of wild-type (WT) soybean cultivar Shennong No. 9 and AcCHI-
overexpressing transgenic lines were surface-sterilized sequentially with 75% ethanol for
30 s and 10% sodium hypochlorite for 15 min, followed by 5-6 rinses with sterile distilled
water [40]. Sterilized seeds were divided into two culture systems: soil culture for water-
withholding treatment and hydroponic culture for polyethylene glycol 6000 (PEG6000) and
NaCl stress treatments. All seedlings were cultivated in a controlled environment growth
chamber (DRX-600D-LED, Ningbo Kesheng Experimental Instrument Co., Ltd., Ningbo,
China) under a 16 h light/8 h dark photoperiod. Day/night air temperatures were set at
25 °C and 22 °C, respectively, and relative humidity was maintained at 80% throughout
the experiment. Illumination was provided by full-spectrum LED modules, delivering
an incident photosynthetic photon flux density (400~700 nm) of 150 + 10 pmol-m~2-s~1
at the top of the plant canopy. For each genotype-treatment combination, at least three
independent biological replicates were included, and each biological replicate contained
pooled samples from multiple uniformly grown seedlings. Plants were randomly assigned
to different treatment groups and positions inside the growth chamber, and pot positions
were re-randomized every two days to reduce positional bias.

For the soil culture system, uniform seeds were sown in pots of 6.8 cm x 6.8 cm X
6.5 cm (length x width x height) filled with equal volumes of soil substrate. Before the
treatments, all pots were uniformly irrigated and watered regularly during the 14-day
pre-treatment cultivation period. The simulated control group received regular watering
throughout the entire experiment, while the experimental group was subjected to a 7-day
drought treatment by withholding water. After 7 days of drought treatment followed by
rewatering, plant survival rate, leaf relative water content, and detached leaf water loss rate
were determined according to standard abiotic stress phenotyping protocols [41]. For the
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hydroponic culture system, sterilized seeds were germinated and cultivated in Hoagland
medium for 14 days. Seedlings were assigned to three different culture conditions. The
control group was maintained in standard Hoagland solution without additional stress.
The osmotic stress group was treated with 1/2 Hoagland’s nutrient solution containing
20% (w/v) PEG6000 for 96 h, and the salt stress group was treated with 1/2 Hoagland’s
nutrient solution containing 150 mM NaCl for 3 days. After the corresponding treatment
durations, leaf samples were harvested from all groups for phenotypic observation and
subsequent physiological and molecular analyses [42].

4.5. Measurement of Photosynthesis-Related Parameters

The topmost trifoliate leaves from each treatment group were selected for the mea-
surement. The net photosynthesis (Pn), transpiration rate (Tr), stomatal conductance (Gs),
and intercellular CO; concentration (Ci) were measured using the LI-COR 6800 portable
photosynthesis system (LI-COR Biosciences, Lincoln, NE, USA) between 9:00 a.m. and
12:30 p.m. local time with a photosynthetic photon flux density of 800 pumol-m~2:s~1, CO,
concentration at 395-400 pmol-mol~!, and 40% leaf chamber air humidity at the ambient
air temperature of 25 °C. The average of three measurements taken from the same position
on the top trifoliate leaves of each selected plant was used.

Chlorophyll contents of the middle leaflet of the trifoliate leaves were measured using
a chlorophyll concentration meter (MC 100, Apogee, Logan, UT, USA). Measurements were
performed at appropriate time-points throughout the stress treatment, as indicated in the
corresponding figure legends [41].

4.6. Determination of MDA and Proline Contents

MDA and proline contents were quantified in wild-type and transgenic soybean fresh
leaf tissues under 150 mM NaCl and 20% PEG6000 stress. Seedling samples were harvested
at designated stress treatment days for physiological detection.

MDA and PRO contents were determined according to previously published proto-
cols [43-45] using commercial assay kits (catalog numbers A003-1-2 and A107-1-1; Nanjing
Jiancheng Bioengineering Institute, Nanjing, China).

All absorbance readings were detected with a multifunctional microplate reader. Three
independent biological replicates were set for each soybean line.

4.7. Determination of SOD, POD and CAT Activities

Soybean leaf samples were collected at different time points during 20% (w/v)
PEG6000 osmotic stress treatments. The third fully expanded functional leaf at the shoot
apex was harvested, immediately frozen in liquid nitrogen, and stored at —80 °C for
subsequent enzyme extraction. Briefly, 0.5 g of fresh leaf tissue was homogenized fully
on ice with 5 mL of pre-cooled extraction buffer (0.1 mol/L phosphate buffer, pH 7.8,
supplemented with 0.1 mmol/L EDTA and 1% polyvinylpyrrolidone). The homogenate
was centrifuged at 12,000 x g for 20 min at 4 °C, and the resulting supernatant was collected
as the crude enzyme extract.

The activities of SOD, POD, and CAT were determined using commercial assay kits
(catalog numbers A001-3, A084-3-1, and A(007-1-1; Nanjing Jiancheng Bioengineering
Institute, Nanjing, China) according to the manufacturer’s protocols. All assays were
performed with three independent biological replicates.

4.8. Histochemical Staining of DAB and NBT

In situ accumulation of HyO, and O, in soybean leaves was detected via histo-
chemical staining using 3,3’-diaminobenzidine (DAB) and nitroblue tetrazolium (NBT),
respectively. For DAB staining, fresh soybean leaves were immersed in 1 mg-mL~! DAB
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solution (pH 3.8, containing 10 mmol-L~! Na,HPOy and 0.05% Tween-20). After 30 min of
vacuum infiltration, the samples were incubated at 25 °C in the dark for approximately 8 h.
Subsequently, leaf samples were decolorized in a boiling ethanol-glacial acetic acid mixture
(3:1, v/v) to completely remove chlorophyll pigments. After rinsing with distilled water,
the leaf staining phenotypes were observed and photographed under a stereomicroscope.

For NBT staining, consistent leaf samples were submerged in 0.5 mg-mL~! NBT
solution prepared with 50 mmol-L~! phosphate buffer (pH 7.8). Following 30 min of
vacuum infiltration, all samples from different genotypes were incubated together in the
same batch at 25 °C in the dark for approximately 8 h. Chlorophyll was removed by boiling
the leaves in anhydrous ethanol, and the samples were rinsed with distilled water. Staining
results were finally observed and recorded using a stereomicroscope [46,47].

For histochemical staining of DAB and NBT, three independent biological replicates
were performed for each genotype and treatment. Consistent mature functional leaves at
the same leaf position of seedlings were collected at the specified time point after stress
treatment. All stained samples were photographed under uniform light and background
conditions with a fixed camera parameter setting.

4.9. RNA Extraction and Quantitative Reverse Transcription PCR Analysis

Total RNA was extracted using FreeZol Reagent (Cat. No. R711-01, Vazyme Biotech
Co., Ltd., Nanjing, China) according to the manufacturer’s instructions. First-strand cDNA
was synthesized using the HiScript III 1st Strand cDNA Synthesis Kit (+gDNA wiper)
(Vazyme, Nanjing, China; Cat. No. R312-01), and the resulting cDNA was diluted 100-fold
for subsequent amplification. Quantitative Reverse Transcription PCR was performed
using ChamQ Blue Universal SYBR qPCR Master Mix (Cat. No. Q312-02, Vazyme Biotech
Co., Ltd., Nanjing, China). Each 20 pL reaction mixture contained 10 puL of 2x ChamQ
Blue Universal SYBR qPCR Master Mix, 0.4 uL of each forward and reverse primer (10 uM),
1 uL of cDNA template, and 8.2 uL of RNase-free ddH,O. qRT-PCR amplification was
performed according to the standard manufacturer’s procedures. The GmActin gene was
selected as the internal reference. Relative gene expression levels were calculated using
the 2724CT method, with all analyses performed based on three independent biological
replicates [48,49]. Primer sequences for qRT-PCR are provided in Supplementary Table S3.

4.10. ABA-Mediated Germination Assay of Soybean Seeds

Wild-type and transgenic soybean seeds were first soaked in warm water at 58 °C and
air-dried for two days [50]. Uniformly dried seeds were selected for subsequent germination
assays. Sterile filter papers were laid in Petri dishes, with 25 seeds placed evenly in each
dish. Seeds were treated with either 20 mL of sterile water (control group) or 20 mL of 10 pM
ABA solution (treatment group). All samples were incubated at 25 °C with 60% relative
humidity under continuous darkness. Each group contained three biological replicates,
with a minimum of 75 seeds in total [51]. A seed was recorded as germinated when the
radicle broke through the seed coat and reached a length of at least 2 mm. Each Petri
dish was defined as one experimental unit. Germination potential was calculated as the
germination percentage at 4 days after treatment, and germination rate was determined as
the final germination percentage at 7 days. Radicle length was measured on all germinated
seeds within each Petri dish. Germination-related percentage data were analyzed at the
Petri-dish level rather than treating individual seeds as independent replicates. Seed
germination status was photographed on the 4th and 7th days of cultivation, and the
germination potential, germination rate, and radicle length were statistically measured
and recorded.
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4.11. Statistical Analysis

All statistical analyses were performed using GraphPad Prism 10.1.2 software (Graph-
Pad Software, Inc., San Diego, CA, USA) or SPSS 27. Appropriate tests were applied
in analyzing these data, meeting assumptions of the statistical methods [52]. Technical
replicates from each biological sample were averaged prior to statistical analysis. All analy-
ses were based on three independent biological replicates (1 = 3). Significant differences
were indicated as * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. For comparisons
among multiple groups, Tukey’s honestly significant difference (HSD) test was applied,
and different lowercase letters denote significant differences at p < 0.05. All data were
expressed as mean =+ standard error (SE) of three independent biological replicates.

5. Conclusions

In summary, heterologous expression of the halophyte-derived chitinase gene AcCHI
in soybean is associated with enhanced seedling-stage tolerance to osmotic and salt stress,
as evidenced by improved photosynthetic performance, elevated proline accumulation,
reduced oxidative damage, enhanced antioxidant enzyme activities, and stronger stress-
inducible expression of DREB-, RD22-, and SOS-pathway-related genes. These findings
establish AcCHI as a candidate genetic resource for soybean stress-tolerance improvement
and provide observational evidence linking a halophyte-origin chitinase to abiotic stress
resilience in a glycophytic crop. The enhanced ABA responsiveness during seed germi-
nation further suggests potential cross-talk between chitinase-associated pathways and
ABA signaling, although the molecular basis of this connection requires future investiga-
tion. Importantly, the question of whether AcCHI confers stress tolerance through unique
structural or catalytic properties, or merely through a general dosage effect shared by
endogenous chitinases, remains open and will guide comparative studies with soybean
GmCHI family members. Field-based agronomic evaluation on saline or drought-prone
soils will be a critical next step toward assessing the practical utility of AcCHI in soybean
breeding programs.
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Author Contributions: Q.L., M.Z. and B.L. conceived and designed the study. ].S., S.L,, J.Z., J.L.
and Y.Z. performed the experiments. J.S. and Q.L. wrote the manuscript. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was supported by the Natural Science Foundation of Jilin Province, grant
number YDZ]J202501ZYTS503.

Data Availability Statement: The original contributions presented in the study are included in the
article/Supplementary Materials.

Conflicts of Interest: The authors declare no conflicts of interest.

1. Zhao, ].; Wang, Y.; Zhao, M.; Wang, K; Li, S.; Gao, Z.; Shi, X.; Chu, Q. Prospects for soybean production increase by closing yield
gaps in the Northeast Farming Region, China. Field Crops Res. 2023, 293, 108843. [CrossRef]

2. Fang, X,; Zhang, ].; Fan, C.; Liu, B.; Kong, F; Li, H. Molecular regulatory network of soybean responses to abiotic stress. Plant Cell
Environ. 2026, 49, 4100-4115. [CrossRef]

3. Liu, J.; Huang, Y,; Fang, X.; Gou, H.; Xuan, H.; Deng, S.; Li, L.; Wang, Y.; Wang, X.; Gan, L.; et al. A GmeIF2B5-GmPRX4 regulatory
axis divergently governs drought-lignin and salt-ion homeostasis in soybean. Plant Biotechnol. |. 2026, 24, 2405-2418. [CrossRef]

https:/ /doi.org/10.3390/plants15192939


https://www.mdpi.com/article/10.3390/plants15192939/s1
https://www.mdpi.com/article/10.3390/plants15192939/s1
https://doi.org/10.1016/j.fcr.2023.108843
https://doi.org/10.1111/pce.15600
https://doi.org/10.1111/pbi.70507
https://doi.org/10.3390/plants15192939

Plants 2026, 15, 2939 20 of 22

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Alzahrani, Y. Evaluation of drought and salinity tolerance potentials of different soybean genotypes based upon physiological,
biochemical, and genetic indicators. Front. Plant Sci. 2024, 15, 1466363. [CrossRef]

Zhang, R.; Wang, Y.; Wang, X,; Jiao, S.; Lu, Y.; Du, Y,; Zhang, W.; Kang, Y.; Liu, Y.; Qin, S. Differential responses of microstructure,
antioxidant defense, and plant hormone signaling regulation in potato (Solanum tuberosum L.) under drought, alkaline salt, and
combined stresses. Sci. Hortic. 2025, 341, 114014. [CrossRef]

Zhang, Y.; Liu, S.; Liang, X.; Zheng, J.; Lu, X,; Zhao, J.; Li, H.; Zhan, Y,; Teng, W.; Li, H.; et al. GmFER]1, a soybean ferritin, enhances
tolerance to salt stress and root rot disease and improves soybean yield. Plant Biotechnol. J. 2025, 23, 3094-3112. [CrossRef]

Xu, J.; Shan, M,; Yang, X.; Zhao, R.; Zhang, M.; Bao, G.; Wang, L.; Li, M.; Zhi, W.; Wang, M.; et al. A novel GmSIN1-GmRNF1a-
GmCSNb5a module determines soybean salt tolerance and yield under saline soil conditions. Adv. Sci. 2026, 13, €74216. [CrossRef]
Wang, D.; Yang, M.; Liu, Y.; Hu, X,; Hao, E; Sun, D.; Wang, N.; Dong, Y.; Liu, W.; Li, X.; et al. GmPLC8 enhances drought resistance
in soybean by regulating stomatal closure. iScience 2025, 29, 114546. [CrossRef]

Hao, G.-Y,; Lucero, M.; Sanderson, S.; Zacharias, E.; Holbrook, N. Polyploidy enhances the occupation of heterogeneous
environments through hydraulic related trade-offs in Atriplex canescens (Chenopodiaceae). New Phytol. 2012, 197, 970-978.
[CrossRef]

Shabala, S. Learning from halophytes: Physiological basis and strategies to improve abiotic stress tolerance in crops. Ann. Bot.
2013, 112, 1209-1221. [CrossRef]

Guo, H.; Zhang, L.; Cui, Y.-N.; Wang, S.-M.; Bao, A.-K. Identification of candidate genes related to salt tolerance of the
secretohalophyte Atriplex canescens by transcriptomic analysis. BMC Plant Biol. 2019, 19, 213. [CrossRef]

Feng, S.; Wang, B.; Li, C.; Guo, H.; Bao, A.-K. Transcriptomic analysis provides insight into the ROS scavenging system and
regulatory mechanisms in Atriplex canescens response to salinity. Int. J. Mol. Sci. 2023, 24, 242. [CrossRef]

Feng, S.; Yao, Y.-T.; Wang, B.-B.; Li, Y.-M.; Li, L.; Bao, A.-K. Flavonoids are involved in salt tolerance through ROS scavenging in
the halophyte Atriplex canescens. Plant Cell Rep. 2023, 43, 5. [CrossRef]

Yao, Y.-T; Feng, S.; Wang, B.-B.; Bao, A.-K. Overexpression of Atriplex canescens flavanone 3-hydroxylase (AcF3H) enhances salt
and drought tolerance in Arabidopsis thaliana via flavonoid-mediated ROS homeostasis. Plants 2026, 15, 1783. [CrossRef]

Li, J.; Yu, G,; Sun, X;; Liu, Y,; Liu, J.; Zhang, X,; Jia, C.; Pan, H. AcPIP2, a plasma membrane intrinsic protein from halophyte
Atriplex canescens, enhances plant growth rate and abiotic stress tolerance when overexpressed in Arabidopsis thaliana. Plant Cell
Rep. 2015, 34, 1401-1415. [CrossRef]

Sun, X.-H,; Yu, G.; Li, J.-T.; Jia, P; Zhang, J.-C.; Jia, C.-G.; Zhang, Y.-H.; Pan, H.-Y. A heavy metal-associated protein (AcHMA1)
from the halophyte, Atriplex canescens (Pursh) Nutt., confers tolerance to iron and other abiotic stresses when expressed in
Saccharomyces cerevisiae. Int. J. Mol. Sci. 2014, 15, 14891-14906. [CrossRef]

Li, J.; Yu, G.; Sun, X,; Zhang, X,; Liu, J.; Pan, H. AcEBP1, an erbB3-binding protein (EBP1) from halophyte Atriplex canescens,
negatively regulates cell growth and stress responses in Arabidopsis. Plant Sci. 2016, 248, 64-74. [CrossRef]

Islam, M.M.; El-Sappah, A.H.; Ali, HM.; Zandi, P.; Huang, Q.; Soaud, S.A.; Alazizi, EM.Y.; Wafa, H.A.; Hossain, M.A_; Liang,
Y. Pathogenesis-related proteins (PRs) countering environmental stress in plants: A review. S. Afr. ]. Bot. 2023, 160, 414—427.
[CrossRef]

Bhattacharya, D.; Nagpure, A.; Gupta, R K. Bacterial chitinases: Properties and potential. Crit. Rev. Biotechnol. 2007, 27, 21-28.
[CrossRef]

Chen, Y,; Gou, Y,; Huang, T.; Chen, Y.; You, C.; Que, Y.; Gao, S.; Su, Y. Characterization of the chitinase gene family in Saccharum
reveals the disease resistance mechanism of ScChiVII1. Plant Cell Rep. 2024, 43, 299. [CrossRef]

Khan, R.S,; Igbal, A.; Bibi, A.; Khalil, I.; Ul Islam, Z; Jan, E; Khalid, A.; Abdalla, A.N.; Wadood, A. Plant chitinases: Types,
structural classification, antifungal potential and transgenic expression in plants for enhanced disease resistance. Plant Cell Tiss.
Org. Cult. 2024, 156, 75. [CrossRef]

Ali, M; Li, Q.-H.; Zou, T.; Wei, A.-M.; Gombojab, G.; Lu, G.; Gong, Z.-H. Chitinase gene positively regulates hypersensitive and
defense responses of pepper to Colletotrichum acutatum Infection. Int. J. Mol. Sci. 2020, 21, 6624. [CrossRef]

Kumar, S.A.; Kumari, PH.; Jawahar, G.; Prashanth, S.; Suravajhala, P.; Katam, R.; Sivan, P.; Rao, K.S.; Kirti, P.B.; Kishor, P.B.K.
Beyond just being foot soldiers—Osmotin like protein (OLP) and chitinase (Chil1) genes act as sentinels to confront salt, drought,
and fungal stress tolerance in tomato. Environ. Exp. Bot. 2016, 132, 53-65. [CrossRef]

Wan, K,; Buitrago, S.; Cheng, B.; Zhang, W.; Pan, R. Analysis of chitinase gene family in barley and function study of HvChi22
involved in drought tolerance. Mol. Biol. Rep. 2024, 51, 731. [CrossRef]

Xin, X.; Huang, Z.; Zhai, T.; Qu, K,; Liu, X.; Di, Z,; Lu, X,; Li, X.; Zhang, J.; Zhang, S.; et al. The chitinase gene ZmChi7 confers salt
stress tolerance by modulating the ROS homeostasis in maize. Plant Physiol. Biochem. 2026, 230, 110906. [CrossRef]

Lv, P; Zhang, C.; Xie, P; Yang, X.; El-Sheikh, M. A ; Hefft, D.I.; Ahmad, P.; Zhao, T.; Bhat, ].A. Genome-wide identification and
expression analyses of the chitinase gene family in response to white mold and drought stress in soybean (Glycine max). Life 2022,
12, 1340. [CrossRef]

https:/ /doi.org/10.3390/plants15192939


https://doi.org/10.3389/fpls.2024.1466363
https://doi.org/10.1016/j.scienta.2025.114014
https://doi.org/10.1111/pbi.70102
https://doi.org/10.1002/advs.74216
https://doi.org/10.1016/j.isci.2025.114546
https://doi.org/10.1111/nph.12051
https://doi.org/10.1093/aob/mct205
https://doi.org/10.1186/s12870-019-1827-6
https://doi.org/10.3390/ijms24010242
https://doi.org/10.1007/s00299-023-03087-6
https://doi.org/10.3390/plants15121783
https://doi.org/10.1007/s00299-015-1796-7
https://doi.org/10.3390/ijms150814891
https://doi.org/10.1016/j.plantsci.2016.04.011
https://doi.org/10.1016/j.sajb.2023.07.003
https://doi.org/10.1080/07388550601168223
https://doi.org/10.1007/s00299-024-03389-3
https://doi.org/10.1007/s11240-024-02696-7
https://doi.org/10.3390/ijms21186624
https://doi.org/10.1016/j.envexpbot.2016.08.007
https://doi.org/10.1007/s11033-024-09651-x
https://doi.org/10.1016/j.plaphy.2025.110906
https://doi.org/10.3390/life12091340
https://doi.org/10.3390/plants15192939

Plants 2026, 15, 2939 21 of 22

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Wang, T.; Wang, C.; Liu, Y.; Zou, K.; Guan, M.; Wu, Y,; Yue, S.; Hu, Y.; Yu, H.; Zhang, K ; et al. Genome-wide identification of the
maize chitinase gene family and analysis of its response to biotic and abiotic stresses. Genes 2024, 15, 1327. [CrossRef]

Li, J.; Sun, X.; Yu, G,; Jia, C; Liu, J.; Pan, H. Generation and analysis of expressed sequence tags (ESTs) from halophyte Atriplex
canescens to explore salt-responsive related genes. Int. J. Mol. Sci. 2014, 15, 11172-11189. [CrossRef]

Chen, K,; Tang, W.; Zhou, Y.; Chen, J.; Xu, Z.; Ma, R.; Dong, Y.; Ma, Y.; Chen, M. AP2/ERF transcription factor GmDREB1 confers
drought tolerance in transgenic soybean by interacting with GmERFs. Plant Physiol. Biochem. 2022, 170, 287-295. [CrossRef]
Mizoi, J.; Ohori, T.; Moriwaki, T.; Kidokoro, S.; Todaka, D.; Maruyama, K.; Kusakabe, K.; Osakabe, Y.; Shinozaki, K.; Yamaguchi-
Shinozaki, K. GmDREB2A;2, a canonical DEHYDRATION-RESPONSIVE ELEMENT-BINDING PROTEIN2-type transcription
factor in soybean, is posttranslationally regulated and mediates dehydration-responsive element-dependent gene expression.
Plant Physiol. 2012, 161, 346-361. [CrossRef]

Van Loon, L.C.; Van Strien, E.A. The families of pathogenesis-related proteins, their activities, and comparative analysis of PR-1
type proteins. Physiol. Mol. Plant Pathol. 1999, 55, 85-97. [CrossRef]

Zhu, Y.; Gao, F. Involvement of Pathogenesis-Related Proteins and Their Roles in Abiotic Stress Responses in Plants. Biomolecules
2025, 15, 1103. [CrossRef]

Kumar, P; Pandey, S.; Pati, PK. Interaction between pathogenesis-related (PR) proteins and phytohormone signaling pathways in
conferring disease tolerance in plants. Physiol. Plant. 2025, 177, €70174. [CrossRef]

Yuan, M.; Han, X,; Sun, H.; Xu, F; Han, D.; Zhang, Y.; Jiao, C.; Lu, W. Genome wide association analysis for saline-alkaline stress
tolerance during the soybean germination stage. Front. Plant Sci. 2026, 17, 1827987. [CrossRef]

Gasteiger, E.; Hoogland, C.; Gattiker, A.; Duvaud, S.e.; Wilkins, M.R.; Appel, R.D.; Bairoch, A. Protein identification and analysis
tools on the ExPASy server. In The Proteomics Protocols Handbook; Walker, .M., Ed.; Humana Press: Totowa, NJ, USA, 2005;
pp. 571-607.

Kumar, S.; Stecher, G.; Suleski, M.; Sanderford, M.; Sharma, S.; Tamura, K. MEGA12: Molecular evolutionary genetic analysis
version 12 for adaptive and green computing. Mol. Biol. Evol. 2024, 41, msae263. [CrossRef]

Xiao, P-y; Liu, Y.; Cao, Y.-p. Overexpression of G10-EPSPS in soybean provides high glyphosate tolerance. J. Integr. Agric. 2019,
18, 1851-1858. [CrossRef]

Aboul-Ftooh, A.-M.N.; Abdel-Sadek, O.H. Extraction of high-quality genomic DNA from different plant orders applying a
modified CTAB-based method. Bull. Natl. Res. Cent. 2019, 43, 25. [CrossRef]

Park, S.-B.; Kim, J.-Y.; Lee, D.-G.; Kim, J.-H.; Shin, M.-K_; Kim, H.-Y. Development of a systematic qPCR array for screening GM
Soybeans. Foods 2021, 10, 610. [CrossRef]

Jing, A.; Zhenmin, H.; Benning, C.; Haiying, C.; Bingjun, Y.; Weiming, C. Heterologous expression of Panax ginseng PgTIP1 confers
enhanced salt tolerance of soybean cotyledon hairy roots, composite, and whole plants. Front. Plant Sci. 2017, 8, 1232. [CrossRef]
Sintaha, M.; Man, C.K,; Yung, W.S.; Duan, S.; Li, M.W.; Lam, H.M. Drought Stress Priming Improved the Drought Tolerance of
Soybean. Plants 2022, 11, 2954. [CrossRef]

Jahan, M.S.; Zhao, C.J.; Shi, L.B.; Liang, X.R.; Jabborova, D.; Nasar, J.; Zhou, X.B. Physiological mechanism of melatonin
attenuating to osmotic stress tolerance in soybean seedlings. Front. Plant Sci. 2023, 14, 1193666. [CrossRef]

Du, Y.-T.; Zhao, M.-].; Wang, C.-T.; Gao, Y.; Wang, Y.-X,; Liu, Y.-W.; Chen, M.; Chen, ].; Zhou, Y.-B.; Xu, Z.-S,; et al. Identification
and characterization of GmMYB118 responses to drought and salt stress. BMC Plant Biol. 2018, 18, 320. [CrossRef]

Zhang, X.Z.; Zheng, W.J.; Cao, X.Y.; Cui, X.Y; Zhao, S.P.; Yu, T.F; Chen, J.; Zhou, Y.B.; Chen, M.; Chai, S.C.; et al. Genomic Analysis
of Stress Associated Proteins in Soybean and the Role of GmSAP16 in Abiotic Stress Responses in Arabidopsis and Soybean. Front.
Plant Sci. 2019, 10, 1453. [CrossRef]

Chen, K,; Tang, W.-S.; Zhou, Y.-B.; Xu, Z.-S.; Chen, J.; Ma, Y.-Z.; Chen, M.; Li, H.-Y. Overexpression of GmUBC9 Gene Enhances
Plant Drought Resistance and Affects Flowering Time via Histone H2B Monoubiquitination. Front. Plant Sci. 2020, 11, 555794.
[CrossRef]

Kai, C.; Chen, S.; Wensi, T.; Yongbin, Z.; Zhaoshi, X.; Jun, C.; Haiyan, L.; Ming, C.; Youzhi, M. Nuclear transport factor GmNTF2B-1
enhances soybean drought tolerance by interacting with oxidoreductase GmOXR17 to reduce reactive oxygen species content.
Plant J. 2021, 107, 15319. [CrossRef]

Kai, C.; Dongdong, G.; Jiji, Y.; Huijuan, Z.; Zhang, H.; Chunxiao, W.; Wensi, T.; Jun, C.; Zhaoshi, X.; Youzhi, M.; et al. Transcription
factor GmAIfin09 regulates endoplasmic reticulum stress in soybean via peroxidase GmPRDX6. Plant Physiol. 2024, 196, 317.
[CrossRef]

Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2~ 22T method.
Methods 2001, 25, 402—-408. [CrossRef]

Zhao, X.; Zhu, H.; Liu, F; Wang, J.; Zhou, C.; Yuan, M.; Zhao, X,; Li, Y.; Teng, W.; Han, Y.; et al. Integrating Genome-Wide
Association Study, transcriptome and metabolome reveal novel QTL and candidate genes that control protein content in soybean.
Plants 2024, 13, 1128. [CrossRef]

https://doi.org/10.3390/plants15192939


https://doi.org/10.3390/genes15101327
https://doi.org/10.3390/ijms150611172
https://doi.org/10.1016/j.plaphy.2021.12.014
https://doi.org/10.1104/pp.112.204875
https://doi.org/10.1006/pmpp.1999.0213
https://doi.org/10.3390/biom15081103
https://doi.org/10.1111/ppl.70174
https://doi.org/10.3389/fpls.2026.1827987
https://doi.org/10.1093/molbev/msae263
https://doi.org/10.1016/S2095-3119(18)62124-0
https://doi.org/10.1186/s42269-019-0066-1
https://doi.org/10.3390/foods10030610
https://doi.org/10.3389/fpls.2017.01232
https://doi.org/10.3390/plants11212954
https://doi.org/10.3389/fpls.2023.1193666
https://doi.org/10.1186/s12870-018-1551-7
https://doi.org/10.3389/fpls.2019.01453
https://doi.org/10.3389/fpls.2020.555794
https://doi.org/10.1111/tpj.15319
https://doi.org/10.1093/plphys/kiae317
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.3390/plants13081128
https://doi.org/10.3390/plants15192939

Plants 2026, 15, 2939 22 of 22

50. Zhang, Z.; Wang, W.; Ali, S.; Luo, X.; Xie, L. CRISPR/Cas9-Mediated Multiple Knockouts in Abscisic Acid Receptor Genes
Reduced the Sensitivity to ABA during Soybean Seed Germination. Int. J. Mol. Sci. 2022, 23, 16173. [CrossRef]

51. Wenguan, Z.; Feng, C.; Sihua, Z.; Caigiong, Y.; Yongjie, M.; Haiwei, S.; Xiaofeng, L.; Yujia, D.; Han, Y.; Junbo, D.; et al.
DA-6 promotes germination and seedling establishment from aged soybean seeds by mediating fatty acid metabolism and
glycometabolism. J. Exp. Bot. 2019, 70, 247. [CrossRef]

52. Li, Q. Ou, Z;Lin, J; Tang, D.; He, B.; Wu, Y,; Huang, X.; Huang, X.; Ru, B.; Wang, Q.; et al. Specific labeling of outer membrane
vesicles with antibiotic-conjugated probe reveals early bacterial infections in blood. Nat. Commun. 2025, 16, 3535. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/plants15192939


https://doi.org/10.3390/ijms232416173
https://doi.org/10.1093/jxb/ery247
https://doi.org/10.1038/s41467-025-58676-8
https://doi.org/10.3390/plants15192939

	Introduction 
	Results 
	Isolation and Characterization of AcCHI 
	Overexpression of AcCHI Enhances Soybean Tolerance to Drought and 20% PEG6000 Osmotic Stress 
	AcCHI Overexpression Is Associated with Up-Regulation of Stress-Related Genes in Soybean Under PEG-Mediated Osmotic Stress 
	Overexpression of AcCHI Enhances Soybean Tolerance to Salt Stress 
	AcCHI Overexpression Alters Ion Transport and Stress-Responsive Genes in Soybean Under Salt Stress 
	Antioxidant Enzyme Activities in Soybean Under 20% PEG-Mediated Osmotic Stress 
	AcCHI Overexpression Is Associated with Reduced ROS Accumulation in Soybean Leaves Under Abiotic Stress 
	AcCHI Overexpression Enhances ABA-Responsive Inhibition 

	Discussion 
	Materials and Methods 
	Cloning and Bioinformatic Analysis of AcCHI 
	Construction of Overexpression Vector and Soybean Genetic Transformation 
	Molecular Identification of Transgenic Soybean Lines 
	Plant Materials and Stress Treatments 
	Measurement of Photosynthesis-Related Parameters 
	Determination of MDA and Proline Contents 
	Determination of SOD, POD and CAT Activities 
	Histochemical Staining of DAB and NBT 
	RNA Extraction and Quantitative Reverse Transcription PCR Analysis 
	ABA-Mediated Germination Assay of Soybean Seeds 
	Statistical Analysis 

	Conclusions 
	References

