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Metabolomics and biochemical
analysis reveal the regulatory
mechanism of exogenous
sorbitol-chelated potassium
on wheat under drought stress
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Li Zhao', Mingli Huang*, Xiaocui Wang*, Kezhong Liu*
and Dongyun Yan™

!College of Environmental and Geographical Sciences, Qingdao University, Qingdao, China,
2Department of Food Industry, Shandong Institute of Commerce and Technology, Jinan, China

Potassium fertilization is a strategy to alleviate the impact of drought stress on
wheat production. However, the effects of chelated potassium remain to be
veri ed. This study simulated drought stress using 10% PEG-6000 (-0.8MPa) and
investigated the effects of spraying with distilled water (CK,), sorbitol (S),
potassium chloride (K), sorbitol mixed with potassium (MK), and sorbitol-
chelated potassium (SK) on the biomass, photosynthetic performance,
antioxidant system, osmoregulation capacity, and metabolome of wheat
(Triticum aestivum L.) seedlings. The results showed that SK treatment alleviated
the inhibitory effect of drought on growth, with the aboveground biomass
increasing by 15.66% and 20.00% compared to the K and MK treatments,
respectively (P < 0.05). Compared with MK, SK treatment signi cantly increased
total chlorophyll content by 18.74% and reduced malondialdehyde content by
16.02%, while also enhancing antioxidant enzyme activity and the accumulation
of osmoregulatory substances. Metabolomic analysis revealed that 51 differential
metabolites (11 upregulated and 40 downregulated) were identi ed in SK .vs. CK»,
mainly including (-)-Jasmonoyl-L-isoleucine, N-Acetyl-D-glucosamine, and
(+)-Abscisic acid. These metabolites were primarily enriched in pathways such
as a-linolenic acid metabolism, histidine metabolism, plant hormone signal
transduction, carotenoid biosynthesis, and avonoid biosynthesis. This study
reveals the potential role of speci ¢ metabolic pathways in the development of
drought tolerance in wheat, providing a novel perspective for physiological
research on crop drought resistance.
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Introduction

Drought stress disrupts key physiological processes in plants,
impairing photosynthesis and antioxidant defenses (Qiu et al.,
2025), and is a major factor limiting wheat growth and yield (Li J.
P.etal., 2024). As an early response to water de cit, photosynthesis
is notably vulnerable, with drought-induced damage to
photosynthetic pigments, reductions in net photosynthetic rate,
stomatal conductance, and transpiration rate, these ultimately
disrupt plant metabolism and suppress biomass accumulation
(Pirasteh-Anosheh et al., 2016; Li et al., 2017). In parallel,
drought stress induces overproduction of reactive oxygen species
(ROS), causing oxidative damage to plant cells and tissues. To
mitigate the oxidative damage of ROS to cells and maintain redox
balance, plants activate enzymatic antioxidant systems, which are
composed of peroxidase (POD), superoxide dismutase (SOD),
catalase (CAT), and glutathione peroxidase (GPX), and non-
enzymatic antioxidant systems, including secondary metabolites
suchas avonoids (FC) and total phenols (TPC) compounds (Foyer
and Noctor, 2005; Hasanuzzaman et al., 2020). Additionally, ROS
not only function as effector molecules in oxidative stress but also
play a role in signal transduction. For example, ROS molecules and
plant hormones such as auxin and abscisic acid may play a crucial
role in perceiving stress signals, including drought and mechanical
stress (Shahzad and Hameed, 2025).

Plant responses to drought by pro ling metabolite changes.
Serving as a bridge between plant genotype and phenotypes, the
metabolome provides insights into mechanisms underlying
phenotypic variation under stress conditions (Yang et al., 2019).
Wang K. et al. (2024) using LC -MS technology, four key types of
differential metabolites, namely amino acids, organic acids, sugars,
and alkaloids, such as gibberellin A4 (GA4), abscisic acid (ABA),
and sucrose, have been identi ed. These metabolites are crucial for
alfalfa to withstand drought stress. Bowne et al. (2012) investigated
a targeted GC-MS approach to monitor 103 structurally identi ed
metabolites from leaf tissue of the drought-stressed wheat plants,
predominantly amino and organic acids and sugars. However, most
drought-stress studies have focused on individual plant systems,
leaving the interactions among photosynthetic, antioxidant,
osmotic adjustment and metabolomic responses underexplored.

Critical for maintaining growth and yield stability, potassium, a
key macronutrient, enhances crop stress resistance by regulating
stomatal movement, maintaining photosynthetic rates, detoxifying
reactive oxygen species, and promoting the synthesis of soluble
carbohydrates (e.g., proline and soluble sugars) (Ahanger and
Agarwal, 2017, Hasanuzzaman et al., 2018; Johnson et al., 2022;
Rawat et al., 2022). Drought stress restricts root growth and limits the
mass ow and diffusion of available potassium in the soil toward the
roots (Vetterlein and Jahn, 2004; Wang et al., 2013), making
exogenous potassium application an effective strategy to
compensate for the potassium de ciency and enhance drought
tolerance. Sorbitol-chelated potassium, a novel chelated foliar
potassium fertilizer, has demonstrated a positive regulatory role in
improving wheat drought resilience. Sorbitol is a primary product of
photosynthesis and possesses properties such as osmotic regulation,
wetting, and surface tension reduction (Will et al., 2011), which make
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it particularly advantageous as a chelating ligand. Compared to
conventional inorganic (non-chelated) potassium fertilizers,
sorbitol-chelated potassium enhances potassium uptake, improves
crop quality, and crop yield. In wheat, sorbitol-chelated potassium
application has been reported to increase post-anthesis potassium
accumulation and yield by 13.99%-35.48% (Han et al., 2025). Similar
effects have also been reported in peanuts (Sun et al., 2024) and celery
(Shi et al., 2024; Zhang et al., 2025). Therefore, the potential of
sorbitol-chelated potassium to enhance stress resistance still needs
further veri cation.

Despite these ndings, studies investigating the effects of
chelated potassium on crops under drought stress remain limited
(Li et al., 2021). Given the role of potassium in wheat growth and
stress responses, elucidating how sorbitol-chelated potassium
enhances drought resistance holds signi cant scienti ¢ and
practical implications. Because drought affects multiple
physiological pathways, including photosynthesis, antioxidant
defense, and metabolism, a systematic analysis integrating these
factors is necessary to uncover potential mechanisms by which
sorbitol-chelated potassium alleviates drought-induced damage
in wheat.

2 Materials and methods
2.1 Plant material and environment

Plump XinHua818 wheat seeds of uniform size were selected
and surface sterilized with 0.1% sodium hypochlorite for 10
minutes, followed by three rinses with ultrapure water. The
sterilized seeds were incubated in the dark at 25 C for 24 hours
in a biological incubator to promote germination.

Germinated seeds were placed into seedling trays lined with
three layers of gauze and grown in a greenhouse under controlled
conditions: temperature 25 C, light intensity 100 mol m?s™ and a
photoperiod of 16 h light/8 h dark. Once the seedlings reached 5-6
cm in height, they were transferred to plastic hydroponic containers
(70 seedlings per container) containing Hoagland nutrient solution.
The solution volume in each container was maintained consistently
and replaced every 3 days.

2.2 Experimental design and drought
treatment

At the two-leaf and one-heart stage, seedlings were transferred
to hydroponic containers (8.5 cm diameter, 12 ¢cm height) to
commence experimental treatments. Six treatments were
established; each treatment comprised three independent
biological replicates. (48 seedlings per replicate). The normal
control group (CK.) was supplied with Hoagland nutrient
solution, while drought stress was simulated by supplementing
the nutrient solution with 10% polyethylene glycol (PEG-6000,
-0.80MPa), and a corresponding drought stress control group
(CK;) was included. The experimental design is detailed in
Table 1. The foliar fertilizer used in the experiment was self-
prepared sorbitol-chelated potassium. The chelation ratio (molar
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TABLE 1 Experimental setup with different foliar spray treatments.

Spraying
concentration
(mg-L™)

Growth
environment

Treatment

Hoagland nutrient

Control (CKy) - solution

Control (CKy) Distilled water

Sorbitol (S)

Potassium Chloride (K ;
otassium Chioride () Hoagland nutrient
Potassium Mixed with solution+10%PEG-6000

Sorbitol (MK)

10 (K*)

Sorbitol-chelated
Potassium (SK)

The spray concentration for potassium-containing treatments is based on the potassium ion
(K*) concentration, while the sorbitol treatment is applied at the same sorbitol ligand
concentration as present in both the sorbitol-mixed potassium and sorbitol-chelated
potassium solutions.

ratio) was sorbitol to potassium chloride = 1:2. The water bath
temperature was maintained at 75 C, and the chelation time was 60
minutes. The chelation rate was 98.57%, and the pH was 5.87.
Synthesized from potassium chloride (analytical purity 99.5%,
Jiangsu Qiangsheng Functional Chemistry Co., Ltd.) and sorbitol
(content  70%, China National Medicines Co., Ltd.). Foliar
application of the corresponding reagents was performed on the
seedlings under each treatment on Day 1 and Day 3 during the 7-
day drought stress period. After the stress treatment, seedling
samples were collected and immediately frozen in liquid nitrogen
for subsequent analysis. After preparation and separation (Cui et al.,
2021; Yan, 2021), the Fourier-transform infrared spectrum of the
fertilizer was obtained (Figure 1).

The infrared spectroscopy results indicate that pure potassium
ionic compounds should exhibit almost no absorption peaks in the
infrared region. The physical mixture of sorbitol and potassium
nitrate primarily shows a simple superposition of characteristic

10.3389/fpls.2026.1751075

peaks. In contrast, for sorbitol-chelated potassium, in the O-H
stretching vibration region (3600-3000 cm '), peak shifts and
broadening are observed. Furthermore, in the ngerprint region
(1500-800& cm 1), which includes C-O stretching vibrations and
O-H bending vibrations, distinct peak displacements occur. These
changes demonstrate that the interaction between sorbitol and
potassium ions has been altered, resulting in the formation of a
new, stable structural environment.

2.3 Indicators and methods

2.3.1 Growth indicators and leaf relative water
content

For each treatment, twelve wheat plants were selected, washed
with pure water, and wiped dry before measuring plant height and
stem diameter. Each whole plant was then divided into above-
ground and below-ground parts, and immediately weighed, with the
weights recorded as root fresh weight and leaf fresh weight (FW).
The leaves were soaked in double-distilled water for 24 h and then
removed. After removing residual water from the leaf surface with
absorbent paper, the leaves were weighed and the weight recorded
as turgid weight (TW). The leaves were then deactivated at 105 C
for 30 min and dried at 60 C to a constant weight, which was
recorded as dry weight (DW). The relative water content of the
leaves was calculated via the following formula: RWC (%) =(FW-
DW)/(TW-DW) x100% (Wu et al., 2020). Three biological
replicates were analyzed.

2.3.2 Determination of potassium content in
plants

Determination of potassium content in plants and roots:
Approximately 0.2 g of sample was weighed and subjected to
microwave digestion using HNO3-H202 (6:1) (Touchwin2.0-GS25,

Transmittance / %

Sorbitol chelated potassium (SK)
Sorbitol mixed with potassium (MK)
Regular potassium (K)

Sorbitol (S)

4000 3500 3000 2500

2000 1500 1000 500

Wavenumbers (cm™)

FIGURE 1
Fourier-transform infrared spectra (FT-IR) of sorbitol-chelated potassium.
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Aople, Chengdu). The potassium content was then measured by ICP-
OES (Avio 200, PerkinElmer, Massachusetts, USA).

2.3.3 Chlorophyll content and gas exchange

Following the methods of Lichtenthaler and Wellburn (1983),
with slight modi cations, the rst fully expanded leaf of wheat
seedlings was selected, ground with a mortar, and extracted with
acetone. The absorbance of chlorophyll a, chlorophyll b and
carotenoids were measured at ODgg3, ODgs5 and OD,4go NM using
a spectrophotometer.

Following drought stress, the net photosynthetic rate (Pn),
stomatal conductance (Gs), transpiration rate (Tr), and
intercellular CO, concentration (Ci) were determined using an
Li-6800 porTable photosynthesis system (Li-CORBiosciences,
Lincoln, NE, USA), as previously described by He et al. (2025).
The measurements were conducted on the last fully expanded leaf,
employing a photon ux density of 1000 mmol photo m 2s *and a
CO, concentration of 400 mmol mol %, within the time from of 9:00
a.m. to 11:00 a.m.

2.3.4 Reactive oxygen species and antioxidant
enzyme activity

The content of superoxide anion (Oy"), superoxide dismutase
(SOD), peroxidase (POD), and catalase (CAT) were determined
using assay Kits (Boxbio, Beijing) according to the manufacturer’s
instructions. One gram of leaf sample was homogenized in 1 mL of
extraction buffer in an ice bath, followed by centrifugation at 8,000 g
for 10 min at4 C. The supernatant was then collected and used for
reactive oxygen species and enzyme activity assays.

2.3.5 Determination of malondialdehyde content
and osmotic adjustment substance

Following the method outlined by Tan et al. (2008), a 1 g sample
was homogenized with 10 mL of a mixed Trichloroacetic Acid-
Thiobarbituric Acid (TCA-TBA) solution, followed by
centrifugation at 4000 rpm for 10 min. The mixture was kept in a
boiling water for 15 minutes and centrifuged at 4,000 rpm for 10
min. Malondialdehyde (MDA) content in the reaction solution was
determined using a spectrophotometer at ODyso, ODs3, and
ODggg .

Proline content was determined by the acid ninhydrin
colorimetric method, and the absorbance of the extract was
measured at a wavelength of ODsyo (Bates et al., 1973). The
soluble protein (SP) content was determined using Bradford
(1976) Coomassie Brilliant Blue method. The supernatant was
mixed with Coomassie Brilliant Blue G-250 for colorimetric
measurement, and the absorbance was recorded at ODsgs. The
soluble sugar (SS) content was determined by the anthrone—sulfuric
acid method. Two portions of the supernatant were collected and
mixed with 80% ethanol and anthrone reagent, heated in a boiling
water bath for 10 minutes, cooled to room temperature, and the
absorbance was measured at ODg3q (Wang et al., 2022).
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2.3.6 Metabolite extraction

Six wheat seedlings were randomly selected for each treatment
group. Leaves from the same position on each seedling were
collected, immediately ash-frozen in liquid nitrogen, and then
storedina-40 C freezer. Metabolomic analysis was performed only
on the CK,, S, K, MK, and SK groups to evaluate the effects of
exogenous treatments under drought stress. Each treatment
included three biological replicates. Metabolomic analysis was
conducted by Biomarker Technologies (Beijing, China) with the
extraction procedure as follows:

(1) Weighed 50 mg of the sample into a pre-cooled mortar and
grinded it into powder. The powder was then transferred to an EP tube,
and 1000 mL of a mixed extraction solution of methanol, acetonitrile,
and water (2:2:1, containing internal standard at 20 mg L™) was added,
followed by vortexing for 30 s.

(2) Steel beads were added, and the mixture was processed using
a grinding instrument (45 Hz) for 10 min, followed by sonication in
an ice-water bath for 10 min. Subsequently, the sample was allowed
to stand at -20 C for 1 h and then centrifuged at 12000 rpm (4 C,
15 min).

(3) 500 mL of the supernatant was transferred to an EP tube and
dried in a vacuum concentrator. The extract was then reconstituted
with 160 mL of acetonitrile/water (1:1, v/v), vortexed for 30 s, and
sonicated in an ice-water bath for 10 min.

(4) Collect 120 mL of the supernatant (12000 rpm, 4 C, 15 min)
into a 2 mL vial. A 10 mL aliquot from each sample was combined to
prepare a quality control (QC) sample for instrument analysis. The
QC sample was generated by mixing all test samples in equal
proportions prior to mass spectrometry analysis. To evaluate
potential errors caused by mass spectrometric signal drift, one
QC injection was inserted after every ten samples during the
analytical run to verify the stability of the entire detection
process. Chromatographic conditions: An Acquity UPLC HSS T3
column (1.8 mm, 2.1*100 mm, Waters, US) was used with mobile
phase A (0.1% formic acid in water) and mobile phase B (0.1%
formic acid in acetonitrile). Chromatographic data acquisition was
performed on an Acquity I-Class PLUS ultra-high-performance
liquid chromatograph (Waters, US) coupled to a Xevo G2-XS
QTOF (Waters, US) high-resolution mass spectrometer, with
detection in both positive and negative ion modes.

2.4 Statistic analysis

Using SPSS 27.0 and Origin 2021 for one-way analysis of
variance to determine differences between numerical values.
Structural equation modeling (SEM) data processing was
performed using SetupStata 18 and Power Point 2021 were used
to generate. Using MassLynx V4.2 software to collect raw
metabolomics data, the peaks were extracted and aligned through
Progenesis QI software for data processing, and the Benjamini-
Hochberg (BH) method (Benjamini and Yekutieli, 2001) was
employed for p-value correction. Commercial databases,
including the online METLIN database (based on Progenesis QI
software), KEGG (Kyoto Encyclopedia of Genes and Genomes)
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(http://www.genome.jp/kegg/), HMDB (https://hmdb.ca), and
Lipidmaps (http://www.lipidmaps.org/), were used to search
metabolic pathways for pro ling and metabolite identi cation.
PCA and heatmap images were generated using MetaboAnalyst
6.0 (https://www.metaboanalyst.ca/) and Origin 2021.

3 Results

3.1 Effect of sorbitol-chelated potassium
on wheat growth and biochemical indices
under drought stress

3.1 Biomass accumulation and potassium content

Different foliar spray treatments signi cantly affected the wheat
seedling growth traits, including biomass, plant height, stem
diameter, leaf relative water content (RWC),and plant potassium
content (Table 2). Notably, sorbitol-chelated potassium treatment
effectively promoted biomass accumulation compared to other
drought stress treatments. Under drought stress, aboveground
biomass in SK-treated seedlings increased by 15.66% and 20.00%
compared to K and MK treatments, respectively (both signi cant).
Root biomass also increased under SK treatment by 3.23% and
10.34% compared with K and MK treatments, respectively, though
the difference was not signi cant relative to K treatment. Plant
height increased by 8.42% under SK compared to K treatment,
whereas stem diameter did not differ signi cantly across treatments.
Additionally, SK treatment increased leaf RWC by 15.25%
compared to K treatment, indicating enhanced water retention
under drought stress. Under drought stress, the potassium
content in the aboveground parts treated with SK increased
signi cantly by 23.1% and 18.9% compared to the S and K
treatments, respectively; compared with the S, K, and MK
treatments, the potassium content in the roots treated with SK
increased by 19.5%, 18.1%, and 8.3%, respectively.

3.1.2 Photosynthetic pigments and gas exchange

Different foliar spray treatments signi cantly affected the
accumulation of chlorophyll a, chlorophyll b, carotenoids, and

10.3389/fpls.2026.1751075

total chlorophyll content in wheat seedlings under drought stress
(Figure 2). Drought stress reduced photosynthetic pigment content,
whereas foliar spraying alleviated this effect. Compared with the
ionic potassium treatment, the sorbitol-chelated potassium
treatment effectively increased chlorophyll a and total chlorophyll
content, with signi cant differences. Chlorophyll a increased by
11.60% and 19.54% in SK treatment compared to K and MK
treatments, respectively. Similarly, chlorophyll b and carotenoid
content increased by 15.94% and 10.68%, respectively, compared
with MK treatment. Carotenoid levels in SK treatment decreased by
1.52% and 4.11% relative to K and S treatments, respectively, though
these differences were not statistically signi cant. Total chlorophyll
content in SK treatment increased by 18.74% compared to MK
treatment, a difference that was statistically signi cant.

Under drought stress, different spraying treatments signi cantly
affected the net photosynthetic rate (Pn), transpiration rate (Tr),
intercellular CO, concentration (Ci), and stomatal conductance
(Gs) of wheat seedlings (Figure 3). Drought stress decreased leaf gas
exchange parameters relative to the control treatment (CKj).
However, these parameters improved following foliar treatments.
Compared with the MK, K, and S treatments, SK treatment
signi cantly increased Pn by 62.90%, 31.98%, and 65.00%,
respectively, and Ci by 14.55%, 23.28%, and 14.00%, respectively.
Tr decreased by 18.64% and 25.00% under SK treatment compared
to K and S treatments, respectively. However, these differences were
not statistically signi cant. Gs decreased by 15.39% and 26.75%
compared to MK and S treatments, respectively, with no signi cant

differences.

3.1.3 Superoxide anion content and antioxidant
system

Under drought stress, the levels of superoxide anion content
(O,), superoxide dismutase (SOD), peroxidase (POD), and catalase
(CAT) in wheat seedlings, were signi cantly affected by different
foliar spray treatments (Figure 4). Drought stress leads to excessive
accumulation of reactive oxygen species. After SK treatment, the
02- content was lower than that of MK and S treatments, with
reductions of 30.91% and 20.10%, respectively. Drought stress
signi cantly reduced SOD and POD activities. However, foliar
application with sorbitol-chelated potassium (SK), potassium

TABLE 2 Growth indicators of wheat seedlings under normal conditions and drought stress with different fertilization treatments.

. . Root
Above- Root Thick Relative water Aboveground otassium
Treatment ground . stem content of potassium P

" biomass (g) -1 content

biomass (g) (mm) leaves content (mg-g™) (mg-g™Y)
CK, 3.04 — 0.09%a 031 — 0.00ab 2346 -098a | 2.46—0.04a 0.88 — 0.03a 62.79 — 1.96b 24.81 —2.79%
CK; 2.42 - 0.03b 0.28 — 0.01c 2223-003ab | 227 —0.04c 056 — 0.03cd 55.82 — 1.74¢ 26.33 - 0.13a
S 2.47 - 0.10b 0.28 — 0.01c 2229 —0.24ab | 244 —0.03ab 0.47 — 0.01d 5552 — 1.88¢ 2326 — 1.23a
K 2.49 — 0.08b 031 - 0.02ab 21.37-026b | 2.40 —0.00ab 059 — 0.06bc 57.47 — 1.79¢ 2353 — 0.50a
MK 2.40 — 0.08b 0.290.00bc 2242 -0.16ab | 2.39—-002b 0.63 — 0.06bc 65.73 — 0.60ab 25.67 — 2.22a
SK 2.88 — 0.06a 0.32 - 0.01a 2317 -0.80a | 240 —0.03ab 0.68 — 0.05b 68.35 — 0.75a 27.80 — 0.34a

Different lowercase letters in the same column indicate signi cant differences between treatment groups for the same indicator (p < 0.05). (Above ground and root biomass measured as fresh

weight)
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FIGURE 2

carotenoid content. (D) changes in total chlorophyll content.

mixed with sorbitol (MK), sorbitol (S), potassium chloride (K)
signi cantly increased SOD and POD activity compared to control
treatment (CK,). SOD activity increased by 46.07% and 19.58% in
SK treatment relative to MK and S treatments, respectively. CAT
activity increased by 64.00% in SK treatment compared to S
treatment. POD activity followed a similar trend, increasing by
7.23% and 19.46% in SK compared to K and MK treatments,
respectively, but decreasing by 19.92% compared to S treatment.

3.1.4 Osmoregulation system

Drought stress induced the accumulation of malondialdehyde
(MDA) levels, enhancing membrane lipid peroxidation and causing
damage to wheat seedlings (Figure 5A). The MDA levels was
decreased by 16.02% in SK treatment compared to MK treatment.
Compared with the MK treatment, the MDA content under the SK
treatment decreased by 16.02%. To alleviate membrane damage,
osmotic regulatory substances in the leaves accumulated
signi cantly to maintain cellular homeostasis. Under drought
stress, sorbitol-chelated potassium (SK) promoted the synthesis of
proline (Pro) in leaves, increasing by 17.36% compared with
inorganic potassium (K). Compared with CK,, all foliar fertilizer
treatments under drought conditions increased the soluble protein
(SP) content, with the SP content under SK treatment being 1.81%
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and 2.34% higher than those under K and MK treatments,
respectively. Under drought stress, the soluble sugar (SS) content
in wheat increased, with the SS content under sorbitol-chelated
potassium treatment being 8.30%, 16.38%, and 16.69% higher than
those under S, K, and MK treatments, respectively.

3.2 Metabolomic pro les of wheat under
drought stress

3.2.1 Principal component analysis

PCA was performed to compare metabolic differences among
the treatment groups (SK, K, MK, S, and CK3) and assess the overall
metabolomic changes in wheat seedling leaves under drought stress.
Additionally, the repeatability and stability of metabolites within
each treatment group were evaluated. Figures 6A presents the PCA
results for positive and negative ion modes. The total explained
variances were 51.5% and 44.4%, respectively, indicating
satisfactory clustering of samples. In both modes, the metabolite
pro les of potassium chloride (K) and sorbitol-chelated potassium
(SK) treatments were clearly separated, suggesting distinct
metabolic responses. While partial overlap was observed between
sorbitol-chelated potassium (SK) and potassium mixed with
sorbitol (MK) treatments, overall signi cant differences persisted,
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indicating that the three potassium formulations exerted differential
effects on the metabolism of wheat seedling leaves. These metabolic
distinctions were consistent with the variations in agronomic traits,
physiological parameters, and biochemical indices described as
described above.

3.2.2 Identi cation of differentially expressed
metabolites

Using the screening criteria of P-value < 0.05, projection (VIP)
value of > 1, and a fold change 2 or 0.5, a total of 418 differential
metabolites (DEMs) were identi ed among 1,788 metabolites with
known structures (1,243 identi ed in the positive ion mode and 545
in the negative ion mode) (Supplementary Material 1). All
experiments were performed with three biological replicates to
ensure data reliability. Among them, 51 DEMs (11 upregulated
and 40 downregulated) were identi ed in SK vs. CK,; 62 DEMs (30
upregulated and 32 downregulated) in K vs. CK,; 259 DEMs (28
upregulated and 231 downregulated) in MK vs. CK»; and 42 DEMs
(8 upregulated and 34 downregulated) in S vs. CK, (Figure 7). The
results indicated that, compared with CK,, the number of
downregulated DEMs affected by drought stress was greater than
that of upregulated ones across all treatments. To clarify the
characteristics of DEM expression in sorbitol-chelated potassium,
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upregulated metabolites (FC 2) in SK.VS.CK, were found to
include Prolyl-Histidine, Lariciresinol, Chelirubine, L-Sepiapterin,
3,5-Diprenyl-4-hydroxybenzaldehyde, Etherolenic acid and 4-
Amino-4-deoxychorismate, while downregulated metabolites (FC
0.5) included (-)-Jasmonoyl-L-isoleucine, N-Acetyl-D-
glucosamine, (+)-Abscisic acid, 5-Hydroxypseudobaptigenin, and
D-Glucosaminate-6-phosphate (Supplementary Material 2).

3.2.3 Functional annotation and enrichment
analysis of differential metabolites based on
KEGG

The DEMs from each comparison group were matched to the
KEGG database to obtain information on the metabolic pathways in
which these metabolites are involved. Based on the adjusted P-value
(P adjust) < 0.05, KEGG enrichment analysis was performed on the
annotated results to further identify differences in metabolite
expression among treatments. The results showed that, in the
comparisons of SK.vs. CK,;, MK.vs. CK,, K.s. CK,, and S.vs.
CK,, the DEMs were annotated to 18, 24, 16, and 61 metabolic
pathways, respectively (Supplementary Material 3).

Selection of 10 metabolic pathways signi cantly enriched in
DEMs (Figure 8). Compared to CK,, foliar spraying with SK, K,
MK, and S activated a broad range of metabolites, particularly those
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involved “antioxidation” and regulating “osmotic potential”
(Mukarram et al., 2021), so their foliar application mitigated
drought-induced damage in wheat seedlings (Figures 3, 4). In
contrast, the SK, K, MK, and S mobilized the most diverse set of
metabolites. Speci cally, in SK.VS.CK,, upregulated metabolites
were primarily enriched in metabolic pathways such as Folate
biosynthesis alpha-Linolenic acid metabolism, while
downregulated metabolites were mainly enriched in pathways
such as Glycerolipid metabolism Plant hormone signal
transduction and Galactose metabolism Metabolic pathway
enrichment analysis revealed that SK application modulated key
metabolic pathways associated with intracellular water balance,
ROS scavenging, and overall seedling vigor, thereby improving
drought tolerance in wheat.

3.3 The correlation of wheat growth with
physiological and biochemical indices, and
differential metabolites

To further elucidate the underlying mechanisms of these effects,

a structural equation model (SEM) (Figure 9) was employed to
quantify the direct and indirect effects of six factors—growth

Frontiers in Plant Science

morphology, potassium content, photosynthetic performance,
antioxidant enzymes, membrane permeability, osmotic regulatory
substances, and differential metabolites—on biomass accumulation.
The SEM results indicated a good model t, with amodel ¢ value of
17.65, a P value of 0.17, a CFI of 0.90, an RMSEA of 0.16, and a TLI
of 0.81, all of which met the standard criteria. The SEM analysis
demonstrated that all six factors exerted either direct or indirect
effects on biomass accumulation. The direct effect values of growth
morphology, potassium content, photosynthetic performance,
antioxidant enzymes, membrane permeability, osmotic regulatory
substances, and differential metabolites on biomass were 0.54, 0.08,
0.08, 0.48, -0.12, 0.18, and -0.29, respectively, among which
photosynthetic performance, antioxidant enzymes, and differential
metabolites showed the most pronounced effects. Both antioxidant
enzyme activity and osmotic regulatory substances exhibited
signi cant direct negative effects on membrane permeability, with
comparable magnitudes (effect values of 0.39 and 0.40,
respectively). In addition, there is a portion of the in uence that
is indirectly generated through mediating variables. Potassium
content exerted an indirect positive effect (0.42) on biomass
accumulation through the mediating variable of growth
morphology, resulting in a total effect value of 0.50.
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FIGURE 7

Heat map analysis of metabolites identi ed under drought stress compared with CK,. (A)SK.VS.CKj; (B) K.VS.CK5; (C) MK.VS.CK5; (D) S.VS.CKo. .

4 Discussion

4.1 Exogenous sorbitol-chelated potassium
affects growth and photosynthetic
performance of wheat seedlings under
drought stress

Drought stress inhibits wheat seedling growth and biomass
accumulation, reduces photosynthetic pigment content, and
directly impairs net photosynthetic ef ciency and stomatal
conductance. The results of this study indicate that wheat plants
treated with sorbitol-chelated potassium exhibited signi cantly
higher leaf potassium content compared to those treated with
potassium chloride, accompanied by improved photosynthetic
performance. This effect may be attributed to sorbitol serving as a
chelating ligand, which enhances potassium accumulation and
utilization ef ciency within the plants, thereby effectively
alleviating growth inhibition of wheat seedlings under drought
stress. Drought stress impedes the synthesis of photosynthetic
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pigments in wheat seedling leaves, thereby reducing
photosynthetic capacity. Chlorophyll, a key pigment for light
energy absorption, plays a key role in regulating photosynthetic
ef ciency (Bano et al., 2021). In this study, SK treatment
signi cantly increased total chlorophyll content compared with
non-chelated MK treatment, and this change was positively
correlated with the net photosynthetic rate. These ndings
suggest that SK helps inhibit chlorophyll degradation, thereby
maintaining photosynthetic stability under drought stress.

To cope with water de cit, plants typically adjust their stomatal
aperture to reduce transpiration, limiting gas exchange and
preventing excess water loss (Mukarram et al., 2021). In this
study, SK treatment reduced stomatal conductance, indicating
enhanced drought resistance through partial stomatal closure.
This effect may re ect sorbitol-chelated potassium induced
regulation of stomatal behavior near its physiological threshold.
Drought stress leads to a decrease in Pn, which is attributed on the
one hand to stomatal limitations and on the other hand to non-
stomatal limitations (NSLs) (Dong et al., 2025). Stomatal limitation
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