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Abstract: Because soybean is sensitive to salt stress, it is necessary to improve their stress
tolerance. Titanium-oxide nanoparticles (TiO2 NPs) enhanced the growth of soybean under
salt stress. To elucidate the promotive effects of TiO2 NPs on soybean growth under salt
stress, a gel-free/label-free proteomic analysis was carried out. The principal component
analysis of proteins showed that TiO2 NPs affected proteins in roots grown under salt stress.
The differentially changed proteins were associated with protein metabolism and transport
in the biological process, the nucleus in the cellular component, and nucleic acid binding
activity in the molecular function. Proteins identified with proteomics were verified using
immunoblot analysis. The abundance of V-ATPase decreased in soybean under salt stress
and increased with additional TiO2 NPs under stress, whereas xyloglucan endotransglu-
cosylase/hydrolase did not change with any treatment. The abundance of peroxiredoxin
increased under salt stress but decreased with additional TiO2 NPs under stress. These
results suggest that TiO2 NPs confer salt tolerance in soybean plants at the early growth
stage by regulating vacuole transport and reactive oxygen scavenging systems.
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1. Introduction
Around 1125 million hectares of global agricultural land are facing the issue of salinity,

consequently reducing crop yields [1]. Increased salinity has significant adverse effects on
the morphological, physiological, and biochemical characteristics of plants and interferes
with the desired metabolic processes of plants, resulting in reduced germination rates,
plant growth, and yield [2]. Among crops, soybean is highly sensitive to salinity, which
reduces yields by up to 40% [3]. In soybean, salt stress negatively regulated gibberellic
acid biogenesis and positively mediated abscisic acid biogenesis, causing delayed seed
germination [4]. In soybean roots, salt stress encouraged the accumulation of proteins
with binding/catalytic activity [5]. In soybean leaves, salt stress induced dynamic lipid
alterations in the recycling of both phospholipids and galactolipids [6]. These findings
indicate that increasing salt-tolerant soybean is important to enhance food production.

Nanoparticles (NPs) are ultrafine particles with a size of less than 100 nm in at least
one dimension [7]. NPs have been applied in agriculture for plant growth, fertilizers, and
pesticides, ensuring sustainable crop production [8]. For example, silver, zinc-oxide, and
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aluminum-oxide NPs have a positive effect on crop growth [9]. Among NPs, titanium-
dioxide (TiO2) NPs have various profound effects on morphological, physiological, and
biochemical characteristics of crops [10]. TiO2 NPs’ exposure increased root elongation
and plant biomass in wheat and rapeseed [11]. Contrastingly, the phytotoxicity of TiO2

NPs increased with a longer exposure period and a higher dosage, which was stronger in
wheat shoots than in roots [12]. The highest concentration of TiO2 NPs had adverse effects
on the germination, physiochemical, and yield characteristics of wheat [13]. The elevated
concentration of TiO2 NPs had inhibitory effects on wheat germination [14]. In soybean,
the increased concentration of TiO2 NPs also inhibited seed germination [15]. These results
indicate that TiO2 NPs have two contrasting effects depending on the concentration.

In addition, TiO2 NP-treated plants showed stress tolerance through enhanced content
of carotenoides and chlorophyll; the activity of antioxidant enzymes resulted in reduced
levels of hydrogen peroxide and malondialdehyde in broad bean under salt stress [16].
The foliar application of TiO2 NPs can help to improve tolerance against salt stress in
wheat [13]. TiO2 NPs mediated positive effects on germination parameters, reducing
hydrogen peroxide and malondialdehyde contents by enhancing antioxidants on soybean
under salt stress [15]. TiO2 NPs alleviated salt stress in soybean through restoring the
antioxidants and the cell ultrastructure [17]. However, the biochemical and molecular
mechanisms of TiO2 NPs on soybeans under salt stress have not been determined.

To characterize salt-tolerant mechanisms in soybean, TiO2 NPs were used in this study.
Three-day-old soybeans grown in sand were treated with TiO2 NPs (15–25 nm) and NaCl
solution for 2 days, after which their morphological parameters were analyzed. Based on
the morphological results, proteomic analysis was performed using nano-liquid chromatog-
raphy (LC) and mass spectrometry (MS)/MS. The proteomic results were subsequently
confirmed by immunoblot analysis.

2. Materials and Methods
2.1. Plant Materials and Treatment

Seeds of soybean (Glycine max L. cultivar Enrei) were used in this study. Seeds were
sown in quartz sand in a nursery case. After 3 days of sowing, soybean seedlings were
treated with or without 4, 40, and 400 µg/mL TiO2 NPs (Tecnan, Los Arcos, Spain) so-
lution and with or without 150 mM NaCl solution for 2 days. Seedlings were grown at
25 ◦C in a chamber illuminated with white fluorescent light (200 µmol m−2 s−1, 12 h light
period/day). For morphological analysis, roots and hypocotyls were collected. For pro-
teomic analysis, roots were collected. Roots and hypocotyls were collected for immunoblot
analysis. Three independent experiments were performed as biological triplicates for all
experiments. As independent biological replicates, seeds were sown on different days.

2.2. Protein Extraction

All experiments were performed at 4 ◦C. A portion (500 mg) of samples was ground
with a mortar and pestle in 500 µL of extraction buffer, which contained 50 mM Tris-HCl,
150 mM NaCl, 0.1% sodium deoxycholate, 1% Nonidet-P40, 0.1% sodium dodecyl sulfate,
and protease inhibitor. The suspension was centrifuged twice with 16,000× g for 10 min.
Protein concentration was determined using Bradford methods [18], and bovine serum
albumin was used as the standard.

2.3. Protein Enrichment, Reduction, Alkylation, and Digestion

Quantified proteins (100 µg) were adjusted to a final volume of 100 µL and added
to 400 µL of methanol/100 µL of chloroform/300 µL of water. After centrifugation at
16,000× g for 10 min, the upper phase was discarded, and 300 µL of methanol was added.
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After centrifugation at 16,000× g for 10 min, the supernatant was discarded and the pellet
was resuspended in 50 mM ammonium bicarbonate. Proteins were reduced with 50 mM
dithiothreitol for 30 min at 56 ◦C, alkylated with 50 mM iodoacetamide for 30 min at
37 ◦C, and digested with trypsin (Wako, Osaka, Japan) for 18 h at 37 ◦C. Peptides were
desalted with MonoSpin C18 Column (GL Sciences, Tokyo, Japan) and acidified with 1%
trifluoroacetic acid [19].

2.4. Protein Identification Using Nano-LC-MS/MS

The conditions of the nanoLC (EASY-nLC 1000; Thermo Fisher Scientific, San Jose,
CA, USA) and MS acquisition (Orbitrap Fusion ETD MS; Thermo Fisher Scientific) were
described in the previous study [20].

2.5. MS Data Analysis

The MS/MS searches were carried out using MASCOT (version 2.6.2, Matrix Science,
London, UK) and SEQUEST HT search algorithms against the UniProtKB Glycine max
(Soybean) protein database (version 20231026) using Proteome Discoverer (version 2.4.1.15;
Thermo Fisher Scientific). The workflow was described in the previous study [20].

2.6. Differential Analysis of Proteins Using MS Data

Label-free quantification was performed with Proteome Discoverer using precursor
ions quantifier nodes. For differential analysis of the relative abundance of peptides and
proteins between samples, the freely available software Perseus (version 1.6.15.0) [21] was
used. The workflow was described in the previous study [20].

2.7. Immunoblot Analysis

An SDS sample buffer consisting of 62.5 mM Tris-HCl (pH 6.8), 2% SDS, 50 mM
dithiothreitol, 10% glycerol, and 0.01% bromophenol blue was added to the protein samples.
Quantified proteins (10 µg) were separated by electrophoresis on a 10% polyacrylamide
gel and transferred onto a polyvinylidene difluoride membrane using a semidry transfer
blotter. The membrane was blocked for 5 min in Bullet Blocking One regent (Nacalai Tesque,
Kyoto, Japan) and cross-reacted with the primary antibodies for 30 min. As the primary
antibodies, the following were used: anti-V-ATPase (Agrisera, Vännäs, Sweden), xyloglucan
endotransglucosylase/hydrolase (Agrisera), superoxide dismutase (Proteintech, Tokyo,
Japan), ascorbate peroxidase [22], peroxiredoxin [23], and glutathione reductase (Agrisera)
antibodies. Anti-rabbit IgG conjugated with horseradish peroxidase (Bio-Rad, Hercules,
CA, USA) was used as the secondary antibody. After 30 min incubation, signals were
detected using the TMB Membrane Peroxidase Substrate kit (Nacalai Tesque).

The integrated densities of bands were calculated using ImageJ software (version 1.8,
National Institutes of Health, Bethesda, MD, USA). Coomassie brilliant blue staining was
used as a loading control. The intensity of the bandless area on the polyvinylidene difluo-
ride membrane was measured and used as background. The background was subtracted
from the intensity of each protein band to obtain the relative abundance of the protein. The
ratio means the relative protein abundance of each treatment/relative protein abundance
of the control.

2.8. Hydrogen Peroxide Content Measurement

The hydrogen peroxide contents were measured using the Amplite Colorimetric
Hydrogen Peroxide Assay Kit (AAT Bioquest, Pleasanton, CA, USA). A portion (200 mg) of
fresh roots was ground with a mortar and pestle in 200 µL of phosphate buffer on ice. The
homogenates were collected and centrifuged at 16,000× g for 20 min. The supernatant was
immediately used for the hydrogen peroxide assay. A working solution (25 µL) containing
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horseradish peroxidase and hydrogen peroxidase substrate was added to the sample (25 µL)
and reacted for 10 and 60 min. The samples were protected from light. The absorbance
was measured at 650 nm. The hydrogen peroxide content was determined using hydrogen
peroxide as the standard and calculated from a standard curve.

2.9. Statistical Analysis

The statistical significance of the 2 groups was evaluated by Student’s t-test. A p-value
of less than 0.05 was considered statistically significant.

3. Results
3.1. Morphological Analysis of Soybean Treated with TiO2 NPs Under Salt Stress

To investigate the effects of TiO2 NPs on soybeans under salt stress, morphological
analysis was performed. Soybean seeds were sown, and 3-day-old seedlings were treated
with or without TiO2 NPs with or without 150 mM NaCl for 2 days. Four treatments were
performed: nontreatment, TiO2 NPs, salt, and salt + TiO2 NP treatment. As morphological
parameters, the hypocotyl length (Figure 1B), hypocotyl fresh weight (Figure 1C), main
root length (Figure 1D), and total root fresh weight (Figure 1E) were measured. Soybean
growth was suppressed by salt stress and recovered with TiO2 NPs, especially 40 µg/mL
TiO2 NPs compared with the control. The main root length, and total root fresh weight
increased with the application of TiO2 NPs, even under salt stress. Based on these results,
soybean was treated with 40 µg/mL TiO2, and roots were used for the proteomic analysis.
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Figure 1. Morphological analysis of soybean treated with TiO2 NPs under salt stress. Soybean seeds
were sown and grown for 3 days. Seedlings were treated with or without 4, 40, and 400 µg/mL
TiO2 NPs with or without 150 mM NaCl for 2 days. Before morphological analysis, a photograph
was taken. The bar in the picture indicates 10 mm (A). As morphological parameters, hypocotyl
length (B), hypocotyl fresh weight (C), main root length (D), and total root fresh weight (E) were
analyzed at 5 days after sowing. Data are presented as the mean ± SD from 3 independent biological
replicates. The statistical significance of the 2 groups was evaluated by Student’s t-test. A p-value of
less than 0.05 was considered statistically significant (**, p < 0.01; *, p < 0.05).
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3.2. Identification and Functional Investigation of Proteins in Soybean Treated with TiO2 NPs
Under Salt Stress

To investigate the cellular mechanisms in soybean growth by application of TiO2 NPs
under salt stress, proteomics was performed. Four types of treatments were performed:
nontreatment, TiO2 NPs, salt, and salt + TiO2 NPs. The proteins extracted from soybean
root were concentrated, reduced, alkylated, and digested. Gel-free/label-free proteomics
was performed and investigated the biological process, cellular components, and molecular
functions. A total of 8316 proteins were detected by LC-MS/MS analysis. The proteomic re-
sults of all samples from different groups were compared by principal component analysis,
which showed different accumulation patterns of proteins from different treatments. The
principal component analysis of proteins showed that TiO2 NPs affected proteins in root
grown under salt stress (Figure 2).
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Figure 2. Summary of whole proteomic data from 12 samples based on principal component analysis.
Soybean seeds were sown and grown for 3 days. Seedlings were treated with or without 40 µg/mL
TiO2 NPs with or without 150 mM NaCl for 2 days. Proteins were extracted from roots and analyzed
using nanoLC-MS/MS. Proteomic analysis was performed using 3 independent biological replicates
for each treatment. Principal component analysis was performed using Proteome Discoverer.

A total of 2155 proteins were identified by a t-test after LC-MS/MS analysis
(Tables S1 and S2). Among 1188 proteins, 245 proteins increased, and 943 proteins de-
creased in soybean under salt stress. On the other hand, among 967 proteins, 794 proteins
increased, and 173 proteins decreased in soybean treated with TiO2 NPs under salt stress.
Because the principal component analysis of proteins displayed an overlap between the
control and TiO2 NP-treated clusters (Figure 2), proteins identified by TiO2 NP treatment
under salt stress were compared with those of the control (Table S3). Among 132 proteins,
70 proteins increased, and 64 proteins decreased in soybean treated by TiO2 NP treatment
under salt stress compared with those of the control.

Functional classification by gene ontology analysis after proteomic analysis showed
opposite trends in the increase and decrease in proteins between salt treatment/control
and salt + TiO2 NP/salt treatment. The number of proteins increased or decreased by
more than six times with the addition of TiO2 NPs to soybeans under salt stress com-
pared to nontreatment. Differentially abundant proteins were associated with protein
metabolism and transport in the biological processes (Figure 3A), nucleus and cytosol in
the cellular component (Figure 3B), and nucleic acid binding activity in the molecular func-
tions (Figure 3C) between salt treatment/nontreatment and salt + TiO2 NP treatment/salt
treatment (Figure 3).
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Figure 3. Functional categories of proteins present in different abundance in soybean root with
TiO2 NPs under salt stress. Four kinds of treatments, including nontreatment, TiO2 NPs, salt,
and salt + TiO2 NPs, were conducted. Proteins extracted from soybean root after treatment were
enriched, reduced, alkylated, digested, and analyzed by nanoLC-MS/MS. The relative abundance
of proteins from treatments with or without TiO2 NPs under salt stress was compared to that of
the nontreatment. Functional categories of changed proteins were determined using gene ontology
analysis. (A) biological process, (B) cellular component, and (C) Molecular function. The orange
and blue columns indicate the increased and decreased proteins, respectively, which are matched
peptides
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Proteomic analysis revealed that the most significantly altered proteins were in the
biological process category compared to the cellular component and molecular function
categories. V-ATPase (C6TBY6) related to transport and xyloglucan endotransglucosy-
lase/hydrolase (A0A0R0JVY2) related to the cell wall significantly changed in the biological
process category (Tables S1 and S2). In more detail, V-ATPase decreased by −1.86 times
under salt stress compared to the control and increased by 1.48 times with additional
TiO2 NPs under salt stress. Xyloglucan endotransglucosylase/hydrolase decreased by
−2.20 times under salt stress compared to the control and increased by 2.22 times with
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additional TiO2 NPs under salt stress. For this reason, V-ATPase and xyloglucan endotrans-
glucosylase/hydrolase were selected for immunoblot analysis.

Furthermore, proteomic analysis detected 22 types of peroxidases (Tables S2 and S3);
however, because their classification was unclear, the main enzymes and hydrogen peroxide
content involved in the ROS scavenging system were confirmed using immunoblot and
metabolite analyses.

3.3. Immunoblot Analysis of Proteins in Soybean Treated with TiO2 NPs Under Salt Stress

To better reveal the differential abundance of proteins between the salt/nontreatment
group and salt + TiO2 NPs/salt group identified using proteomic analysis, immunoblot anal-
ysis was conducted. V-ATPase (Figure 4A) and xyloglucan endotransglucosylase/hydrolase
(Figure 4B) were analyzed as transport proteins and cell-wall related protein, respectively, in
the biological process category from the proteomic data. Superoxide dismutase (Figure 5A),
peroxiredoxin (Figure 5B), ascorbate peroxidase (Figure 5C), and glutathione reductase
(Figure 5D) were selected as proteins related to the reactive oxygen scavenging system.
Proteins extracted from the root and hypocotyl of soybean were separated by electrophore-
sis on SDS-polyacrylamide gel and transferred to polyvinylidene-difluoride membranes.
The membranes were cross-reacted with the antibodies of selected proteins. A Coomassie
brilliant blue staining pattern was used as a loading control (Figure S2). The integrated
density of bands was calculated from the results of triplicated immunoblots using ImageJ
software (Figures S3–S8). The abundance of V-ATPase decreased with salt stress and re-
covered to the control level with additional TiO2 NPs on soybean roots under salt stress
(Figure 4A). The abundance of xyloglucan endotransglucosylase/hydrolase decreased
under salt stress; however, it did not change with additional TiO2 NPs (Figure 4B). The
abundance of peroxiredoxin increased with salt stress and decreased with additional TiO2

NPs in hypocotyl under salt stress (Figure 5B). On the other hand, the abundance of super-
oxide dismutase, ascorbate peroxidase, and glutathione reductase increased in root under
salt stress; however, it did not change with additional TiO2 NPs (Figure 5A,C,D).
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Figure 4. Immunoblot analysis of proteins involved in soybeans treated with TiO2 NPs under
salt stress. Four treatments were performed: nontreatment, TiO2 NPs, salt, and salt + TiO2 NPs.
Proteins extracted from root and hypocotyl of soybean were separated on SDS-polyacrylamide
gel by electrophoresis. Proteins were transferred onto membranes. The membranes cross-reacted
with anti-V-ATPase (A) and xyloglucan endotransglucosylase/hydrolase (XTH) (B) antibodies. The
integrated densities of the bands were calculated using ImageJ software. The statistical significance of
the 2 groups was evaluated by Student’s t-test. A p-value of less than 0.05 was considered statistically
significant (**, p < 0.01; *, p < 0.05).
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Figure 6. Analysis of hydrogen peroxide content in soybean roots treated with TiO2 NPs under salt
stress. Four treatments were performed: control, TiO2 NPs, salt, and salt + TiO2 NPs. After the
addition of working solution, samples were reacted for 10 min (A) and 60 min (B). The data are
presented as mean ± SD from 3 independent biological replicates. The statistical significance of the
2 groups was evaluated by Student’s t-test. A p-value of less than 0.05 was considered statistically
significant (**, p < 0.01; *, p < 0.05).
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4. Discussion
4.1. TiO2 NPs Enhance Soybean Seedling and Salt Stress Tolerance

NPs enter the plant root system through the lateral root junctions and reach the xylem
through the cortex and pericycle [24]. The entry of NPs into cells is prevented by the cell
wall, which allows the transport of NPs due to the size of the pores in the cell [25]. NPs,
which are within the size range of the cell wall pores, can effectively pass through the cell
wall and reach the cell membrane [26]. Smaller silver NPs (20 nm) could enter cells and
induce cellular stress, such as ROS generation and protein carbonylation, whereas, larger
NPs (100 nm) only indirectly induced oxidative stress [27]. In this study, small-sized NPs,
which are TiO2 NPs of 15–25 nm, were used to investigate what changes occur within cells
due to NP-induced morphological changes. When 2-day-old soybeans were treated by
aluminum oxide NPs for 0, 2, 3, and 4 days, significant protein changes were observed
from day 2 of treatment [28] and this tendency on soybean was the same for silver NPs [29]
and zinc oxide NPs [30]. Therefore, in this study, 2 days of treatment with NPs was used
for soybeans.

In this study, soybean growth was suppressed by salt stress and recovered with TiO2

NP treatment compared with the control (Figure 1). It is also reported that TiO2 NPs
enhanced seedling emergence, vigor, and tolerance in soybean under salinity stress [15].
To elucidate the promotive effects of TiO2 NPs on soybean growth under salt stress, a gel-
free/label-free proteomic analysis was carried out. Proteomic analysis revealed that many
proteins increased under salt stress compared with the control, and these were reduced or
restored when TiO2 NPs were applied under salt stress (Figure 3). These findings suggest
that they may be related to the inhibition of soybean growth caused by salt stress and its
recovery by the addition of TiO2 NPs. Further confirmatory experiments are needed to
prove this.

4.2. Membrane Transport Is Related to a Salt-Tolerant Mechanism in Soybean with TiO2 NPs

Although the process of metal storage in vacuoles is well characterized, the trans-
formation of cellular metal ions into NPs remains unclear. In roots, the uptake metals
are bound to some complex molecules of the cell wall components, thus reducing their
translocation to other parts of the plant, or directed into the storage vacuoles [31]. For
example, iron NPs protected plant cells from arsenic phytotoxicity by promoting the accu-
mulation of chelators and the sequestration and immobilization of arsenic in the vacuole
and cell wall [32]. Proteomic analysis indicated that V-ATPase and xyloglucan endotrans-
glucosylase/hydrolase, which are membrane and cell-wall related proteins, decreased with
salt stress and increased with additional TiO2 NPs, even under stress (Tables S1 and S2).
Using immunoblot analysis as a confirmation experiment, the abundance of V-ATPase
decreased under salt stress and increased with additional TiO2 NPs under stress, whereas
xyloglucan endotransglucosylase/hydrolase did not change with any treatment (Figure 4).
Compared with xyloglucan endotransglucosylase/hydrolase, V-ATPase is considered to be
more involved in the effect of TiO2 NPs.

There are three types of ATPases on the plant cell membrane, which are P-ATPase,
V-ATPase, and F-ATPase [33]. V-ATPase catalyzes the decomposition of ATP into ADP
and free phosphate ions. As a kind of dominant enzyme, V-ATPase not only maintains
the dynamic balance of cytoplasmic ions and cellular metabolism, but also responds to
environmental factors [34]. In the vacuole, the V-ATPase energizes transport processes,
contributes to nitrate storage and zinc deposition, as well as ensures the resting calcium
concentration in the cytoplasm [35]. V-ATPase plays a key role in establishing an elec-
trochemical H+ gradient across the tonoplast and activating Na+ sequestration into the
central vacuole, resulting in enhanced salt stress tolerance in plants [36]. In an additional
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example, V-ATPase decreased in soybean under salt stress and increased with additional
plant-derived smoke solution, which shows stress tolerance [37]. These findings and the
present results suggest that TiO2 NPs confer tolerance to salt stress through V-ATPase
accumulation in the vacuolar transport system of soybean roots.

4.3. ROS Scavenging System Is Related to Salt-Tolerant Mechanism in Soybean with TiO2 NPs

ROS production is a common occurrence in plants under normal growth conditions
and further increased under stress conditions, which led to cellular toxicity [38]. When
plants are exposed to environmental stresses, the levels of ROS can excessively increase
and cause significant oxidative damage to DNA, RNA, proteins, lipids, and other redox-
sensitive molecules [39]. Salinity-tolerant wheat effectively scavenged ROS through regu-
lating the transcriptional level of ROS enzyme [40]. In an additional example, the activity of
ascorbate peroxidase increased in ethanol-supplemented soybean under salt stress [41]. In
the present study, the abundance of superoxide dismutase, ascorbate peroxidase, and glu-
tathione reductase increased under salt stress; however, this did not change with additional
TiO2 NPs (Figure 5). Furthermore, the amount of hydrogen peroxide increased with salt
stress, but did not change with the addition of TiO2 NPs (Figure 6). These findings and the
present results suggest that the unchanged levels of hydrogen peroxide in TiO2 NP-treated
seedlings may be the result of an increased activation of ROS scavenging systems that
efficiently degrade hydrogen peroxide and thereby prevent its accumulation in soybean
roots under salt stress.

On the other hand, peroxiredoxin increased in soybean leaf under salt stress and
decreased with additional TiO2 NPs under stress (Figure 5). Peroxiredoxins act as second
messengers in intracellular signaling and protect cells from oxidative stress through hy-
drogen peroxide [42]. Peroxiredoxin was specifically distributed in organelles, such as
chloroplasts and mitochondria [43]. It decreased in wheat leaf and root with the treatment
of silver oxide NPs mixed with nicotinate and potassium nitrate [44]. It increased in soy-
bean with chemically synthesized NPs compared to bio-synthesized zinc oxide NPs [45].
These findings, along with these results, suggest that TiO2 NPs might improve soybean
growth under salt stress through the accumulation of peroxiredoxin, which reduces oxida-
tive stress. However, because other ROS scavenging enzymes did not change with TiO2

NP application, the importance of peroxiredoxins requires further research.

5. Conclusions
In this study, TiO2 NPs enhanced soybean growth, even under salt stress. The pro-

teomic technique indicated that the differentially changed proteins were related to trans-
port in biological process categories. Using immunoblot analysis, the key findings were
confirmed as follows: V-ATPase decreased in salt stress conditions and increased with addi-
tional TiO2 NPs, whereas xyloglucan endotransglucosylase/hydrolase did not change with
any treatment. Additionally, the ROS scavenging system was confirmed using immunoblot
analysis. Peroxiredoxin increased under salt stress and decreased with additional TiO2 NPs.
On the other hand, ascorbate peroxidase, superoxide dismutase, and glutathione reductase
increased under salt stress, but they were not improved with additional TiO2 NPs. The
present results suggest that TiO2 NPs enhance soybean growth by stress reduction even
under salinity through regulating vacuole transport and the ROS scavenging system.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/oxygen5020004/s1, Table S1. List of changed proteins in soybean roots
under salt stress compared with the control. Table S2. List of changed proteins in soybean roots
treated with TiO2 NPs under salt stress compared with salt stress only. Table S3. List of changed
proteins in soybean roots treated with TiO2 NPs under salt stress compared with the control. Figure S1.

https://www.mdpi.com/article/10.3390/oxygen5020004/s1
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Experimental design to investigate the effects of TiO2 NPs on soybeans under salt stress. Figure S2.
Coomassie brilliant blue staining pattern of proteins used for immunoblot analysis. Figure S3. Blots
of the entire membrane with anti-V-ATPase antibody, which were used in Figure 4A. Figure S4. Blots
of the entire membrane with anti-xyloglucan endotransglucosylase/hydrolase antibody, which were
used in Figure 4B. Figure S5. Blots of the entire membrane with anti-superoxide dismutase antibody,
which were used in Figure 5A. Figure S6. Blots of the entire membrane with anti-peroxiredoxin
antibody, which were used in Figure 5B. Figure S7. Blots of the entire membrane with anti-ascorbate
peroxidase antibody, which were used in Figure 5C. Figure S8. Blots of the entire membrane with
anti-glutathione reductase antibody, which were used in Figure 5D.
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