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Titanium dioxide nanoparticles alleviates
polystyrene nanoplastics induced growth
inhibition by modulating carbon and nitrogen
metabolism via melatonin signaling in maize
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Abstract

Background Nanoplastics, are emerging pollutants, present a potential hazard to food security and human health.
Titanium dioxide nanoparticles (Nano-TiO,), serving as nano-fertilizer in agriculture, may be important in alleviating
polystyrene nanoplastics (PSNPs) toxicity.

Results Here, we performed transcriptomic, metabolomic and physiological analyzes to identify the role of Nano-
TiO, in regulating the metabolic processes in PSNPs-stressed maize seedlings (Zea mays L.). The growth inhibition

by PSNPs stress was partially relieved by Nano-TiO,. Furthermore, when considering the outcomes obtained from
RNA-seq, enzyme activity, and metabolite content analyses, it becomes evident that Nano-TiO, significantly enhance
carbon and nitrogen metabolism levels in plants. In comparison to plants that were not subjected to Nano-TiO,,
plants exposed to Nano-TiO, exhibited enhanced capabilities in maintaining higher rates of photosynthesis, sucrose
synthesis, nitrogen assimilation, and protein synthesis under stressful conditions. Meanwhile, Nano-TiO, alleviated the
oxidative damage by modulating the antioxidant systems. Interestingly, we also found that Nano-TiO, significantly
enhanced the endogenous melatonin levels in maize seedlings. P-chlorophenylalanine (p-CPA, a melatonin synthesis
inhibitor) declined Nano-TiO,-induced PSNPs tolerance.

Conclusions Taken together, our data show that melatonin is involved in Nano-TiO,-induced growth promotion in
maize through the regulation of carbon and nitrogen metabolism.
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Introduction

Plastic pollution is a significant contemporary environ-
mental issue. Global statistics indicate that an annual
production of 0.19-83 million tons of plastic waste
occurs, encompassing prevalent variants like polysty-
rene (PS), polyvinyl chloride (PVC), and polyethylene
(PE) [1]. Upon introduction into the environment, plastic
undergoes a gradual process of degradation facilitated by
ultraviolet radiation, oxidation, mechanical abrasion, and
other factors [2]. This degradation results in the forma-
tion of minute plastic fragments, including microplastics
(MPs, 1 um-5 mm) and nano-plastics (NPs, 1-100 nm)
[3]. MPs and NPs exhibit extensive distribution within
farmland, primarily originating from long-term residue
of agricultural mulch, sewage irrigation, sludge appli-
cation in agriculture, organic fertilizer utilization, and
atmospheric deposition [4]. Research has demonstrated
that MPs can inhibit plant growth through mechanisms
such as decreased photosynthesis, hindered mineral ele-
ment uptake, and disrupted metabolic balance [5, 6]. In
contrast to MPs, NPs possess smaller dimensions and a
greater specific surface area, rendering them more read-
ily assimilated by organisms. The accumulation of NPs
within plants may ultimately result in their entry into the
human body via the food chain, thereby potentially pos-
ing a significant health hazard [7].

The potential applications of nanotechnology in agri-
cultural production, including the enhancement of
nutrient utilization efficiency and alleviation of abiotic
stresses, have garnered significant attention from scien-
tists [8]. Nanomaterials possess distinct characteristics
such as small particle size, large specific surface area, high
surface energy, a significant proportion of surface atoms,
and three unique effects, namely surface effect, small size
effect, and macroscopic quantum tunneling effect [9, 10].
Recent studies have demonstrated the promising pros-
pects of Nano-TiO, in alleviating environmental stresses
[11, 12]. The mechanisms through which Nano-TiO,
increase plant stress resistance encompass the augmen-
tation of antioxidant capacity, enhancement of photo-
synthetic efficiency, and improvement of element uptake
[13-15]. Nevertheless, the potential of Nano-TiO, to alle-
viate the inhibitory impact of NPs stress on crop growth,
as well as the underlying mechanism, remains unclear.
This study aims to address this knowledge gap.

Carbon (C) and nitrogen (N) are pivotal constituents
within plants, and their respective metabolisms hold
paramount significance in plant physiology. The interplay
between C and N metabolism is highly intricate, as they
exhibit interdependence and mutual constraint [16, 17].
On one hand, N metabolism necessitates the energy gen-
erated by C metabolism, as well as the reducing agents
produced through photosynthesis, alongside the C skel-
eton derived from the tricarboxylic acid cycle (TCA). On
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the other hand, C metabolism relies on N metabolism to
furnish enzymes and light pigments, with both processes
relying on shared reducing power, ATP, and C skel-
eton [18]. The degree of coordination between C and N
metabolism has significant implications for crop growth,
development, yield formation, and quality [19-21].
Consequently, it is crucial to ensure the maintenance of
relative stability in C and N metabolism when crops are
exposed to NPs stress.

Melatonin, a multifunctional regulatory molecule
found in a wide range of living organisms, including pro-
karyotes and eukaryotes. In animals, melatonin plays
a crucial role in regulating various physiological pro-
cesses, including circadian rhythm, seasonal reproduc-
tive development, immunity enhancement, and sleep
improvement [22]. The discovery of melatonin in plants
during the early 1990s has garnered significant atten-
tion from researchers worldwide [23]. Due to its struc-
tural similarities and functional overlap with auxin, as
well as its ability to freely move within tissues, scavenge
free radicals, and respond to light, melatonin is increas-
ingly recognized as a novel plant growth regulator [24].
Research has demonstrated that melatonin possesses
the ability to retard the aging process, augment photo-
synthesis, regulate photoperiodicity, and influence seed
germination and root morphogenesis. Moreover, endog-
enously induced or exogenously applied melatonin has
been shown to enhance plant tolerance to various abi-
otic stresses [25, 26]. Previous studies have indicated that
melatonin can mitigate the deleterious impacts of envi-
ronmental stresses, such as drought and salinity, on plant
growth [27, 28]. Furthermore, exogenous application
of melatonin has been shown to enhance the photosyn-
thetic efficiency, modulate carbon and nitrogen metabo-
lism, stimulate the accumulation of amino acids and their
derivatives, and thus alleviate stress induced growth inhi-
bition and yield reduction in plants [16, 29].

Plants have evolved diverse defense mechanisms,
encompassing DNA methylation modification, histone
post-translational modification, transcription and meta-
bolic reprogramming, as well as the synthesis of second-
ary metabolites, to effectively cope with environmental
fluctuations and withstand external stressors [30, 31].
The response mechanisms to NPs toxicity have been
investigated in several plant species, such as rice and
soybean, through transcriptome profiling. Numerous
genes associated with mitogen-activated protein kinase
(MAPK), redox reactions, and membrane protein trans-
port regulated by NPs stress have been documented [7,
32]. Furthermore, downstream metabolites and enzymes
associated with these genes significantly contribute to the
plant’s response to abiotic stress [33, 34]. Consequently,
the comprehensive integration of transcriptome, metab-
olome, and physiological approaches is essential for a
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comprehensive understanding of the regulatory effects of
Nano-TiO, on crop growth and metabolism under NPs
stress.

Maize (Zea mays L.) is a significant staple and fodder
crop, possessing substantial production capabilities and
considerable economic advantages, while also serving
as a versatile resource for diverse industrial applications
[35]. In this study, PSNP; was selected as a representa-
tive of NPs due to its prevalence in agricultural soils [36].
Nano-TiO, has been recognized for its significant contri-
bution to enhancing plant tolerance against abiotic stress.
However, the potential of Nano-TiO, in mitigating phy-
totoxicity caused by NPs remains unverified. The process
of biomass accumulation, which involves the intricate
interplay of various metabolic pathways, particularly
the interaction between carbon and nitrogen metabo-
lism, serves as a direct manifestation of plant growth
[37]. Considering the important contribution of C and N
metabolism and melatonin to plant growth, we hypoth-
esized that Nano-TiO, might enhance the carbon and
nitrogen metabolism of maize plants under PSNPs stress,
thereby reducing the inhibitory effect of PSNPs toxicity
on maize growth, and melatonin might be involved in the
regulation of this process. Furthermore, we also exam-
ined the impact of Nano-TiO, on alleviating oxidative
stress in maize plants.

Materials and methods

Plant growth and experimental design

The maize variety used in this study was Zhengdan 958.
Nano-TiO, (10 nm, 99.99%) were purchased from US
Research Nanomaterials located in Houston, TX, USA.
The PSNPs (50 nm) were purchased from Zhongkeleim-
ing Technology Co., Ltd. (Beijing, China). The experi-
ment was conducted within an artificial climate chamber,
maintaining a photosynthetic photon flux density (PPFD)
of 600 pmol m~2 5™, a relative humidity range of 45-55%,
and a light/dark cycle of 14/10 hours. Prior to experimen-
tation, the seeds underwent a disinfection process involv-
ing immersion in a 1% sodium hypochlorite solution for a
duration of 10 min, followed by three rinses with distilled
water. The sterilized seeds were subsequently placed on
filter paper and incubated at a temperature of 25 °C for a
duration of 3 days in a dark environment to stimulate ger-
mination. Maize seedlings exhibiting consistent growth
were then transplanted into a plastic container contain-
ing a 1/2 Hoagland solution (pH=5.8). Based on our
preliminary experimental findings, the optimal concen-
tration of Nano-TiO, was determined to be 50 mg/L. Fol-
lowing a period of 14 days, the seedlings were subjected
to treatment with either 50 mg/L or 0 mg/L of Nano-TiO,
through foliar spraying. Subsequently, after a 12-hour
pretreatment with Nano-TiO,, the nutrient solution was
supplemented with 20 mg/L PSNPs to induce NPs stress.
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In the experiment, four treatment groups were estab-
lished: the control group (C), the Nano-TiO, group (Ti,
with a concentration of 50 mg/L Nano-TiO,), the PSNPs
treatment group (P, with a concentration of 20 mg/L
PSNPs), and the PSNPs+Nano-TiO, treatment group
(P+Ti, with a concentration of 20 mg/L PSNPs+50 mg/L
Nano-TiO,). Each treatment group consisted of 10 repli-
cates, with 12 seedlings per replicate. Following a 7-day
treatment period, the roots and leaves from each treat-
ment group were collected and stored at -80 °C.

Measurement of PS concentration and plant growth
parameters

The content of PSNPs in all samples was determined fol-
lowing the methodology outlined by Li et al. [38]. Freeze-
dried leaves and roots were digested using a 25% solution
of tetramethylammonium hydroxide. The resulting solu-
tion was then flocculated with anhydrous ethanol, fol-
lowed by centrifugation. Subsequently, the solution was
extracted using dichloromethane. The extracted sub-
stance was then analyzed using the Py-GC/MS. Follow-
ing a seven-day treatment, the roots and ground parts
were gathered and subjected to a drying process at a tem-
perature of 70 °C for a duration of 72 h. Subsequently,
the dry weight was determined. The root vigor was
assessed using the procedure outlined by Qi et al. [39].
A fresh sample weighing 0.1 g was combined with 5 mL
of 0.4% TTC solution and 5 mL of 1/15 mol/L PBS. The
mixture was thoroughly mixed and incubated in a con-
stant temperature chamber at 37°C in the absence of light
for a duration of 2 h, resulting in the appearance of red
coloration in the root tip segments. Subsequently, 2 mL
of 1 mol/L H,SO, solution was added to terminate the
reaction. The absorption value was then measured using
the UV-2550 spectrophotometer (Shimadzu, Japan) at a
wavelength of 485 nm. The determination was conducted
in triplicate.

Transcriptome sequencing and data analysis

Total RNA was isolated from the leaves and roots of both
treated and control seedlings using TRIzol reagent (Invit-
rogen) following the guidelines provided by the manufac-
turer. Subsequently, PCR amplification was conducted,
and high-throughput sequencing was conducted on the
Novogene Technology Co., Ltd. HiSeq 2500 Illumina
sequencing platform. DEGseq2 was employed to detect
the Differentially Expressed Genes (DEGs; qvalue<0.05,
|log,FoldChange| > 1) between the control and treatment
groups. The Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analysis of DEGs was conducted
using the KOBAS software. To verify the credibility of
the RNA-Seq data, a random selection of eight DEGs
was made and their expression patterns were examined
through qRT-PCR, with the Zmlbi-2 gene serving as
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the internal reference. The primer sequences employed
in this analysis can be found in Table Supplemental
Table S1. The relative gene expression level was deter-
mined using the comparative Ct method. Each treatment
included three biological replicates.

Metabolite extraction and identification

Frozen leaf or root samples weighing 0.8 g were pulver-
ized into powder using liquid nitrogen under freezing
conditions. Subsequently, 1.2 mL of a 70% methanol
solution was added to facilitate extraction. The result-
ing extract was refrigerated at a temperature of 4 °C for
an overnight period. Following this, centrifugation was
carried out at a speed of 12,000 r/min for a duration of
10 min, and filtration was performed using a micropo-
rous filter membrane. The resulting supernatant was
utilized for UPLC-MS analysis. The quantification of
metabolites was conducted using the multi-reaction
mode of a triple quadrupole mass spectrometry instru-
ment. The samples underwent multivariate statistical
analysis, which included principal component analysis.
To further elucidate the distinctions between groups,
the metabolome data was analyzed using the orthogonal
partial least squares discriminant analysis (OPLS-DA)
model. The screening criteria for identifying differential
metabolites were set at p<0.05, Log,Foldchange>1, and
VIP>1. Each treatment included six biological replicates.

Assays of chlorophyll content and photosynthetic
parameters

Approximately 0.2 g of leaf samples, previously frozen
at -80°C, were taken and mixed with 5 mL of 80% ace-
tone. The resulting mixture was homogenized through
grinding, followed by centrifugation at 5000 g and 4°C
for a period of 10 min. The light absorption value was
measured using the UV-2550 spectrophotometer (Shi-
madzu, Japan) at wavelengths of 645 nm, 652 nm, and
663 nm. Following a stress treatment period of 7 days,
the photosynthetic rate of maize plants was assessed
using the LI-6800 portable photosynthesis analysis sys-
tem (LI-COR, USA). The measurement was conducted
using a 2x3 cm red and blue light source leaf chamber,
with a light intensity of 600 pmol m~2 s™*. The flow rate
was set at 500 umol s~ ', and the relative humidity was
maintained at 50%. The entire measurement process
took place between 9:00 AM and 11:00 AM. The chlo-
rophyll fluorescence parameters were determined using
the PAM2500 instrument (Walz, Germany) following a
30-minute period of dark adaptation.

Analysis of activities of enzymes involved in carbon/
nitrogen metabolism

The activity of ribulose bisphosphate carboxylase
(Rubisco) was assessed using the methodology outlined
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by Bota et al. [40]. Frozen samples weighing 0.1 g were
homogenized in a 100 mM bicine-NaOH buffer (pH=7.8)
containing EDTA (1 mM), DTT (5 mM), MgCl, (5 mM),
and phenylmethyl sulfonyl fluoride (PMSEF, 1 mM). The
resulting homogenates were centrifuged at 15,000 X g
and 4 °C for 5 min. The enzyme solution is then added
to the mixture, which consists of Tris-HCI (200 mM,
pH=8.5), 1 mM RuBP, 10 mM NaHCO,;, 5 mM MgCl,,
0.1 mM DTT, 1 mM ATP, phosphoglycerate kinase (5
Units), glyceraldehyde 3-phosphate dehydrogenase (5
Units), and 0.2 mM NADH. Spectrophotometer (UV-
2550, Shimadzu, Japan) recorded absorption values at
340 nm. The activity of ADP glucose pyrophosphorylase
(AGPase) was assessed following the protocol outlined
by Prathap et al. [41]. The activity of amylase (AMY) was
determined using the methodology described by Reguera
et al. [42]. The activity of sucrose phosphate synthase
(SPS) was determined based on the research conducted
by Ali et al. [43], while the activity of sucrose synthase
(SuSy) and invertase (INV) was determined following the
procedures established by Prathap et al. [41]. The activi-
ties of citrate synthase (CS) and phosphoenolpyruvate
carboxylase (PEPC) were analyzed as detailed in Zhao et
al. [18].

The method described by Gangwar et al. [44] was used
to determine the activity of nitrate reductase (NR), with
some modifications. Frozen samples weighing 0.1 g were
ground into powder under liquid nitrogen freezing con-
ditions. An extract containing 50 mM KH,PO,-KOH
(pH=7.5), 2 mM EDTA, 2 mM dithiositol, and 1% poly-
vinylpyrrolidone was added to the powdered samples.
The extracts were then homogenized and centrifuged for
20 min at 4 °C and 20,000xg. To initiate the reaction, 700
uL of reaction buffers (50 mM KH,PO,-KOH [pH=7.5],
10 mM KNO;, and 0.1 mM NADH) were added to 100
uL of total soluble protein. The samples underwent incu-
bation at a temperature of 28 °C for a duration of 15 min.
Subsequently, the reaction was halted and the concen-
tration of nitrite (NO,”) was assessed. The enzymatic
activities of glutamine synthetase (GS) and glutamate
synthetase (GOGAT) were determined utilizing the
Khan et al. [45] methodology, whereas the activity of glu-
tamate dehydrogenase (GDH) was determined following
the procedure outlined by Zhao et al. [18]. The activity of
protease was assessed using the methodology outlined by
Reguera et al. [42]. Biological replicates were measured
four times for each treatment.

Measurement of contents of carbohydrates and nitrogen
metabolites

The contents of sucrose, fructose, and glucose were
determined following the methodology outlined by Liu
et al. [46]. Frozen samples weighing 0.1 g were pulver-
ized into a powder and mixed with 1 ml of 80% ethanol.
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The resulting extract was subjected to centrifugation at
12,000 rpm for 15 min, and the resulting samples were
dissolved in 80% acetonitrile for quantitative analysis
using HPLC (Agilent 1260, Santa Clara, USA). Starch
content was determined using the Starch Assay Kit
(STA20, Sigma-Aldrich, St. Louis, USA) in accordance
with the procedure described by Dong et al. [47].

The quantification of nitrate (NO;~) was conducted
using HPLC (Agilent 1260) following the methodology
established by Xu et al. [48]. The determination of ammo-
nia (NH,") content was performed based on the proce-
dure outlined by Oliveira et al. [49]. The assessment of
free amino acid content was carried out according to the
methodology described by Ghani et al. [50]. The deter-
mination of soluble protein content was conducted by
Sapre et al. [51]. Frozen samples weighing 0.1 g were pul-
verized under freezing conditions using liquid nitrogen,
and a phosphate buffer containing 2% (w/v) polyvinylpyr-
rolidone (PVP) and 1 mM EDTA-Na, was introduced.
Following homogenization, the sample underwent cen-
trifugation for 15 min at a temperature of 4 °C and a
speed of 11,000xg. The absorbance value of the sample
was measured using the UV-2550 spectrophotometer
(Shimadzu, Japan) at a wavelength of 595 nm, and the
protein concentration was determined by employing the
standard curve of bovine serum albumin (BSA) (Sigma-
Aldrich, USA). All measurements were performed in
triplicate.

Assays of reactive oxygen species and antioxidant activity

The determination of superoxide anion radical (O,")
content followed the protocol described by Altaf et al.
[52]. A frozen root sample weighing 0.2 g was ground
into a powder and combined with 2 mL of 50 mM phos-
phate buffer at pH 7.8. After homogenization, the sam-
ple was subjected to centrifugation at 4 °C and 12,000xg
for 20 min. The resulting supernatant (0.5 mL) was
mixed with 0.1 mL of hydroxylamine hydrochloride (10
mM) and 0.5 mL of phosphate buffer (50 mM, pH 7.8),
and incubated at room temperature for 30 min. Sub-
sequently, 1 mL of sulfanilamide (17 mM) and 1 mL of
naphthylamine (7 mM) were added to the mixture, fol-
lowed by another incubation at room temperature for
30 min. The measurement of the absorption value was
conducted using the UV-2550 spectrophotometer (Shi-
madzu, Japan) at a wavelength of 530 nm. The determi-
nation of O, content was accomplished by employing
the standard curve of NaNO, (Sigma-Aldrich, USA). The
quantification of hydrogen peroxide (H,0,) and malondi-
aldehyde (MDA) was carried out following the procedure
outlined by Lai et al. [53]. The determination of superox-
ide dismutase (SOD) activity followed the methodology
outlined by Thabet et al. [54]. Catalase (CAT) activity was
determined in accordance with the method described
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by Altaf et al. [42], while peroxidase (POD) activity was
determined following the approach detailed by Gao et
al. [55]. The activities of ascorbate peroxidase (APX) and
glutathione reductase (GR) were determined using the
methodology described by Thabet et al. [54]. The quan-
tification of ascorbic acid (AsA) content was analyzed
based on the procedure described by Tan et al. [56].

Effect of exogenous application of melatonin and
p-chlorophenylalanine (p-CPA) on PSNPs tolerance

To enhance comprehension of the correlation between
melatonin and the benefit triggered by Nano-TiO,,
we performed an experiment involving the exogenous
administration of melatonin or a melatonin synthesis
inhibitor (p-CPA). Uniform seedlings (same as above)
were subjected to five treatments: a control group with-
out Nano-TiO, (C), a group treated with 20 mg/L PSNPs
(P), a group treated with 20 mg/L PSNPs (P)+50 mg/L
Nano-TiO, (P+Ti), a group treated with 20 mg/L PSNPs
(P)+10 uM melatonin (P+M), and a group treated with
20 mg/L PSNPs (P)+50 mg/L Nano-TiO,+30 uM p-CPA
(P+Ti+CPA). After a seven-day treatment, the roots and
leaves from each treatment were collected.

Measurement of endogenous melatonin content

In accordance with the methodology outlined by Chen
et al. [57], the endogenous melatonin levels were quan-
tified using HPLC (Agilent 1260, Agilent Technologies).
Fresh plant samples weighing 0.5 g were pulverized into
a fine powder under cryogenic conditions using liquid
nitrogen, followed by the addition of 5 mL of methanol.
Subsequently, the samples were subjected to centrifuga-
tion at 10,000xg at 4 °C for 30 min, after which the meth-
anol was removed through evaporation using a nitrogen
blower. The sample was subsequently dissolved in a 0.2
mL solution of 0.1 M Na,HPO,: acetonitrile mixture
(65:35) and filtered using a 0.22 pm filter membrane. A
5 pL aliquot of the sample was then injected into a C18
column maintained at 30 °C. The elution of samples was
carried out at a flow rate of 0.5 mL/min and monitored at
220 nm. The endogenous melatonin content was deter-
mined by referencing a melatonin (Sigma-Aldrich, USA)
standard curve.

Statistical analysis

Data was analyzed by one-way ANOVA followed by
Duncan’s tests (SPSS, version 22). Different letters indi-
cate statistically significant differences. Values are pre-
sented as mean£SD (n=4).
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Results

Nano-TiO, alleviates PSNPs-induced growth inhibition in
maize plants

The exposure to PSNPs stress led to a notable increase
in the PS content found in the leaves and roots of maize
plants. Conversely, the application of Nano-TiO, treat-
ment resulted in a dramatic reduction in PS content in
the leaves and roots (Fig. 1A and B). When the plants
were grown under normal conditions, the application of
Nano-TiO, did not have a significant impact on the dry
weight of the above-ground parts of the plants. How-
ever, under PSNPs stress, there was a notable decrease
of 54.1% in the above-ground dry weight. Following
treatment with Nano-TiO,, this reduction was reduced
to only 34.7%. Furthermore, the application of Nano-
TiO, significantly increased the dry weight of the roots
(Fig. 1C and D). Similarly, the application of Nano-TiO,
NPs demonstrated a substantial enhancement in both
leaf area and root activity (Fig. 1E and F). In light of these
observations, it can be concluded that Nano-TiO, pos-
sess the potential to effectively mitigate the suppressive
impact of PSNPs stress on the growth of maize.

Nano-TiO, induced transcriptional reprogramming

To enhance the understanding of the potential mecha-
nism by which Nano-TiO, mitigate PSNPs toxicity, tran-
scriptome sequencing was conducted on the leaves and
roots subjected to Nano-TiO, treatment. In the compari-
sons of P vs. C and P+Ti vs. P, we identified 5,600 and
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4,369 DEGs (|log,fold change| > 1) in the roots, and 4,321
and 5,849 DEGs in the leaves, respectively (Fig. 2A).
Additional KEGG enrichment analysis of the DEGs
revealed a substantial enrichment of these genes in path-
ways associated with photosynthesis, starch and sucrose
metabolism, tryptophan metabolism, nitrogen metabo-
lism, carbon fixation, and glycolysis (Fig. 2B). To validate
the reliability of the transcriptome sequencing data, a
random selection of eight candidate genes was subjected
to qRT-PCR analysis. The results demonstrated a strong
correlation between the RNA-Seq and qRT-PCR data for
these genes, thereby confirming the accuracy of the tran-
scriptome data (Fig. 2C).

Nano-TiO, modulates C metabolism

The transcription of genes related to photosynthetic
processes, such as the light harvesting complex (LHC),
photosynthetic proteins (Psb and Psa), and elec-
tron transporters (Pet and ATPase), was significantly
enhanced by Nano-TiO, (Fig. 3). Furthermore, the appli-
cation of Nano-TiO, led to a notable increase in the
photosynthetic rate (Fig. 4A). Moreover, there was a sig-
nificant upregulation of genes associated with the Cal-
vin cycle, including Rubisco, glyceraldehyde phosphate
dehydrogenase (GAPDH), Phosphoglycerate kinase (PGK),
Fructose-1,6-bisphosphatase (FBP), and Phosphoribulo-
kinase (PRK) (Fig. 4C). As a result, the rubisco activity
in the leaves treated with Nano-TiO, exhibited a signifi-
cantly higher value compared to that of untreated plants
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Fig. 1 Effects of Nano-TiO, on PS concentration and growth characteristics in PSNPs-stressed maize plants. (A, B) root/leaf PS concentration; (C, D) shoot/
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(Fig. 4D). Moreover, the application of Nano-TiO, dem-
onstrated a significant enhancement in chlorophyll con-
tent by 38.6% and the Fv/Fm ratio by 44.8% (Fig. 4E and
E).

Under PSNPs stress, the expression levels of genes
involved in the biosynthesis of starch and sucrose, such
as AGP, GBSS, SS, SBE, and SPS, were found to be upreg-
ulated in both the L-P+Ti/L-P and R-P+Ti/R-P compari-
sons (Fig. 3). Furthermore, the presence of Nano-TiO,
significantly enhanced the activities of SPS, AGPase, and
SBE, as well as the levels of sucrose and starch (Fig. 4G-
K). Moreover, Nano-TiO, were observed to signifi-
cantly reduce the transcription of genes associated with
the degradation of starch and sucrose, including AMY,

BMY, SuSy, and INV (Fig. 3). Consequently, the pres-
ence of Nano-TiO, in plants led to a decrease in the
activities of AMY, SuSy, and INV, as well as the levels
of fructose and glucose, when compared to plants that
were not treated (Fig. 4L-P). Moreover, when plants
were exposed to PSNPs stress, the transcription of genes
related to the tricarboxylic acid cycle (TCA), such as CS,
aconitase (ACQO), isocitrate dehydrogenase (IDH), oxoglu-
tarte dehydrogenase (OGDH), succinyl-CoA synthetase
(SUC), succinate dehydrogenase (SDH), fumarate hydra-
tase (FH), and malate dehydrogenase (MDH), exhibited
a significant increase in response to the application of
Nano-TiO, (Fig. 3). Similarly, the utilization of Nano-
TiO, resulted in a notable enhancement in the activity
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Fig. 4 Effects of Nano-TiO, on carbon metabolism in PSNPs-stressed maize plants. (A) photosynthetic rate; (B) stomatal conductance; (C) transpiration
rate; (D) rubisco catalyses; (E) chlorophyll content; (F) Fv/Fm; (G) sucrose phosphate synthase (SPS) activity; (H) ADP glucose pyrophosphorylase (AGPase)
activity; (I) starch branching enzyme (SBE) activity; (J) sucrose content; (K) starch content; (L) sucrose synthase (SuSy) activity; (M) invertases (INV) activity;
(N) amylase (AMY) activity; (O) glucose content; (P) fructose content; (Q) phosphoenolpyruvate carboxylase (PEPC) activity; (R) citrate synthase (CS) activ-
ity. C: Control; Ti: Nano-TiO,; P +Ti: PSNPs + Nano-TiO,. Different letters indicate statistically significant differences (n=4, P<0.05)
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of enzymes (including CS and PEPC) and the accumu-
lation of metabolites associated with the TCA in maize
plants (Figs. 4Q and R and 5). These findings demonstrate
that Nano-TiO, have the potential to enhance the plants’
capacity for sucrose synthesis.

Nano-TiO, improves N metabolism

In light of PSNPs stress, the expression levels of genes
related to nitrogen assimilation, specifically NR and
nitrate transporter (NRT), were observed to be upregu-
lated by Nano-TiO, (Fig. 6A). Consequently, the adminis-
tration of Nano-TiO, resulted in a notable augmentation
of NR activity and NO;~ concentration (Fig. 6B and C).
In the presence of PSNPs stress, the genes associated
with GDH synthesis exhibited a significant upregulation
in response to Nano-TiO, (Fig. 6A). Nevertheless, the
GDH activity and NH,* content in both leaves and roots
were found to be elevated by Nano-TiO,. Additionally,
the utilization of Nano-TiO, yielded a notable increase in
the activities of GS and GOGAT by 32.8% and 37.5% in
the leaves, and 54.5% and 75.3% in the roots, respectively
(Fig. 6C-E).

During exposure to PSNPs stress, the presence of
Nano-TiO, significantly upregulated the transcription of
genes associated with the biosynthesis of ribosomal pro-
teins, as depicted in Fig. 4G. Furthermore, plants treated
with Nano-TiO, exhibited reduced protease activity and
increased protein content. Moreover, the application of
Nano-TiO, resulted in a substantial decrease of 25.7%
and 41.0% in the free amino acid content of both leaves
and roots of maize plants, compared to untreated plants
(Fig. 6G-I). In summary, the utilization of Nano-TiO, can
effectively enhance the nitrogen assimilation and protein
synthesis capabilities of maize seedlings.

Nano-TiO, alleviates PSNPs-induced oxidative damage

During exposure to PSNPs stress, treatment with Nano-
TiO, result in a significant reduction in the levels of
O,"” by 18.3% and 16.7% in the leaves and roots, respec-
tively (Fig. 7B). Additionally, the application of Nano-
TiO, resulted in a substantial decrease in the levels of
H,0, and MDA by 13.8% and 19.4% in the leaves, and
10.8% and 21.0% in the roots, respectively (Fig. 7C and
D). Furthermore, under PSNPs stress conditions, there
was a notable upregulation of genes associated with the
synthesis of antioxidant enzymes, including SOD, CAT,
POD, APX, and GR (Fig. 7A). Moreover, the enzymatic
activities of antioxidant enzymes in plants treated with
Nano-TiO, exhibited a notable increase when compared
to plants that were not subjected to such treatment
(Fig. 7D-H). Furthermore, the concentration of AsA in
maize plants treated with Nano-TiO, demonstrated a
significant increase in comparison to non-treated plants
(Fig. 71). These findings provide evidence to support the
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notion that Nano-TiO, possess the ability to augment the
antioxidant capacity of plants and shield their cell mem-
branes from oxidative harm induced by PSNPs toxicity.

Melatonin mediates Nano-TiO, induced tolerance to PSNPs
stress in maize plants

Under PSNPs stress, genes involved in the melatonin bio-
synthesis, including Tryptophan decarboxylase (TDC),
Tryptamine S-hydroxylase (T5H), Serotonin N-acetyl-
transferase (SNAT), and Caffeic-O-methyltransferase
(COMT), were markedly upregulated by Nano-TiO,
(Fig. 8A). Similarly, treatment with Nano-TiO, resulted in
a significant increase the contents of endogenous melato-
nin in the leaves and roots (Fig. 8B).

In order to confirm the role of melatonin in Nano-
TiO, induced tolerance to PSNPs stress, we conducted
experiments to examine the impact of exogenous mela-
tonin and p-CPA, an inhibitor of melatonin synthesis, on
the growth of maize plants. The results showed that the
application of exogenous melatonin or Nano-TiO, led
to a significant promotion of plant growth under PSNPs
stress conditions. However, the introduction of p-CPA
diminished this promoting effect (Fig. 8C). In a similar
vein, the exogenous administration of Nano-TiO, or mel-
atonin has been observed to substantially enhance the
enzymatic activity associated with C and N metabolism,
as well as the concentration of metabolites. Conversely,
the utilization of p-CPA has been found to diminish these
aforementioned effects (Fig. 8).

Discussion

NPs can have negative effects on the physical characteris-
tics, development, and photosynthetic processes of plants
[58]. Our research has demonstrated that the introduc-
tion of exogenous Nano-TiO, can mitigate the growth
inhibitory effects caused by PSNPs (Fig. 1). This finding
is consistent with previous studies that have shown the
ability of Nano-TiO, to enhance plant growth in the pres-
ence of environmental stressors, as evidenced by experi-
ments conducted on stevia [15]. The process of plant
growth involves the accumulation of biomass, which is
primarily influenced by the intricate interplay of diverse
metabolic pathways [21, 37]. Consequently, this investi-
gation directs our research towards elucidating the cor-
relation between metabolic processes and the facilitation
of plant growth. The comprehensive analysis of the tran-
scriptome, metabolome, and physiology will significantly
contribute to a more profound comprehension of the role
played by Nano-TiO, in the regulation of growth-related
metabolic processes.

Previous research has demonstrated that the utilization
of Nano-TiO, can enhance the photosynthetic efficacy of
plants when subjected to salt stress [59]. Our investiga-
tion has revealed that the presence of Nano-TiO, notably
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Fig.5 Effects of Nano-TiO, on the contents of metabolites associated with carbon/nitrogen metabolism. Color scale denotes log,(fold-change)
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upregulated the expression of genes associated with the
photosynthetic process, including LHC, Psb, and Pet
(Fig. 3). These findings indicate that Nano-TiO, have the
potential to facilitate the absorption, transfer, and con-
version of light energy within leaves when exposed to

PSNPs stress. It is commonly observed that abiotic stress
conditions typically lead to a decline in electron transport
activity and photochemical efficiency, while concurrently
promoting thermal energy dissipation [60]. In this par-
ticular instance, the utilization of electrons for ATP and
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NADPH synthesis is hindered, resulting in a substantial
buildup of ROS [61, 62]. Our investigation has revealed
that the administration of Nano-TiO, can enhance the
expression levels of genes linked to electron transport.
These findings indicate that Nano-TiO, play a significant
role in facilitating electron transport and mitigating ROS
generation. Furthermore, prior research has substanti-
ated the capacity of Nano-TiO, to effectively eliminate
ROS [53]. Thereby, our results providing a more compre-
hensive understanding of the mechanism by which Nano-
TiO, enhance photosynthetic efficiency.

Photosynthesis serves as the fundamental process
underlying the development of plant biomass and pro-
ductivity, with carbohydrates produced through pho-
tosynthesis accounting for approximately 95% of plants’
dry matter. Our investigation revealed a noteworthy
enhancement in SPS activity and sucrose levels in maize
plants upon the application of Nano-TiO,. Moreover, the
presence of Nano-TiO, resulted in significantly elevated
sucrose and starch concentrations in the roots of treated
plants compared to those without Nano-TiO,, indicat-
ing a potential role of Nano-TiO, in facilitating assimi-
late transportation to the roots (Fig. 4). The introduction
of Nano-TiO, resulted in a notable augmentation in the
activity of TCA-related enzymes, thereby facilitating
an increased availability of carbon skeleton and energy
for the synthesis of amino acids (Fig. 4K and L). Conse-
quently, it can be concluded that the utilization of Nano-
TiO, has the potential to enhance the assimilation of
carbon and the synthesis of sucrose in maize plants.

Abiotic stress, particularly NPs stress, frequently
diminishes the functionality of enzymes associated with
nitrogen assimilation and impedes the process of nitro-
gen assimilation [63]. Our investigation has revealed that
the introduction of Nano-TiO, externally can notably
augment the NO;~ content and bolster the activity of NR
(Fig. 6A and B). Despite the decline in NR activity, there
was an elevation in NH," concentration (Fig. 6C). The
excessive presence of NH,* poses toxicity to cells, likely
due to the accumulation of NH,* leading to disruptions
in cytoplasmic pH and protein compression [18]. The
assimilation of NH,* into cells primarily occurs through
the GS/GOGAT and GDH pathways. The GDH pathway
exhibits limited affinity for NH,* and is exclusively acti-
vated in the presence of inhibition of the GS/GOGAT
pathway [64]. Our investigation revealed a substantial
decrease in the activities of GS and GOGAT in maize
plants subjected to PSNPs stress, potentially attributable
to NH,* accumulation. However, the external admin-
istration of Nano-TiO, notably augmented the activi-
ties of GS and GOGAT while diminishing the activity of
GDH, thereby facilitating the enhanced assimilation of
NH,* (Fig. 6D-F). Prior research has demonstrated that
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Nano-TiO, can heighten the activities of GS and GOGAT
in rice plants experiencing stress conditions [45].

The present study observed a significant decrease in
protein content in both maize leaves and roots under
PSNPs stress, accompanied by a significant increase
in free amino acid content (Fig. 6H and I). This finding
aligns with previous research, which also reported a cor-
relation between protein degradation in stressed plants
and the accumulation of free amino acids [50, 51]. It is
worth noting that the majority of soluble proteins in
plants function as enzymes involved in diverse metabolic
pathways. Consequently, the analysis and quantification
of soluble protein content serve as a crucial indicator for
assessing plant metabolism [42]. For instance, the pres-
ence of aluminum toxicity leads to the degradation of
chloroplast proteins, accumulation of free amino acids,
and diminished function of plastid enzymes such as GS
[16]. Our investigation revealed that the application of
Nano-TiO, resulted in an increase in soluble protein con-
tent in maize plants, maintained stable chloroplast func-
tion, and enhanced nitrogen assimilation ability (Fig. 7).
Shiri’s research also corroborated that Nano-TiO, sig-
nificantly augmented the capacity for protein synthesis in
leaves subjected to salt stress [59]. Collectively, our find-
ings indicate that Nano-TiO, have the potential to stimu-
late protein synthesis in maize seedlings experiencing
PSNPs stress.

Under normal environmental circumstances, the equi-
librium between the generation and elimination of ROS
within plant cells remains dynamic. However, when
plants are subjected to stress stimuli, this equilibrium is
disrupted, leading to a substantial buildup of ROS and
disturbances in metabolic processes [52]. Recent inves-
tigations have substantiated the ability of Nano-TiO,
to safeguard cells against oxidative stress triggered by
environmental factors [15, 23]. This particular study has
ascertained that Nano-TiO, possess the capability to sig-
nificantly diminish the levels of O,"~, H,0,, and MDA in
both maize leaves and roots (Fig. 7B-D). Consequently,
these findings propose that Nano-TiO, exhibit the poten-
tial to alleviate oxidative damage induced by PSNPs
toxicity.

Plants have developed comprehensive defense mecha-
nisms, consisting of enzymatic antioxidant systems (e.g.,
SOD, CAT, POD) and non-enzymatic antioxidant sys-
tems (e.g., AsA, GSH), to safeguard cells against poten-
tial damage caused by ROS [54]. Numerous studies have
substantiated the capacity of Nano-TiO, to enhance
the activity of antioxidant enzymes, particularly in the
presence of environmental stress [53]. The findings of
this study demonstrate that the external application
of Nano-TiO, can substantially enhance the activity of
antioxidant enzymes in both maize leaves and roots
(Fig. 7E-I). Furthermore, the AsA-GSH cycle serves as a
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crucial mechanism for plants to combat oxidative stress
induced by heavy metal exposure [55]. Our investiga-
tion has demonstrated that the application of Nano-TiO,
can effectively elevate the levels of AsA in maize plants
(Fig. 7]). Taken together, these findings provide evidence
that Nano-TiO, possess the ability to mitigate oxidative
harm by augmenting the antioxidant potential of maize
seedlings.

Melatonin, an indole amine, is ubiquitously present in
organisms and plays a significant role in numerous physi-
ological and biochemical processes in plants [25, 56].
Recent research has demonstrated that melatonin func-
tions as a signaling molecule in plants, regulating growth
and development, while also conferring resistance against
diverse biological and abiotic stresses, thereby augment-
ing plant stress resilience [66, 67]. In the present study, it
was observed that the utilization of Nano-TiO, resulted
in a noteworthy augmentation of endogenous melatonin
levels (Fig. 8B), indicating a potential association between
melatonin and the ameliorative impact of Nano-TiO, on
PSNPs toxicity. This hypothesis was further substantiated
through inhibitor experiments (Fig. 8). In conclusion, our
findings provide evidence that melatonin plays a role in
the promotion of maize growth induced by Nano-TiO,,
potentially through its regulation of C and N metabolism.

Conclusions

The results of our study indicate that the application of
Nano-TiO, can effectively mitigate the inhibitory effects
of PSNPs stress on maize growth. Specifically, under
PSNPs stress conditions, the exogenous application of
Nano-TiO, significantly enhanced various physiological
parameters, including photosynthetic rate, NO;~ con-
tent, sucrose content, and protein content in plants. This
resulted in the maintenance of relative stability in C and
N metabolism. Furthermore, Nano-TiO, can alleviate
oxidative damage through the activation of the antioxi-
dant defense system. Moreover, Nano-TiO, significantly
elevated the content of endogenous melatonin in maize
plants. Based on these findings, our findings indicate that
Nano-TiO, alleviates polystyrene PSNPs-induced growth
inhibition in maize requires melatonin signaling. These
discoveries offer novel perspectives for comprehending
the mechanism by which Nano-TiO, mitigates PSNPs
toxicity, and providing valuable implications for the cul-
tivation of maize.
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