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Unravelling mechanisms of CaO nanoparticle-
induced drought tolerance in Brassica napus: an
analysis of metabolite and nutrient profilingf

Ahsan Ayyaz,i® Iram Batool,* Kangni Zhang,? Fakhir Hannan,® Yonggi Sun,?
Tongjun Qin, Habib-ur-Rehman Athar,? Zafar Ullah Zafar,”
Muhammad Ahsan Faroog*? and Weijun Zhou @& *?

Nanotechnology has been widely used in agriculture to improve plant growth and stress tolerance. The
exogenous application of calcium nanoparticles (CaO NPs) can improve plant tolerance to drought stress.
However, the underlying physiological molecular mechanisms are still unclear. Herein, 100 mg L™ of CaO NPs
were applied to rapeseed plants when grown under the conditions of 0-15% w/v PEG-6000 solution. Drought
stress reduced the rapeseed growth, CO, assimilation rate, stomatal conductance, and photosynthetic
pigments. The application of 100 mg L™ CaO NPs improved the growth of rapeseed plants under drought
conditions (shoot dry weight, 77%; root dry weight, 69%). Growth improvement due to CaO NPs was positively
associated with the photosynthetic rate, quantum yield of photosystem Il and quantity of photosynthetic
pigments. The net photosynthetic rate (Pn), stomatal conductance (Gs), internal CO, (Ci), and transpiration rate
(Tr) increased by 65%, 85%, 69%, and 67%, respectively. The increases in quantum yield of photosystem Il and
photosynthetic pigments due to CaO NPs were 85% and 53%, respectively. A positive association between the
growth and each of the gas exchange attributes, PSIl activity and photosynthetic pigments indicated that CaO
NPs improved the photosynthetic rate by reducing stomatal, as well as non-stomatal, limiting factors. The CaO
NP treatment also improved the uptake of mineral nutrients under drought stress, including calcium by 82%,
and potassium, phosphorous, magnesium, manganese, and boron by 78%, 89%, 72%, 80% and 73%,
respectively. Furthermore, the application of CaO NPs caused a greater accumulation of 28 metabolites and
reduced the accumulation of 18 metabolites that are mainly related to N-metabolism and amino acid
biosynthesis, such as cysteine/homocysteine, lysine, tryptophan, alanine, glutamate, and proline, compared to
droughted plants. The application of CaO NPs under drought conditions induced the up-regulation of
upstream genes such as CHS, CHI, F3'H, and F3H, early development genes such as PAL, C4H, 4CL1, 4CL5,
DFR, and ANS, and late development genes such as UGT/78D2, UGT79B1, MT, PAP1, and PAPZ in plants involved
in flavonoid biosynthesis expression. The findings of this study suggest that CaO NPs improved the
photosynthetic capacity through modulating the stomatal conductance, photosystem Il activity, accumulation
of nutrients, and reprogramming of both primary and secondary metabolic pathways such as N-metabolism,
hormonal and flavonoid biosynthesis for regulating rapeseed growth under drought stress.

Nanotechnology has received significant attention for its diverse applications in industry, agriculture, and environmental remediation. The results of this
study provide new insights into how CaO NPs regulate rapeseed growth under drought stress and allow us to better understand the CaO NP-mediated
mechanism of B. napus by reprogramming the metabolome profile. CaO NPs resulted in the up-regulation of the expression of upstream genes involved in

the biosynthesis of flavonoids, early and late development genes, and glycosyl-transferases, which are involved in the 3-O-glycosylation of flavonols and thus
confirmed their role in plant growth and stress alleviation. This study provides compelling evidence for the use of nanomaterials in plant growth growing

in water-affected areas.
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1. Introduction

Agricultural production need to increase by 70% by 2050 to
feed the world's 9 billion population. However, agricultural
production, which is already low, is hampered by periodic
drought stress and climate changes."” Therefore, the
development of drought-tolerant crop cultivars or developing
strategies to reduce the adverse effects of drought stress on
crop production has become crucial. Drought affects plant
development, crop growth, and yield.> Nano-particles have
gained significant attention for their diverse applications in
agriculture for crop improvement under stressful
conditions.* However, engineered nanomaterials (ENMs) can
benefit plant growth and development in unique ways
depending on their physicochemical characteristics,
applications, and concentrations.’

Calcium is a key component of cell walls and
membranes and plays a role in the maintenance of normal
cell structure and function.® It acts as a second messenger
molecule in a variety of cell-signaling processes to
reprogram the metabolic pathways and developmental
programs under abiotic stresses.” Calcium deficiency
reduces the plant antioxidant potential and photosynthetic
efficiency (reduces Fy,, F,/Fn,) in poplar plants.® Similarly,
the deficiency of calcium causes cell membrane damage,
decreased chlorophyll and chlorophyll precursor production,
and decreased plant development in peaches.’

Previous studies have demonstrated that metal oxide
nanoparticles (NPs) may reduce biotic and abiotic stressors,
including water stress, in crops."” The application of
potassium/silica and SiO, NPs to maize during drought
conditions increases yield and growth.'" Si and SiO, NPs also
help barley that is suffering from drought.’® Recently, a lot of
attention has been paid to calcium-based nanomaterials
because of their potential use for agricultural crops."
Recently, it was reported that CaO nanoparticles had a
positive impact on barley growth under cadmium stress."
Similarly, in another study, 100 mg L™ Ca-NPs resulted in
higher bioaccumulation proportions of Mg, Mn, Ca, and N in
rapeseed subjected to drought stress.'> However, it is not well
known how CaO NPs modulate nutrient uptake, either by
increasing the selective uptake of nutrients through
membrane transporters or by increasing the bioavailability of
these nutrients in the rhizosphere. Similarly, there is a huge
research gap in plants regarding how CaO NPs modulate
primary and secondary metabolic pathways as they are the
main growth determining factors. Metabolomics, or the
global profiling of metabolites, is a potent tool for
understanding the underlying mechanism of crop growth
under normal or abiotic stress conditions.'®"” Additionally, it
is helpful for assessing any adverse effects of exogenously
applied materials, including NPs, since such exposures might
result in modest phenotypic changes that do not correspond
to actual environmental risk.

Rapeseed is the fourth most extensively planted oilseed
crop in the world, and the fifth biggest crop in China, with
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an annual planting area of 7.52 billion hectares.'® Brassica
species (B. napus L.) are economically and nutritionally
significant across the world."® Its adaptability to different soil
types, wide root system, rapid growth rate, increased biomass
production, and greater resistance to environmental
challenges make it a good candidate for drought-affected
areas.”® The current study investigated the potential of
calcium oxide nanoparticles (CaO NPs) at 100 mg L™ to
mitigate the adverse effects of drought stress in rapeseed and
elucidate the underlying mechanisms in plants. The current
study has demonstrated that CaO NPs enhance drought
tolerance in rapeseed by regulating the plant mineral
nutrient status and photosynthesis capacity as evidenced by
physiological studies complemented with metabolic profiles
and gene expressions.

2. Materials and methods
2.1 Characterization of CaO NPs

The CaO nanoparticles were purchased from Shanghai
Aladdin Biochemical Technology Co., Ltd. (CAT# 1305-78-8).
The nano-calcium oxide particles were composed of CaO
aggregates with organic material, so FTIR spectroscopy was
used to detect the presence of functional groups on the
surface of CaO NPs (model: Nico LET iS50 FTIR instrument).
These functional groups can influence the interaction
between nanoparticles and plant tissues. Understanding
these interactions can help optimize the design of
nanoparticles for specific agricultural applications. The
morphological analysis and size distribution of CaO NPs was
performed by using scanning electron microscopy (SEM)
ZEISS Gemini SEM 300, Germany coupled with energy
dispersion X-ray (EDX) spectroscopy to confirm the chemical
composition of CaO NPs in their aggregates with organic
material. The hydrodynamic size and zeta potential of CaO-
NPs were measured using a NanoPlus “Particle Size & Zeta
Potential Analyzer” (Particulate Systems is a subsidiary of
Micromeritics, 4356 Communications Drive, Norcross GA,
30093, USA) at a scattering angle of 90° at 25 °C."?

2.2 Experimental plan and growth conditions

The seeds of rapeseed (B. napus) cultivar ZD622 were
uniform and of high quality, obtained from the College of
Agriculture and Biotechnology, Zhejiang University, China.
The seeds were cultured in a half-strength Hoagland
nutrient solution. After germination, the uniform-sized
seedlings were transferred to half-strength Hoagland
nutrient solution in plastic pots. After two weeks, the
seedlings were used for 100 mg L™ CaO NP treatments for
one week before drought (15% PEG-6000 w/v) treatment in
full-strength Hoagland. Leaf samples were taken after seven
days of drought treatment. The samples were immediately
frozen in liquid nitrogen and kept at -80 ©°C. Each
treatment consisted of three biological replicates.
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2.3 Confocal microscope imaging

Plant leaf samples were sectioned with a microtome and kept
for about 30 min in 1% rhodamine, then passed 3 times
through distilled water. The perforated pieces were put on
glass slides and viewed with a water immersion objective lens
(Olympus LUM Plan FLN) with a mode-locked Ti:sapphire
laser (Spectra-Physics, Mai-Tai HP). Samples were excited
with the 488 nm line of an argon laser, and dye emission was
collected at 400 to 520 nm. Rhodamine alone was used to
check the background fluorescence due to the non-specific
binding of rhodamine. The DCF fluorescence was visualized
in a single optical section of the leaves. All images were
obtained at the same depth.*"**

2.4 Photosynthetic pigment measurements and gas exchange
parameter measurements

Photosynthetic pigments were estimated by following the
standard method,*® using a spectrophotometer (Hitachi F-
4600, Japan). Similarly, the analysis of gas exchange
parameters was performed by using a portable
photosynthesis apparatus LI-COR 6400XT.>* The detailed
procedures for measuring photosynthetic pigments and gas
exchange parameters are provided in the ESIT S1.

2.5 Macro- and micro-nutrients, and the structural stability
of PSII using O-J-I-P analysis

Leaves of B. napus were ground into powder and mixed with
31% HNO; with 17.5% H,0, for digestion on a hot plate at
a moderate temperature, Le., 250 °C for 2 hours, after
which the samples were cooled to room temperature. In
digested leaf samples, macro- and micronutrients were
measured using an inductively coupled plasma mass
spectrometer (ICP-MS).>*

The FlourPen (FP 100, Photon System Instruments, Czech
Republic) is a commercially available device used for
measuring the OJIP curves. Leaves were dark-adapted for 20
minutes using leaf clips prior to OJIP measurements. Raw
data were processed to estimate the JIP-test parameters using
the FluorPen software version 2. JIP test parameters were
measured using formulae as described elsewhere.”®”” The
detailed JIP test formulae are provided in the ESI{ S1.

2.6 Metabolomics data analysis and the processing of
rapeseed plants

For the evaluation of metabolomics analysis, six biological
replicates of about 20 mg each of the rapeseed frozen leaf
tissues were ground using a tissue lyser in 1:1 methanol and
water. The milled leaf tissue material was precipitated, stored
at —20 °C for about 3 hours, and centrifuged for 25 min at
30000 x g, 4 °C. After centrifugation, about 550 pL of
supernatant was gently transferred to new tubes. The samples
were analyzed and identified for their components using
liquid chromatography-mass spectrometry (LC-MS). Initially,
chromatographic separations were obtained and observed
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using high-performance liquid chromatography (2777C UPLC
system, Waters, UK). In detail, a 20 pL aliquot of each sample
was separated using an ACQUITY UPLC@HSS T3 column
(100 mm diameter, 1.8 mm film thickness, Waters, UK), at a
constant temperature of 50 °C. The separation system was
comprised of a mobile phase in the form of solvent A having
0.2% formic acid + water, and solvent B with 0.2% formic
acid + acetonitrile. For the elution gradient, the conditions
were kept constant for 0-5 min, 100% phase A, 2-15 min, 0-
100% phase B, 15-17 min, 100% phase B, 17-20 min, 0-
100% of phase A, with a flow rate of 0.5 ml min~’. Then, the
eluted samples were subjected to metabolites analysis using
a high-performance tandem mass spectrometer (Xevo G2 XS
QTOF, Waters, UK), operating both the positive and negative
ionic modes at a sampling cone voltage of 40 V, while the
capillary voltage was kept constant at 3 kV and 2 kV for the
positive and negative modes, respectively. Spectroscopy data
were obtained in the centroid MSE mode by keeping the time
of flight at 50-1200 Da and scanning time of 0.3 s. All of the
precursors were fragmented at 20-50 eV and detected (MS/
MS) in a time span of 0.4 s. For the calibration of the LC-MS
system, the LE signals and quality control samples were
observed every 3 s.

2.7 Quantitative real-time PCR analysis

For the extraction of total RNA from fully frozen leaf samples
of all treatments, the TRIzol (Tiangen Biotech, Beijing, China)
method was used, and RNA reverse transcription was
performed by using the FastKing RT Kit (Tiangen Biotech).*®
The detailed procedure for the real-time PCR analysis is
provided in Table 1.

2.8 Statistical analysis

In this study, all the data are presented in terms of means +
S.E. To compare treatments, two-way ANOVA was performed
the means were compared using an LSD test at a 5%
significance level, by using the GraphPad Prism 7.0 software.

3. Results and discussion

3.1 Calcium nanomaterial characterization and translocation
B. napus

CaO NP characterization is presented in Fig. S1A-F,f which
includes morphological and physicochemical examination
from SEM-EDS, zeta potential, FTIR, and XRD. CaO NPs
exhibited a spherical morphology with an average particle
size of 85 nm, a hydrodynamic size of 244 nm, and a zeta
potential of +28 mvV, (Fig. S1A-Ct). In line with previous
studies, the FTIR spectra covered a wide range of 400 to 4000
em ™. In the FTIR spectrum, the larger peaks at 3643, 3448,
1794, 1637, 1429, and 1114 cm™ represent the stretching of
the alcohol O-H group, C=C, C=0O0 stretching, the existence
of the CH, polysaccharide functional group, and (P-O-C)
bonding (Fig. S1Df). FTIR is a very versatile tool for surface
characterization of nanoparticles. Under specific conditions,

This journal is © The Royal Society of Chemistry 2024
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Table 1 List of primers used for gRT-PCR analysis

Primer name Primer sequence from 5’ to 3’

BnActin'F GATTCCGTTGCCCTGAAGTA
BnActin'R GCGACCACCTTGATCTTCAT
PAL F GAAGATTACAGAAAAGGTGCGG
PAL R CGGCGTTCAAGAACCTAATAAG
C4H F GACTTTAGGTATGTGCCGTTTG
C4H R AATCGTGATTCCCAAAATAGGC
4CL1 F ATACAGAGGTGTAAAGTGACGG
4CL2 R GATTTCACAACCCTAATCGAGC
4CL2 F GGAGACGGAGAAGTATGATCTG
4CL2 R GAAACTTAGCACTGATGGCATC
4CL3 F TTGGGTATGTTGACGAAGATGA
4CL3 R GTTTCCATTTGATCGGACTACG
4CL5 F AGTGTCCGGAAAGATTCTTAGG
4CL5 R GCGTTGGAGCTTACACATTTAT
CHS F CTTGCATACTACACAAGATCGC
CHS R GCGGAAGTAGTAGTCTGGATAC
CHIF AGAAAGTAACGGAGAACTGTGT
CHI R TGAAGACTTCCAAGAACCTCTC
F3'HF GAAAGGAAACGATTTCGAGCTT
F3'HR CCGAGTCCATAAGCACTCATAT
F3HF AAAAGAGGAGAGATCTGTCGTC
F3HR TATCGGCCACCAAACTAGTATC
DFR F GCTCTCTCCTATCACTCGTAAC
DFR R ATTGCATAAATCGTCCAAGTGG
ANS F CACGAGTGAGTACGCTAAGTAT
ANS R CCAACTTCTTTCTCTAGACGGT
UGT78D2 F CTCTGTTTTCTCAGACACGTTG
UGT78D2 R ATAACGCGAGAGGACCAATATT
UGT79B1 F GGTGCTAAAACTGTTTGCTACA
UGT79B1 R CATTTCCTTCCCGTCAATGATC
MT F GCCTACGTCATAACATGTTTGG
MT R GACAATGCAGTTCCCGAAATAC
PAP1 F GCCAAAAGTTGACGTTATTCCT
PAP1 R GTTGCTAGCTTTTCTGTCTCTG
PAP2 F AAAGGTACGGCAACAAAAATGG
PAP2 R AGTTCTACAGTCTCTCCATCCA
PAP3 F GCGACGATAAAAGTTGAGTGTT
PAP3 R GAAGAAGGAGACAAAATCGACG

the NP surface chemical composition can be determined,
and the reactive surface sites responsible for the surface
reactivity can be identified. FTIR spectroscopy is used to
identify the characteristic functional groups from the spectral
bands, which allowed us to determine the conjugation
between  the nanomaterial and the  adsorbed
2930 These findings showed that the role of
functional groups is essential for the nanoparticles' capacity
to modify their structural and functional properties, which in
turn affects how they react and behave on the surface, how
hydrophilic they are, and how active they are electrically or
catalytically. FTIR spectra consist of absorption peaks that
correspond to the frequencies of vibrations between the
bonds of atoms in the nanoparticles.>® The crystalline planes
and crystalline character of the Ca-NPs were demonstrated by
the XRD spectra (Fig. S1Ef). XRD 1is wused for the
characterization of nano-powders of any size, and the
observed changes in positions of diffraction peaks are used
to make conclusions on how the crystal structure and cell
parameters change with the changes in nanoparticle size and
shape. The diffraction peaks of Ca-NPs were observed at

biomolecules.
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18.84°, 29.66°, 34.80°, 47.17°, 51.86°, 54.68°, and various
diffraction angles of Ca-NPs at 26 degrees coincided at 110,
200, 211, 314, 222, and 319, respectively. The cubic phase of
Ca-NPs with a space group of Fm3 is consistent with the
standard JCPDS File No. 37-1497.'%%%3! These results are in
line with previous studies.**> The EDS analysis further
confirmed the elemental composition of CaO NPs as revealed
by X-ray spectroscopy SEM-EDS as shown in Fig. S1F and S2.f
EDS can effectively measure trace concentrations of CaO in
materials. With proper calibration, sample preparation, and
careful analysis techniques, EDS can provide accurate and
reliable results for even trace elemental analysis in
nanoparticle samples.

To visualize the uptake and distribution of Ca-NPs in leaf
tissues, we treated plants with 1% rhodamine fluorescent dye
and observed their distribution via confocal laser scanning
microscopy (Fig. 1A-I). Confocal microscopy is primarily used
for imaging at the cellular and subcellular level; it can be
adapted to identify nano-sized structures with appropriate
modifications and techniques.?>** These techniques include
resolution enhancement techniques, multiphoton excitation,
fluorescence labeling, nanoscale imaging probes, super-
resolution techniques and functional imaging. The results
obtained are consistent with the confocal microscopy of CaO
NP results from previous studies.>***** In the current study,
the fluorescent dye allowed us to clearly trace the entry of Ca-
NPs and their distribution within the leaf tissue. According
to the data, Ca-NPs accumulated inside the rapeseed leaf
tissues. The accumulation of Ca-NPs was evaluated in all
parts of the cells in control plants without drought stress.
According to the data, we found fluorescence signals of the
CaO NPs in the intercellular spaces of leaves, chloroplasts,
guard cells, and stomata (Fig. 1D-I). This widespread
distribution within the leaf suggests potential interactions
with different cellular structures and processes. In line with
previous studies, the current study found that the
nanoparticle charge and size controlled the foliar delivery
efficiency to plant cells and organelles.>® NPs can enter leaf
tissue via the cuticle or stomata. Water-suspended
nanoparticles can enter plant cuticles through aqueous pores
with effective sizes of 0.6-0.8 nm. The confocal laser images
showed that Ca-NPs were absorbed by rapeseed leaves and
distributed in the inter-cellular spaces of the Ileaves,
chloroplasts, and guard cells. Moreover, the leaf tissue
images revealed the normal stomatal length density and Ca-
NP distribution (Fig. 1I). In addition, the leaf ultrastructure
showed and confirmed the uptake and accumulation of CaO
NPs in leaf tissue (Fig. 1J). Furthermore, SEM-EDS analysis
revealed the purity of CaO NPs with high levels of Ca and O
in the material used in this study (Fig. 1K and L). EDS can
effectively measure trace concentrations of CaO in materials.
With proper calibration, sample preparation, and careful
analysis techniques, EDS can provide accurate and reliable
results for even trace elemental analysis in CaO-containing
samples.***> The results obtained are consistent with the
confocal microscopy of CaO NP results in previous studies.*"
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Fig. 1 Illustration of the leaf cellular distribution of CaO NPs under control and drought stress treatment, observed via a laser confocal
microscope. Arrows represent chloroplasts, stomata, and guard cells. Scale bars represent 30-40 um. (A-C) CK (10x objective), (D-F) 100 mg L™
CaO NPs with a 10x objective, (G-I) 100 mg L™ CaO NPs under drought stress (10x objective). (J) The uptake and transport confirmation of CaO
NPs in the form of aggregate formation in B. napus leaves. (K and L) The mineral element composition of CaO NPs observed through SEM-EDS

and their percentages, respectively.

It was reported that the foliar spraying of 50, 100 and 150 uM
Si-NPs significantly increased Si concentration in B. napus
leaves and roots.”’ These findings support the hypothesis
that foliar application of CaO NPs can penetrate leaf tissue
via the stomatal opening, accumulate in rapeseed plants, and
take part in plant growth and development.

3.2 CaO NPs improve plant growth and PSII activity under
drought stress

The foliar application of CaO NPs to rapeseed seedlings
under drought showed a positive effect on plant growth in
terms of increased biomass accumulation, photosynthesis
indices and mineral acquisition (Fig. 2 and 3). The 100 mg
L' CaO NPs treatment under drought conditions
significantly improved the shoot fresh weight by 70%, root
fresh weight by 66%, shoot dry weight by 77% and root dry
weight by 69%, as compared to drought-treated plants
(Fig. 2A-D). Drought treatment exhibited a marked decrease
in the plant shoot fresh weight by 63%, root fresh weight by
57%, shoot dry weight by 74% and root dry weight by 82%,

2554 | Environ. Sci.. Nano, 2024, 11, 2550-2567

with respect to the control plants (Fig. 2A-D). Recent studies
demonstrated that the application of metallic nanoparticles
could improve plant growth and stress tolerance.*®*” Further
mechanistic studies revealed that increased plant growth
occurred through 'OH radical-mediated cell wall loosening
via CaO NP action. Consistent with our findings, calcium
phosphate nanoparticles increased the rice seedling growth
and stress tolerance.”® In the present investigation, CaO NPs
increased root growth by lowering the PEG-6000-induced
phytotoxic impact on plants, resulting in the loss of adverse
effects on root elongation. However, a supplement of 100 mg
L™ CaO NPs to plants significantly improved plant growth as
observed through metabolomics.

According to the findings, CaO NP treatments exhibited a
considerable increase in the amplitude of OJIP curves as
compared to control plants following drought stress.
Likewise, CaO NPs regulated the PSII performance of
drought-stressed rapeseed plants by regulating the energy of
absorption, trapping and electron transport beyond Qg in
terms of quantum efficiencies or energy fluxes per reaction
center, such as y,, @go, Ppo, ABS/RC, TRo/RC, ETo/RC, and

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 The effects of CaO NPs (100 mg L™) on rapeseed growth and PSI performance following drought stress (15% PEG-6000) for seven days. (A
and B) Shoot and root fresh weight, (C and D) shoot and root dry weight, (E) chlorophyll fluorescence relative values, and (F) a radar plot showing
PSl-related parameters through the OJIP chlorophyll fluorescence test. Means were compared using an LSD test at a 5% significance level; the
significance levels are represented as follows: * = 0.05, ** = 0.01, *** = 0.001, **** = 0.0001, ns = non-significance.

DIo/RC (Fig. 2E and F). The regulation of energy absorption
is key to maintaining PSII structural stability and functional
activity, the overall light reaction and photosynthetic
capacity, and cellular redox balance, which translate into
plant growth and productivity under stressful conditions.*®
The optimal method for evaluating PSII efficacy involves
measurements of PSII activity through OJIP analysis or
induction curve analysis of plants grown under controlled
and stressed conditions*® and typically exhibits a strong

This journal is © The Royal Society of Chemistry 2024

correlation with plant biomass.”’ In contrast, CaO NPs-
treated plants grown under drought stress exhibited a
substantial increase in ®p,, (Fig. 2F), which is analogous to
previous studies in which it was demonstrated that a 50 mg
L™" GO application increased the quantum yield of PSII (F,/
F,) and the actual efficiency of PSII in droughted Aloe vera
plants.** Similarly, the addition of CaO NPs increased the
maximum number of turns over (N) and the rate of Q4
reduction (M,) until the maximum fluorescence (Fy) was

Environ. Sci.: Nano, 2024, 11, 2550-2567 | 2555
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Fig. 3 The responses of rapeseed to CaO NPs (100 mg L™) and drought on gas exchange indices, QY of PSIl and mineral nutrient profile of
rapeseed following drought stress (15% PEG-6000) for 7 days. (A) The net photosynthesis rate (Pn), (B) stomatal conductance (Gs), (C) transpiration
rate (Tr), (D) total chlorophyll content, (E) QY of PSIl. Means were compared using an LSD test at a 5% significance level; the significance levels are
represented as follows: * = 0.05, ** = 0.01, *** = 0.001, **** = 0.0001, ns = non-significance.

reached, which indicated that CaO NPs enhanced the
electron transport flux from PSII to further than Q,, similar
to earlier studies."® CaO NPs also facilitated the considerable
increment of dissipation energy flux per reaction center (DIo/
RC), although a decrease in energy flux per reaction center
was more obvious in drought-treated plants.>> According to
our results, CaO NPs had a positive impact on the structural

2556 | Environ. Sci.: Nano, 2024, 11, 2550-2567

stability of PSII as evidenced by a reduction in F,, L and K
bands (a measure of the energetic connectivity of the antenna
and oxygen-evolving center with the reaction center). Our
results in Fig. 2F show that CaO NPs contributed to the
changes in the parameters of quantum performance and total
chlorophyll content. Ca-NPs helped in the regulation of the
transfer of electrons from PSII to the final acceptors of PSI as
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observed earlier.*> The physiochemical properties of CaO NPs
such as high electronic conductivity, high surface area and
mechanical strength enabled the nanoparticles to act as
effective delivery systems for plant cells and tissues that
improved plant growth and stress tolerance.™

3.3 CaO NPs regulate gas exchange indices, chlorophyll
content and nutrient uptake

Drought stress suppressed the gas exchange attributes (Pn,
Gs, Ci, Tr), total chlorophyll and QY of PSII of rapeseed plants
by 76%, 89%, 72%, 82%, 89%, and 38%, respectively (Fig. 3A-
E). The application of 100 mg L™" of CaO NPs resulted in an
increase in photosynthetic rate, stomatal conductance, sub-
stomatal CO,, total chlorophyll, and QY of PSII by 65%, 85%,
69%, 85% and 53%, respectively (Fig. 3A-E). Drought stress
reduced water transport from root to shoot caused by
stomatal closure, hindered the influx of CO, and thus the
photosynthetic rate, which is parallel to the findings of some
previous studies.***> The exogenous application of Ca-NPs
improved the photosynthetic pigments and photosynthetic
rates by improving stomatal conductance, which is similar to
several studies in which the exogenous application of growth
regulators or antioxidants improved photosynthetic rates by
reducing stomatal limitations®**® (Fig. 3A-E). In drought-
stressed rapeseed plants, ZnO NPs enhanced the PSII activity,
which is in line with some earlier studies with wheat where it
was demonstrated that exogenous application improved PSII
activity and the photosynthetic rate.”” Plants treated with
calcium nanoparticles demonstrated increased cell membrane
structural integrity and preserved membrane function for ion
homeostasis.

Drought stress reduced nutrient uptake in rapeseed plants
as follows: calcium was reduced by 74%, potassium by 67%,
phosphorous by 61%, magnesium by 85%, manganese by 76%
and boron by 81%, (Table 2). CaO NP treatment increased the
uptake of mineral nutrients as follows: calcium by 82%,
potassium by 78%, phosphorous by 89%, magnesium by 72%,
manganese by 80% and boron by 73% under drought stress
(Table 2). Enhanced nutrient uptake and efficient use capacity
might help in mitigating the devastating impacts of drought.
Nutrient shortage has different consequences on plant
metabolism and growth. Drought reduces the nutrient uptake
and transport from root to shoot, even when the soil is not
deficient in nutrients.”” Consistent with previous studies on
sorghum and cucumber, the use of zinc oxide nanoparticles
enhanced the nutrient uptake and accumulation in the leaves
and roots of drought-stressed plants.**?’
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3.4 Metabolomics profile analysis

The 324 deferentially expressed metabolites were identified
in rapeseed plants following the CaO NPs and drought
treatment as shown in Table S15 A multivariate method
using principal component analysis (PCA) revealed that
samples from the same group were classified in combination,
in either positive (ESI + ve) or negative (ESI - ve) ion
detection mode (Fig. 4A-D). All of the plant samples were
split into control, drought, and CaO NP treatments,
indicating a noticeable metabolomics change in response to
drought stress. Plants growing under control conditions
showed differential effects on the rapeseed metabolism
profile, implying that the drought and CaO NPs treatments
had innate variations in metabolomics composition. Plants
subjected to CaO NPs exhibited a significant change in
metabolite expression compared to the control plants
(Fig. 4E and F; Table S27). As a result, the CaO NP treatment
affected the metabolomics signature in drought-stressed
rapeseed seedlings. Furthermore, PLS-DA data demonstrated
that the CaO NP had a greater effect on metabolite
expression under drought as compared to control plants, as
validated by PC scores under either ESI + ve (Fig. 4E) or ESI -
ve (Fig. 4F) mode. Even though plants subjected to CaO NPs
displayed significant differences in metabolite expression
compared to control plants, the clarity was enhanced by
using a supervised multivariate technique based on partial
least-squares discriminant analysis (PLS-DA); as a result, it is
obvious that CaO NP treatment affected the metabolomics
signature  in  drought-stressed  rapeseed  seedlings.
Furthermore, PLS-DA data demonstrated that CaO NP had a
greater effect on metabolite expression under drought
conditions as compared to control plants, as validated by PC
scores under either ESI + ve or ESI - ve (Fig. 4E and F) mode.

Several metabolites, including phenols and derivatives (5),
amino acids and derivatives (31), terpenoids (16), organic
acids (11), lipids (24), nucleotide (5), and carbohydrates (6),
and benzene and derivatives, alkaloids, coumarins and
steroids related metabolites (11, 6, 8, and 5), showed
differential expression in rapeseed seedlings (Fig. 4G and H;
Table S3t). According to the data, most of the CaO NP-
responsive metabolites showed up-regulated expression
related to amino acids and lipids, followed by carbohydrates
and nucleotides in rapeseed seedlings following drought
stress (Fig. 4G and H; Table S41). The CaO NP treatment up-
regulated the expression of 17 metabolites related to amino
acids, peptides, and analogues, majorly including cysteine,
tryptophan, glycine, alanine, phenylalanine, glutamate,

Table 2 The effects of CaO-NPs on the mineral profile of rapeseed under drought stress

Treatments Ca (mg kg DW) Mg (mgkg ' DW) K (mgkg' DW) Fe (mgkg ' DW) Cu(mgkg' DW) Mn (mgkg " DW) Zn (mg kg ' DW)
Ck 8.589783 10.35334%%%* 30.2 0.03 0.006837 0.045 0.019

Drought 5.6%* 6.6%F** 20.35%*%* 0.01 0.001*** 0.02 0.01

Ca-Nps + drought 9.7*%** 14.23%%%* 38.24%%** 0.045 0.0095%** 0.055%** 0.04

The significance levels are represented as * = 0.05, ** = 0.01, *** = 0.001, **** = 0.0001.

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 The metabolite abundance in rapeseed leaves upon exposure to CaO NPs + drought stress conditions (foliar application of 100 mg L™* CaO
NPs and 15% PEG-6000). Principal component analysis (PCA) score scatter plot model for all observed metabolites in the (A-D) control and
drought conditions; the scatter color indicates the different experimental groups. (E and F) Data are provided for both positive (ESI + ve) and
negative (ESI - ve) ion detection modes. The PLS-DA model for all detected metabolite features in (G) control vs. drought, and (H) drought vs. CaO
NPs + drought stress conditions following foliar treatment with 100 mg L™ CaO NPs and 15% PEG-6000 for 7 days.
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proline, and homocysteine, and down-regulated the
expression of 4 metabolites including serine and leucine
(Fig. 4H). According to the literature, glycine is a sign of
changed photo-respiratory carbon and regulates both plant
development and photosynthesis.***° Iron-sulfur clusters are
crucial parts of electron transport proteins, and cysteine is a
significant source of sulfide.’® Consistent with our findings,
it was proposed that the degradation of metabolites related
to amino acid metabolism affects several key amino acids,
including aspartic acid, glutamic acid, leucine, r-tyrosine,
and lysine. This could have significant implications for
various physiological processes and metabolic pathways
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associated with these amino acids.”" Interestingly, CaO NP-
treated plants showed a good proportion of lipids with 22 up-
regulated and 2 down-regulated metabolites mainly including
maltitol, 2,2-dimethylesuccinic acid, 6-aminocaproic acid,
traumatic acid, gibberellic acid, and tomatidine (Fig. 4H).
Additionally, it was shown that the CaO NP treatment
increased the expression of metabolites such as glycerol,
L-arabitol, and p-fructose-1,6-diphosphate, which are involved
in the metabolism of carbohydrates (Fig. 4H).

According to the findings, glycerol, which is a precursor of
glycerol-3-phosphate (G3P), encourages plant growth and
resilience.> These metabolites additionally participate in
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Fig. 5 The effects of foliar application of 100 mg L™ CaO NPs on rapeseed under 15% PEG-6000 treatment for 7 days. (A) Differential metabolite
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energy-producing processes such as glycolysis and
glycerolipid synthesis, making them plant defense-signaling
regulators. In response to abiotic stress, fructose acts as a
plant signaling molecule, influencing physiological functions
such as photosynthesis, seed germination, and flowering.>®
Importantly, metabolomics research has demonstrated
considerable down-regulation of low molecular weight
antioxidants, plant growth promoters, and stress-resistant
components due to CaO NP exposure at both levels, all of
which may damage the antioxidant and defense system of
the plant. The relevance of these detrimental metabolomics
alterations could become clear over a longer period or
possibly in the field with exposure to concurrent stressful
conditions.

3.5 Differential expression of metabolites and KEGG pathway
enrichment analysis

In comparison to control plants, 43 metabolites were up-
regulated and 27 metabolites were down-regulated under
drought stress (Fig. 5A). In contrast, CaO NP treatments
showed the up-regulation of 28 metabolites and down-
regulation of 18 metabolites as compared to drought-
stressed plants (Fig. 5A). Furthermore, CaO NP treatment
under drought conditions showed 22 differential
metabolites as compared to control plants (Fig. 5B). These
findings, however, point to the existence of a conserved
metabolic signature in rapeseed seedlings that is impacted
by Ca-NPs (Fig. 5C). CaO NPs work as indispensable
elements for certain physiological and biochemical
processes and play a pivotal role in improving plant growth
and drought tolerance.”*

The majority of the metabolites found in the studied
rapeseed under drought conditions were due to the
biosynthesis ~ of  secondary  metabolites, flavonoid
biosynthesis, and the biosynthesis of amino acids such as
valine, leucine, and isoleucine as shown in Fig. 5D. The
supplementation of CaO NPs showed a high expression of
metabolites involved in the biosynthesis of secondary
metabolites, alanine, aspartate, and glutamate metabolism,
phenylalanine, tyrosine and tryptophan biosynthesis,
tyrosine metabolism and carbon fixation in photosynthetic
organisms as shown in (Fig. 5D). Phenylalanine, r-tyrosine,
and r-tryptophan are amino acids that are ubiquitously
involved in protein synthesis. Tryptophan, tyrosine, and
phenylalanine all possess phenyl groups and are classified
as aromatic compounds because of their heterocyclic indole
rings, and the structural and catalytic functions of
phenylalanine, i-tyrosine, and r-tryptophan in proteins are
well known. For instance, the aromatic rings of these amino
acids stabilize polypeptide structures through stacking
effects, take part in acid-base catalysis as a component of
catalytic triads, and stabilize electron transport during redox
reactions in plant cells.>

Overall, the majority of the metabolites found in the
studied rapeseed belong to flavonoids (30) and terpenoids

2560 | Environ. Sci.. Nano, 2024, 11, 2550-2567
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(17), amino acids, peptides, and analogues (25), and
carbohydrates (5) as shown in Fig. 5E. Based on the primary
and secondary metabolites, the CaO NPs-responsive
metabolites were categorized into two major groups. KEGG
pathway enrichment analysis revealed that the top 40
pathways are mainly related to plant defense and antioxidant
activity, with the expression of metabolites related to
glycolysis,  gluconeogenesis, fructose and mannose
degradation, alanine metabolism, amino sugar metabolism
being determined in the leaves of the rapeseed plant
(Fig. 5F). These findings suggest that CaO NP treatment
restored the metabolites of the citrate cycle (TCA cycle),
biosynthesis of secondary metabolites, metabolic pathway,
and carbon metabolism in rapeseed to normal levels of
expression that have a key role in the alleviation of drought
stress tolerance, and promotes plant growth under drought
stress (Fig. 5G). According to the data, CaO NPs showed
higher efficiency in promoting plant growth following
drought stress. Furthermore, CaO NPs induced common
metabolites and showed a marked increase in carbohydrate
metabolism and amino acid biosynthesis, indicating the role
of CaO NPs in reprogramming the carbon/nitrogen
metabolism-related gene expression involved in the alanine,
aspartate, and glutamate metabolism. These findings
indicate that CaO NPs potentially improve rapeseed growth
by reprogramming the amino acid metabolism under
drought stress and facilitating the stimulation of growth and
the activation of plant defensive mechanisms.*® Tryptophan,
alanine, glutamate, and proline in particular, have been
shown to increase the antioxidative metabolism and reduce
photosynthetic deficits in plants under biotic and stressful
biotic conditions.”” Thus, we further investigated the
involvement of these metabolites in amino acid biosynthesis
in rapeseed seedlings with the onset of CaO NP treatment
under drought stress.

Specifically, drought resulted in the up-regulation of eight
metabolites and down-regulation of 17 metabolites related to
amino acids, peptides, and analogues in rapeseed plants
(Fig. 6A). Interestingly, CaO NPs exhibited higher expression
levels of 23 metabolites and lowered the expression of
metabolites related to amino acid biosynthesis, majorly
including cysteine/homocysteine, lysine, tryptophan, alanine,
glutamate, and proline as compared to the plants subjected to
drought stress (Fig. 6B). In addition, the candidate genes
involved in the biosynthesis of flavonoids showed high
abundance as compared to plants subjected to drought stress
(Fig. 6C). CaO NPs under drought-induced up-regulation of
upstream genes such as CHS, CHI, F3'H, and F3H in rapeseed
plants resulted in a 2.71-fold change, 4.56-fold change, 3.11-
fold change, and 2.09-fold change in flavonoid biosynthesis
expression (Fig. 6C). In addition, CaO NPs increased the
expression of early development genes such as PAL, C4H,
4CL1, 4CL5, DFR, and ANS by 3.02, 4.15, 2.04, 2.26, 1.55, 0.58-
fold changes and late development genes UGT78D2, UGT79B1,
MT, PAP1, PAP2 showed upregulated expression by 2.32, 4.0,
2.6, 5.5 and 5.62-fold changes, respectively (Fig. 6C). This
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Fig. 6 A schematic representation of the amino acid metabolic pathway (A), metabolic KEGG pathway enrichment of various metabolites (P >
0.05) modulated in rapeseed primary and secondary metabolism (B). Analysis of the pathways of phenylpropanoid and flavonoid biosynthesis
gene expression after rapeseed onset to the foliar application of 100 mg L™* CaO NPs and 15% PEG-6000 (C). The color bar represents the log
2 expression levels (FPKM, fragments per kilobase of exon per million fragments mapped) of each gene. Expression of hub genes and related
metabolite accumulation in the leaf tissue of rapeseed seedlings onset to CaO NPs and drought stress conditions as compared to the control
(D-F). The color bar represents log2 expression levels, while yellow, red, and green boxes represent the metabolite expression (high or low)
under control, drought and CaO NPs treatments (left to right), respectively. (G and H) Positive and negative correlation between active

molecules under CaO NPs and drought treatments, respectively.

further confirmed the key role of CaO NPs in regulating the
growth and stress alleviation in rapeseed by enhancing the
activity of major glycosyl-transferases in the flavonol 3-O-
glycosylation of plants as described in (Fig. 6C). According
to our observations, in response to drought conditions,
anthocyanin and flavonoid compounds increased in
rapeseed following Ca-NPs treatment, counteracting an
increase in oxidative stress, which may be a strategy for
reducing excessive ROS formation. In this regard, the
increase in antioxidant flavonoid compounds in leaves was
observed as a part of the induced response to oxidative
stress.>®

Phenylalanine ammonia-lyase (PAL) participates in the
primary metabolism in the phenylpropanoid pathway, which
occurs in the biosynthesis of lignin and flavonoids.>® At the

This journal is © The Royal Society of Chemistry 2024

beginning of the flavonoid pathway, chalcone synthase (CHS)
produces an intermediate that is utilized in the synthesis of
all flavonoids. The isomerization of naringenin chalcone to
the flavanone naringenin is catalyzed by the enzyme chalcone
isomerase (CHI). Flavanone 3-hydroxylase then hydroxylates
naringenin to produce dihydrokaempferol. Flavonol synthase
(FLS) produces flavonol from dihydrokaempferol or
dihydroquercetin, ~ while  dihydroflavonol  4-reductase
produces anthocyanin (DFR). The key flavonoid pathway
enzymes, such as CHS, CHI, F3H, F3'H, DFR, ANS, and
anthocyanin reductase, are all encoded by single genes with
the exception of FLS, which is responsible for the production
of flavonol. Similarly, pretreatment with Spm induced
drought tolerance in vitro in citrus plants via the
modification of phenylpropanoid and flavonoid biosynthesis
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genes and stomatal activity.®” Rapeseed metabolomics
revealed a diverse set of compounds in response to CaO NPs
under drought stress, including secondary metabolites other
than flavonoids, carboxylic acids (amino acids and
derivatives), prenol lipids (terpenoids), benzene and
derivatives, indoles and derivatives, organo-oxygen
compounds (carbohydrates), and phenols. It was suggested
that Ca-NPs considerably enhanced the accumulation of
anthocyanin and flavonoids in rapeseed, where the overall
collective actions mitigated the negative impacts of drought
stress.

The role of hub genes (Fig. 6D and E), related to plant
growth under CaO NPs treatment revealed B. napus stress
resistance. Fig. 6F shows the expression of active
molecules, e.g., amino acids, in carbohydrate metabolism.
Likewise, Fig. 6G and H indicate strong positive and
negative correlations between active molecules under CaO
NPs and drought treatments, which facilitate plant growth
and drought tolerance. The application of cerium oxide
nanoparticles led to significant changes, mainly in
metabolic processes, in wheat seedlings under drought
stress. These alterations affected carbohydrate metabolism,
inositol phosphate metabolism, ascorbate/aldarate
metabolism, methane metabolism, glyoxylate and
dicarboxylate metabolism, as well as the tricarboxylic acid
(TCA) cycle.'® Nitrogen metabolism was impacted, resulting
in shifts in amino acid pools and nitrogen-containing
compounds such as 4-aminobutyric acid, glutamic acid,
and putrescine. Interestingly, when combined with our
physiological data, substantial alterations were detected in
the CaO NP treatment, despite metabolomics data
revealing that there were distinct modifications that might
be highly significant in a full life cycle study of plants in
the field.

3.6 The responsive metabolic signature of CaO NPs in plant
secondary metabolism

The responsive secondary metabolites of CaO NPs
markedly differed in rapeseed plants following drought
stress (Fig. 7A-E). Drought-treated plants showed the
down-regulation of 28 metabolites related to carboxylic
acids and derivatives, 18 metabolites related to flavonoids,
10 metabolites related to prenol lipids, 7 metabolites
related to benzene and derivatives, 4 metabolites related
to indoles and derivatives, and 6 metabolites related to
phenols (Fig. 7F). CaO NPs treatment up-regulated the
expression of common metabolites that were down-
regulated in drought (Fig. 8A-D). For example, CaO NPs
resulted in the up-regulation of 27 metabolites related to
carboxylic acids and derivatives and flavonoids such as
taxifolin, ipriflavone, apigenin and naringenin, prenol
lipids in the form of terpenoids such as gibberellic acid,
bilobalide, and swertiamarin (Fig. 8E). In addition to
benzene and derivatives, including 2-phenylbutyric acid,
5-aminosalicylic acid, and 3-methoxyphenylacetic acid,
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indole and derivatives (serotonin and L-5-
hydroxytryptophan), and a distinct phenolic signature were
found with CaO NPs treatment, and positive changes were
noted for a downstream flavonoid sub-class (anthocyanin),
along with non-flavonoid compounds over-represented by
lignin. Furthermore, the majority of common metabolites
that were downregulated under drought but upregulated
in CaO NPs-treated plants belong to the two
aforementioned metabolic groups (Fig. 8F), implying their
potential role in the metabolomics-based discrimination of
CaO NPs-responsive metabolites in rapeseed under
drought stress. According to previous studies, methionine
is the most common low molecular weight sulfur-
containing amino acid and is a crucial antioxidant for the
defense mechanisms, gene expression, and signal
transduction in plants.®’ A frequent physiological reaction
to abiotic stress is proline activation. Along with
carbohydrates, proteins, and amino acids, plants also
contain several compounds that are regarded to be
“defense-promoting” including anthocyanins, flavonoids,
and other phenolics.°> These substances may play a role
in scavenging ROS that are produced in plants under
various stress conditions and cause oxidative stress.
However, at the 100 mg L™ CaO NPs dose, the activation
of the aforementioned metabolic pathways might boost
plant performance, particularly under diverse stressors.
Flavonoids, on the other hand, function as regulators of
plant growth, attracting pollinator insects and protecting
against biotic and abiotic stresses.®> Following that,
metabolomics studies identified the mechanism through
which CaO NPs promoted drought tolerance in rapeseed
seedlings. This work suggests that metallic nanoparticles
can act as plant growth regulators and sheds new light
on how metal nanoparticles might be used to benefit
crops in water-stressed areas.

4. Conclusion

This study has examined the role of CaO NPs in plant growth
regulation and the drought tolerance response of rapeseed
seedlings. CaO NPs considerably influenced the metabolic
pathways by reprogramming the key metabolites, including
flavonoids, terpenoids, amino acids, phytohormones, phenol,
phenylpropanoids,  carbohydrates, = amines, alcohols,
coumarins and derivatives, quinone, polyketides, fatty acids,
sterol lipids, prenol lipids, organic acids, benzene and
derivatives, indole, and imidazoles, and the involved
metabolites were significantly correlated with the plant
growth. CaO NPs resulted in the up-regulated expression of
upstream genes (CHS, CHI, F3'H, F3H) related to flavonoid
biosynthesis. Notably, CaO NPs recovered the metabolites to
normal levels under drought stress. In addition, the
expression enrichment of early development genes, such as
PAL, C4H, 4CL1, 4CL5, DFR, ANS, and late development genes,
UGT78D2, UGT79B1, MT, PAP1, PAP2, in CaO NPs treatment
further confirmed its role in plant growth and stress

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 The general profile of differential metabolites selectively modulated in the primary and secondary metabolism of rapeseed after foliar
treatment with 100 mg L™ CaO NPs and 15% PEG-6000 for 7 days (A-E). Differential metabolite expression in control vs. drought and CaO NPs +
D vs. drought treatments specifically regulated in the primary metabolism and secondary metabolism of rapeseed. (F) Differential metabolite
expression in control vs. drought specifically regulated in the primary metabolism of rapeseed. Each metabolite's log 2 expression levels are shown
by the color bar.
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Fig. 8 Taxonomical characterization of differential secondary metabolites in rapeseed seedlings under drought and CaO NP treatment (15%
PEG-6000) conditions. (A-D) A representation of the number of up-regulated and down-regulated metabolites for each designated class, i.e.,
carboxylic acids and derivatives, flavonoids, prenol lipids, benzene and derivatives, indoles and derivatives, and phenols under control vs.
drought stress conditions. (E and F) The differential metabolite expression in control vs. drought and CaO NPs + D vs. drought treatments
specifically regulated in the secondary metabolism of rapeseed, respectively. The color bar represents the log2 expression levels of each
metabolite.

alleviation by enhancing the major glycosyl-transferases
involved in flavonol 3-O-glycosylation in the leaves of plants
as illustrated in Fig. 6. The findings of this study enable us
to elucidate the CaO NPs-mediated mechanism by
reprogramming the metabolome profile and provide novel
insights into CaO NPs for regulating rapeseed growth under
drought stress. Further studies on the involved molecular
mechanism of CaO NP-mediated treatment are required in
rapeseed, which will allow us to provide compelling evidence
for using nanomaterials in plant growth and agricultural
yield.
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