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Abstract

Green synthesis of NPs is preferred due to its eco-friendly procedures and non-toxic end products. However, unintentional
release of NPs can lead to environmental pollution affecting living organisms including plants. NPs accumulation in soil
can affect the agricultural sustainability and crop production. In this context, we report the morphological and biochemical
response of spinach nanoprimed with MgO-NPs at concentrations, 10, 50, 100, and 150 pg/ml. Nanopriming reduced the
spinach root length by 14-26%, as a result a reduction of 20-74% in the length of spinach shoots was observed. The decreased
spinach shoot length inhibited the chlorophyll accumulation by 21-55%, thus reducing the accumulation of carbohydrates
and yield by 46 and 49%, respectively. The reduced utilization of the total absorbed light further enhanced ROS generation
and oxidative stress by 32%, thus significantly altering their antioxidant system. Additionally, a significant variation in the
accumulation of flavonoid pathway downstream metabolites myricitin, rutin, kaempferol-3 glycoside, and quercitin was also
revealed on MgO-NPs nanopriming. Additionally, NPs enhanced the protein levels of spinach probably as an osmoprotectant
to regulate the oxidative stress. However, increased protein precipitable tannins and enhanced oxidative stress reduced the
protein digestibility and solubility. Overall, MgO-NPs mediated oxidative stress negatively affected the growth, development,

and yield of spinach in fields in a concentration dependent manner.
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Introduction

Agriculture is the most significant source of food for humans
and economic growth for various countries around the globe.
The continuously increasing world population has raised
concerns of food security for several countries, especially
the developing ones (Kihara et al. 2016; Praburaj et al.
2018). However, more challenging is to attain this enhance-
ment without inducing any destructive stress/ pressure on the
environment (Abebe et al. 2022). Modern agriculture relies
on chemical fertilizers for plant growth and yield improve-
ment (Kadigi et al. 2020). However, excessive chemical fer-
tilizers hardens the soil, influences nutrient composition of
the soil, reduces fertility, and bioaccumulates in the soil,
thus polluting/ affecting the ecosystem (Cole et al. 2016;
Pahalvi et al. 2021). The phosphate fertilizers have report-
edly, led to biomagnification of heavy metals in the soil and
food chain on excess usage. This has reduced the nutrient
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accessibility to plants, hence limiting the growth and yield
of plants (Abebe et al. 2022). Hence, chemical fertilizers can
meet the nutritional requirement of the growing population,
but with an adverse effect on the environment and ecosystem
(Babu et al. 2022). Therefore, an alternate/novel strategy to
promote agricultural sustainability is required, without pos-
ing any adverse effect and threat to environment, climate,
and ecosystem. Nanotechnology can potentially transform
different areas including human health, diagnostics, medi-
cine, and crop production (Savithramma et al. 2012; [jaz
et al. 2020). The nanometric range of NPs allows them to
conveniently enter and stay inside the living systems (Kah
et al. 2019; Nikolova et al. 2020). Therefore, NPs are con-
sidered potential replacement for chemical fertilizers to pro-
mote agricultural sustainability (Shang et al. 2019; Kumar
et al. 2013, 2021).

Macronutrient based-NPs have both positive and nega-
tive effect on the plants (Tolaymat et al. 2017; Kumar et al.
2021). The 200-300 mg/L of ZnO-NPs showed reduced stem
elongation and chlorophyll accumulation of Arabidopsis
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thaliana by more than 50% (Wang et al. 2016). The 100,
300, and 500 ppm Zn-NPs likewise induced oxidative stress
in potatoes (Raigond et al. 2017). Likewise, ZnO-NPs at 1, 2,
and 4 mg/L concentrations reduced the root cell viability and
enhanced oxidative free radicals in exposed barley seedlings
(Plaksenkova et al. 2020). The 1000 mg/L of CuO-NPs simi-
larly, induced phytotoxicity on Brassica pekinensis in terms
of affected shoot—root ratio and vitality index (Zhang et al.
2018; Wang et al. 2020). However, reports documenting the
improvement in plant growth parameters on NPs exposure
are also present. MnFe,O, NPs at concentration 250 mg/L
increased the growth parameters of barley on exposure
(Tombuloglu et al. 2018). Similarly, Cu-NPs enhanced
the biomass and flavonoid content to induce drought toler-
ance in maize at concentration 4.444 mg/L (Nguyen et al.
2022). Zinc oxide NPs (25, 50, 75, and 100 mg/L) and iron
NPs (5, 10, 15, and 20 mg/L), likewise alleviated cadmium
toxicity in wheat by improving plant growth (Rizwan et al.
2019). Similarly, reports have documented magnesium oxide
NPs (MgO-NPs) mediated alteration in seedling growth,
morphology, and vigor at varying concentrations such as
50-250 pg/ml, 0.5 pg/ml, 5 g, and 10, 25, 50, and 100 pg/
ml (Rathore and Tarafdar 2015; Jhansi et al. 2017; Cai
et al. 2018a; Cai et al. 2018b; Rani et al. 2020). MgO-NPs
enhanced the germination and seedling growth of peanuts
and mungbean at concentrations 0.5 pg/ml, 5 g, and 10, 25,
50, and 100 pg/ml, respectively (Jhansi et al. 2017; Anand
et al. 2020; Rani et al. 2020). These NPs thus have multi-
farious applications in agriculture, disease diagnostics, drug
delivery, medicine, biosensing, dye degradation, pollutant
detection, and removal (Kumar et al. 2018). These have also
been reported as potential food additives, food supplements,
and seed protectants (Fernandes et al. 2020). Therefore, it is
important to evaluate the positive/ negative effects of MgO-
NPs on crop plants before scaling up their potential applica-
tions to high-throughput industrial levels.

The biological synthesis and characterization of MgO-
NPs have earlier been validated and reported using clove
extract (Kumar et al. 2018). We have earlier reported
alteration in the morphological and biochemical parameters
of legumes black gram, lentils, horse gram, and mungbean
on in vitro MgO-NPs exposure (Sharma et al. 2021a, b,
¢, 2022). The plants mungbean, lentils, and black gram
were negatively affected by NPs exposure, however, NPs
promoted the growth parameters of horse gram. Hence,
understanding the impact of any NPs on a particular plant
type cannot be extrapolated to other crop types or other types
of NPs. Same type of NPs can have different responses to
different plant types. Furthermore, consistent NPs usage
can cause accidental release into the air, soil, and water
leading to cross-contamination (Nguyen et al. 2016; Mall
et al. 2017). NPs can enter into soil by various natural and
anthropogenic activities. Natural activities like atmospheric
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precipitation, absorption of gaseous compounds in soil, and
sedimentation of aerosols can lead to nano-accumulation in
soil (Gladkova and Terekhova 2013). Release of untreated
wastewater, industrial concentrated sludge or effluents
and landfills causes NPs release into soil (Rajput et al.
2019, 2020). Further, nano-products as in paints, coatings,
cosmetics can easily be discharged into soil (Ahmed et al.
2021). Once inside soil, NPs undergo transformations,
and are supposed to sustainably remain in soil for longer
durations. Therefore, it is necessary to evaluate the influence
of NPs on plant growth after germination either in vitro or in
fields. In this context, we performed MgO-NPs nanopriming
on spinach seeds to evaluate the plant response to NPs
exposure.

Spinacia oleracea (spinach) is a nutrient-enriched annual
green leafy vegetable consumed in cooked and raw forms
(Morelock and Correll 2008; Roberts and Moreau 2016). The
leaves consist of 91.4% water, 2.9% protein, 3.6% carbohy-
drates, and 0.4% fats. Compared to other green vegetables,
spinach is rich in bioactive phytochemicals; polyphenolics,
carotenoids, and vitamins (Hanif et al. 2006; Bunea et al.
2008). The bioactive polyphenols are responsible for the
antioxidant activity of spinach to protect them against any
stress-induced oxidative damage (Sun et al. 2018). Further,
spinach-derived components have shown potential to allevi-
ate and reduce instances of cancer and various metabolic
syndromes in humans (Roberts and Moreau 2016).

The phenolic content of spinach, however significantly
varies in response to cultivation/ agricultural conditions
(Howard et al. 2002). Enhanced water levels due to increased
precipitation reportedly increased the total phenolics of
spinach (Buckley et al. 2020). A similar enhancement in
the phenolic content of spinach in deficiency of nitrogen,
potassium, and phosphorus has been reported (Xu and Mou
2016). Likewise, spinach yield is significantly reduced by
various individual and multiple abiotic stresses (Ors and
Suarez 2017; Nishihara et al. 2001; Xu and Leskovar 2015).
The reduction in spinach yield was more than 60% at water
stress levels at and beyond — 230 kPa. Similar significant
reductions in the spinach yield were reported in presence
of 0.3, 1.5, 3.0, 4.5, and 6.0 dS/m of water salinity (Ors and
Suarez 2017; Yavuz et al. 2022). Furthermore, bioaccumu-
lation of chemical fertilizers, herbicides, and pesticides in
the soil causes environmental pollution, affecting the agri-
cultural ecosystem and hence, crop productivity (Xu and
Leskovar 2015; Kramer et al. 2006). Hence focus is on the
development of an alternative biodegradable plant growth
promoting agents that can support plant growth and yield
during environmental variations (Shang et al. 2019).

MgO-NPs can have a significant influence on crop
productivity and agricultural sustainability. Therefore,
the present study evaluated the effect of MgO-NPs
nanopriming on the growth and yield of spinach grown in
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agricultural fields. The influence of MgO-NPs exposure
on the morphology, biochemical parameters, and yield of
spinach was estimated. Further, the effect of nanopriming
on antioxidant system of spinach was evaluated to check for
any stress induced by NPs. Present study thus assessed the
potential of MgO-NPs as a nanofertilizer to support growth
and yield of spinach.

Materials and methods
Experimental plan

MgO-NPs were biologically synthesized through clove
(Syzygium aromaticum) extract using a well characterized
published protocol (Kumar et al. 2018). The MgO-NPs
suspension used for nanopriming was prepared with distilled
water. The concentrations used for nanopriming were 10, 50,
100, and 150 pg/ml (Sharma et al. 2021a, b, ¢c; Kumar et al.
2018). The fresh seeds were immersed overnight in MgO-
NPs suspension and also in distilled water for control. Seeds
were nanoprimed once with 10, 50, 100, and 150 pg/ml
MgO-NPs before sowing. The seeds were sown in the DAV
University Agricultural Experimental farm for 1 month.
The soil was sandy clay loam (sand 73%, silt 11%, and
clay 16%) with pH 7.3. The soil properties of experimental
site were 7.9 g/kg oxidizable organic carbon, 220 kg/ha
available nitrogen, 27 kg/ha available potassium, and 23 kg/
ha available phosphorus. The plants were regularly watered
and deweeding was done on regular basis. The experiment
was designed in randomized block design and maintained in
three replicates to eliminate any effect of unwanted external
factors during the experiment. The experiment was setup
and maintained in isolated university field trial designated
area. Further, the purpose of study was to compare the effect
of nanopriming with respect to non-primed spinach plants
i.e. control plants. Control and treated seeds were grown
in the same field under exactly the same soil conditions in
randomized fashion without any further addition of chemical
fertilizers to the soil. The spinach seedlings treated with
varying NPs concentrations were labeled as NP-10, NP-50,
NP-100, and NP-150, respectively. The one month old
spinach plants were morphologically characterized and used
for further experiments.

Photosynthetic pigment and carbohydrate
estimation of spinach

The chlorophyll, carotenoid, and carbohydrate levels of
control and nanoprimed spinach were quantified. The
following quantification of differentially treated spinach
was determined using the method described earlier (Sharma
et al. 2020; Guleria et al. 2014; Chang et al. 2002). The

one month old spinach was extracted with 80% methanol
and the absorbance of extract was recorded at 663 and
645 nm for chlorophyll quantification. The absorbance of
the methanolic extract was measured at 480 and 510 nm for
carotenoids estimation.

For carbohydrates quantification, the methanolic extract
of spinach was added to 5% aqueous phenol, concentrated
H,SO, and allowed to incubate at room temperature. The
incubated reaction mix was then measured at 490 nm for the
quantification of carbohydrates.

Following formulae were used to quantify the
photosynthetic pigments and carbohydrates (Zhang and
Blumwald 2001; Chang et al. 2002; Guleria et al. 2014;
Sharma et al. 2021a, b, ¢);

Chlorophyll a = 12.7(A663) — 2.69(A645) (1)
Chlorophyll b = 22.9(A645) — 4.48(A663) )
Total Chlorophyll = 20.21(A645) + 8.22(A663) 3)

Carotenoids = 7.6(Absorbance480 nm) — 1.49(Absorbances, nm)
“)
Carbohydrates = [(A49O +0.149)/ 765] * 20 3)

Estimation of polyphenols and antioxidant
potential of spinach

A 1 g of oven-dried spinach shoot and root samples were
extracted with 30 ml methanol and kept at 4 °C for 48 h
followed by filtration. The filtrates were vacuum dried
using Genevac™ miVac, Fisher Scientific at 45°C. The
vacuum-dried methanolic extracts were reconstituted with
methanol to a final solution of 20 mg/ml and stored. The
isolated extracts from the shoot and root sections were
used for the quantification of phenolics, total flavonoids,
and total anthocyanins by following the methods described
earlier (Giusti and Wrolstad 2001; Yusof et al. 2018). The
antioxidant potential of the shoot and root sections of spinach
was also evaluated using Ferric Reducing Antioxidant Power
(FRAP) and 2,2-diphenyl-1-picrylhydrazyl (DPPH) Radical
Scavenging Activity Assay by following the standard
procedures (Yusof et al. 2018; Benzie and Strain 1999).
The extract was further used for the HPLC quantification
of selected flavonoids, myricitin, kaempferol 3-glycoside,
quercitin, and rutin (Seo et al. 2016).

The activities of enzymes like superoxide dismutase
(SOD), catalase (CAT), ascorbate peroxidase (APX) and
lipid peroxidation levels were also quantified from the leaves
of control and MgO-NPs treated spinach. The variously
treated spinach leaves were extracted with phosphate
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buffer and EDTA for SOD extraction. The extract was
incubated with nitroblue tetrazolium, and riboflavin, and
the absorbance of reaction mix was measured at 560 nm.
The CAT crude extract was isolated using phosphate buffer
and added to reaction mix containing hydrogen peroxide.
The absorbance of the reaction mix was recorded at 240 nm
to estimate the enzyme activity of CAT. The spinach
leaves were extracted with phosphate buffer to obtain
APX crude extract. The extract was added to the reaction
assay containing ascorbic acid and hydrogen peroxide. The
absorbance of assay was recorded at 290 nm and activity
was estimated. Lipid peroxidation was quantified in terms
of levels of malondialdehyde (MDA). TCA extract of
spinach leaves was mixed with thiobarbituric acid-TCA
solution and measured at 532 and 600 nm using UV—Visible
spectrophotometer to quantify MDA (Sharma et al. 2021a;
Sharma et al. 2021b; Sharma et al. 2020; Giannopolitis and
Ries 1977; Shimizu et al. 1984; Nakano and Asada 1981;
Heath and Packer 1968).

Estimation of protein

The protein was isolated from spinach leaves via TCA
extraction buffer and quantified (Sharma et al. 2020).
The in vitro protein digestibility and solubility were also
evaluated using the isolated spinach protein. The protein
digestibility was estimated by digesting the isolated protein
with trypsin followed by Bradford protein quantification
(Sharma et al. 2020; Elkhalil et al. 2001). Likewise, the pH
of isolated protein suspensions was maintained from pH 2.0
to 12.0. The protein of each protein suspension was then
quantified to estimate protein solubility (Sharma et al. 2020;
Bera and Mukherjee 1989).

Estimation of protein precipitable tannins

The tannins extracted from spinach leaves were incubated
with 2 ml BSA, centrifuged, and resuspended in 1% (w/v)
SDS (Sharma et al. 2020). SDS-triethanolamine and ferric
chloride was added to the already prepared SDS suspension
solution. The prepared reaction mixture was analyzed to
quantify the protein precipitable tannins at 510 nm and
expressed as a part percentage of total phenolics present
in spinach.

Statistical analysis

The study was carried out in a randomized block design
with three replications. Data in figures and tables are
represented as mean =+ standard deviation of three biological
replicates. The data obtained in this study were subjected to
statistical analysis using analysis of variance (ANOVA) and
the mean values were compared using Duncan’s Multiple
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Range Test (DMRT). Pearson correlation analysis was
also conducted to determine the relationship between the
MgO-NPs treatment and the various parameters evaluated
from spinach. The conclusion was drawn for a strong and
significant relationship between evaluated parameters if the
calculated correlation coefficient was above 0.878.

Results and discussion

Nanotechnology has been considered to potentially influence
agriculture. Earlier, we reported the altered morphology and
biochemical composition of legume crops horse gram, black
gram, lentils, and mungbean on in vitro MgO-NPs exposure
(Sharma et al. 2021a, b, c, 2022). However, as the same type
of NPs induce differential responses in plants, it becomes
necessary to reveal other plant responses including legumes
to MgO-NPs exposure during field or in vitro lab exposures.
In this context, we have performed MgO-NPs nanopriming
of spinach seeds before sowing in fields. A considerable
reduction in the spinach morphology, carbohydrate content,
protein digestibility, and yield on NPs treatment than control
was evident. Likewise, nanopriming mediated variation in
the polyphenol level and free radical scavenging potential
of the shoot and root sections compared to control spinach
were observed.

MgO-NPs altered spinach morphology

The spinach nanoprimed with 10, 50, 100, and 150 pg/
ml MgO-NPs designated as NP-10, NP-50, NP-100, and
NP-150, respectively were sown in the Agricultural Experi-
mental Farm, DAV University Jalandhar, Punjab (India).
One-month-old nanoprimed spinach showed significant
reduction in the morphology compared to control (Fig. 1a).
The stem length was reduced by 20, 38, 19, and 74% in
NP-10, NP-50, NP-100, and NP-150 spinach than control,
respectively (Fig. 1b). Similarly, root length was decreased
by 14, 21, 22, and 26% in MgO-NPs nanoprimed spinach
compared to control (Fig. 1c¢). The lateral root count was
non-significantly altered on nanopriming except in N-150
spinach on 150 pg/ml exposure where a considerable
increment in lateral root count than control was observed
(Fig. 1d). Hence, nanopriming with MgO-NPs significantly
affected the shoot and root length of spinach without any
observed variation in leaf count per plant and relative water
content (Fig. le, f).

Relative water content and leaf count per plant are param-
eters, in addition, to shoot and root length that determines
the plant growth traits during any treatment. Earlier stud-
ies have reported alterations in relative water content and
leaf count per plant as an indicator of NPs mediated growth
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Fig. 1 Influence of MgO-NPs on spinach morphological parameters.
(A) Images showing effect of MgO-NPs priming on the stem and
root length of the spinach. Graphical representation of data show-
ing MgO-NPs dependent reduction in the stem length (B), and root
length (C) of spinach in comparison to control. Nanopriming medi-
ated reduction in root length might have regulated the nutrient uptake
of spinach leading to inhibition of shoot elongation. The bar diagrams
representing the number of lateral roots (D), number of leaves per

promotion and/or inhibition (Surendar et al. 2013; Ceki¢
et al. 2017; Sadak 2019). However, the shoot—root length
and lateral root count were significantly reduced on nano-
priming in this study, thus indicating that MgO-NPs influ-
enced spinach growth.

Various other studies have documented reduction in the
shoot and root length of plants on NPs exposure (Dimkpa
et al. 2018; Zhang et al. 2018; Zafar et al. 2019; Singh and
Kumar 2018; Dong et al. 2021; Gonzélez et al. 2020; Ma
et al. 2010; Kumar et al. 2013). NPs-mediated reduced
morphological parameters have also been reported in
wheat, Brassica nigra, Raphanus sativus, maize, and barley
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plant (E), and relative water content (F) in MgO-NPs treated and con-
trol spinach plants. Nanopriming showed non-significant alteration
in the number of leaves per plant and relative water content of spin-
ach. Data included is mean =+ standard deviation of three independ-
ent measurements used in this study. Duncan’s multiple range test
(DMRT) was applied and different superscript letters on the bars are
significantly different at p <0.05

(Dimkpa et al. 2018; Zhang et al. 2018; Zafar et al. 2019;
Singh and Kumar 2018; Dong et al. 2021; Gonzalez et al.
2020). Root length reduction indicates NPs mediated toxic-
ity in plants (Ma et al. 2010; Kumar et al. 2013). Hence,
reduced shoot and root length of spinach on MgO-NPs nano-
priming indicated possible phytotoxicity to spinach. In the
present study, MgO-NPs reduced the root length of spinach
than control, possibly affecting their nutrient uptake. This
could lead to reduced shoot length in MgO-NPs exposed
spinach compared to control.
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Reduced photosynthetic pigments on MgO-NPs
priming decreased carbohydrate content of spinach

Chlorophylls and carotenoids are plant pigments essentially
required for photosynthesis. Carotenoids absorb light from
the spectrum and transfer the absorbed energy to chloro-
phylls. This transfer of energy expands the wavelength of
light in a range supporting photosynthesis (Hashimoto et al.
2016). Nanopriming with MgO-NPs significantly decreased
the level of chlorophylls and carotenoids compared to con-
trol (Fig. 2). The reduction of photosynthetic pigments
further reduced the biomass and carbohydrate accumula-
tion of plants (Fig. 2). The chlorophyll a content in spinach
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Fig.2 Influence of MgO-NPs exposure on the photosynthetic pig-
ments, fresh biomass, and carbohydrates content in spinach. Graphs
showing negative impact of NPs exposure on the chlorophyll a (A),
chlorophyll b (B), total chlorophyll (C), carotenoids (D), fresh bio-
mass (E), and carbohydrates (F) accumulation in spinach. MgO-NPs
treatment significantly reduced the shoot length of spinach, thus lead-
ing to reduction in the amount of photosynthetic pigments. Since the
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was decreased by 12, 29, 52, and 62% in NP-10, NP-50,
NP-100, and NP-150 treated plants than control, respec-
tively (Fig. 2a). Similarly, the reduction in chlorophyll b
was recorded to be 28, 34, 39, and 49% compared to control
in MgO-NPs exposed spinach (Fig. 2b). Likewise, 21-55%
reduction in total chlorophyll content was observed on MgO-
NPs nanopriming (Fig. 2¢). Nanopriming was observed to
similarly decrease carotenoid accumulation. A drop of 56,
74, 94, and 97% in carotenoid content of spinach on expo-
sure to MgO-NPs compared to control was evident, respec-
tively (Fig. 2d).

Likewise, MgO-NPs reduced the biomass and
carbohydrates in spinach (Fig. 2e, f). The biomass
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amount of photosynthetic pigments are directly related to the accu-
mulation of fresh biomass and carbohydrates. Therefore, nanopriming
considerably reduced the content of biomass as well as carbohydrates.
Individual bar represents the mean of three independent measure-
ments. DMRT was applied and different superscript letters on the
bars are significantly different at p <0.05
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accumulation was decreased by 37, 41, 49, and 38%
in spinach exposed to MgO-NPs compared to control
(Fig. 2e). The carbohydrate content was reduced by
5-46% in nanoprimed spinach (Fig. 2f). Hence, MgO-NPs
significantly decreased the photosynthetic pigments that led
to reduced accumulation of biomass and carbohydrates in
spinach.

The level of photosynthetic pigments is directly
proportional to the biomass and carbohydrate accumulation
of plants (Sharma et al. 2021a, b, c; Guleria et al. 2014).
In vitro MgO-NPs priming decreased the biomass and
carbohydrate content because of chlorophyll reduction
in legumes (Sharma et al. 2021b, ¢, 2022). Similarly,
superparamagnetic iron oxide NPs reduced the chlorophyll
and biomass accumulation of summer squash (Tombuloglu
et al. 2019). CuO-NPs have reportedly, decreased the
chlorophyll and carbohydrate content in Arabidopsis
thaliana, Solanum lycopersicum, coriander, mungbean,
and Brassica oleracea (Singh et al. 2017; Nair et al.
2014; AlQuraidi et al. 2019). NPs-mediated reduction in
chlorophyll and biomass accumulation of Arabidopsis
thaliana, oak leaf lettuce, and Zea mays has also been
documented (Dong et al. 2021; Ma et al. 2013; Jurkow et al.
2020). MgO-NPs priming mediated reduced chlorophyll and
carotenoids probably, decreased the utilization of absorbed
light, thus negatively affecting the accumulation of biomass
and carbohydrates in the present study. This inhibits root
growth affecting nutrition absorption and retards plant
growth (Farhat et al. 2016; Yang et al. 2020). Hence,
spinach treated with MgO-NPs showed symptoms similar
to phytotoxicity.

Altered accumulation of secondary metabolites
and antioxidant potential in shoots and roots
of nanoprimed spinach

Polyphenols including phenolics, flavonoids, and anthocya-
nins are the downstream metabolites of flavonoid biosyn-
thetic pathway (Fig. 3). These secondary metabolites induce
and maintain the antioxidant potential of the plants. Hence,
we evaluated the effect of MgO-NPs nanopriming on the
polyphenolics content and the resultant antioxidant potential
of spinach in their shoot and root sections, respectively.

Increased accumulation of secondary metabolites
in nanoprimed spinach shoots

The MgO-NPs nanopriming was found to variously alter
the accumulation of secondary metabolites like phenolics,
flavonoids, and anthocyanins in shoot and root sections
of spinach (Table 1). In spinach shoots, the phenolics,
flavonoids, and anthocyanins content was increased in
NP-10, NP-50, and NP-100 spinach followed by a reduction
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Fig.3 A brief outline of flavonoid biosynthesis metabolism. Pheny-
lalanine metabolizes in several steps to synthesize naringenin. Narin-
genin diverts the phenylpropanoid pathway towards flavonoid biosyn-
thesis. Among various flavonoids, the yellow highlighted metabolites,
myricitn, quercitin, rutin, and kaemferol glycoside are downstream
flavonoids. These highlighted flavonoid derivatives were quantified in
spinach nanoprimed with MgO-NPs compared to control to assess the
influence of nanopriming on flavonoid metabolism

in NP-150 plants compared to control, with the lowest
content in NP-150 spinach (Table 1). The total phenolics
content was quantified as 45.5 mg/g DW in control shoots
and 65.2, 111.2, 55.6, and 24.9 mg/g DW in shoots of NP-10
to NP-150 treated spinach, respectively (Table 1). Hence,
except for 150 pg/ml MgO-NPs treated spinach shoots, other
NPs treated spinach showed enhanced accumulation of total
phenolics compared to control (Table 1).

An increase of 41 and 66% was observed in the flavonoid
content of NP-10 and NP-50 treated spinach shoots than
control. However, flavonoid content was reduced by 8 and
46% in NP-100 and NP-150 spinach shoots. Likewise, NPs
priming considerably decreased the anthocyanins in spinach
shoots than control. The percent reduction compared to
control was found to be 62, 27, 67, and 76% in spinach
shoots nanoprimed with MgO-NPs, respectively (Table 1).

FRAP assay of spinach shoots indicated the enhanced
antioxidant potential of NP-10 and NP-50 spinach compared
to control. The FRAP value of control and 10-150 ug/ml
nanoprimed spinach shoots were estimated to be 7.9, 9.1,
9.9,7.9, and 7.8 mg of FE/g of DE, respectively. An increase
of 16 and 25% in the FRAP value of NP-10 and NP-50 spin-
ach shoots indicated an increase in their antioxidant potential
than control shoots. However, a non-significant variation in
the antioxidant potential of control, NP-100, and NP-150
spinach shoots were observed (Table 1). Similarly in the
DPPH ICs, assay, the MgO-NPs treated spinach shoots were
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Table 1 Effect of MgO-NPs treatments on total phenolic, total flavonoid, total anthocyanin content and antioxidant potential in methanolic

extracts of spinach shoots and roots

Plants' parts Treatment TPC (mg/g DW) TFC (mg/g DW) TAC (mg/g DW) FRAP (mg of FE/g DE) DPPH IC50 (mg/ml)

Shoot Control 45.411+0.69° 121.107 £0.81¢ 98.001 +4.99¢ 7.902+0.11° 18.362 +0.44°
NP-10 65.296 +0.37¢ 170.520+0.79¢ 37.044 +£5.29° 9.146+0.12° 13.750£0.29¢
NP-50 111.210+0.96° 200.469 +1.04° 71.842+2.76° 9.877+0.14¢ 11.107£0.03°
NP-100 55.661+0.17° 110.833+0.61° 30.699 +1.81%° 7.999+0.17° 12.857 +0.24°
NP-150 24.982+0.13 65.548 +0.21° 23.777 +0.95% 7.751+£0.11° 10.054 +0.09*

Root Control 86.434+1.21¢ 157.290+0.63¢ ND 7.766 +0.15¢ 20.976+0.72¢
NP-10 100.484 +0.96° 180.409 +0.16° ND 6.542+0.09° 14.693 +0.25°
NP-50 68.046 +0.88° 126.728 +0.20° ND 6.276 +0.09° 11.417 +£0.09*
NP-100 17.894+0.25* 43.336+0.07* ND 6.595+0.09° 12.834+£0.26°
NP-150 28.690+0.70° 83.363+0.14>  ND 6.045+0.05° 15.558 +0.09°

In shoots, FRAP and DPPH IC50 values indicated the enhanced antioxidant potential of nanoprimed spinach than control due to enhanced
accumulation of phenolics, flavonoids, and anthocyanins. In roots, DPPH IC50 values indicated an enhanced antioxidant potential of spinach

roots but poor reduction potential to convert ferric iron to ferrous iron

Note: Different superscript letters in the Table are significantly different at p <0.05 according to Duncan’s multiple range test (DMRT). TPC
Total phenolic content, TFC Total flavonoid content, TAC Total anthocyanin content, ND not detected

observed to have significantly lower values compared to the
control. The lower ICs, values denote higher DPPH radical
scavenging potential. The DPPH ICs, values were estimated
to be 18.4, 13.8, 11.1, 12.9, and 10.1 mg/ml in control and
spinach nanoprimed with MgO-NPs, respectively (Table 1).
A significant reduction of 25, 40, 30, and 45% in DPPH
ICs; indicated a considerably enhanced antioxidant potential
of nanoprimed spinach compared to control, respectively.
Similarly, Pearson’s correlation analysis indicated a strong
inverse relationship of MgO-NPs with anthocyanin accumu-
lation and DPPH ICs,, (Supplementary Table S1). Flavonoids
and polyphenols are known to contribute to the antioxidant
potential of plants (Shen et al. 2022). Hence, MgO-NPs

mediated accumulation of flavonoids was responsible for the
observed variation in the antioxidant potential of spinach.
Further, MgO-NPs can potentially alter the accumulation
of flavonoid biosynthesis pathway downstream metabolites.

Reduced accumulation in nanoprimed spinach roots

The total phenolic and flavonoid content was variously
altered in MgO-NPs nanoprimed spinach roots than in con-
trol as was observed in the shoot sections of nanoprimed
spinach (Table 2). However, anthocyanins were not detected
in the roots. The roots of NP-10 spinach showed 16 and
15% enhanced accumulation of phenolics and flavonoids

Table 2 Quantification of

. Plants' parts TREATMENT Kaemferol 3-glycoside  Quercitin Rutin Mpyricitn
flavonoids from the shoot and
root of control and NPs treated Shoot Control 0.72+0.07* 0.18+0.01 20+£03*  ND
:g;‘;lc; (ng/mg DW of the NP-10 1.05+0.004° 0.169+0.001*  17.04+0.35 ND
NP-50 1.08+0.01° 0.171+0.01* 16.7+0.4° ND
NP-100 1.04+0.05° 0.169+0.0004* 163+ 1.6° ND
NP-150 0.868+0.07° 0.181+0.02° 3.7+0.5° ND
Root Control 0.77 +0.001% 0.17 +0.002? 6.16+0.4*  4.5+0.001
NP-10 0.95+0.001¢ 0.18 +0.002° 13.940.03°  4.5+0.0003
NP-50 0.97+0.01¢ 0.18+0.001° 143+0.19°  4.5+0.002°
NP-100 0.89+0.004° 0.17£0.001% 112+0.04°  4.5+0.001°
NP-150 1.0+0.01° 0.18+0.001° 15.7+0.18¢  4.5+0.001°

In shoots, myricitin was not detected and non-significant alteration in quercitin accumulation of control
and NPs treated spinach was evident. Kaempferol 3-glycoside was significantly enhanced in nanoprimed
spinach shoots than control. In roots, myricitin was detected but was significantly similar in control and
nanoprimed spinach. Kaempferol 3-glycoside, quercitin, and rutin were significantly enhanced in MgO-
NPs primed spinach roots than control

Note: Different superscript letters in the Table are significantly different at p <0.05 according to Duncan’s

multiple range test (DMRT)
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compared to control, respectively. On the contrary, phe-
nolic and flavonoid accumulation was reduced in NP-100
and NP-150 spinach roots (Table 1). The phenolic accumula-
tion was reduced by 21, 79, and 67% in the roots nanoprimed
with NP-50, NP-100, and NP-150 than control, respectively.
Similarly, the flavonoid content was decreased by 19, 72,
and 47% in NPs exposed spinach roots compared to con-
trol (Table 1). MgO-NPs mediated reduced morphological
parameters of spinach indicated stress and phytotoxicity.
Therefore, increased stress with an increase in MgO-NPs
concentration led to reduction of phenolic and flavonoid
content on nanopriming than control spinach.

FRAP assay of the root sections showed a significant
decrease in the antioxidant potential of nanoprimed spin-
ach. On the contrary, the DPPH ICj, assay showed signifi-
cant enhancement in the antioxidant potential (Table 1).
The FRAP values for the control root were found to be
7.766 mg of FE/g DE and it was consistently reduced to
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Fig.4 Effect of MgO-NPs priming on the antioxidant enzyme activi-
ties of spinach. The bar graphs show MgO-NPs mediated variations
in the activities of enzymes SOD (A), APX (B), and CAT (C) in
spinach. SOD and APX activities were reduced in a NPs concentra-
tion dependent manner, whereas the CAT activity was increased than
control. MgO-NPs mediated increment in ROS accumulation was
responsible for the observed alteration in antioxidant enzyme activi-
ties. (D) The graph shows the enhanced oxidative stress in MgO-NPs

6.54, 6.27, 6.59, and 6.04 in NP-10 to NP-150 spinach
roots, respectively (Table 1). The percent reduction was
recorded to be 16-22% in MgO-NPs treated spinach roots
compared to control, indicating a significant reduction in
their antioxidant potential. However, DPPH IC, was also
reduced by 30, 46, 39, and 26% compared to control in
the roots of nanoprimed spinach. The reduction of these
values indicated an increase in their antioxidant potential
compared to control roots. Likewise, Pearson’s correlation
analysis indicated a strong negative correlation of param-
eters, total phenol, and total flavonoids, FRAP assay, and
DPPH ICs, with the MgO-NPs treatment in spinach roots
(Supplementary Table S2). Hence, increased NPs exposure
concentrations lead to better DPPH scavenging potential of
the extracts but poor reduction potential to convert ferric
iron to ferrous iron as indicated by the decrease in FRAP

values.
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primed spinach quantified in terms of MDA equivalent. The reduced
utilization of absorbed light due to decreased content of photosyn-
thetic pigments was responsible for the increased oxidative stress in
spinach on MgO-NPs nanopriming. Data included is mean + standard
deviation of three independent measurements used in this study. Dun-
can’s multiple range test (DMRT) was applied and different super-
script letters on the bars are significantly different at p <0.05
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Likewise, MgO-NPs treatment variously altered the
activities of spinach antioxidant enzymes SOD, CAT, and
APX. The SOD and APX activity was down-regulated by
11-37 and 19-88% on MgO-NPs nanopriming than con-
trol (Fig. 4a, b). However, the CAT activity was increased
by 36-172% with an increase in MgO-NPs concentration
(Fig. 4c). Further, the lipid peroxidation estimated in terms
of MDA accumulation indicated 6-32% enhanced oxidative
stress in MgO-NPs primed spinach than control (Fig. 4d).
The correlation analysis also indicated a strong and positive
relation between NPs treatment and MDA accumulation.
Similarly, significant relationship between NPs treatment
and activity of SOD and CAT was observed in correlation
analysis (see Table S3, Supporting Information).

MgO-NPs significantly influenced the antioxidant
system of legumes, mungbean, horse gram, black gram,
and lentils (Sharma et al. 2021a, b, ¢, 2022). Likewise,
MgO-NPs primed spinach has shown altered accumulation
of polyphenols including phenols, flavonoids, and
anthocyanins compared to non-treated plants in this study.
Exogenous Co;0,-NPs exposure reduced the polyphenols
and antioxidant enzymes of Brassica napus (Jahani et al.
2020). On the contrary, enhanced CAT activity was reported
in oak leaf lettuce on Fe,O5-NPs and SnO,-NPs exposure
(Jurkow et al. 2020). Earlier, inhibition in the antioxidant
enzyme activities of mustard and tomato plants has been
reported on Ag-NPs exposure because of oxidative damage
(Cekic et al. 2017; Vishwakarma et al. 2017). Hence, NPs
tend to alter the antioxidant system of plants. In addition,
enhanced MDA levels in nanoprimed spinach also reflected
increased oxidative stress compared to control spinach. A
significant correlation of antioxidant enzymes with MDA
content furthermore, supported the findings. CuO-NPs
have also enhanced lipid peroxidation in plants including
Vigna radiata, Brassica oleracea var. botrytis, and
Solanum lycopersicum (Nair et al. 2014; Singh et al. 2017).
Likewise, iron oxide NPs upregulated lipid peroxidation in
Lemna minor (Souza et al. 2019). Reduction in the use of
absorbed light energy by photosynthetic pigments has been
reported to enhance the ROS generation that affects plant
antioxidant system (Farhat et al. 2016; Ze et al. 2009; Hauer-
Jakli and Trankner 2019). Hence, decreased photosynthetic
pigments on MgO-NPs priming probably contributed to an
enhanced oxidative stress leading to activation of spinach
antioxidant potential. This was also reflected by a strong
and negative correlation of chlorophyll content with MDA
accumulation (see Table S3, Supporting Information). Thus,
MgO-NPs notably induced oxidative stress in spinach in a
concentration-dependent manner leading to an alteration in
its antioxidant system.

@ Springer

Enhanced accumulation of selected flavonoids
in nanoprimed spinach

As observed the total flavonoid accumulation was variously
altered compared to control in the shoot and root sections of
spinach on MgO-NPs exposure. The flavonoid biosynthesis
is a diversion from the phenylpropanoid biosynthetic
pathway. Naringenin diverts the phenylpropanoid pathway
towards diverse metabolite synthesis of flavonoids (Fig. 3).
The downstream metabolites of the flavonoid pathway,
kaempferol 3-glycoside, quercetin, rutin, and myricitin were
evaluated to assess the influence of MgO-NPs on flavonoid
biosynthesis (Table 2).

Mpyricitin was not detected in any of the shoot samples.
A non-significant alteration in the quercetin accumulation
of control and NPs-treated spinach was evident (Table 2).
However, the content of kaempferol 3-glycoside was
significantly enhanced in nanoprimed spinach shoots than
control. In control shoots, kaempferol 3-glycoside was
quantified to be 0.72 pg/mg DW, and it was enhanced to
1.05, 1.08, 1.04, and 0.868 pg/mg DW in spinach shoots
nanoprimed with MgO-NPs, respectively. Hence, an increase
of 46, 50, 44, and 20% in the kaempferol 3-glycoside
accumulation was observed in nanoprimed spinach shoots
than control. Likewise, compared to control, the rutin
content was increased by 751, 734, 713, and 86% in spinach
shoots on MgO-NPs treatment. The rutin was recorded to be
2.0,17.0,16.7, 16.7, and 3.7 pg/mg DW in control and NPs
primed spinach shoots, respectively (Table 2).

In roots, myricitin was detected but was significantly
similar in control and nanoprimed spinach (Table 2).
However, kaempferol 3-glycoside, quercetin, and rutin were
significantly enhanced in MgO-NPs primed spinach roots
than control. Kaempferol 3-glycoside was increased by 24,
25, 17, and 32% in the roots of spinach exposed to MgO-
NPs, respectively. The kaempferol 3-glycoside amount was
estimated to be 0.77, 0.95, 0.97, 0.89, and 1.0 pg/mg DW in
control and 10-150 pg/ml MgO-NPs primed spinach roots,
respectively. Similarly, quercetin levels were enhanced by
4.3, 4.2, and 2.8% than control in the roots of spinach treated
with 10, 50, and 150 pg/ml MgO-NPs, with non-significant
observed variation in spinach roots primed with 100 ug/
ml MgO-NPs (Table 2). The rutin content was 6.16 ug/
mg DW in control roots, but was increased to 13.9, 14.3,
11.2,15.7 pg/mg DW in roots of MgO-NPs primed spinach
(Table 2). The rutin accumulation was increased by 126,
132, 82, and 155% in NPs treated spinach roots than control
roots.

The metabolite accumulation of flavonoid pathway,
kaempferol 3-glycoside, and rutin were significantly
increased on NPs exposure than in control spinach. This
indicated MgO-NPs mediated possible regulation of the
secondary metabolism in plants. Recently, graphene/
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nanocomposite have been reported to increase rosmarinic
acid production from Melissa officinalis (Soraki et al.
2021). NPs induce phytotoxicity to plants via reactive
oxygen species production, leading to the activation of
enzymatic and non-enzymatic antioxidants. Therefore,
activation/ alteration of secondary metabolism regulate
the accumulation of antioxidant parameters (Marslin et al.
2017; Lala 2021). Similarly in this study, MgO-NPs induced
phytotoxicity in spinach thus influencing the level of non-
enzymatic antioxidants, in majority polyphenolics and
flavonoids. The flavonoid biosynthesis pathway synthesizes
polyphenolics and flavonoids. The observed variation in
the content of kaempferol 3-glycoside, quercetin, rutin, and
myricitin thus, shows the MgO-NPs mediated elicitation of
flavonoid pathway in spinach to regulate NPs phytotoxicity.
This indicated the potential of MgO-NPs to regulate the
flavonoid biosynthesis pathway in spinach.
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Fig.5 MgO-NPs altered the protein parameters of spinach. (A) The
bar diagram shows the increased protein content of spinach on nan-
opriming than control. An increase of 11-24% in the protein accu-
mulation of nanoprimed spinach was evident. The enhanced protein
acted as osmoprotectant to regulate MgO-NPs induced oxidative
stress in spinach. (B) The graph depicts the protein digestibility
in vitro in case of MgO-NPs treated spinach compared to control.
Nanopriming was observed to considerably reduce the protein digest-
ibility by 1-3% with an increase in MgO-NPs exposure concentra-

MgO-NPs enhanced protein content but reduced
protein digestibility

MgO-NPs increased the total protein content of spinach
(Fig. 5). In contrast to 470 pug/g FW total protein in con-
trol spinach, the protein accumulation was estimated to be
523.8,554.2,573.3, and 584.8 ug/g FW in NP-10 to NP-150
treated spinach (Fig. 5a). In comparison to control, the pro-
tein content was enhanced by 11-24% in nanoprimed spin-
ach. A similar increment was observed in the spinach protein
solubility on MgO-NPs priming, in NPs concentration-
dependent manner (Table 3). The content and solubility of
spinach protein were increased on MgO-NPs nanopriming.
On the contrary, the protein digestibility was decreased in
NPs nanoprimed spinach than in control (Fig. 5b). With 97%
protein digestibility in control spinach, the protein digest-
ibility was consistently reduced from 96 to 94% in NP-10 to
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tion. (C) Bar diagram showing enhancement in the content of pro-
tein precipitable tannins in spinach on MgO-NPs exposure. NPs
treatment was found to enhance the protein precipitable tannins that
resulted into reduced protein digestibility. Data included in each bar
is mean =+ standard deviation of three independent measurements (*,
P <0.05). Duncan’s multiple range test (DMRT) was applied and
different superscript letters on the bars are significantly different at
P<0.05
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Table 3 Amount of soluble protein (mg/g) present in control and MgO-NPs primed spinach. MgO-NPs exposure evidently enhanced the content of soluble protein

pH12

pHI1

pH10

pH9

pH8

pH7

pH6

pHS

pH4

pH3

pH2

0.542+0.001*

0.534+0.01*
0.538+0.01*

0.53+0.01*

0.495 +0.02*
0.5+0.03*

0.26+0.01°

0.225+0.01°
0.257+0.02°
0.29+0.01¢

0.224+0.01°
0.249+0.01°
0.259+0.01¢
0.294+0.01¢
0.315+0.01¢

0.215+0.01%
0.245+0.01°

0.214+0.01%
0.215+0.03*
0.25+0.01°

0.208 +0.03?
0.21+0.01*

0.171+0.01*

Control
N-10
N-50
N-100
N-150

0.544+0.001*

0.534+0.01*
0.541+0.01*
0.544+0.01*

0.528 +0.03*

0.531+0.01*

0.266+0.01°
0.316+0.01°
0.386+0.01¢
0.389+0.01¢

0.178 +0.01%

0.548 +0.003%
0.593+0.01°
0.601+0.01°

0.543+0.01%
0.55+0.01°

0.257+0.01%
0.271+0.01¢
0.309+0.01¢

0.233+0.01°

0.198 +0.01%
0.205+0.01¢

0.545+0.003*

0.333+0.02¢
0.345+0.01¢

0.255+0.01°
0.258+0.01°

0.245+0.03*
0.247+0.01¢

0.209 +0.03¢

0.552+£0.004°

0.533+0.003*

With the change in pH from acid to basic conditions, the soluble protein was significantly increased on nanopriming than control spinach

Note: Different superscript letters in the Table are significantly different at p <0.05 according to Duncan’s multiple range test (DMRT)
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Fig.6 The bar graph shows the reduced yield of spinach on MgO-
NPs treatment than control plants. The bars represent the yield of
10 plants per treatment. A significant reduction of 22-40% in the
spinach yield on NPs exposure was observed on the exposure of
NP-50, NP-100, and NP-150 MgO-NPs. Duncan’s multiple range test
(DMRT) was applied and different superscript letters on the bars are
significantly different at p <0.05

NP-150 spinach (Fig. 5b). The digestibility was significantly
decreased by 1-3% in protein isolated from spinach exposed
to MgO-NPs, respectively.

The interaction of proteins with protein precipitable
tannins reduces their digestibility (Sharma et al. 2020).
MgO-NPs treatment enhanced the protein precipitable
tannins in spinach (Fig. 5¢). The NP-10 and NP-100 spinach
showed non-significant variation in protein precipitable
tannins to control, whereas a considerable increment in
NP-50 and NP-100 plants was observed. An increase of 10
and 29% in protein precipitable tannins was evident in 50
and 150 pg/ml MgO-NPs primed spinach (Fig. 5c). Thus,
the presence of tannins can be one of the probable reasons
for the observed decrease in the protein digestibility of
nanoprimed spinach.

Increased protein accumulation has been reported as
a mechanism of plants to regulate osmotic stress, as pro-
teins act as osmoprotectant (Azeem et al. 2023). Further,
reports have documented NPs mediated enhanced protein
accumulation. In vitro MgO-NPs exposure to horse gram
(Sharma et al. 2021a), mungbean (Sharma et al. 2021b) and
blackgram (Sharma et al. 2021c¢) has earlier been reported
to affect their protein content and bioavailability (Sharma
et al. 2021a, c¢). Earlier, silver and iron NPs were reported
to increase the protein content of Phaseolus vulgaris, Zea
mays L., and wheat (Salama 2012; Bakhtiari et al. 2015).
Likewise, engineered carbon NPs reportedly upregulated the
protein content in Vigna radiata (Shekhawat et al. 2021).
However, increased protein precipitable tannins on MgO-
NPs priming considerably reduced the protein digestibility.
A strong and negative relationship between MDA accu-
mulation and protein digestibility was reflected in Pearson
correlation (see Table S3, Supporting Information). Hence,
MgO-NPs increased the protein accumulation of spinach
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Fig.7 The figure depicts the
mechanism of MgO-NPs medi-
ated alteration of spinach mor-
phology and antioxidant system,
thus regulating its growth and
yield. MgO-NPs mediated inhi-
bition in root elongation limited
nutrient uptake leading to
reduced shoot length in spinach.
The reduced leaf size in nano-
primed plants showed reduced
accumulation of photosynthetic
pigments. This downregulated
the utilization of total absorbed
light leading to reduced biomass
and carbohydrates content, but
increasing the production of
reactive oxygen species and oxi-
dative stress. These MgO-NPs
induced changes collectively led
to reduction in spinach yield

* Oxidative Stress
* Lipid peroxidation
* MDA

Reduced Length

Altered antioxidant system

+» Carbohydrate 1
+ Biomass

< Yield

Nutrient 1

Uptake

possibly to regulate oxidative stress but the enhanced protein
precipitable tannins reduced protein digestibility.

MgO-NPs reduced spinach yield

The green leaves of spinach are consumed worldwide either
in raw or cooked forms. Hence the fresh weight of the total
leaves of control and MgO-NPs nanoprimed spinach was
recorded as total plant yield (Fig. 6). The yield of 10 plants
per treatment was analyzed and significant reduction in
spinach yield on NPs exposure was observed. The yield
was considerably reduced by 7, 29, 22, and 40% in NP-10,
NP-50, NP-100, and NP-150 spinach compared to control
spinach, respectively (Fig. 6). Earlier, Ag-NPs reportedly,
enhanced the growth and productivity of pearl millet as they
reduced reactive oxygen species level and thus, regulated
oxidative stress (Khan et al. 2021). Likewise, in the pre-
sent study MgO-NPs significantly reduced the shoot length,
photosynthetic pigments, biomass, and carbohydrate content
of spinach on nanopriming. A considerable enhancement
in oxidative stress was also evident. Hence, these changes
altogether could have led to the observable reductions in
spinach yield.

Overall, the present study depicts that reduced root
length on MgO-NPs exposure probably inhibited nutrient
uptake, thus decreasing the spinach shoot length (Fig. 7).
Reduced leaf size on nanopriming further decreased their
chlorophyll and carotenoid content. Reduction in the pho-
tosynthetic pigment downregulated the utilization of total

absorbed light, thus decreasing the accumulation of biomass
and carbohydrates. However, reduced utilization of absorbed
light enhanced the production of reactive oxygen species,
increased the oxidative stress, thus altering the antioxidant
system of spinach (Fig. 7). Hence, MgO-NPs mediated
reduction in the morphological parameters and increase in
oxidative stress has led to significant reduction of spinach
yield.

Conclusion

The present study documents a growth inhibitory effect of
MgO-NPs at higher dose exposure to spinach germinated
and maintained in fields. MgO-NPs priming significantly
reduced the spinach root length. Roots are responsible for
plant nutrient uptake and growth of aboveground plant
parts. Nanopriming could have possibly reduced the
spinach nutrient uptake due to root growth inhibition, thus
decreasing the shoot length and photosynthetic pigment
levels. These changes enhanced oxidative stress altering
the antioxidant potential of spinach. In addition, MgO-NPs
possibly affected the secondary metabolite accumulation
of flavonoid pathway. Hence, present study documents
MgO-NPs induced phytotoxicity on spinach at higher
dose. However, more studies are required to develop a
framework revealing the effect of NPs on agricultural
sustainability.
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