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Abstract

Regarding the rapid progress in the production and consumption of nanobased products, this research considered the behavior of
Melissa officinalis toward zinc oxide nanoparticles (nZnO), nanoelemental selenium (nSe), and bulk counterparts. Seedlings
were irrigated with nutrient solution containing different doses of nZnO (0, 100, and 300 mg 1_1) and/or nSe (0, 10, and 50 mg
1™"). The supplements made changes in growth and morphological indexes in both shoot and roots. The mixed treatments of
nSel0 and nZnO led to a drastic increase in biomass, activation of lateral buds, and stimulations in the development of lateral
roots. However, the nSe50 reduced plants’ growth (45.5%) and caused severe toxicity which was basically lower than the bulk.
Furthermore, the nSe and nZnO improved K, Fe, and Zn concentrations in leaves and roots, except for seedlings exposed to
nSe50 or BSe50. Moreover, the nSe and nZnO supplementations in a dose-dependent manner caused changes in leaf non-protein
thiols (mean = 77%), leaf ascorbate content (mean = 65%), and soluble phenols in roots (mean = 28%) and leaves (mean = 61%).
In addition, exposure to nZnO and/or nSe drastically induced the expression of rosmarinic acid synthase (RAS) and Hydroxy
phenyl pyruvate reductase (HPPR) genes. Besides, the nSe, nZnO, or bulk counterparts influenced the activities of nitrate
reductase in leaves and peroxidase in roots, depending on dose factor and compound form. The comparative physiological
and molecular evidence on phytotoxicity and potential advantages of nSe, nZnO, and their bulk counterparts were served as a
theoretical basis to be exploited in food, agricultural, and pharmaceutical industries.
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Introduction advantages in plant life cycle and probable need for it are still
under debate (Ardebili et al. 2015; Nazerieh et al. 2018; Safari

In nature, selenium (Se, metalloid mineral) is detected in var- et al. 2018; Babajani et al. 2019). Considering dietary require-
ious ionic species, including organic, selenate (VI), selenite  ments of humans (55 ug day ', according to the Food and
(IV), elemental Se (0), and selenide (-II) (Hu et al. 2018). Itis  Nutrition Board of the Institute of Medicine (USA)), fertiliza-
worth noting that Se is classified as an essential mineral fora  tion of cultivating plants with Se has been emphasized in order
multitude of living forms such as humans, while its  to improve the Se concentrations (especially in an organic
form) in various plant-derived foods (Tang et al. 2017;
Babajani et al. 2019), although Se at high doses (varied ranges
depending on plant species, developmental stage, Se sources,
54 Alireza Tranbakhsh and utilization method) might be a toxic limiting factor (Safari
iranbakhsh @iau.ac.ir etal. 2018; Babajani et al. 2019). The potential advantages of

Se in plant growth, physiology, and protection have been sup-
ported by several lines of previous studies (Ardebili et al.
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and boosting the antioxidant defense system (Zhu et al. 2017).
Hence, Se application has been introduced as a promising
method for delaying senescence and fruit ripening process
and improving the shelf life (Zhu et al. 2017). In addition,
Tang et al. (2017) reported that soil supplementation with Se
instead of foliar application prevented mercury (Hg: an impor-
tant heavy metal contaminant) accumulation in rice, indicating
antagonistic interactions between Hg and Se. The nanoparticle
of elemental red Se (nSe) has been functionalized in the phar-
maceutical industries, due to its bioactivity, efficient antioxi-
dant, anticancer, and antimicrobial properties (Hu et al. 2018).
The exposure to nSe improved plant protection against heat
stress in sorghum (Djanaguiraman et al. 2018). In addition,
expression patterns of heat shock factor A4A (HSFA4A) were
altered following nSe exposure in Triticum aestivum (Safari
et al. 2018). Nazerich et al. (2018) showed both benefits and
toxicity of nSe in peppermint. However, there is limited data
concerning plant reactions to nSe exposure, especially supple-
mentation of the nutrient solution instead of foliar application
that needs to be explored further.

Zinc (Zn) is an essential mineral nutrient that plays critical
roles as a vital limiting factor toward plant growth, develop-
ment, productivity, and protection. Zn deficiency in plants
provokes biomass and yield reduction, necrotic symptoms,
and chlorosis of leaves. Zn influx may primarily mediate
through the carriers belonging to the ZIP (ZRT, IRT-like) pro-
tein family and the voltage-gated cation channel (Bouain et al.
2014). Zn plays crucial roles in six enzymatic classes (lyases,
oxidoreductases, hydrolases, transferases, ligases, and isomer-
ases) and has many functions in regulatory proteins (Bouain
etal. 2014). Considering the vital roles of Zn on human health,
crop bio-fortifying with essential nutrients and improving the
productivity of crops have received much attention (Bouain
et al. 2014). Therefore, modern agricultural activities exten-
sively require development of novel formulations for nutrient
solutions, fertilizers, and pesticides (Bouain et al. 2014).

The nanoparticles of metal oxides have specific phys-
iochemical traits (surface, electrical, thermal, and opti-
cal) different from their bulk counterparts (Rastogi et al.
2017). Among different metal oxide nanoparticles, the
most commercially utilized ones in different industries
are zinc oxide (nZnO), silver, titanium dioxide, cerium
dioxide, and copper oxide (Rastogi et al. 2017).
Application of nZnO at suitable concentrations (based
on the plant species, developmental stage, and treatment
method) modified the growth, physiology, and protec-
tion of different plant species, such as Leucaena
leucocephala (Venkatachalam et al. 2017a), Zea mays
(Subbaiah et al. 2016), and Pisum sativum (Mukherjee
et al. 2016), while it caused phytotoxicity in Oryza
sativa (Salah et al. 2015), Arabidopsis (Wang et al.
2016), and Capsicum annuum (Iranbakhsh et al. 2018)
at high doses. There is limited and contradictory

evidence for plant reactions following nZnO exposure;
hence, further precise studies are required to elucidate
its possible effectiveness or phytotoxicity.

Demand for nanobased products in various industries, es-
pecially food, medicine, and agriculture, is extensively
boosting (Moghanloo et al. 2019; Seddighinia et al. 2019).
Due to the high consumption of nanoparticles, their introduc-
tion into the food chain, particularly through plant-derived
seed, drug, or foods, is inevitable. Therefore, cogent studies
are needed to clarify various aspects of eco-toxicological im-
pacts of nanoparticles. Recent findings indicate that different
manufactured nanoparticles exhibit potential advantages in
agriculture and postharvest life. As a result, these compounds
may be exploited in modern food and agricultural-related in-
dustries (Rastogi et al. 2017; Asgari-Targhi et al. 2018;
Seddighinia et al. 2019). Different strategies have been taken
to develop more effective novel alternative fertilizers and pes-
ticides based on nanomaterials (Moghaddasi et al. 2017;
Asgari-Targhi et al. 2018; De Francisco and Garcia-Estepa
2018; Seddighinia et al. 2019). Interaction of nanoparticles
and biomolecules depends on several key factors, including
shape, size, surface, purity, stability, and manufacturing meth-
od (Rastogi et al. 2017; Asgari-Targhi et al. 2018). Therefore,
more studies are required to illustrate the role of nanoparticles
in plants’ life and clarify the mechanisms contributing to these
kinds of plant interactions. This might provide a scientific
basis for their possible application in technology as well as
industry.

Melissa officinalis (lemon balm, a perennial herb, a mem-
ber of Lamiaceae) has an outstanding phytochemistry (the
phenylpropanoid derivatives and the essential oils), in which
terpenoids, rosmarinic acid, caffeic acid, protocatechuic acid,
and flavonoids are the main secondary metabolites.
M. officinalis is commercially applied in traditional and mod-
ern pharmaceutical industries. There are several drugs made
from lemon balm for the treatment of different human dis-
eases, including cancer, Alzheimer, migraine, and rheumatism
(Moradkhani et al. 2010). The prominent phenylpropanoid
derivative in lemon balm is rosmarinic acid exhibiting a mul-
titude of interesting biological functions (antioxidant, anti-in-
flammatory, antibacterial, and antiviral). Consequently, di-
verse attempts have been made to trigger production of
rosmarinic acid (Tonelli et al. 2015). The biosynthesis path-
way of rosmarinic acid as an important secondary metabolite
and contributing enzymes is depicted in Fig. 1. Hydroxy phe-
nyl pyruvate reductase (HPPR) and rosmarinic acid synthase
(RAS) are two key enzymes involved in the tyrosine-derived
biosynthesis of rosmarinic acid. The existence of a close cor-
relation between the expression of the RAS gene and the RAS
activity in suspension cultures of lemon balm has been report-
ed (Weitzel and Petersen 2011). It has been stated that the
nanoparticles may modify intracellular redox status through
which the transcription profiles might be reprogrammed
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Fig. 1 The identified biosynthesis
route for rosmarinic acid with .
several side processes in

M. officinalis is represented by

Weitzel and Petersen (2011). T
PAL, phenylalanine ammonia ly-
ase; C4H, cinnamic acid 4-
hydroxylase; 4CL, 4-Coumarate:
CoA-ligase; TAT, tyrosine amino
transferase; HPPR, Hydroxy phe-
nyl pyruvate reductase; RAS,
Rosmarinic acid synthase
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(Safari et al. 2018). We, therefore, aimed at exploring the
possible effects of nSe and nZnO on the expression patterns
of HPPR and RAS as checkpoints.

The major aims of this experiment were to explore
the possible effects of nSe, nZnO, and their bulk coun-
terparts on (I) growth, morphology, and toxicity; (II)
nutrition; (III) antioxidants; (IV) secondary metabolism
markers; and (V) transcription of HPPR and RAS genes
in M. officinalis.

Material and methods

Material preparation and characteristics
of nanomaterials

The nZnO compound having size of 10-30 nm was purchased
from the reliable company (US research nano materials, Inc;
3302 Twig Leaf Lane Houston, TX 77084, USA). The nSe of
1045 nm (CAS# 7446-08-4; APS, 1045 nm; density, 3.89 g
cm >; high purity, 99.95%; morphology, spherical) was
bought from the NanoSany Corporation, Iranian
Nanomaterials Pioneers Company, Mashhad City, Khorasan
Province, Iran. It should be noticed that this nanoproduct was
provided in form of red solution of 1000 mg 1" containing
0.1% polyvinylpyrrolidone (PVP) as stabilizer. The solutions
of nanocompounds were ultra-sonicated using an
ultrasonicator (40 kHz and 100 W powers) for 30 min to fully
disperse the nanoparticles. In addition, the other physico-
chemical traits of the nanocompounds were estimated based
on different methods, including UV-Vis spectrophotometry,
Transmission Electron Microscopy (TEM), and Field
Emission Scanning Electron Microscopy (FESEM; ZEISS
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SIGMA VP, Germany). Furthermore, zeta potential index for
each nanomaterial was quantified by Zetasizer (Malvern,
UK).

Growth condition and treatments

Seeds of M. officinalis were grown in pots (I Kg pots;
four pots for each treatment group) containing vermicu-
lite and perlite (1:1 v/v) under the same natural condi-
tions in Babol (Mazandaran Province, Iran; temperature,
24/16 °C day/night; relative humidity of 70%; light in-
tensity, 65 pmol m > s~ '). The 40-day-old seedlings
were grouped in 13 treatment groups and treated with
different doses of nSe (0, 10, and 50 mg 171), nZnO (0,
100, and 300 mg 1Y), and their bulk counterparts.
Details and descriptions of each treatment group are
presented in Table 1. At first, we aimed at determining
the filed capacity of the applied soilless medium. It was
estimated to be 50 ml per pot (1 Kg). So, in each
irrigation time, we used 70 ml nutrient solution per
pot to make sure about washing the pervious nutrient
solution. The seedlings were irrigated with nutrient so-
lution containing different doses of nSe and/or nZnO
(70 ml per pot per each irrigation time), twice a week.
For the rest of the days, seedlings were irrigated with
distilled water. We carried out this experiment in the
soilless condition in order to keep the concentrations
almost constant, as Hoagland solution would be washed
away by watering and addition of new Hoagland solu-
tion. In case of using soil medium, the concentrations
would not remain the same and result in over accumu-
lations of elements in soil medium.
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Table 1

Descriptions of 13 different treatment groups are presented. In soilless condition, seedlings were irrigated with Hoagland nutrient solution

containing different doses of nanoproducts twice a week and the rest of the days with water (for 6 weeks)

Group name Treatment description Equal concentrations
of nanoproducts
per pot (mg Kg ')

C Control, irrigated with Hoagland nutrient solution 0

BSel0 Irrigated with Hoagland solution supplemented with bulk Se of 10 mg 1 '(SeO,, Se (IV) oxide 0.5

nSel0 Trrigated with Hoagland solution containing nSe of 10 mg 1! 0.5

BSe50 Trrigated with Hoagland solution containing bulk Se of 50 mg 17! 2.5

nSe50 Trrigated with Hoagland solution supplemented with nSe of 50 mg 1! 2.5

BZn100 Trrigated with Hoagland solution supplemented with bulk ZnO of 100 mg I 5

nZn100 Irrigated with Hoagland solution containing nZnO of 100 mg 1™ 5

BZn300 Irrigated with Hoagland solution supplemented with bulk ZnO of 300 mg 1! 15

nZn300 Irrigated with Hoagland solution containing ZnO of 300 mg "' 15

nSel0+nZnO100 Irrigated with Hoagland solution supplemented with nSe of 10 mg I"" and nZnO of 100 mg "' 05+5

nSel0+nZn0O300 Irrigated with Hoagland solution containing nSe of 10 mg 1" and nZnO of 300 mg 1! 05+15

nSe50+nZnO100 Irrigated with Hoagland solution supplemented with nSe of 50 mg 1" and nZnO of 100 mg 1! 2545

nSe50+nZn0O300 Irrigated with Hoagland solution containing nSe of 50 mg 1" and nZnO of 300 mg 1! 25+15

Ninety-day-old treated seedlings (2 weeks after the last
treatments) were harvested for further physiological and mo-
lecular analysis.

Characterization of K, Fe, Zn, and Se contents

Ash solution was prepared based on dry ash procedure.
Briefly, 0.3 g of the oven-dried leaf samples were digested
by thermal decomposition (550 °C for 6 h) using a muffle
furnace. Then, HCI (1 N) as a solvent was applied to dissolve
the prepared dry ash. The solutions were subjected for
assessing different elements. Concentration of K in each sam-
ple was quantified by flame photometer (Sherwood Model
410 Flame photometer). Quantitative determinations of Fe
and Zn were carried out using Atomic Absorption
Spectroscopy (AAS; Varian, Spectr AA.200). Se contents
were measured by Graphite Furnace Atomic Absorption
(Thermo-Electron solaar M5 Atomic Absorption, USA).

Quantification of non-protein thiols

Non-protein thiols were spectrophotometrically quantified ac-
cording to the method represented by Del Longo et al. (1993).
Briefly, the leaf samples were grounded in sulphosalicylic acid
solution of 5% (w/v). The assay reaction contained 0.5 ml
buffer of 0.1 M phosphate buffer (pH 7), 0.5 mM EDTA,
0.1 ml of extract, and 0.5 ml of 1 mM DTNB. The mixture
was incubated for 10 min and then, the absorbance was mon-
itored at 412 nm.

Determination of ascorbate contents

Measurement of ascorbate concentration was spectrophoto-
metrically conducted based on the reduction phenomenon of
Mo (VI) to Mo (V) at an acidic pH condition. Briefly, the
reaction mixture contained leaf extract, 4 mM
(NH4)¢Mo0,0,4.4H20, 28 mM NaH,POy4, and 0.6 M
H,S0,. After incubation at 95 °C for 90 min, the samples
were cooled and the absorbance was measured at 695 nm.
The ascorbate contents were calculated using molar absorp-
tion coefficient of 3.4 x 10° M cmﬁl(Geneva et al. 2010;
Ardebili et al. 2015).

Determination of phenolic compound

The total soluble phenols were extracted from the root and leaf
organs using ethanolic solvent of 80% (v/v), quantified by the
pivotal protocol of Folin-Ciocalteu reagent, and finally calcu-
lated using the standard curve of tannic acid as a standard
compound (Asgari-Targhi et al. 2018).

Gene expression analysis

Leaves were stored in — 80 °C prior to RNA extraction and
analysis of expression of selected genes. RNA from the
grounded leaf samples in liquid nitrogen was extracted by
Trizol (GeneAll Biotechonolgy Co, South Korea). Next,
DNA in the extracts was eliminated using Dnase 1. Then,
absorbance ratio (260/280 nm) was recorded to evaluate the
RNA purity with Nanodrop (Thermo Scientific™ NanoDrop
Model 2000c). After that, the complementary DNA (cDNA)
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was synthesized (PEQLAB, 96Grad). The forward and re-
verse primer sequences for Rosmarinic acid synthase (RAS;
FR670523), Hydroxy phenylpyruvate reductase (HPPR;
HM587131), and Tubulin (MF579140) were represented in
Table 2. Real-time quantitative PCR (Applied
BiosystemsStepOne™ Real-Time PCR) was utilized to quan-
tify the expression levels of the target genes. Tubulin was
selected to be a control gene (the PCR data indicated good
stability in reference gene). Finally, the expression level was
calculated as fold differences. It should be noted that the gene
expressions were not conducted for the treatments caused
toxicity.

Activities of nitrate reductase and peroxidase

The 0.1 M phosphate buffer (pH of 7.3) was applied to extract
enzyme from the well-powdered fresh samples in liquid nitro-
gen (Iranbakhsh et al. 2018). Immediately, the homogenates
were centrifuged at 4 °C and the supernatants stored as an
enzyme extract at — 80 °C. To quantify the nitrate reductase
activity, the reaction mixture (2.5 ml 100 mM phosphate buff-
er (pH 7.4), 600 ul potassium nitrate (150 mM), and 200 ul
enzyme extract) was kept at 30 °C and dark condition for 1 h.
Then, 50 ul Griess reagent I (sulfanilic 0.5% in half-strong
acetic acid) and 100 pl Griessreagent II (x-naphthylamine
0.2% in half-strong acetic acid) were added to the reaction
mixture. Finally, the absorbance amounts in 540 nm were
recorded. The nitrate reductase activity was expressed in
umol NO, ¢! fw h™'. In addition, the procedure previously
explained by Hemeda and Klein (1990) with slight modifica-
tion was picked out to monitor peroxidase activity. Briefly, the
enzyme extract was added to the reaction medium (phosphate
buffer (0.05 M; pH 6.5), H,0,, and Guaiacol). Then, absor-
bance variations at 470 nm per minute were quantified, and
finally, the peroxidase activity was expressed in Unit E g ' fw.

Statistical analysis

All data (three independent replications for each treatment
group) were subjected to analysis of variance (ANOVA) using
SPSS software. The mean values of each treatment group
were submitted to variance analysis by the Duncan test at a
level of 5% of probability.

Results

Physicochemical characteristics of the nanoparticles
The diverse physicochemical traits of both nanoparticles were
depicted in Fig. 2a—f. To prove the nature and stability of nSe,

the scan spectrum curves of two different concentrations were
recorded at three times with 1-h intervals (Fig. 2a).
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Interestingly, the sharp peak was observed around 190 nm
(UV region), confirming the presence of the nanoparticles
(Fig. 2a). Furthermore, there was no differential spectrum
curve relative to the observed times, manifesting the stability
of the nSe solution (Fig. 2a). In addition, it should be noted
that the red nSe product was containing 0.1% polyvinylpyr-
rolidone (PVP) as stabilizer; there was no sign of sedimenta-
tion in the nSe solutions. Moreover, there was no change in the
transparency of the nSe solution. Also, zeta potential value
was quantified to evaluate the surface charge and nanoparticle
stability by estimating the balance between the attractive and
repulsive forces. The zeta potential value for nSe was —
6.32 mV (the negative surface charge) which is confirming
colloidal stability owing to electrophoretic excretion (Fig. 2b).
The approximate mean size of the nSe was estimated to be
22 nm (Fig. 2c). Moreover, the sharp peaks in the scan spec-
trum curve of nZnO at the UV range exhibited the existence of
nanocompound (Fig. 2d). Interestingly, the zeta potential for
the utilized nZnO was — 26.6 mV, showing high effective
negative surface charges and electrostatic repulsion (Fig. 2e).
Therefore, the nanoparticle stability was supported by the
magnitude of zeta potential. It is crystal clear that size, zeta
potential, and UV-Vis spectrum are considered as main phys-
icochemical traits of nanomaterials, thereby controlling their
interactions with plant cells (Asgari-Targhi et al. 2018). As it
was depicted in Fig. 2f, the average size of the nZnO was
measured to be 29.3 nm. Taken collectively, the utilized nano-
particles in the current research exhibited suitable physico-
chemical traits in terms of UV-Vis spectrum, zeta potential,
and size, thereby interacting with plant cells at different phys-
iological and molecular levels.

Morphology and growth

The nSe and/or nZnO treatments not only changed growth but
also provoked the morphological differences in both shoot and
roots when compared to the untreated control. The nSe of
50 mg 1" reduced growth and caused severe toxicity (Fig.
31, 1, and m), while a moderate toxicity was recorded for the
BSe50 treatment (Fig. 3g). Reductions in growth-related in-
dexes, inhibitions in root development (especially lateral
roots), and necrosis in plant lower leaves were the major tox-
icity signs associated with the nSe50 treatments. On the other
hand, the nSe10+nZn100 and nSe10+nZn300 treatments led
to a drastic increase in growth and activation of lateral stem
buds (Fig. 3j, k). Interestingly, lengths of petiole and inter-
nodes, leaf area, and the number of produced leaves were
changed by the nSe and nZnO (Fig. 3). It should be noted that
the observed bending in the stems of the BSe- or nSe-
supplemented seedlings clearly manifested enhancement in
ethylene production and accumulation (Fig. 3).

Similarly, the morphology and development of root system
were influenced by the treatments in dose- and type-
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Table 2 Forward and reverse primer sequences for Rosmarinic acid synthase (RAS; FR670523), Hydroxyphenylpyruvatereductase (HPPR;
HM587131), and Tubulin (MF579140)
Primer name Sequence (5-3) Tm Amplicon (bp)
RAS-F CCCCGACCTCAACCTTATCCC 61.9 117
RAS-R TTTGCCACGCCTAAGCCCAC 62
HPPR-F GGATTTGGCGATCGGGTTGAT 61 185
HPPR-R CAAATGCCTCTGCTCGCTCAG 61
Tubulin-F ATTTGATTCCATTCCCACGTCT 60 117
Tubulin-R CCCACATTTGTTGCGTTAGC 59
TC

dependent manners (Fig. 4a—m). Application of nZnO in-
tensely altered root architecture by enhancing the develop-
ment of lateral roots which was a specific reaction to
nanoform contrary to the bulk (Fig. 4), while the BSe or nSe
of 10 mg 1" elevated the root lengths and restricted the emer-
gence of lateral roots. Moreover, the nSe50 supplementation
provoked extreme reduction in root system (Fig. 4).

The BSe50 treatment led to a moderate significant (P <
0.05) decrease in total leaf fresh mass by 29% which was
much less than the rate recorded for the nSe50-treated plants
(approximately 45.5% , Fig. 4). The combined treatments of
nSel0 and nZnO caused a drastic increase (around 64%) in
the total leaf fresh weight, while the moderate significant en-
hancements were recorded for the individual treatments of
nSel0, BZnO, and nZnO (Fig. 5).

Nutritional status

The nSe50 applications significantly reduced the K concen-
trations in leaves by 27%, whereas only a slight decrease
(12%) was found for the BSe50 group (Fig. 6a). Moreover,
the highest amount of K concentrations in leaf organ were
recorded in the nSel10+nZn100 (18.5%) and nSe10+nZn300
(35.4%) groups, over the control (Fig. 6a). The BSe50 treat-
ment diminished the root K levels by 21%, while the BSe10
did not make a significant change (Fig. 6b). However, the
nSe50 treatments significantly reduced the K levels in root
(Fig. 6b). The individual and combined treatments of
nZn100 were much more effective treatments to enhance the
K contents in root than the nZn300 (Fig. 6b). Similarly, the
nSe50 treatment exhibited severe toxicity and diminished leaf
Fe content by approximately 42% when compared to the con-
trol (Fig. 6c¢). Interestingly, the nZn100, nZn300, nSel0+
nZn100, and nSe10+nZn300 treatments led to significant el-
evation in Fe concentrations in leaves around 67.7%, over the
control (Fig. 6¢). Fe concentrations in roots of BZn100,
BZn300, nZn100, nZn300, nSel0+nZn100, and nSel0+
nZn300 groups were significantly higher than the control by
mean of 24% (Fig. 6d). The BSe50 or nSe50 treatments ad-
versely affected the Fe content in roots by approximately 47%
(Fig. 6d). The BZn300 (74%), nZn100 (61%), nZn300

(twofold), nSe10+nZn100 (51.8%), and nSel0+nZn300
(80.9%) treatments significantly increased leaf Zn in compar-
ison to the control (Fig. 6e). However, the individual nSe50
treatment resulted in decreased Zn content in leaf by 31.6%,
relative to the control (Fig. 6e). It should be noted that Se was
not detected in the C, BZn100, BZn300, nZn100, or nZn300
groups (Fig. 6f). The leaf Se content in plants individually
supplemented with the nSe (10 or 50 mg ") was higher by
approximately 50% than the bulk form, exhibiting its higher
potencies of uptake and/or mobilization (Fig. 6f).

Non-protein thiols, ascorbate, and total soluble
phenols

The nSel0, nSe10+nZn100, and nSe10+nZn300 treatments
provoked the drastic and significant (P < 0.05) increase in
the leaf non-protein thiols about twofold over the control
(Fig. 7a). Moreover, the ascorbate contents in leaves were
dramatically augmented in the BZn300, nSe10+nZn100, and
nSel04+nZn300 treatments about twofold when compared to
the control (Fig. 7b). In addition, the other groups had higher
ascorbate contents over than the control by mean of 50% (Fig.
7b).

Total soluble phenols in leaves were affected by the applied
treatments mainly in a dose- and type-dependent manner,
where the nanoforms were more efficient than the bulk (Fig.
7¢). The nSel0, nZn100, nSe10+nZn300, and nSe50+nZn300
groups had the highest amount of the leaf soluble phenols by
approximately twofold compared to the control (Fig. 7c).
Significant and extreme increases in the root soluble phenols
were caused by BSe50, nSe50, nSe50+nZn100, and nSe50+
nZn300 treatments (about twofold) (Fig. 7d). Also, the indi-
vidual or combined treatments of nSe10 provoked increase in
root soluble phenols around 42% (Fig. 7d). BZn300, nZn100,
and nZn300 treatments led to slight reductions in root soluble
phenols (Fig. 7d).

Gene expression

In comparison to the untreated control, the nSe10, nZnO100,
nZn0300, and nSel10+nZnO300 treatment led to a drastic
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Fig. 2 The different physicochemical characteristics of the applied nSe
and nZnO. a UV-Vis scan spectrum curves which were recorded for two
concentrations of 10 mg I (a) and 20 mg 1" (b) repeated at three differ-
ent times with 1-h intervals; b the effective zeta potential spectrum of nSe;

induction in the expression of HPPR, while the nSel0+
nZnO100 and BZnO300 moderately and significantly stimu-
lated the expression of HPPR (Fig. 8a). It should be noted that
the BSe10 and BZnO300 slightly enhanced the expression of
this gene when compared to the control (Fig. 8a). The supple-
mentation of nutrient solution with nSe, nZnO, and their bulk
counterparts led to an intensive significant increase in the ex-
pression of RAS in the treated seedlings among which the
BZn0300, nSel0, nZn0300, nZn0O100, and BZnO100
groups were the highest (Fig. 8b).

Nitrate reductase and peroxidase

In contrast to the nSe50-counteracted plants, the other treat-
ments significantly induced the activity of nitrate reductase
enzyme in leaves when compared to the untreated control
(Fig. 9a). The activity of nitrate reductase enzyme in the
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nSe50-treated plants in 3 groups was significantly (P < 0.05)
lower than the control by 15% (Fig. 9a). Furthermore, the
peroxidase activities in roots were found to be significantly
induced in the treated seedlings. The nZn300, nSel0+
nZn100, and nSe50+nZn100 groups had the highest activities
(approximately twofold over the control) (Fig. 9b).

Discussion
Growth, biomass, and nutritional status

The individual or mixed applications of nSel0 and nZnO
improved plant growth indexes and biomass accumulation.
Furthermore, stem bending, activations of lateral stem buds
(alteration in apical dominance), modifications in leaf area,
and alteration in root development were the morphological
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Fig. 3 The differential growth and morphology induced by
supplementation of Hoagland nutrient solution with different
concentrations of nSe, nZnO, and their bulk counterparts. The drawn
lines in each section are 1 cm. a Control; b bulk ZnO of 100 mg e
bulk ZnO of 300 mg 1”'; d nZnO of 100 mg 1™'; e nZnO of 300 mg 1°; f

changes in response to nSe and/or nZnO treatments. These
morphological differences underline the probable shift in hor-
monal balance, especially auxin and ethylene which requires
being further explored. The high dose of nSe exhibited severe
toxicity, whereas, the equivalent bulk counterpart made mod-
erate phytotoxicity. In addition, the results prove the hypoth-
esis that plant reaction to nanoproducts may be different from
their reaction to their bulk counterparts. For instance, drastic
change in root system (extensive root branching) was a spe-
cific response to nZn0O300 treatment. This modification in
root development might have been attributed to the
nZn0O300-associated damages in root meristem cells (possible
slight toxicity) through which developments of lateral roots

bulk Se of 10 mg I""; g bulk Se of 50 mg I”*; h nSe of 10 mg I""; i nSe of
50mgl";jnSeof 10mgl ' andnZnO of 100 mg 1 '; knSe of 10 mg 1!
and nZnO of 300 mg I""; I nSe of 50 mg I"" and nZnO of 100 mg I"'; m
nSe of 50 mg 1" and nZnO of 300 mg 1"

were stimulated. The nSe10+nZnO100 and nSe10+nZn0O300
groups were the most effective treatments to modify plant
morphology, growth, and physiology. Moreover, the specific
morphologies (especially activation of lateral buds and root
development) were observed only in these groups, reflecting
different plant behavior in response to simultaneous applica-
tion of nSe and nZnO compared to individual treatments.
Differences in plant behavior in nanomaterials may be attrib-
uted to differential physicochemical characteristics of these
compounds through which the uptake, interactions with bio-
molecules, signaling cascades, and biological systems of
nanoparticles may be altered. According to the recent scien-
tific experimentations, nanoparticles are more bioactive
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Fig. 4 The differential root growth and morphology induced by
supplementation of Hoagland nutrient solution with different
concentrations of nSe, nZnO, and their bulk counterparts. The drawn
lines in each section are 1 cm. a Control; b bulk ZnO of 100 mg e
bulk ZnO of 300 mg 1”'; d nZnO of 100 mg 1™'; e nZnO of 300 mg 1°; f

agents than bulk owing to their unique physicochemical traits
(Moghaddasi et al. 2017; Asgari-Targhi et al. 2018;
Moghanloo et al. 2019). Differential behavior of plants to
nanomaterials and bulk types has been related to surface and
quantum effects. It, thereby, influences their chemical reactiv-
ity and interaction with target biomolecules, like DNA, lipids,
proteins and enzymes, and other cellular components
(Mehrian and De Lima, 2016). Regarding the uptake, translo-
cation, and bioaccumulation of nZnO, it can pass through
cellular membrane, interact with intracellular biomolecules
(Lee et al. 2013), and be bioaccumulated (De la Rosa et al.
2013; Bradfield et al. 2017). In line with our results, nZnO
(coated or uncoated nanoparticles) displayed higher bio-
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accessibility compared to the bulk types (Moghaddasi et al.
2017). In this research, nSe50 exhibited more toxicity in com-
parison to BSe50. This response may result from the higher
uptake rate of nSe compared to BSe (confirmed by higher Se
contents in nSe50 group than BSe50). There are limited stud-
ies in plant cells to address how nSe behave and affect plant
growth, morphology, anatomy, metabolism, and transcription
program. Hu et al. (2018) provided strong evidence that nSe
uptake is a passive process via aquaporin which is different
from the entry mechanism of other Se forms (active transport;
energy-dependent transport via sulfate and phosphate trans-
porters). The nSe application at a 50 to 100 mg kg™ level
increased organogenesis phenomenon and root growth in
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Fig. 5 The nSe, nZnO, and their bulk counterparts mediated changes in
total leaf fresh mass (1 month after the treatments). Bars indicate the
standard error

tobacco, in contrast to selenate. It shows its higher effective-
ness and lower toxicity when compared to the bulk form
(Domokos-Szabolcsy et al. 2012). Se appears to act through
alterations in several plant hormones, including ethylene,
jasmonic acid, and salicylic acid (Tamaoki et al. 2008;
Ardebili et al. 2015; Lima et al. 2018), thereby triggering
different signaling cascades, modifying metabolism, nutrition,
and reprogramming expression patterns of stress-responsive
genes. Likewise, nZnO in a dose-dependent way altered
abscisic acid and gibberellin contents in rice (Sheteiwy et al.
2017).

There was a close correlation between the biomass and the
status of essential key nutrients, including K, Fe, and Zn, each
of them playing crucial structural and/or metabolic roles in
plants. Improvements in nutritional status, especially due to
the nZnO treatment over the bulk counterpart, could be attrib-
uted to the modification in the development of the root system.
It can be a key mechanism contributing to plant nutrition. It is
well known that the development of lateral roots has specific
critical roles in the uptake of immobile elements, especially
Fe. In line with our results, the nZnO supplementations into
the culture medium enhanced the number of leaves and nodes
in micropropagated Stevia rebaudiana (Javed et al. 2017).
Also, the phyco-molecule-coated nZnO influenced meristem
cells and improved biomass accumulation in cotton
(Venkatachalam et al. 2017b). Moreover, expression pattern
of photosynthesis-related genes was altered following the
nZnO treatment (Wang et al. 2016). Inconsistent with our
findings, the nZnO application led to reductions in biomass,
growth, photosynthesis performance, and transpiration level
(Wang et al. 2016). In addition, up-regulations in the expres-
sions of genes involved in sulfur transportation and assimila-
tion and stress-defensive responses have been mentioned as
key mechanisms in Se-hyper-accumulators (Lima et al. 2018).
The potential advantage of Se in plant growth can be attribut-
ed to Se-mediated changes in cellular nutritional status

(especially S, Zn, Mn, Cu, and Fe), antioxidant system, hor-
monal balances, and transcription program of genes (Feng
et al. 2013; Ardebili et al. 2015; Safari et al. 2018).
Therefore, simultaneous application of nSe and nZnO at opti-
mum concentrations may provoke specific signaling (partly
different from the individual treatments), through which
phytohormonal balances, defense system, interactions be-
tween stem cells and organs, nutritional status, and biomass
are modified. This is the first pilot experiment in exploring the
possible interaction of nSe and nZnO which can be applied in
food, agriculture, and medicine industries. Generally, consid-
ering the necessity of Se- and Zn-enriched products for human
health, nSe and nZnO compounds at optimized concentrations
may be exploited as a new fertilizer in bio-fortifying plants,
especially crops and medicinal species (Hu et al. 2018; Safari
et al. 2018; Babajani et al. 2019). However, it is obvious that
more persuasive studies are required to illustrate the elusive
eco-toxicological impacts of these nanoproducts.

Non-protein thiols, ascorbate, and soluble phenols

Individual or mixed utilization of nSe, nZnO, and their
bulk counterparts modified the concentration of non-
protein thiols, ascorbate, and soluble phenols. The
plants’ responses depended on the compound type and
its concentration. However, a non-linear regular relation-
ship among concentrations, material types,
bulk/nanoforms, and measured parameters was found.
The nanomaterials at lower concentrations were more
effective agents than the bulk forms to induce various
physiological changes. Increase in non-protein thiols
may play a vital role as an important protective mech-
anism, thereby risks associated with different stress con-
ditions are ameliorated. It has been stated that Se expo-
sure via rectifying sulfur uptake and metabolism en-
hances glutathione pool. This is a key mechanism which
helps plant protection (Ardebili et al. 2015; Wu et al.
2017). Furthermore, ascorbate is known as a multifunc-
tional signaling agent and its pool size modulates other
antioxidants, especially glutathione supply (Ardebili
et al. 2015). Reduced glutathione and ascorbic acid are
crucial non-enzymatic antioxidants which scavenge ac-
tive oxygen species and stabilize the cellular mem-
branes. Therefore, the nSe and nZnO supplementation
at low doses may improve crop protection, considering
the fundamental defensive actions of ascorbate and
thiols. Consistent with our results, the foliarly applied
nSe resulted in increases in soluble phenols in leaves
(Nazerieh et al. 2018). The phenylpropanoid pathway
produces varieties of secondary metabolites as defense-
related responses and is influenced by a multitude of
environmental factors. The nZnO treatments in in vitro
condition altered concentrations of soluble phenols and
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Fig.6 a—f The differences in the nutritional status induced by the manipulation of Hoagland nutrient solution with different concentrations ofnSe, nZnO,

and their bulk counterparts. Bars indicate the standard error

flavonoids in Brassica nigra (Zafar et al. 2016) and
pepper (Iranbakhsh et al. 2018). It is obvious that
changes in plant secondary metabolism (especially
phenylpropanoid-related exudates) may affect
microbiome recruitment by which plant growth, nutri-
tion, and protection are influenced.

@ Springer

Gene expression

The application of nZnO, nSe, or their bulk counterparts effi-
ciently rectified the expression of HPPR and RAS genes. Two
important enzymes were included in the biosynthesis of
rozmaric acid as a very important secondary metabolite.
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Fig. 7 a—d The induced changes in several physiological traits related to the non-enzymatic antioxidants in response to the manipulation of Hoagland
nutrient solution with different concentrations of nSe, nZnO, and their bulk counterparts. Bars indicate the standard error

Secondary metabolites in plants contribute to plant adaptation
and communication. However, modulations in plants’ second-
ary metabolism in response to nanoparticles are still ambigu-
ous. Consistently, changes in expression of heat shock factor
A4A (HSFAA4A, an H,O, sensor and an anti-apoptosis agent)
occurred following nSe exposure in wheat (Safari et al. 2018).
Moreover, expression of different genes were associated with
antioxidant machinery (Salah et al. 2015; Venkatachalam et al.
2017b) and photosynthesis (Wang et al. 2016) was altered in
various plant species in response to nZnO exposure. However,
molecular evidence on possible roles of nSe and nZnO on
plant metabolism, especially secondary metabolism, is rare.
Herein, valuable findings were achieved which served as the-
oretical foundations for the potential benefits of nZnO and nSe
toward the production of secondary metabolites in
M. officinalis (as an important pharmaceutical plant).

Nitrate reductase and peroxidase

The nSe and nZnO treatments stimulated activity of nitrate
reductase, except for the high dose of nSe. At low concentra-
tions, nanoforms of Se or ZnO were more effective than the
bulk. Moreover, the synergistic effects between nSe and nZnO
were not observed in the mixed treatment groups. The nSe-
and nZnO-mediated changes in nutritional status, hormonal
balances, and/or photosynthesis performance might have been

responsible for the obtained results. In agreement with our
findings, the foliarly applied nSe induced nitrate reductase in
wheat (Safari et al. 2018) and peppermint (Nazerieh et al.
2018). Furthermore, exposure to Se diminished nitrate content
in female Spinacia oleracea, in contrast to the male plant
(Golubkina et al. 2017). In order to avoid photo-inhibition
phenomenon, the excessive light energy should be dissipated.
For this reason, nitrogen assimilation and metabolism have a
close correlation with photosynthesis performance and plant
acclimation during stress situation (Nazerieh et al. 2018;
Safari et al. 2018). Our results are also consistent with findings
of Xun et al. (2017) who reported extensive up-regulations of
genes in relation to nitrogen metabolism and nutrient reservoir
in the nZnO-exposed roots. Exposure to nSe and nZnO exhib-
ited the inducing role of peroxidase activity in the root.
Consistently, the foliar application of nSe provoked induction
in peroxidase activity in peppermint (Nazerieh et al. 2018) and
Triticum aestivum (Safari et al. 2018). Hereby, it is manifested
that nanotypes are more efficient factors to affect peroxidase
activity than their bulk counterparts. Interestingly, the nZnO
treatment mitigated toxicity of heavy metals in Leucaena
leucocephala which counteracted with Cd and Pb, via enhanc-
ing photosynthetic pigment, reducing lipid peroxidation, and
inducing antioxidant enzymes (Venkatachalam et al. 2017a).
Exposure to bio-engineered nZnO in Gossypium hirsutum in-
duced alterations in plant morphology, improved growth,
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Fig. 8 a, b The changes in expression patterns of two key genes
contributed to the synthesis of rosmarinic acid, including hydroxyl
phenylpyruvate reductase(HPPR; HM587131) and rosmarinic acid
synthase (RAS; FR670523), provoked by the manipulation of
Hoagland nutrient solution with different concentrations of nSe, nZnO,
and their bulk counterparts

enhanced photosynthetic pigments, modulated antioxidant
system, and declined lipid peroxidation rate in cellular mem-
branes (Venkatachalam et al. 2017b). The nZnO application
also up-regulated the expression of key antioxidant stress-
responsive enzymes in Gossypium hirsutum (Venkatachalam
et al. 2017b) and Oryza sativa (Salah et al. 2015).
Contradictorily, exposure to nZnO in wheat enhanced gener-
ation of reactive oxygen species and adversely changed
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antioxidant defense systems and consequently led to destruc-
tion of the crucial cellular structure, especially membranes,
and growth inhibition (Tripathi et al. 2017).

Conclusion

Due to the high consumption of nanoproducts, the entering
likelihood of these nanoparticles into the food chain, especial-
ly through plant-derived foods/drugs, is inevitable. This study
provides a valuable theoretical basis and insight into the po-
tential advantage and toxicity of nSe and nZnO in pharmaceu-
tically substantial plant lemon balm. Moreover, the compara-
tive information about the nSe and nZnO with their bulk coun-
terparts was also presented. Evidence was provided on eco-
toxicological significance of nSe as a pollutant in plants.
However, more convincing studies are required to illustrate
the elusive eco-toxicological impacts of these nanoproducts.
The nanoforms were more effective than their bulk counter-
parts to influence plant growth and physiology. Based on the
findings, the simultaneous supplementation of nutrient solu-
tion with suitable doses of nSe and nZnO may improve plant
growth, metabolism, and protection via critical mechanisms.
These mechanisms are found to be improving nutritional sta-
tus, modifying enzymatic and non-enzymatic antioxidant sys-
tem, altering phytohormonal balances, influencing nitrogen
assimilation, affecting gene expression pattern, inducing
phenylpropanoid metabolism, and reinforcing root system. It
should be mentioned that molecular evidence on the roles of
trace nutrients, such as Se, is rare; the contributed mechanisms
are elusive and require to be further explored. It is important to
note that this experiment was conducted in the soilless condi-
tion to keep the concentrations almost constant. In case of
using soil, the concentrations would not remain the same (it
increases gradually) which could lead to more toxicity com-
pared to the results of the present study. Moreover, the soil
complexity and the existence of a multitude of factors, like
pH, texture, organic contents, and microbiome make it
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Fig. 9 a, b The induced alterations in activities of two key enzymes (nitrate reductase and peroxidase) in response to the manipulation of Hoagland
nutrient solution with different concentrations of nSe, nZnO, and their bulk counterparts. Bars indicate the standard error
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difficult to figure out the plant responses to nanoparticles in
natural soil environments. These achievements can be
employed to develop an alternative formulation for a nutrient
solution and might be applied in food, agriculture, and related
industries. This is the first evidence which focuses on both the
beneficial and adverse roles of nZnO and nSe, especially in
pharmaceutically substantial plants. Further studies on such
formulations are required for future.
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