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Abstract

This study investigated the molecular and physiological responses of lemon
balm seedlings to the manipulation of nutrient solution with zinc oxide
nanoparticle (nZnO) at 0, 100, and 300 mgl-1. The augmentation in biomass
accumulation and photosynthetic pigments resulted from the nZnO utilization.
The exposure of seedlings to nZnO modifed both primary and secondary
metabolism in leaves. The nanosupplements upreguated activities of
phenylalanine ammonia lyase and catalase enzymes. Moreover, the incease in
concentrations of proline, flavonids, and glutathione resulted from the
application of nZnO. Furthermore, the nZnO treatments up-regulated the
transcription of phenylalanine ammonia-lyase (PAL) and Coumarate: CoAligase (4CL) genes, two genes responsible for the production of secondary
metabolites. These comparative physiological and molecular investiagtions on
plant responses to nZnO and its bulk type may serve as a theoretical basis for
function in agricultural and medicinal industries.
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Introduction
Nanoscience and technology provide great
opportunity to produce novel unique
nanoproducts, thereby improving plant growth,
metabolism, productivity, and protection.
Taking metal oxide-derived nano compounds
into accounts, several lines of evidence
underline both benefits and phytotoxicity of
metal and metal oxide nanoparticles toward
plant growth, physiology, and productivity
(Salah et al., 2015; Tripathi et al., 2017;

Iranbakhsh et al., 2018; Babajani et al., 2019;
2019). Among the various metal oxide nano
compounds, nano zinc oxide (nZnO) is the most
utilized for different commercial activities
(Tripathi et al., 2017). Besides, there are limited
and contradictory observations on the
effectiveness of nZnO toward plant growth and
metabolism. The applications of nZnO product
at low concentrations augmented the growth
indexes and modified the cellular physiology in
different plant species, including Zea mays
(Subbaiah et al., 2016) and Leucaena
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leucocephala (Venkatachalam et al., 2017).
Besides, nZnO mitigated toxicity signs of
heavy metals in Leucaena leucocephala
(Venkatachalam et al., 2017). Contradictory to
these reports, the adverse impacts of nZnO have
been recorded in various plant species, like
pepper (Iranbakhsh et al., 2018), Oryza sativa
(Salah et al., 2015), and Arabidopsis (Wang et
al., 2016). Therefore, more convincing studies
are required to illustrate the potential
advantages and/or risk associated with the
nZnO application.
Lemon balm (Melissa officinalis) is well
known as an important medicinal plant in both
traditional and modern medicinal industries.
Furthermore, in modern pharmacology, it is
applied as a drug for treating alzheimer,
migraine, and rheumatism and controlling
cancer (Moradkhani et al., 2010). Regarding
phytochemistry of Melissa officinalis,
polyphenolic compounds (rosmarinic acid,
caffeic acid, and protocatechuic acid), essential
oils, monoterpenoid aldehides, sesquiterpenes,
flavonoids (luteolin), and tannins are the main
important constituents. Several important
functional advantages of lemon balm in the
modern pharmaceutical industry have been
attributed to the phenolics, like rosmarinic acid
as a major antioxidant metabolite and
flavonoids (Tonelli et al., 2015). Hence,
various strategies have been employed to
improve the productions of these secondary
metabolites, like applications of different
elicitors, bioactive signaling agents, and abiotic
stress conditions (Tonelli et al., 2015). It is
worth noting that diverse attempts have been
made to introduce alternative sufficient
methods for biofortifying different cultivating
plants with Fe, Zn, Se, and Mg as the most
universally mineral nutrient lacking in human
diets (White and Broadley, 2009). However,
there is a gap of scientific knowledge for the
physiological
and
molecular
effects,
bioavailability, cellular differentiation, and
phytotoxicity of nZnO.

Methods
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Nanomaterials: The nZnO product with a size
of 10-30 nm was bought from the company
entitled “US research nanomaterials, Inc; 3302
Twig Leaf Lane Houston, TX 77084, USA”.
Treatments and experimental conditions:
Seeds were cultured in pots which was watered
with the Hoagland solution. After 40 days, the
homogenized plants were treated with nutrient
solution (50 ml per pot) manipulated with
different doses of nZnO, including 0, 100 and
300 mgl-1 with 72 h intervals for six weeks. 14
days after the last treatments, the seedlings were
subjected to further physiological and
molecular quantifications.
Photosynthetic pigments: T Photosynthetic
pigments in the Acetone-based extract of leaves
were measured using the equations represented
by Lichtenthaler and Welburn (Lichtenthaler
and Wellburn, 1983).
Activity of Phenylalanine ammonia lyase
(PAL), and catalase enzymes: To measure
PAL activity in leaves, the conversion rate of
phenylalanine substrate into the cinnamate was
explored based on the protocol of BeaudoinEagan and Thorpe (1985). Catalase activities
were spectrophotometrically assayed according
to the procedure described by Salah et al.
(2015).
Measurement of reduced glutathione (GSH)
and flavonoid levels: To estimate the potential
changes in the GSH content, the procedure
explained by Geneva et al. was applied (Geneva
et al., 2010). The protocol of Bates et al. was
utilized to determine the nZnO-mediated
changes in the proline concentration of leaves
(Bates et al., 1973). The leaf flavonoid contents
were spectrophotometrically conducted using
the reaction mixture containing leaf ethanolic
extract, distilled water, glacial ethanol,
aluminum chloride, and potassium acetate and
recording the absorbance rate at 415 nm.
Gene expression assessment: RNA was
extracted from the leaf samples using Trizol
and then, Complementary DNA (cDNAs) was
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synthesized. The forward and reverse primer
sequences for Coumarate: Tubulin, CoA-ligase
(4CL), and Phenylalanine ammonia-lyase
(PAL) were presented in Table 1. Real-time
quantitative PCR was carried out to measure
relative expression.
Table 1. forward and reverse primer sequences for
Coumarate: CoA-ligase (4CL), Phenylalanine
ammonia-lyase (PAL), and Tubulin
Primer
name
PAL-F
PAL-R
4CL-F
4CL-R
Tubulin-F
Tubulin-R

Sequence (5’-3’)
TTGGGTTTGATCTCGTCGCG
TCACGGCGTGCTTCAGATTC
ATCATATTCCGATCCAAGCTCCC
GTCGCCCCGTTTATCAAGCAC
ATTTGATTCCATTCCCACGTCT
CCCACATTTGTTGCGTTAGCTC

Statistical analysis: All data were subjected to
analysis of variance (ANOVA) using graphpad
software.

Results
Biomass and photosynthetic pigments: Both
BZnO and nZnO significantly enhanced the
shoot and root fresh mass (Figure 1a, 1b). None
of the treatments caused toxicity in the plant.
The applied treatments also led to increase in
Chla and carotenoids (Figure 2c, d). Both
nZnO, and BZnO treatments caused the
significant (P≤0.05) increases in expressions of
PAL and 4CL genes (Figure 2a, 2b). The
nZnO300 groups had the highest expression of
these genes.
.

Figure 1. The nZnO-mediated changes in shoot and root biomass and photosynthetic pigments

Figure 2. the changes in expression patterns of two genes, including PAL and 4CL provoked by the
manipulation of Hoagland nutrient solution with nZnO and its bulk counterpart.
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Proline, PAL, flavonoids, glutathione, and
catalase: The nZn100 and nZn300 treatments
significantly improved the leaf proline contents
(Figure 3a). While, the BZn300 treatment
slightly diminished the proline content, but it
was not found to be a statistically significant
change relative to the control (Figure 3a). ZnO
in the bulk or nanoforms dramatically enhanced
the PAL activity in leaves by approximately
two folds when compared to the control (Figure
3b). The significant increases in leaf flavonoids
were found in all supplemented seedlings

among which the nZn100 and nZn300 groups
had the highest contents (Figure 3c). The
BZn300 and nZnO300 treatments led to the
dramatic and significant rises by two folds in
the leaf GSH contents compared to the control
(Figure 3d). Also, the GSH concentrations in
the BZn100 and nZn100 groups were found to
be significantly higher than the control (Figure
3d). The BZn100 (48 %), BZn300 (66.2 %),
nZn100 (54 %), and nZn300 (72 %) treatments
caused intensive significant rises in the activity
of catalase in leaves (Figure 3e).

Figure 3. the differences in various physiological traits due to the supplementation of nutrient solution with
nZnO and its bulk form.

Discussion
The obtained results dispalyed comparative
benefits of both bulk and nano forms of ZnO.
The nZnO utilization in rice made changes in
concentrations of abscisic acid and gibberellic
acid (Sheteiwy et al., 2017). Babajani et al.
reported the advanatges of nZnO towards plant
metabolism, nutrition, and growth rate
(Babajani et al., 2019). The findings are
consistent with results of Moghaddasi et al. who
reported that nZnO had higher bio-accessibility
rather than the bulk forms (Moghaddasi et al.,
2017). Therefore, nSe and nZnO may be
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functionalized as an alternative modern
fertilizer for fortifying of crops, considering the
urgency of production of Se- and Zn-fortified
foods and medicines for human health. There
are several lines of evidence indicating that
nZnO may affect meristem cells, improve
biomass (Venkatachalam et al., 2017; Babajani
et al., 2019), and influence expression rate of
photosynthesis-involved genes (Wang et al.,
2016). In line with our results, nZnO stimulated
biomass and photosynthesis in several plant
species, including Gossypium hirsutum
(Venkatachalam et al., 2017), and Leucaena
leucocephala (Venkatachalam et al., 2017).
While
nZnO
reduced
biomass
and
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photosynthesis
efficiency
in
pepper
(Iranbakhsh et al., 2018) and Arabidopsis
(Wang et al., 2016).
The utilizations of nZnO enhanced the PAL and
catalase activity and augmented the content of
proline, flavonids, and GSH, significant
mechanisms involved in plant responses to
stress conditions. Moreover, the nZnO
exposure in maize modulated the expression of
genes implicated in the nutrient pool and
nitrogen assimilation (Xun et al., 2017).
Moreover, the supplementations of rooting
medium with nZnO in vitro condition led to
rising in non-enzymatic and antioxidative
molecules, flavonoids, soluble phenols, and
antioxidant activity in Brassica nigra seedlings
(Zafar et al., 2016). Also, stimulations in PAL
activity and accumulation of phenolics have
been reported in pepper seedlings counteracted
with nZnO (Iranbakhsh et al., 2018). Similarly,
nZnO exposure in Leucaena leucocephala
induced antioxidant enzymes, thereby relieving
the risk associated with heavy metals
(Venkatachalam et al., 2017). Besides, there is
molecular evidence on modulating roles of
nZnO toward antioxidant enzymes in rice
(Salah et al., 2015) and Gossypium hirsutum
(Venkatachalam et al., 2017). On the other
hand, nZnO exposure exerted an adverse
impact on antioxidant systems and caused
drastic oxidative stress (Tripathi et al., 2017).
In conclusion, modification in the composition
of nutrient media with sutable dose of nZnO can
be considered for stimulating the secondary
metabolism and immunity in plants.
The nZnO and its bulk form effectively
upregulated the expression of PAL and 4CL
genes that play critical roles in the synthesis of
secondary metabolites. The nZnO treatments
exhibited higher potencies to enhance
expression of PAL. Besides, the nZnO
application drastically up-regulated the
expression of several antioxidant stressresponsive enzymes in Oryza sativa (Salah et
al., 2015) and Gossypium hirsutum
(Venkatachalam et al., 2017).

Conclusion
Behavior of M. officinalis at different growth,
physiological, and molecular levels was
monitored following the supplementation of
nutrient solution with nZnO, and their bulk
counterparts. The findings indicated that the
nZnO applications at suitable doses may
improve plant growth, metabolism, and
protection via critical contributed mechanisms,
like enhancing the photosynthetic pigments,
reinforcing the cellular antioxidant system and
protective agents, modulating the gene
expression patterns, and rectifying the
production
of
secondary
metabolites.
Furthermore, the comparative remarkable
evidence on potential advantages of nZnO and
its bulk form was provided as a theoretical basis
for exploiting in food, pharmaceutical, and
agricultural industries.
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