
����������
�������

Citation: Regni, L.; Del Buono, D.;

Micheli, M.; Facchin, S.L.; Tolisano,

C.; Proietti, P. Effects of Biogenic ZnO

Nanoparticles on Growth,

Physiological, Biochemical Traits and

Antioxidants on Olive Tree In Vitro.

Horticulturae 2022, 8, 161. https://

doi.org/10.3390/horticulturae8020161

Academic Editor: Cristina

Moniz Oliveira

Received: 22 January 2022

Accepted: 9 February 2022

Published: 12 February 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

horticulturae

Article

Effects of Biogenic ZnO Nanoparticles on Growth,
Physiological, Biochemical Traits and Antioxidants on Olive
Tree In Vitro
Luca Regni *,† , Daniele Del Buono *,† , Maurizio Micheli *,† , Simona Lucia Facchin, Ciro Tolisano
and Primo Proietti

Department of Agricultural, Food and Environmental Sciences, University of Perugia, Borgo XX Giugno,
06121 Perugia, Italy; simona.facchin@studenti.unipg.it (S.L.F.); ciro.tolisano@studenti.unipg.it (C.T.);
primo.proietti@unipg.it (P.P.)
* Correspondence: luca.regni@unipg.it (L.R.); daniele.delbuono@unipg.it (D.D.B.);

maurizio.micheli@unipg.it (M.M.)
† These authors contribute equally to the work.

Abstract: Currently, there is an increasing interest in nanotechnology, since some nanomaterials
can enhance crop growth, yield, nutritional status, and antioxidant defences. This work aimed to
investigate for the first time the influence of zinc oxide nanoparticles (ZnO-NPs) on the in vitro
growth and biochemical parameters of the olive tree (cv. Moraiolo). With this goal, biogenic ZnO-NPs
(spherical shape and dimensions in the range of 10–20 nm), deriving from a green synthesis carried out
with a Lemna minor L. extract were used. Different concentrations (0, 2, 6 and 18 mg L−1) of ZnO-NPs
were added to the olive growth medium (OM substrate), and three sub-cultures of 45 days each were
carried out. ZnO-NPs at 6 and 18 mg L−1 enhanced some growth parameters in the olive tree explants,
such as the number of shoots, green fresh and total dry weight. Moreover, the abovementioned
concentrations raised the chlorophyll a and b content and soluble protein. Finally, concerning the
dosage applied, the treatments stimulated the content of carotenoids, anthocyanins, total phenol
content (TPC), and the radical scavenging activity towards DPPH (2.2-diphenyl-1-picrylhydrazyl). In
conclusion, this study highlighted that biogenic ZnO-NPs exerted beneficial effects on the olive tree
explants in vitro, improving the effectiveness of the micropropagation technique.

Keywords: Olea europaea L.; Lemna minor L.; micropropagation; zinc; nanoparticles; biostimulatory
action; plant performance; antioxidant activity

1. Introduction

Zinc (Zn) is an essential micronutrient involved in many biological processes which
take place in plants, being a cofactor of numerous enzymes such as RNA polymerase,
superoxide dismutase, alcohol dehydrogenase, and carbonic anhydrase. For this reason, Zn
is essential for protein, carbohydrates and lipids synthesis and nucleic acids and antioxidant
metabolism [1]. Moreover, Zn contributes to cell proliferation and differentiation [2], plays
a vital role in chloroplast development, and regulates some of its functions, such as the
repair process of the photosystem II when damaged by light radiation [3]. Zn deficiency in
plants causes the inhibition of photosynthesis [1], stunted growth, chlorosis, and spikelet
sterility in the Poaceae family [4]. On the contrary, excessive amounts of zinc can be
toxic to plants because, in ionic form, this element can compete with other cations for the
same binding sites [1]. Some of the symptoms related to Zn excess are reductions of plant
biomass, chlorosis of young leaves, and the inhibition of root growth [5]. For these reasons,
Zn is considered an essential nutrient for plant growth and development, even if it could
be toxic in excessive amounts.

The utilization of nanotechnology is a promising tool not only for the industrial and
medical sectors but also for agriculture, as some nanomaterials can prompt beneficial
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effects in crops by improving their growth, yield, nutritional status, and antioxidant
defences [1,6,7]. The term nanoparticles (NPs) generally refers to materials exhibiting
particle sizes below 100 nm in at least one dimension [8]. NPs are traditionally obtained by
physical and chemical methods, which can be costly and require toxic chemicals and harsh
conditions [9]. These aspects represent the main inconvenience of the NPs production since
they can create potential threats to human health and the environment.

Despite this, the need to obtain NPs in an environmentally friendly way, i.e., by
lowering the impact of the traditional synthetic techniques, has led to exploring and
setting new strategies for synthesizing them [7]. For this purpose, the use of plant extracts
to carry out the NPs synthesis is proving successful and therefore gaining increasing
interest [10,11]. Indeed, based on appropriate biological entities, this synthetic approach,
generally referred to as biogenic synthesis, can make it possible to synthesize a variety
of metal oxide nanoparticles [12]. The case of zinc oxide nanoparticles (ZnO-NPs) is
particularly interesting, as ZnO-NPs can be efficiently obtained using plant extracts [13,14],
and the resulting NPs are considered safer and less toxic than those where other metals are
present in the oxides [15].

In line with the above, ZnO-NPs are among the most widely used metal oxide NPs in
the agricultural and food sectors [16]. According to the U.S. Food and Drug Administration,
ZnO at micro and nano-size is registered as “generally recognized as safe (GRAS)” mate-
rial [7]. Different studies have reported both positive and negative effects of ZnO-NPs on the
growth of different plant species. In particular, these nanomaterials may have stimulatory
effects when supplemented at low concentrations while having inhibitory and phytotoxic
effects at high concentrations [17]. For instance, seed priming of Cicer arietinum L. with
ZnO-NPs increased the level of IAA in sprouts roots [18]. On the contrary, Lin and Xing
observed that ZnO-NPs exerted a dose-dependent inhibitory effect on roots elongation,
and if subministrated at doses exceeding 20 mg L−1, they decreased seedling biomass
production [19].

Therefore, the results of studies on this topic sometimes appear contradictory. This
may be due to many factors that can influence the effects of ZnO-NPs, such as particle size
and shape, the stage of plant development, the method and the dose of application, and
the duration of exposure [7]. In addition, crop responses to the treatments with ZnO-NPs
should be mainly considered as species-dependent. Indeed, up to 1.000 mg L−1 ZnO-NPs
promoted seed germination and growth in Arachis hypogaea L., while at 2.000 mg L−1 toxic
effects were observed [20]. ZnO-NPs at the concentration of 80 mg L−1 caused an increase
in plant height, seeds per spike, seed weight, yield, and biomass accumulation in Triticum
aestivum L. [21]. On the contrary, negative effects such as increased DNA fragmentation and
ROS production were observed by Ghosh et al., 2016 in Allium cepa L. at dosages higher than
200 mg L−1 [22]. In T. aestivum L. at 100 and 200 µM ZnO-NPs decreased photosynthetic
and antioxidant activities and increased hydrogen peroxide and lipid peroxidation [23].

As for plant in vitro cultivation, some studies revealed positive effects of NPs on seed
germination, callus induction, shoot multiplication, and plant growth [16,24–27]. However,
as in part already stated, the effect of NPs on plant performance is highly dependent on
plant genotype and nanoparticle type, size, and concentration [28].

In spite of this, to the best of our knowledge, no studies have been conducted to date
on the effects of ZnO-NPs on olive trees cultivated in vitro. In this context, it is necessary to
point out that the micropropagation (which represents an application of in vitro cultures)
of rootstocks and cultivars in several tree species, including the olive tree, is increasing
worldwide because it has many advantages compared to the traditional propagation
systems (cutting and grafting) [29–31]. The main advantages of micropropagation are
the high genetic and sanitary quality of the propagated material and the possibility of
producing a high number of plants in a small space and short period [32]. Moreover,
the opportunity to have plant material with juvenile characters, i.e., able to develop in a
short time and, therefore, to provide fast responses to various treatments, is considered
very interesting.
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Hence, this work aimed to investigate for the first time the influence of ZnO-NPs on
the in vitro growth and biochemical parameters of the olive tree. To this end, this study
employed biogenic ZnO-NPs, obtained using an extract of Lemna minor L., whose synthesis,
size and morphological characteristics are reported in a very recently published study [7].
In particular, the biogenic ZnO-NPs employed in this study showed a nano-spherical
structure with dimensions in the range of 10–20 nm [7].

2. Materials and Methods
2.1. Growth Conditions of Lemna Minor and Synthesis and Characterization of Biogenic ZnO-NPs

Complete details about the biogenic synthesis and characterization of ZnO-NPs are
reported in the paper published by Del Buono et al. [7].

Lemna minor L. was grown in polyethylene trays containing a nutrient solution
consisting of 3.46 mmol L−1 KNO3, 1.25 mmol L−1 Ca(NO3)2 × 4H2O, 0.66 mmol L−1

KH2PO4, 0.071 mmol L−1 K2HPO4, 0.41 mmol L−1 MgSO4 × 7H2O, 0.28 mmol L−1 K2SO4,
1.94 µmol L−1 H3BO3, 0.63 µmol L−1 ZnSO4 × 7H2O, 0.18 µmol L−1 (NH4)6Mo7O24 ×
4H2O × 2H2O, 1 µmol L−1 MnSO4 × H2O, 21.80 µmol L−1 FeEDTA, 1 µmol L−1 CuSO4.
Trays were submitted to 120 µmol m−2 s−1 of light intensity (photoperiod: 12/12 h—light/dark)
at 24 ± 2 ◦C. The growth media was renewed every two weeks.

For the biogenic ZnO-NPs synthesis, about 20 g of fresh plant tissue were harvested,
washed and dried. One gram of dried tissue was extracted with 40 mL of 25% ethanol-water
(v/v), stirred at 80 ◦C for 15 min, and filtered to collect the liquid phase (plant extract).
30 mL of the plant extract was added dropwise to 50 mL of 1.40 M ZnSO4 × 7H2O and
maintained at 80 ◦C for 2 h, slowly increasing the pH. The precipitate was recovered by
centrifugation, washed, and left for 16 h in an oven at 80 ◦C. Finally, the ZnO-NPs were
obtained for calcination in a muffle at 400 ◦C for 4 h [7].

The ZnO-NPs were characterized by XRD (X-ray diffraction), FE-SEM (field emission
gun electron scanning microscopy), EDX (energy dispersive x-ray spectroscopy), TEM
(transmission electron microscope) and UV-vis (ultraviolet-visible spectrophotometry),
which evidenced nanoparticles of spherical shape and dimension in the range 10–20 nm [7].

2.2. Plant Material, ZnO-NPs Treatment, and Growing Conditions

The experiment was conducted on the olive tree cultivar ‘Moraiolo’. The initial
explants were represented by about 10 mm long portions with a single node excised from
proliferated shoots grown on an olive medium (OM) [33]. The shoots apical portions were
not used since it is known that the apical bud is more vigorous due to the apical dominance.
Glass vessels (500 mL capacity) were used, each containing ten explants with two leaves and
100 mL of the OM enriched with sucrose (30 g L−1), agar (7 g L−1) and zeatin (4 mg L−1),
pH equal to 5.5. The substrates and vessels were autoclaved at 115 ◦C for 20 min before
being used in aseptic conditions under a horizontal laminar flow cabinet. In particular, the
experimental framework involved the evaluation of the effects on shoots proliferation of
substrates containing four different concentrations of ZnO-NPs (0, 2, 6, and 18 mg L−1). The
solution containing ZnO-NPs was added to the substrate before autoclaving. The cultures
were then placed in a growth chamber at 22 ± 2 ◦C of temperature and 16-h photoperiod
with a light intensity of 40 µE m−2 s−1. For each treatment, six vessels (replicates) for each
one of the three subsequent subcultures were used. At the end of each subculture (45 days),
this was allowed to carry out the destructive measurements on the proliferated shoots of
three pots and to use the proliferated shoots of the remaining vessels as initial explants for
the subsequent subcultures.

2.3. Growth Parameters

The following parameters were monitored in 30 proliferated shoots per treatment to
evaluate the effect of ZnO-NPs:

viability (%): incidence of green and viable explants;
shoots (n): average number of shoots developed from each initial explant;
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shoot length (mm): average length of developed shoots;
nodes (n): average number of nodes developed by each initial explant, reusable for

further proliferation subculture (multiplication rate);
callus (%): incidence of explants that produced basal callus;
green fresh weight (mg): average fresh weight per explant of developed vegetative

organs (leaves, stems, buds);
callus fresh weight (mg): average fresh weight per explant of callus masses developed

at the base of explants;
total dry weight (mg): average dry weight per explant of the vegetative organs and

callus, obtained by keeping the plant material in an oven for three days at 105 ◦C.

2.4. Determinations on In Vitro Proliferated Shoots of Chlorophylls, Carotenoid, Soluble Protein,
Anthocyanins, Total Phenol Content (TPC) and Radical Scavenging Rate (DPPH)

Forty-five days after each subculture, shoot tissues were collected, and the content
of chlorophyll a (Chl a), chlorophyll b (Chl b) and carotenoids (Car) was analyzed. In
detail, 50 mg of proliferated shoots were extracted with 5 mL acetone/water (80%—v/v)
in a mortar using a pestle and quartz sand and centrifuged at 5000 rpm for 10 min. The
supernatant was collected, and the pellet was extracted twice with 5 mL of 80% acetone.
Then, Chl a, Chl b and Car contents were determined spectrometrically [34]. Moreover, the
total chlorophylls concentration and the relative ratio of these pigments were expressed as
Tot Chl (Chl a + Chl b − Tot Chl) and the ratio Chl a/Chl b, respectively.

About 50 mg of shoot tissue were homogenized in 5 mL of 0.1 M Tris-HCl buffer
using a cold mortar and pestle. The extract was centrifuged at 5000 rpm for 15 min at 4 ◦C.
According to Bradford, the protein content was determined using bovine serum albumin
(BSA) as standard [35].

The anthocyanins determination was carried out by extracting 50 mg of the prolifer-
ated shoots with 5 mL of ethanol (95%). Then, the suspension was centrifuged at 5000 rpm
for 20 min, and the anthocyanins content was determined according to a published proce-
dure [36].

50 mg of fresh tissue was extracted with 5 mL of methanol and left to stir at room
temperature overnight to determine the TPC and DPPH. The suspension was then cen-
trifuged at 5000 rpm for 10 min, and the supernatant was collected for TPC and DPPH
determinations. The TPC content was determined by adding 0.5 mL of the extracts to 7 mL
of distilled water and 0.5 mL of Folin–Ciocalteu’s phenol reagent. After 5 min, 2 mL of
2% sodium carbonate (w/v) were added to this solution, then left to react for 2 h. The
TPC content was determined spectrometrically and referred to as gallic acid equivalent
(GAE) g−1 [37].

The radical scavenging rate of the methanolic plant extracts was assessed towards the
DPPH. To this end, 0.5 mL of the methanolic extract was added to 1 mL of ethanol and
1 mL of a solution 0.101 mM of DPPH (2.2-diphenyl-1-picrylhydrazyl). The solution was
left to react for 10 min at room temperature. Subsequently, the radical scavenging ability
of the extract towards the DPPH was calculated as antioxidant activity spectrometrically
according to Sheikhalipour et al. [38].

2.5. Statistical Analysis

The trials were organized according to a completely randomized design, with four
treatments (0, 2, 6, 18 mg L−1 ZnO-NPs) and 30 proliferated shoots for each treatment
during three subcultures. Collected data were subjected to one-way analysis of variance,
(ANOVA) and significant differences were assayed by Duncan’s test (p = 0.05). The statisti-
cal environment R 4.0.5 (released on 31 March 2021) was used to perform the analysis [39].
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3. Results
3.1. Growth Parameters

The ZnO-NPs treatment increased the number of shoots produced at the dosages of
6 and 18 mg L−1 compared to the control (0 mg L−1), corresponding to 1.53, 1.65, and
1.21, respectively (Figure 1). The ZnO-NPs at the dosages of 6 and 18 mg L−1 positively
influenced the green fresh weight, which was higher than the control (175.27, 154.04, and
114.20 mg, respectively) (Figure 2). A similar trend as observed for the green fresh weight
was also found for the total dry weight (Figure 2).
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The addition of ZnO-NPs to the growth medium did not affect the viability (data not
reported), length of shoots and number of nodes (Figure 1) as well as callus fresh weight
(Figure 2).

3.2. Effect of ZnO-NPs on Pigment and Soluble Protein

Some biochemical aspects of the olive plants treated with the three dosages of ZnO-NPs
were studied and the results obtained are reposted in Table 1. In particular, the chlorophyll
a and b (Chl a and Chl b), Tot Chl (Chl a + Chl b), and the soluble protein were inves-
tigated, and the outcomes highlighted, in general, some positive effects in response to
specific treatments.

Table 1. Chlorophyll a (Chl a), chlorophyll b (Chl b), total chlorophyll (Tot Chl), and soluble protein
found in olive proliferated explants.

Chl a
(mg g−1 FW)

Chl b
(mg g−1 FW)

Tot Chl
(mg g−1 FW)

Soluble Protein
(mg g−1 FW)

Control 2.25 ± 0.22 b 0.76 ± 0.25 c 3.01 ± 0.81 c 9.7 ± 0.4 c
2 mg L−1 2.27 ± 0.27 b 0.91 ± 0.10 bc 3.18 ± 0.32 bc 11.4 ± 1.2 b
6 mg L−1 2.80 ± 0.19 a 1.20 ± 0.13 ab 4.00 ± 0.29 ab 14.2 ± 0.5 a

18 mg L−1 3.13 ± 0.46 a 1.30 ± 0.21 ab 4.43 ± 0.70 a 15.3 ± 2.0 a
Letters in the table, if different, indicate statistically significant differences (p < 0.05).

As for Chl a, the treatments with ZnO-NPs at 6 and 18 mg L−1 increased the pigment
content. The same trend was found regarding Chl b, where the two highest dosages raised
the pigment content compared to untreated controls. On the contrary, the dosage 2 mg L−1

was ineffective in affecting the content of these molecules. Furthermore, regarding the total
chlorophyll, the treatment ZnO-NPs at the concentrations 6 and 18 mg L−1 determined
significant increases in this parameter, while the lowest ZnO-NPs concentration did not
alter the total chlorophyll. Finally, all the ZnO-NPs treatments substantially stimulated
the soluble protein content, with the highest effects found for 6 and 18 mg L−1, which,
however, did not statistically differ from each other.

3.3. Effects of ZnO-NPs on Carotenoids, Anthocyanins, Total Phenol Content (TPC) and Radical
Scavenging Rate (DPPH)

The effect on some other pigments, with, among other things, the antioxidant role
in cells, the total phenol content and the radical scavenging activity were investigated in
olive treated with the three concentrations of ZnO-NPs and compared to untreated controls
(Table 2).

Table 2. Carotenoids, anthocyanins, total phenol content (TPC), and radical scavenging rate (DPPH)
found in olive proliferated explants.

Carotenoids
(mg g−1 FW)

Anthocyanins
(mg g−1 FW)

TPC
(mg g−1 FW GAE)

DPPH
(%)

Control 3.23 ± 0.59 bc 0.083 ± 0.010 b 2.11 ± 0.10 b 52.7 ± 3.1 b
2 mg L−1 2.70 ± 0.73 c 0.099 ± 0.014 ab 2.63 ± 0.36 ab 49.7 ± 3.6 b
6 mg L−1 4.24 ± 0.05 ab 0.098 ± 0.110 ab 2.75 ± 0.22 a 60.3 ± 2.0 a
18 mg L−1 4.80 ± 0.90 a 0.110 ± 0.015 a 2.62 ± 0.17 a 64.5 ± 2.9 a

Letters in the table, if different, indicate statistically significant differences (p < 0.05).

As for carotenoids, ZnO-NPs at the concentration of 18 mg L−1 were able to signif-
icantly increase the content of these molecules, while the other dosages were found to
be ineffective. A very similar trend to that exhibited by carotenoids was found by antho-
cyanins. In fact, the only dosage effective in elevating the content of this compound in the
examined tissues was ZnO-NPs at the dose of 18 mg L−1.
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Differently, the two highest ZnO-NPs dosages investigated were instead capable of
elevating the TPC, resulting in significant increases compared to untreated controls, while
even in this case, the 2 mg L−1 was found to be ineffective in affecting this parameter. Finally,
the antioxidant activity, measured as radical scavenging rate towards DPPH, showed as
the dosages effective in significantly increasing this protective function were ZnO-NPs at
6 and 18 mg L−1, whilst 2 mg L−1 was ineffective in influencing the antioxidant activity.

4. Discussion

In recent times, the interest in nanotechnology has been continuously increasing
because of its vast application possibilities in different sectors, including the agricultural
one. In particular, green synthesized ZnO-NPs show numerous advantages over those
obtained from the traditional chemical synthetic procedures. Indeed, the green synthesis
process does not impact the environment, and the obtained biogenic ZnO-NPs, thanks to
their characteristics (morphology, shape, and size), can positively impact plant growth and
productivity [7].

In this context, the effects of biogenic ZnO-NPs obtained from Lemna minor L. on
in vitro vegetative and biochemical parameters on olive tree cv. ‘Moraiolo’ were inves-
tigated. The results indicated that ZnO-NPs added in the proliferation medium at the
concentrations of 6 and 18 mg L−1 improved the number of shoots, the green fresh weight,
and the total dry weight. Zn is involved in protein synthesis, carbohydrates, lipids, and
nucleic acids metabolism [1]; therefore, its addition to the substrate for in vitro cultivation
during the proliferation phase improved multiplication and explants growth.

The higher number of shoots observed in olive tree proliferated explants is of partic-
ular interest. Indeed, despite several studies carried out in order to improve the in vitro
culture conditions for some olive cultivars, olive micropropagation rates are still in general
limited [40]. In particular, the formation of secondary axillary shoots is very limited, usually
due to the strong apical dominance, and uni-nodal explants with bilateral buds typically
produce just one or, occasionally, two shoots and so shoot proliferation rate is generally
low and cultivar dependent [41,42]. Consequently, olive shoot multiplication is mainly
performed by segmentation of elongated shoots at each subculture. Similar results about
the breaking of apical dominance were obtained by Garcia et al. using mannitol on their
micropropagation trials with the ‘Manzanillo’ cultivar [43].

The observed increase in plant growth parameters in vitro due to the addition of
ZnO-NPs is in accordance with previous studies [16,44–46]. Javed et al. [44] investigated
the effects of different concentrations (0, 0.1, 1.0, 10, 100 or 1000 mg L−1) of ZnO-NPs
on growth parameters, steviol glycosides production, and antioxidant activities in the
tissue culture grown shoots of Stevia rebaudiana Bertoni. At 1.0 mg L−1 ZnO-NPs positively
influenced the shoots formation and steviol glycosides content, while adverse effects were
observed at higher concentrations. In two pomegranate (Punica granatum L.) cultivars
(‘Manfalouty’ and ‘Wonderful’), growth in vitro conditions, ZnO-NPs added to the Woody
Plant Medium (WPM) substrate determined an increase in the proliferation rate already at
the concentration of 2.5 mg L−1. At the same time, ZnO-NPs given at the concentration of
5 mg L−1 increased shoot length and biomass production [16]. In another work, the authors
found that ZnO-NPs at 10 mg L−1 promoted the differentiation of calli to shoots in Brassica
nigra Koch while at higher concentrations, an increase in roots production and a decrease in
shoots biomass was observed [45]. The nucellus tissues were inoculated on Murashige and
Skoog (MS) medium with 30 µg mL−1 suspension of zinc and copper nanoparticles. Green
synthesized zinc and copper nanoparticles enhanced the in vitro germination parameters
of Citrus reticulata Blanco [46].

Moreover, our study highlighted that the treatments with 6 and 18 mg L−1 of ZnO-NPs
resulted in more robust olive explants. This aspect deserves attention, being very important
for the transplanting phase under ex-vitro conditions since more vigorous plants develop
more effective roots and show a greater adapting capacity to the ex-vitro conditions [29].
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Improvements in the growth of explants of different olive cultivars were obtained by
adding BAP, dikegulac, neem oil, or selenium to the growth media containing zeatin [29,41,47,48]
or coconut milk in combination with BAP without zeatin [40]. Therefore, our results show
that in addition to the above-mentioned molecules, ZnO-NPs, at specific doses, can exert a
positive effect on the growth of proliferated olive explants.

A multiplicity of factors can influence and modulate chlorophyll a and b, highlighting a
close correlation between the content of these pivotal molecules and some abiotic inputs [49].
Nanomaterials, in general, and metal oxide nanoparticles, in particular, can influence the
content of chlorophyll a and b, both when plants are grown under normal conditions
and abiotic stress, such as salinity and heavy metals exposure [50–52]. As for our study,
significant increases in the content of Chl a and b were found in samples exposed to the two
highest ZnO-NPs dosages (Table 1). This effect can be explained based on the involvement
of zinc in participating in chloroplasts formation and development and protochlorophyllide
biosynthesis [7]. In particular, zinc is considered, among the nutrients, the most critical
element that supports the biosynthesis of chlorophylls [53]. On this subject, some other
studies have evidenced that also ZnO-NPs can be very effective in stimulating chlorophylls
content in treated species. For instance, Salama et al. [53] found that ZnO-NPs increased in
Phaseolus vulgaris the chlorophyll a and b content, concerning the dosage applied. In the
cited work, such a beneficial effect was explained on the ability of ZnO-NPs to amplify
the photosynthetic efficiency by increasing the chlorophyll capacity to absorb light. In
particular, the mechanism undergoing this effect was the energy transfer from ZnO-NPs to
chlorophyll a, which prompted, in turn, the increase in the pigment contents. In line with
these findings, Mingyu et al. [54] found in spinach that nanoparticles can reach and affect
the photosystem II (PSII), increasing its capacity to absorb light and accelerating the energy
transferred from tyrosine to chlorophyll a. Finally, a study on the effect of ZnO-NPs, in
combination or not with humic acids, was conducted on in vitro regeneration of palm [55].
The results demonstrated that chlorophyll a and b, and total chlorophyll content were
significantly increased by treating the plants with 50 and 75 mg L−1 of ZnO-NPs, while
higher concentrations negatively impacted their amounts. The authors reported, among
other things, that ZnO-NPs stimulated antioxidant defences and photosynthetic efficiency.

ZnO-NPs can effectively stimulate some processes in plants, such as plant protein
biosynthesis [56]. This effect, in turn, results in elevating biomass production and plant
growth. Our experiments evidenced an increase in soluble protein content in the in vitro
culture, regardless of the ZnO-NPs dosage applied (Table 1). A recent and comprehensive
study demonstrated that the treatment of tomato plants with ZnO-NPs induced the expres-
sion of genes involved in nutrient transport [17]. In addition, the authors also stated that
NPs regulated carbon and nitrogen and the metabolism of some secondary metabolites.
In line with these results, a study carried out using biogenic ZnO-NPs, obtained with
Mentha arvensis L., evidenced as these NPs improved some biochemical and nutritional
traits in Brassica napus L., also increasing the soluble protein content [57]. The authors stated
that this effect resulted from the stimulatory action of zinc on nutrient acquisition and
the induction of protein biosynthesis. Finally, soluble protein content increases were also
found in Solanum nigrum callus treated with ZnO-NPs, and this effect was related to the
protective action prompted by these NPs, and, in particular, to their capacity of stimulating
antioxidant activities [58].

With regard to carotenoids, ZnO-NPs at the highest dosage increased the content
of these molecules (Table 2). Carotenoids act as light-harvesting pigments, but, at the
same time, they cover an essential protective antioxidant action for their ability in the
removal of reactive oxygen species (ROS) [7,59]. In addition, carotenoids can quench
chlorophyll in triplet and singlet form, preventing oxidative injuries to chloroplasts [7].
The increase of carotenoids recorded in our experiments is noteworthy as it supports the
idea that the use of NPs can promote the growth and productivity of in vitro olive cultures,
improving light-harvesting capacity and stress-resistance traits. Finally, the correlation
between the content of chlorophyll and carotenoids is to be remarked. In fact, increases
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in the chlorophyll content, in response to proper stimuli like ZnO-NPs, can trigger the
carotenoids biosynthesis as a protective feedback mechanism [60].

The other parameter investigated in this study was the anthocyanins content; these
biomolecules derive from flavonoids and are localized in the vacuole [61]. Multiple func-
tions are recognized to these compounds for their ability to act as antioxidants against
ROS, inhibit the peroxidation of lipids, and protect plants from photo-inhibition due to
light stress [62]. In addition, the involvement of anthocyanins in coping with the attacks
of pathogens and insects has been documented [61]. However, in general, the content of
anthocyanins increases with external stimuli, making the adaptability of plants to changes
in environmental conditions easier [63]. The highest ZnO-NPs dosage tested in our ex-
periments increased the anthocyanins content in the in vitro olive culture (Table 2), while
the other dosages did not. Nonetheless, the increase recorded at 18 mg L−1 ZnO-NPs
can be seen as a protective mechanism activated by plants in response to ZnO-NPs, since
these NPs can promote photo-oxidative processes due to the properties of their electrons of
valence [64]. Accordingly, other studies showed that NPs could modulate anthocyanins
content depending on the concentrations applied. In particular, the production of these
molecules can increase at non-phytotoxic dosages, while excessive amounts of ZnO-NPs
can decline their content, as in the case of eggplant seedlings exposed to about 1000 mg L−1

of ZnO-NPs [65]. In addition, a dose-response trend was recorded in tomato plants exposed
to ZnO-NPs, where anthocyanin content raised in response to the highest dosages [66].

The total phenol content (TPC) was also investigated in our study since phenolics
are considered essential antioxidants, like anthocyanins and carotenoids [67]. In par-
ticular, phenols act as oxygen radical scavengers for their electron reduction potential,
which lower than those of oxygen radicals [68]. Also, phenol radicals produced during
the phenols antioxidative activity are less reactive than other oxidants, allowing pheno-
lic compounds to avoid continuing with further oxidative reactions [68]. Some studies
evidenced increases in TPC following the treatments with ZnO-NPs, as in the case of
Brassica nigra L. exposed to ZnO-NPs [69]. In a study carried out in micro-propagated
Stevia rebaudiana, the authors found inductive effects on the total phenolics at moderate
dosage (1.0 and 10 mg L−1), albeit higher dosages promptly declined the content of these
compounds (100 and 1000 mg L−1) [44]. Finally, a very recent study investigated the effect
of biogenic ZnO-NPs on Juniperus procera callus [68]. Again, the increase of total phenolics
depended on the dosage applied, with the lowest being ineffective in modulating the con-
tent of these compounds, while the highest did prove to be effective [68]. The explanation
of the increase in total phenols, as recorded in our study and the cited literature, lies in
the role of phenols in coping with metal cations [68]. In fact, phenols also have the task of
chelating metals in addition to their antioxidant function as ROS scavengers [68].

Finally, our experiments investigated the DPPH radical scavenging activity in olive
cultures treated with ZnO-NPs (Table 2). DPPH is routinely evaluated to highlight antiox-
idant activity following abiotic and biotic stress exposure [44]. The results obtained for
DPPH determinations were generally consistent with those observed in our experiments
for carotenoids, anthocyanins and TPC. It is, therefore, reasonable to assume that the stimu-
latory effect of ZnO-NPs concerned the antioxidant activities due to the NPs ability to give
rise to oxidative perturbations, which, however, at sub-toxic levels, promoted antioxidant
defenses in treated plants. At last, our results are in line with other studies that shed light
on the capacity of ZnO-NPs to elevate the DPPH radical scavenging activity and how this
increase aligned with a general improvement of the antioxidant activities [44,69].

Beneficial effects on plant growth and biochemical parameters were also observed
with other NPs. For instance, engineered NPs-obtained doping with magnetic elements (Co
and Nd) iron oxide NPs (CoNd0.2Fe1.8O4) were tested in barley [70]. These NPs showed
beneficial effects in the treated crop by stimulating plant growth, relative water content,
chlorophyll content, germination rate, and total fresh/dry weight. In addition, another
study showed that γ-Fe2O3-maghemite and Fe3O4-magnetite NPs improved in barley seed
germination, plant growth, and biomass production [71]. However, some detrimental
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effects were observed in barley treated with α-Fe2O3 NPs that reduced the germination
rate and pigmentation (chlorophyll-a, -b, and carotenoids) [72].

5. Conclusions

In conclusion, this research revealed that the biogenic ZnO-NPs improved the number
of shoots, the green fresh and the total dry weight. The higher number of shoots is
significant for the olive micropropagation that usually is carried out only by segmentation
of elongated shoots due to the limited formation of secondary axillary shoots for the
strong apical dominance. In addition, the ZnO-NPs showed beneficial effects on some
biochemical traits of the treated olive crops, inducing the content of molecules involved
in photosynthesis and plant growth. Furthermore, ZnO-NPs stimulated the total phenols
and the radical scavenging activity in the olive samples. This action is to be remarked
as the promotion of these factors can make the explants more resistant and adaptable for
further uses.

Overall, the present study demonstrated for the first time the beneficial effects of using
biogenic ZnO-NPs on the in vitro proliferation of olive. This aspect deserves attention
because of the absence of environmental impact correlated with the biogenic synthesis of
nanostructured material, compared to classical techniques, and because of the implications
of their effectiveness in improving the in vitro micropropagation techniques.

Finally, given the interest and potential application of the results obtained, further
studies will be necessary to assess the medium and long term continuation of the beneficial
effects promoted by NPs as well as the potential occurrence of toxic effects. The latter aspect
is particularly relevant given the growing interest in nanotechnologies in agriculture.
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