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Abstract: Given the consistent release of zinc oxide (ZnO) nanoparticles into the environment, it is
urgent to study their impact on plants in depth. In this study, grains of rice were treated with two different
concentrations of ZnO nanoparticles (NP-ZnO, 10 and 100 mg/L), and their bulk counterpart (B-ZnO)
were used to evaluate whether ZnO action could depend on particle size. To test this hypothesis, root
growth and development assessment, oxidative stress parameters, indole-3-acetic acid (IAA) content
and molecules/enzymes involved in IAA metabolism were analyzed. In situ localization of Zn in control
and treated roots was also performed. Though Zn was visible inside root cells only following nanoparticle
treatment, both materials (NP-ZnO and B-ZnQ) were able to affect seedling growth and root morphology,
with alteration in the concentration/pattern of localization of oxidative stress markers and with a different
action depending on particle size. In addition, only ZnO supplied as bulk material induced a significant
increase in both IAA concentration and lateral root density, supporting our hypothesis that bulk particles
might enhance lateral root development through the rise of IAA concentration. Apparently, [AA
concentration was influenced more by the activity of the catabolic peroxidases than by the protective
action of phenols.
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Zinc oxide nanoparticles (NP-ZnO), having useful NP-ZnO on plants under stress conditions (Ali et al,

properties such as ultraviolet-screening ability and
photocatalytic and antibacterial activities (Pandimurugan
and Thambidurai, 2016), are one of the most widely
used nanoparticles in nanotechnological industries.
Due to their wide range of applications in the production
of paints, coatings, inks, plastics, cosmetics and
personal care products, the annual production of these
metal nanoparticles has reached 8 000 t (Vimercati
et al, 2020). This high production and the wide use of
NP-ZnO-containing products obviously increase the
probability of leakage into the environment with
increased possible risks for living organisms (Ma et al,
2013; Spano et al, 2020; Rajput et al, 2021).

Despite many studies report a protective action of
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2019; Ali et al, 2022), some studies indicated a
negative impact of NP-ZnO on plant growth (Zhang
et al, 2015), in particular when its concentration is
above a critical threshold (Srivastav et al, 2021). The
phytotoxicity of these nanoparticles is not only
attributable to the release of Zn*" and its absorption by
the roots (Ma et al, 2013; Mousavi Kouhi et al, 2015),
but also to the nanoparticles themselves. NP-ZnO, in
fact, can penetrate through cell wall pores if their
dimensions are less than 30 nm or after eventual size
reduction/decomposition of particles/aggregates (Molnar
et al, 2020). Damages could be determined either by
their direct interaction with biomolecules, with
damage to membranes and/or DNA (Ma et al, 2013),
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or by their ability to induce the generation of reactive
oxygen species (ROS), such as hydrogen peroxide
(H,0,) (Hernandez-Viezcas et al, 2011). In addition to
the inhibition of seedling root growth, disturbances to
root development have been recorded with damage/
shortening of the root tip in NP-ZnO-treated ryegrass
(Lin and Xing, 2008), and alteration in root
morphology in wheat under treatment with both NP-
ZnO and the bulk counterpart (Spano et al, 2020).

The hypothesis has been made that this reshaping of
root morphology could be mediated by the influence
of Zn on the homeostasis of hormones, in particular of
indole-3-acetic acid (IAA), which is pivotal in the
regulation of root growth and lateral root (LR)
development (Aloni et al, 2006; Alarcon et al, 2019).
In fact, prominent is the role generally ascribed to this
growth regulator in several biological processes (Lv
et al, 2019), with biosynthesis and metabolism playing
important functions in local auxin gradients, which are
key factors for differentiation events (Overvoorde et al,
2010). In this study, grains of rice (Oryza sativa L.),
commonly used as a model species for monocots and
cereals in many morpho-physiological studies, were
treated with two different concentrations of NP-ZnO
(10 and 100 mg/L) and of their bulk counterpart (B-
ZnO) particles. Root development, oxidative stress,
IAA content and molecules/enzymes involved in IAA
metabolism were analyzed to study the plant response
to these treatments. The aims of this work were to
assess whether ZnO particles induced alterations in
root developmental pattern and IAA concentration of
an agronomical relevant plant such as rice and to
evaluate whether the action of ZnO particles may
depend on their size. Our hypothesis was that eventual
changes in root development induced by ZnO particles
were mediated by their impact on IAA homeostasis.

RESULTS

The particles of ZnO were previously characterized in
Spano et al (2020). Briefly, NP-ZnO showed a round
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profile or nearly prismatic shape, with diameters from
about 20 to 107 nm. Most of the nanoparticles had
diameters in the frequency class 41-50 nm. B-ZnO
had predominantly a rod-like shape and sizes varying
from 300 to 1 300 nm, with only rare particles with
one dimension smaller than 80-90 nm.

Seedling growth

NP-ZnO and B-ZnO at higher concentration (100
mg/L) induced the reduction of root length in
comparison with control, where the decreases were of
about 18% and 30%, respectively (Table 1), and these
reductions corresponded with the higher H,O, (100
mg/L NP-ZnO and B-ZnO) concentrations. In this
study, treatments induced an increase in LR density
only when ZnO was supplied as B-ZnO and the
greatest response was recorded in 100 mg/L B-ZnO,
with a 49% increase of LR density in comparison with
control (Fig. 1-A). The increase in LR density in these
plants coincided with IAA concentration (Fig. 1-B).
The response of the coleoptile length changed
depending on particle size (Table 1). While B-ZnO
slightly reduced the length of coleoptile (although not
significantly), NP-ZnO increased it compared with
control, and the difference was significant under the
lower concentration (10 mg/L) of NP-ZnO. These
differences were mirrored in the values of the ratio
root length and coleoptile length (Table 1), which was
about 24% lower in the seedlings treated with higher
concentration of both forms of ZnO in comparison
with the control.

Histochemical detection of Zn in roots

In rice treated with NP-ZnO, deep red/brown coloured
complexes were clearly detectable in root hairs (Fig.
2-A to -F). In this study, treatment with 10 mg/L B-
ZnO did not produce a colour response within root
cells (Fig. 2-G and -H). In addition, at 100 mg/L B-
ZnO, coloured complexes at the surface of epidermic
cells were observable (Fig. 2-1 and -J).

Table 1. Lengths of root and coleoptile, and concentrations of hydrogen peroxide, thiobarbituric acid reactive substance (TBARS) and

phenol in rice after 7 d of imbibition under different conditions.

Condition Root length Coleoptile length ~ Ratio of RL H,0, concentration TBARS concentration ~ Phenol concentration
(RL, mm) (CL, mm) to CL (umol/g) (nmol/g) (mg/g)
Water 76.49+3.03a 2371+0.67bc  322+0.12a 0.50+0.02b 12.06+0.14 b 0.35+0.00 b
NP10 85.58+2.59a 2728+0.75a 3.14+022a 0.47+0.07b 12.84+0.07a 0.31+£0.00d
NP100 62.80+1.84b 25.64+£0.76 b 245+0.04b 0.72+0.07 a 10.41 £0.14 ¢ 044+0.01a
B10 7627+2.62a 21.25+0.75¢ 3.50+024a 0.49+0.07b 9.64+0.07d 0.26 £0.00 e
B100 5425+1.99b 22.35+0.68 ¢ 2.43+0.03b 0.61 +0.02 ab 10.28 £0.14 ¢ 0.33+0.00 ¢

NP10, 10 mg/L zinc oxide nanoparticle (NP-ZnO); NP100, 100 mg/L NP-ZnO; B10, 10 mg/L bulk counterpart (B-ZnO); B100, 100 mg/L B-ZnO.
Data are Mean + SE (n = 20 for RL, CL and ratio of RL to CL, and n = 4 for H,O,, TBARS and phenol concentrations). Different lowercase letters in
a column indicate significant differences by the post hoc Tukey test (P < 0.05).
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Fig. 1. Lateral root (LR) density (A, expressed as number of
LRs/cm) and indole-3-acetic acid concentration (IAA, B) in roots of
rice after 7 d of imbibition under different conditions.

CK, Control (water); NP10, 10 mg/L zinc oxide nanoparticle (NP-
Zn0); NP100, 100 mg/L NP-ZnO; B10, 10 mg/L bulk counterpart (B-
Zn0); B100, 100 mg/L B-ZnO.

Data are Mean + SE (n = 4). Different lowercase letters above the bars
indicate significant differences by the post hoc Tukey test (P < 0.05).

H,0; and thiobarbituric acid reactive substance
(TBARS) concentrations

Treatment with 100 mg/L NP-ZnO induced a
significant increase (by 45%) of H,O, concentration,
and 100 mg/L B-ZnO also caused a rise of H,O, (by
23%), but it was not statistically significant (Table 1).
In situ evaluation of HyO,, performed on seminal roots,
showed that all treatments induced an intense staining,
mostly localized in the root apical meristem region
(Fig. 3-A). In addition, a strong red staining,
extending to differentiation zones, was characterized
in 100 mg/L NP-ZnO samples (Fig. 3-A), as
confirmed by biochemical analyses (Table 1).

In the present system, however, oxidative damage,
estimated as TBARS concentration (Fig. 3-B), was
significantly lower than in control in all the treated
seedlings, except for the treatment 10 mg/L NP-ZnO,
in which this stress parameter showed the highest
value (Table 1). The staining pattern obtained by
Bodipy probe and related to lipid peroxidation
confirms that, following treatments, the root apex of
our seedlings was the portion most susceptible to
oxidative damage, exhibiting a high sensitivity to Zn
(Fig. 3-B).

Endogenous IAA concentration

The concentration of IAA was analyzed in the roots of
the studied plants (Fig. 1-B). The amounts of Zn that
were administered to rice plants exhibited a positive
effect on the level of IAA only when applied as B-
Zn0O, whereas NP-ZnO did not show any significant
effect. The effects of the type of Zn particles on LR
density were also assessed. Statistical analyses (Table
S1) showed that B-ZnO treatments were significantly

different from both NP-ZnO and control, hence only
the former increased IAA concentration in roots and
promoted LR development.

Phenols, peroxidase (POX) and TAA oxidation
activities and electrophoretic POX separation

In this study, there was a general decline of phenol
concentration in treated seedlings compared with
control, and the lower value was detected under the
lower ZnO concentrations (28% and 11% decrease
caused by 10 mg/L B-ZnO and 10 mg/L NP-ZnO,
respectively, Table 1). The concentration being equal,
the lowest contents of these antioxidant molecules

Control

NP10

NP100

B10

B100

250 pm 100 pm

Fig. 2. Histochemical detection of Zn in rice roots of comparable
developmental stage after treatment with dithizone.

A and B, Control (water); C and D, 10 mg/L zinc oxide nanoparticle
(NP-ZnO); E and F, 100 mg/L NP-ZnO; G and H, 10 mg/L bulk
counterpart (B-ZnO); I and J, 100 mg/L B-ZnO. The images on the
right side show representative details at higher magnification of the
roots on the left side.
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Fig. 3. Histochemical detection of H,O, by amplex ultra-red reagent (A) and lipid

peroxidation by bodipy reagent (B).

CK, Control (water); NP10, 10 mg/L zinc oxide nanoparticle (NP-ZnO); NP100, 100
mg/L NP-ZnO; B10, 10 mg/L bulk counterpart (B-ZnO); B100, 100 mg/L B-ZnO.

were recorded under bulk treatments. IAA oxidation
activities (Fig. 4-A) were significantly lower under 10
mg/L NP-ZnO than under 100 mg/L NP-ZnO. However,
TAA oxidation activities showed no significant difference
between 10 and 100 mg/L B-ZnO and between the
control and treated materials. Guaiacol POX activities
in the studied roots (Fig. 4-B) were significantly lower
in 10 mg/L B-ZnO plants and significantly higher in
the control. After electrophoresis (Fig. 4-C), specific
staining for POX-revealed bands with different mobility,
with distinct patterns depending on the treatments.
Noteworthy, band 1 was present only in control roots,
while bands 2, 3 and 4 were also detectable in NP-
treated roots, but not in B-treated roots.

DISCUSSION
Seedling growth

Many data report the toxicity of ZnO for plants, which
may undergo disturbance to root development with a
negative impact on their growth and morphology (Lin
and Xing, 2008; Spano et al, 2020). Root length, in
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particular, is a key feature of root
morphology, which has an important
impact on plant fitness (Meng et al, 2019).
The reduction in root length under 100
mg/L B-ZnO and 100 mg/L NP-ZnO
(Table 1) is in accordance with data
Molnar et al (2020). In fact, a dose-
dependent negative action is also recorded
in two different species of the genus
Brassica, in which root shortening is
induced by 100 mg/L NP-ZnO (Molnar et
al, 2020). A significant inhibition of root
elongation was also detected in Allium
cepa after treatment with 5 and 50 pg/mL
NP-ZnO for 36 h, and treated roots appear swollen
and friable (Sun et al, 2019). Despite the variability of
effects on coleoptile length (Table 1), the ratios of the
root length and length coleoptile were significantly
lower in treated plants, suggesting that ZnO has the
ability to modify the seedling growth habit, with a
preferential development of the coleoptile over the
root. In accordance, a treatment with 300 mg/L. NP-
ZnO induced a reduction of this ratio by about 40% in
Arabidopsis (Wang et al, 2016). LRs have a great
importance in root functionality, as they increase its
biomass with positive impact on water and nutrient
uptake and on anchorage to soil (Jing and Strader,
2019). In addition, the pattern of distribution of LRs is
a key characteristic of root architecture and is often
considered as an adaptive response to stress conditions
(Bellini et al, 2014), such as hypoxia and high
concentrations of heavy metals (Potters et al, 2007;
Péret et al, 2009; Lavenus et al, 2013). In this study,
only the bulk form of ZnO induced an increase in LR
density, underlining the importance of particle size in
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Fig. 4. Indole-3-acetic acid (IAA) oxidation activity (A), guaiacol peroxidase (POX) activity (B) and native polyacrylamide gel electrophoresis

of guaiacol peroxidase (C) from rice roots after 7 d of imbibition.

In A and B, enzymatic activities are expressed as U/mg protein. CK, Control (water); NP10, 10 mg/L zinc oxide nanoparticle (NP-ZnO); NP100, 100
mg/L NP-ZnO; B10, 10 mg/L bulk counterpart (B-ZnO); B100, 100 mg/L B-ZnO.
Data are Mean + SE (n =4). In C, B1, B2, B3 and B4 represent different bands of enzymatic activity.
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the interaction with plants. A crucial role in the
regulation of LR development is attributed to auxin
(Dubrovsky et al, 2008; Du and Scheres, 2018). In rice,
the function of auxin in LR growth is demonstrated by
studies on mutants devoid of LRs or with altered LR
formation, which are less sensitive to IAA in
comparison with wild type (Meng et al, 2019).

Histochemical detection of Zn in roots

Dithizone staining technique has been widely
employed for revealing Zn at cellular and tissue levels
in different samples (Duarte et al, 2016). The presence
of coloured complexes in root hairs under NP-ZnO
treatment suggested that NP-ZnO was taken up from
the growth medium. This outcome is in accordance
with the results of Lin and Xing (2008) which
demonstrated the ability of NP-ZnO to penetrate
inside root cells. In addition, as stated above, NP-ZnO,
by exposing a higher surface area, can release Zn ions
(Nemcek et al, 2020), which could have been in turn
absorbed: this might have contributed to the recorded
histochemical response. The absence of colour
response within root cells under treatment with B-ZnO
(Fig. 2-G, -H, -I and -J) indicated that the size of these
particles, larger than the NP-ZnO ones, was a hinder
to plant cell barriers overcoming (Medina-Velo et al,
2017), even if root showed some response to the
treatment. Indeed, we cannot exclude the possibility
that the bulk form also releases Zn ions, but probably
in lower amounts than NP-ZnO, and such quantities
would not be histochemically detectable. The presence
of coloured complexes at the surface of epidermis
under higher concentration of the bulk form (Fig. 2-G,
-H, -I and -J) suggested that bulk material can alter
root growth and function by physical/chemical
interaction with the root surface. The results obtained
with this Zn-sensing dye led us to hypothesise that the
effects elicited by the different treatments on both
growth and oxidative stress are attributable, for nano
scale material, mainly to a direct interaction with plant
cells, linked to the absorption of Zn, while the bulk
material can alter root development mostly by acting
indirectly, adhering at the root surface.

H202 and TBARS

The production of ROS, such as H,O,, can be induced
by NP-ZnO in several plants (Zoufan et al, 2020;
Ruiz-Torres et al, 2021). Data in this study confirm
these findings, with a significant increase in H,0,
concentration under 100 mg/L of both NP-ZnO and B-

ZnO treatment.

The overproduction of ROS can induce membrane
lipid peroxidation and damage to cellular structures
and macromolecules (Parida and Das, 2005). However,
in our system, there seemed to be no correlation
between the concentration of H,O, and oxidative
damage. It must be borne in mind that this molecule,
in addition to being involved in oxidative stress, is a
ubiquitous signal in morphogenesis and in LR
formation (Su et al, 20006).

According to the histochemical approach, which
can also display little differences in the pattern of
distribution of oxidative stress markers, we can gain
further information, which would not be available
with biochemical analysis. It was possible in this way
to point out that the root apex of our seedlings was the
portion most susceptible to oxidative damage. An
excess of Zn and the other metals in the growing
medium can alter root apex homeostasis due to a ROS
imbalance, with consequent oxidative damages (Li
et al, 2016). In addition, Zn being a cofactor and an
activator of key enzymes and transcriptional factors,
changes of its concentration can modify multiple
metabolic pathways, including hormone balance and
auxin production (Hambidge et al, 2000).

Endogenous TAA

As TAA is the main auxin in rice (Yamamoto et al,
2007), changes of its concentration in the roots of the
studied plants in response to Zn application were of
particular interest (Fig. 1-B). The interplay between
Zn and TAA has also been extensively investigated in
rice. Wang et al (2021) have shown that Zn at low
concentrations increases the level of IAA in rice roots,
whereas higher concentrations of the metal have the
opposite effect. In our work, Zn had a positive impact
on root IAA levels only when administered as bulk
particles. It may be hypothesised that Zn, when
supplied as B-ZnO, is absorbed in very low amounts
by the root, thus inducing the previously cited increase
of TAA. Conversely, NP-ZnO treatments may
facilitate the absorption of the element, up to such a
point that it may lose the positive effect on IAA level.
Eventually, higher concentrations of Zn in root can
cause a decrease of [AA.

The development of LRs is a process strictly
controlled by auxin, from root initiation to emergence
(Malamy and Benfey, 1997). Given this universally
acknowledged role of IAA, the effects of the type of
Zn particles on LR density have been assessed. Zn
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applied as B-ZnO was the sole treatment which
elicited a significant effect, therefore the bulk particles
of Zn increased both IAA concentration in roots and
LR development. These results suggested that B-ZnO
particles, at both applied concentrations, enhanced LR
development through the rise of IAA in root tissues,
thus supporting our working hypothesis.

Phenols, POX and IAA oxidation activities and
electrophoretic POX separation

To counteract oxidative damage, plants have evolved
an antioxidant machinery, both enzymatic and non-
enzymatic. Among molecular antioxidants, phenols,
due to their abilities to function as hydrogen donors,
reducing agents and singlet O, quenchers (Rice-Evans
et al, 1997), are powerful scavengers of ROS, also
capable of inhibiting enzymes that produce free
radicals (Doroteo et al, 2013). They are also involved
in ITAA metabolism, functioning as protective agents
against POX-induced IAA degradation (Krylov and
Dunford, 1996; Montanaro et al, 2007). In this study,
there was a general decline of phenol concentration in
treated plants, with the lowest contents associated
with higher IAA concentrations (Fig. 1-B), which
apparently does not agree with the role of phenols in
IAA protection.

Enzymatic catabolism is generally considered to be
a key regulator of the free auxin pool (Normanly et al,
2010; Zhang and Peer, 2017). In our material,
however, the absence of particular bands (Fig. 4-C) of
POX activity in B-ZnO-treated roots seems to be of
particular relevance coinciding with high levels of IAA
(Fig. 1-B), and suggesting their possible involvement
in the catabolism of this growth regulator.

In rice, ZnO influenced both growth and morphology
of roots and changed seedling growth habit, with a
prevailing development of the coleoptile over the root.
Alterations in the concentration/pattern of localization
of oxidative stress markers were also observed, with
NP-ZnO eliciting the highest signal of oxidative
damage in root meristem apex. Indeed, a different
action depending on particle size was recorded. B-
ZnO particles, probably leading to a low Zn uptake
inside roots, were associated with a significant
increase in IAA concentration, in turn related with a
rise in LR density. On the contrary, NP-ZnO particles,
inducing high levels of Zn inside root cells, did not
increase either IAA concentration, or LR density.
Therefore, present results support our hypothesis that
IAA concentration was regulated more by the
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catabolism operated by POX than by the protective
action of phenols. Since ZnO can induce both
morphological and physiological changes in a crop
such as rice, care must be taken when introducing it
(in particular in the form of nanoparticles) into the
environment, to prevent unpredictable adverse effects.

METHODS
Plant material and experimental design

NP-ZnO (size from about 20 to 107 nm) and B-ZnO (size from
about 300 to 1 300 nm) were purchased from Sigma Aldrich,
USA. Grains of Oryza sativa L., var. Cerere (kindly provided
by Sardo Piemontese Sementi Soc Coop Soc Agricola, Vercelli,
Italy) were surface-sterilized for 15 min in 5% sodium
hypochlorite and rinsed, and were then germinated in Petri
dishes at 25 °C £ 1 °C, in the dark, with a relative humidity of
70%. Total 10 dishes with 30 grains in each have been prepared
for control and for each treatment: with water (control) or with
a suspension of B-ZnO (10 and 100 mg/L) or NP-ZnO (10 and
100 mg/L). The two ZnO concentrations, below or close to the
critical values (Srivastav et al, 2021), were chosen based on
preliminary experiments, in which concentrations in the range
of 10 to 200 mg/L were used. Under 10 mg/L treatment, there
were no significant effects on root growth, while 100 mg/L was
the minimum concentration which induced root growth
inhibition. At 7 d after treatment, rice seedlings were collected
and the lengths of roots and coleoptiles were measured. In
addition, four roots were isolated and used for LR density
determination. Roots were collected, washed and immediately
used for histochemical analyses or fixed in liquid nitrogen and
stored at -80 °C until use for all other analyses. For biochemical
parameters, root tissues were obtained from 10 randomly
selected plants per treatment.

Determination of LR density

The determination of LR density was performed on four
randomly selected plants counting the number of LRs and LR
primordia per unit of parent root length (cm) under an optical
microscope (Alarcon et al, 2019). Only the segments of parent
root with LRs and LR primordia were considered.

H,0, and TBARS determinations

The concentration of H,O, in roots was determined according
to Jana and Choudhuri (1982). After grounding and homo-
genization in phosphate buffer (50 mmol/L, pH 6.5), the
homogenate was centrifuged at 6 000 X g for 25 min. The
concentration of H,O, was determined spectrophotometrically
at 410 nm using 0.1% titanium oxysulfate in 20% H,SO, and
expressed as pumol/g fresh weight (FW). Calculations were
made by referring to a standard curve. Lipid peroxidation in
roots was estimated by determining the amount of TBARS,
according to Wang et al (2013), with minor modifications as
described by Spano et al (2017). Briefly, samples after mixing
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with the TBA reagent (10% trichloroacetic acid + 0.25%
thiobarbituric acid) were heated at 95 °C for 30 min, cooled for
15 min, and centrifuged at 2 000 x g for 15 min. The
concentration of TBARS was expressed as nmol/g FW and
calculated as specific absorbance at 532 nm after subtraction of
the nonspecific absorbance at 600 nm.

Histochemical detection of Zn, H,0, and lipid peroxidation

Five roots of comparable developmental stage, randomly
selected from control and treated plants, were excised and used
for each histochemical detection. /n situ localization of Zn in
control and treated roots was performed by the dithizone
(diphenylthiocarbazone) method, as described by Spano et al
(2019). Zn occurrence in plant cells/tissues was detectable as
brown/reddish colour precipitates. The selected roots were
stained for 1.5 h with a dithizone solution (30 mg dissolved in
60 mL acetone and 20 mL distilled water), thoroughly rinsed in
water and immediately analyzed using a Leitz Diaplan light
microscope (Leitz microscope, Wetzlar, Germany). Images
were captured using a Leica DFC 420 (Leica Microsystems,
Heerbrugg, Germany).

Imaging of H,O, and lipid peroxidation levels was carried
out by specific fluorescent probes. Amplex UltraRed Reagent
(Life Technologies, Carlsbad, USA) was employed for in situ
H,0, detection (Spano et al, 2020) as red signal, observed with
a fluorescence microscope (568ex/68lem nm, Leica DMB,
Leica Microsystems, Wetzlar, Germany). BODIPY 581/591
Cl1 was used as a free radical sensor to visualize lipid
peroxidation as a change of the fluorescence emission peak
from red to green. Microscope evaluation was performed,
acquiring simultaneously the green (485ex/510em nm) and the
red fluorescence (581ex/591em nm) signals and merging the
two images (Giorgetti et al, 2019).

Extraction and determination of phenols

Phenolic compounds were measured in rice roots according to
Arezki et al (2001). After homogenization in 0.1 g/L HCI,
centrifugation at 6 000 x g for 10 min and incubation at 20 °C
for 3 h, 300 pL of extract were added to 1.5 mL H,O + 0.1 mL
Folin-Ciocalteu reagent and left so for 3 min. After addition of
400 pL Na,COj; (20%), the solution was incubated at 100 °C
for 1 min, cooled in ice bath and the absorbance at 750 nm was
recorded. The concentration of phenolic compounds was
calculated as equivalent of gallic acid (mg/g FW) on the basis
of a standard calibration curve.

TAA analysis

Roots were cut with a scalpel, separated in three replicated
samples, and immediately dipped in cold 70% aqueous acetone
(1:5). They were homogenized by mortar and pestle and
divided into three subsamples. All replicates and subsamples
were separately analyzed. Each homogenate was supplemented
with a suitable amount of [*CIIAA (Cambridge Isotope
Laboratories, Inc., Andover, MA, USA) as internal standard,

then stirred for 4 h at 4 °C, before centrifugation at 2 000 x g
for 15 min. The residue was re-extracted twice and the
extraction solvents were pooled. The extraction solvents were
reduced to the aqueous phase (approximately to a volume of 5
mL), under vacuum at 35 °C, added with acetic acid (to a final
concentration of 0.5%), adjusted to pH 2.8 with 0.1 g/L HCI
and loaded on C18 SPE cartridges (Supelco, Milan, Italy), 5
mL volume, previously conditioned with 5 mL methanol and 5
mL of 0.5% acetic acid. Samples were loaded and passed
through the phase without drying out. Cartridges were washed
with 5§ mL of 0.5% acetic acid, followed by 5 mL of 30%
methanol + 70% of 0.5% acetic acid. Fractions putatively
containing IAA were isolated by eluting the columns with 5
mL of 70% methanol + 30% of 0.5% acetic acid. Column
conditioning, washing and IAA elution were carried out at a
flow rate of 1 mL/min. The collected fractions were evaporated
under reduced pressure, resuspended in a small volume of 20%
aqueous acetonitrile containing 0.5% acetic acid and filtered
through a 0.45-um PTFE membrane. They were purified by
reverse-phase high performance liquid chromatograph using a
Spectrasystem P2000 pump with a Spectrasystem UV1000
detector (Thermo, Waltham, MA, USA) operating at 254 nm
wavelength. The instrument was equipped with a Kinetex C18
column, 250 mm x 4.6 mm ID, 5 pum particle size (Phenomenex,
Bologna, Italy), eluted at a flow rate of 1 mL/min. Samples
were applied to the column and fractions were collected while
the column was being eluted with 0.5% acetic acid in 20%
acetonitrile. The fraction corresponding to the elution volume
of IAA standard was reduced to a small volume and transferred
to a capillary tube, dried thoroughly and silylated with bis
(trimethylsilyl)trifluoroacetamide containing 1% trimethylchlo-
rosilane (Pierce, Rockford, Illinois, USA). Gas chromatography-
mass spectrometry (GC-MS) analysis was performed on a
Saturn 2200 quadrupole ion trap mass spectrometer coupled to
a CP-3800 gas chromatograph (Varian, Palo Alto, CA, USA)
equipped with a MEGA 1 capillary column (MEGA, Legnano,
Italy) 25 m x 0.25 mm x 0.25 um film thickness, coated with
100% dimethylpolysiloxane. The injection was splitless with 2
min purge off, at 250 °C. The temperature of the transfer line
between the gas chromatograph and the mass spectrometer was
set at 250 °C. Oven temperature was 120 °C for 2 min, followed
by a gradient from 120 °C to 190 °C at 35 °C/min, then from
190 °C to 210 °C at 6 °C per min and a final ramp from 210 °C
to 300 °C at 35 °C/min with a final hold of 10 min. Full scan
mass spectra were obtained in EI+ mode with an emission
current of 30 mA, an axial modulation of 4 V and the electron
multiplier set at -1500 V. Data acquisition was from 70 to 350
Da at a speed of 1.4 scan/s. The following ions were monitored
for IAA analysis: m/z 202 and 319 for IAA, and 208 and 325
for *C-labelled internal standard. Identification and quantification
of the analytes were confirmed by tandem MS, by simultaneous
dissociation of the ions 202 for IAA and 208 for "*C-labeled
internal standard under a resonant waveform with an excitation
amplitude of 0.6 V. Quantification of IAA was carried out by
reference to a calibration plot obtained from the GC-MS
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analysis of a series of mixtures of the standard hormone with its
labelled form. Hormonal results were reported as concentrations
of IAA in roots.

Enzyme extraction and assay

Roots were ground in an ice-cold mortar with liquid nitrogen
and extracted in phosphate buffer (0.06 mol/L, pH 6.1)
containing polyvinylpyrrolidone (1:1) as described by Sorce
et al (2017). The homogenate was centrifuged at 10 000 x g for
5 min and the supernatant was recovered and used as a crude
enzyme extract. Guaiacol POX (EC1.11.1.7) activity was
determined according to Arezki et al (2001), using 1% guaiacol
as substrate and following the oxidation of guaiacol by H,0,

(extinction coefficient 26.6 mmol/L each centimeter) at 470 nm.

Enzymatic activity was expressed as U/mg protein, one unit
oxidising 1.0 pumol guaiacol per min. IAA oxidation activity
was measured as described in Beffa et al (1990) with minor
modifications. To the reaction solution (100 pmol/L MnCl,, 50
pmol/L p-coumaric acid, 15 pg IAA and 200 pL the extract in
6.66 mmol/L phosphate bufter, pH 6.0) incubated at 24 °C for
50 min, 2 mL modified Salkowski reagent (Pilet and Lavanchy,
1969) were added. IAA degradation was estimated at 535 nm
and expressed as U/mg protein, one unit being equivalent to 1
png IAA degraded by 1 mL of extract in 50 min. Protein
measurement was performed according to Bradford (1976),
using bovine serum albumin as standard.

Electrophoretic POX separation

Electrophoresis was performed on 10% PAGE according to
Milone et al (2003) and Sorce et al (2017), using 1.5 mol/L
Tris-HCI buffer at pH 8.8. Equal amounts (25 pg) of proteins
extracted from rice roots were loaded onto electrophoretic gel.
After running (200 V, constant current of 35 mA per gel), gels
were incubated in 1 mol/L sodium acetate buffer at pH 4.6
containing 0.04% benzidine and 10 mmol/L H,0, (90 min in
the dark) and enzymatic activity was appeared as dark brown
bands.

Statistical analyses

All data were reported as Mean + standard error (SE) of four
replicates, except for root length and coleoptile length, which
were determined by measuring 20 seedlings. Analysis of
variance (ANOVA) and post hoc Tukey Honest Significant
Difference multiple range test were used to identify statistically
significant differences among treatments.

The effects of the treatment (Zn particles) on IAA
concentration in roots and on LR density were first probed by
two independent one-way ANOVAs, followed by pairwise
comparisons by the Tukey test. The data were first checked for
normality of distribution, by the Shapiro-Wilk test and
homogeneity of variances, by the Levene test. Subsequently,
data of IAA and LR density were checked for multivariate
normality (by Mahalanobi’s distance) and homogeneity of
variance-covariance matrix (by Box’s test), then analyzed by
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one-way multivariate analysis of variance, followed by pairwise
Hotelling’s tests comparison with Bonferroni correction. The
explanatory variable was the type of treatment, and the
response variables were IAA concentration in roots and LR
density. The level of significance for all analyses was P < 0.05.
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