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Foliar exposure of grapevine (Vitis vinifera L.) to TiO: nanoparticles under
field conditions: Photosynthetic response and flavonol profile
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Abstract

In the past decade, utilization of nanostructured materials has increased intensively in a wide range of applications.
Titanium dioxide nanoparticles (TiO» NPs), for instance, can be applied for the inactivation of various pathogens through
photo-induced generation of reactive oxygen species. Although TiO, NPs with high antimicrobial activity are of great
importance, in practice, their phytotoxic effects have not yet been fully clarified. In this study, we investigated the potential
phytotoxicity of TiO, NPs on grapevine (Vitis vinifera L.) under field conditions. After foliar exposure, two particularly
stress-sensitive parameters, photosynthetic function and the flavonol profile, were examined. Micro- and macroelement
composition of the leaves was also studied by ICP-AES measurements. We found that TiO, NPs significantly decreased
the net CO, assimilation and increased stomatal conductance, indicating metabolic (nonstomatal) inhibition of the
photosynthesis. The lower electron transport rate and lower nonphotochemical quenching in treated leaves are indicative
of diminished photoprotective processes.

Additional key words: chlorophyll fluorescence; flavonols; grapevine; macroelement; nanotoxicity; photosynthesis; titanium dioxide.

Introduction

During the past few decades, nanotechnology has attracted
a huge attention due to revolutionary new applications in
numerous scientific fields. This includes a broad range of
engineered nanomaterials with specific physicochemical
properties. The use of such nanomaterials in applications
will, unavoidably, lead to their interactions with the
environment and various living organisms. Since NPs have
a high specific surface area and are generally highly
reactive, they can exhibit an increased uptake, accumu-
lation, and impact on plants and humans (Yokel et al.
2011, Zhao et al. 2016, Fadeel et al. 2017). The
mechanism of toxicity and long-term impacts of these NPs
are still not exactly understood, and consequently further

investigations are required to explore and clarify them.
Based on its excellent physicochemical properties,
TiO; is a widely used material in numerous sectors of
industry. It is most widely used as a white pigment. Foods
(e.g. candies, sweets, and chewing gums) as well as
personal care products (sun creams, cosmetics, tooth-
pastes) and pharmaceuticals, just to name a few, often
contain TiO, (Weir et al. 2012). As a photocatalyst, TiO,
can also be utilized for water and air purification and for
creating antibacterial surfaces (Hashimoto et al. 2005).
The photoactivity and antimicrobial ability of TiO, are
based on the photoinduced charge separation and the
subsequent redox reactions in which the photo-generated
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charge carriers (electrons and holes) react with the donor
(e.g. H,O) or acceptor (e.g. O2, HO,) molecules adsorbed
on the surface of TiO, NPs, thus produce reactive oxygen
species (ROS) (Ko6rdsi et al. 2013, 2016). The basic
reactions are as follows:

TiO, + hv — ecs™ + hys’ (1)
ecs t02 — Oy 2
h\/BJr + H20 — OH' + H* (3)
HO0; +ecs” — OH + OH~ 4)
H,0; + hyg* + 20H™ — Oy + 2H,0 &)

Because of their photoinduced reactivity, TiO, NPs can
be exploited as a potential antimicrobial agent on leaves.
Moreover, since ROS have signalling role, TiO> NPs can
influence the resistance of the plants against pathogens and
can also affects the abiotic stress responses (Qi et al. 2013).

In addition to the toxicity of engineered nanomaterials
towards humans, a large number of studies have focused
on phytotoxicity of TiO, NPs (Khan et al. 2017). For
phytotoxicity tests, a large variety of model plants, such as
tomato, wheat, soybean, parsley, spinach, corn, fennel, and
cucumber, was used. Overall, the effects of nanoparticles
are very diverse. Depending on the physiological pro-
cesses studied, both negative and positive impacts were
observed. For example, TiO, NPs could promote the light
absorption by the chloroplast in Arabidopsis, regulate the
distribution of light energy from PSI to PSII, and
accelerate the transformation from light energy to electric
energy, water photolysis, and oxygen evolution (Ze et al.
2011). In contrast, Du et al. (2011) found that TiO, NPs
negatively affect the growth of wheat including biomass
accumulation and soil enzyme activities. Castiglione ef al.
(2011) demonstrated that TiO, NPs induced genotoxic
effect in Vicia narbonensis L. and Zea mays L. In other
studies, NPs did not show significant effects on plant
growth. Song et al. (2013) reported that TiO, NPs were not
toxic in vitro or in situ for oilseed rape, lettuce, and kidney
bean. In another study, Jacob ef al. (2013) revealed that
TiO2 NPs did not affect biomass production of several
plant species, such as Phaseolus vulgaris, Triticum
aestivum, Rumex crispus, and Elodea canadensis, but
significantly increased Ti adsorption and uptake in roots
and translocation of Ti into shoots. For maize and soybean
plants, Burke et al. (2014) found that TiO, NPs did not
have significant effects on growth, nutrient content, or the
composition of bacterial communities within the rhizo-

Materials and methods

Chemicals and reagents: Acetonitrile and methanol
(LiChrosolv® Reag. Ph FEur, Merck, Germany) were
gradient grade for liquid chromatography. Orthophos-
phoric acid (85%) and ethanol (96%, purchased from
VWR) were of analytical reagent grade. Reference
substances of quercetin 3-O-rutinoside, quercetin 3-O-
glucoside, quercetin 3-O-glucuronide, kaempferol 3-O-
glucoside, and kaempferol 3-O-glucuronide were obtained
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sphere. Most studies on phytotoxicity focus on stan-
dardised assays, usually on germination and plant growth.
Such studies typically investigate the effects of NPs-
treated soil and/or nutrient solution on plants. Only a few
studies can be found in the literature wherein solely foliar
exposure was applied (Ze et al. 2011, Gao et al. 2013, Qi
et al. 2013, Larue et al. 2014, Raliya et al. 2015). More-
over, in spite of the fact that TiO, is photo-reactive (i.e.
photocatalyst), the applied nanomaterials are generally not
exposed to sunlight, including reactive UV radiation.

Grape is one of the most economically important fruit
crops worldwide which is planted at above 7 million
hectares. Based on the planted area, grape belongs to the
first 25 fruit crop in the world (Keller 2010). It is grown
mostly for making wines, raisins, and as fresh fruit (table
grapes). In this study, a well-characterized nanostructured
TiO, with high photocatalytic activity was used for the
foliar exposure of the world-wide cultivated grapevine
variety ‘Cabernet Sauvignon’. In the field experiment, the
plants were exposed to natural sunlight. After TiO, NPs
treatment, photosynthesis was monitored by means of leaf
gas exchange and chlorophyll (Chl) a fluorescence. The
main flavonol profile of grapevine leaves was determined
by high-performance liquid chromatography (HPLC), to
reveal possible changes among these nonenzymatic anti-
oxidants. Polyphenols are a large family of secondary
metabolites including flavonoids like flavonols, antho-
cyanins, flavanols, and non-flavonoids like phenolic acids
and stilbens (Flamini and Traldi 2010). Most of these
polyphenols, mainly flavonoids, outperform well-known
antioxidants, because of their strong capacity to donate
electrons or hydrogen atoms (Hernandez et al. 2009).
Since grapevine leaves are rich in polyphenols, these
secondary metabolites may contribute significantly to the
nonenzymatic defense. Indeed, these compounds are
sensitive indicators of different abiotic and biotic stresses
(Chacon et al. 2009, Taware et al. 2010, Andelkovic et
al. 2015).

This is the first study in which the potential
phytotoxicity of the TiO, NPs was investigated over a
longer period (three weeks) on grapevine in the presence
of UVA/B radiation. Two particularly stress-sensitive
parameters, photosynthetic function and the flavonol
profile, were examined to reveal potential impacts of
photo-excited TiO» NPs under natural light conditions.

from Extrasynthese (Genay, France). Ultrapure water
system (LaboStar™ 7 TWF-UV, Germany) was used to
obtain high purity water.

Plant material and experimental design: Two-year-old
plants of Vitis vinifera L. (cv. ‘Cabernet Sauvignon’) were
investigated in a large-pot experiment under field
conditions. Vines were grafted on *"T5C’ rootstock. Plants
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were grown in large plastic pots (37 cm in diameter, 27 cm
high, with a volume of 20 L). The study was carried out at
the central station of the Research Institute for Viticulture
and Oenology (University of Pécs, Hungary) on south-
facing slopes of the Mecsek Hills (46°04’N, 18°11’E, 150
m a.s.l.). The site receives precipitation of 782 mm per
year, 2,021 h of sunshine annually, and has an annual mean
temperature of 11.6°C according to the vineyard meteoro-
logical records for the period 1950 and 2010 (Teszlak et
al. 2013). During the experiments the meteorological data
were monitored using the WS600 automatic weather
station (Lufft GmbH, Germany). The obtained data (natural
broadband UV, precipitation, temperature, and relative
humidity) are shown in Fig. 1S and Table 1S (supplements
available online). The climatic conditions of experimental
period were described by two bioclimatic indices. Huglin
and BBL-hydrothermic indices were 2,241 and 9,277,
respectively (Lorenzo et al. 2012). These indices showed
favourable growing conditions to the grapevine develop-
ment during a vegetation period. Twenty vine stocks were
planted in May 2016 into the pots filled with natural soil
(brown forest soil mixed with clay; soil samples were
collected from our vineyard close to the experimental site).
From this pool of plants, three individual plants with
similar developmental characteristics were chosen for the
TiO, NPs treatment. All pots were irrigated daily and
supplemented once per month with 20 g of complex
fertilizer (Volldiinger 14-7-21 NPK, Kwizda, Austria).

Characterizations of TiO2 NPs: X-ray diffraction (XRD)
patterns were collected using CuKa radiation by a Rigaku
SmartLab X-ray diffractometer operating at 40 kV and 150
mA. The mass fraction of the rutile phase (f;) was
calculated via the following relationship (Yu et al. 2006):

1261,
"I, +1.261,

where I, and [, are the area of (101) and (110) diffraction
peaks of anatase and rutile, respectively. Transmission
electron microscopy (TEM) images were obtained with a
JEM-1011 (JEOL, Japan) electron microscope at an
accelerating voltage of 100 kV. Inductively coupled
plasma atomic emission spectrometry (ICP-AES)
measurements were performed on a /CPE-9000 instrument
(Shimadzu, Japan). Prior to the elemental analysis, the
dried leaves were digested using a Multiwave 3000 (Anton
Paar, Austria) microwave system. For Ti content
determination, the crushed leaves were combusted and the
resulting ignition residues were heated with anhydrous
NaOH up to redness in a Ni crucible. The cooled melts
were dissolved completely in water by the addition of 96%
H,SOs. Finally, the obtained solutions were analysed by
ICP-AES.

Leaf gas-exchange measurements were conducted in situ
on attached leaves using an infrared open-system portable
LCA-4 gas analyser (ADC BioScientific Ltd., Hoddesdon,
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UK) with nine replicates of leaves per sampling. Mature
and healthy sun-adapted leaves from the 5%-12% nodes
were used for analysis. Measurements of the maximum
photosynthetic activity of leaves were carried out between
10:00 and 11:30 h local time, at PAR of 1,500-1,800
umol(photon) m2 s™' under normal atmospheric CO,
concentration. The leaf surface temperature was 25°C (in
September) or 17°C (in October), under 0.38-0.42 kPa
vapour pressure deficit. We determined the net CO;
assimilation (Py), the rate of transpiration (£), the stomatal
conductance (gs), the value of partial pressure of inter-
cellular CO, (mesophyll conductance) (C;), and intrinsic
water-use efficiency (WUE;). The PAR incidence on
leaves was always higher than 1,500 umol(photon) m2s™!,
which is considered to be in excess of the incidence
required for photosynthetic saturation in grapevine (Flexas
et al. 2002). Px, E, gs, and C; were calculated using the
equations of von Caemmerer and Farquhar (1981). The
Pn/gs ratio was used to indicate WUE;, according to lacono
et al. (1998). Gas-exchange measurements were per-
formed five times after the NPs treatment, between
21 September and 13 October (n =9) during the preharvest
phenological period.

Leaf chlorophyll (Chl) fluorescence measurements:
Following the gas-exchange measurements, the same
attached leaves were used for analysis of Chl a fluores-
cence with a pulse amplitude modulation fluorometer
PAM-2100 (Heinz Walz GmbH, Effeltrich, Germany)
connected to a notebook computer. For the nondestructive
in situ measurements we used the ’rapid light curves’
(RLCs) option of the PamWin data acquisition software
with pre-programmed operating parameters (PamWin v
1.17, Heinz Walz GmbH, Effeltrich, Germany). Each RLC
consists of 10 illumination steps with increasing PAR
between 0 and 2,600 pmol(photon) m? s'. Effective
quantum yield of PSII (®psn), photochemical quenching
(qpe), relative electron transport rate (ETR), and regulated
nonphotochemical quenching (NPQ) parameters were
recorded during each steps of RLC (Maxwell and Johnson
2000). The effective quantum yield of PSII reaction
centres (®pgi) and photochemical quenching parameter
(qp) were calculated as (Fn’ — Fs)/Fn’ and (Fn'— Fs)/
(Fw’—Fo’), respectively (Genty af al. 1989).

TiO: treatment of grapevine leaves: Nine healthy fully
developed and sun-adapted leaf samples were investigated
at each time-point in the experiment. The samples
originated from three different plants (three control and
three treated leaves per vine stock). For the foliar
exposures, 100 mg of Degussa P25 TiO, was dispersed in
100 ml of deionized water (Gao et al. 2013) by using an
ultrasonic bath for 15 min. The dispersion was sprayed
homogenously on to the adaxial surface of the leaves, after
which the surface was allowed to dry slowly. No surfactant
or additives were applied in the dispersion. After drying of
TiO, dispersion, NPs remained on leaves even following



several rain showers, indicating that nanoparticles adhered
well to the surface. All nondestructive field measurements
were done on the same individually identified leaf
samples.

Sample preparation and extraction: Grapevine leaves
were dried to a constant, reproducible mass at room
temperature in dark. These air-dried samples were
grounded in a porcelain mortar, and then extracted with
96% (v/v) ethanol solution. The extraction procedure was
as follows: 500 mg of powder sample was placed in a
plastic tube. 10 ml of ethanol was added, and subsequently
sonicated in water bath for 45 min. The resulting
suspension was centrifuged at 20,660 x g and the super-
natant was filtered through a 0.45 um PTFE (FilterBio®,
Labex Ltd., Hungary) syringe filter.

High-performance liquid chromatography analysis
(HPLC-DAD): Chromatographic analysis was performed
on a PerkinElmer Series 200 HPLC system consisting of a
vacuum degassing unit, quaternary pump, autosampler,

Results and discussion

Crystal phase, particle size and morphology of TiO:
NPs: For the treatment of ‘Cabernet Sauvignon’ leaves, an
aqueous dispersion of Degussa P25 TiO, was used. Due to
its excellent photocatalytic activity P25 is frequently
studied as a reference photocatalyst for various dye
degradation reactions, or the inactivation of bacteria,
viruses, and fungi (Carp et al. 2004, Ohtani et al. 2010). P25
TiO, consists of anatase and rutile crystal phases as
presented by the XRD pattern in Figure 14. The calculated
crystalline phase composition revealed that the
predominant phase is anatase (88 w/w%) while it contains
12 w/w % rutile. The average sizes of anatase and rutile
crystallites calculated via the Scherrer equation from the
corresponding (101) and (110) reflections were 27.1 and
38.9 nm, respectively. TEM image (Fig. 1B) with the
corresponding size distribution (Fig. 2S, supplement
available online) shows polymorph and polydispersed
TiO, NPs with a mean particle diameter of ~28 nm.

Effects of TiO2 NPs on leaf gas-exchange parameters:
Similar Px and g values were observed for both control
and treated leaves during the first 6 d following the NPs
treatment (Fig. 24,B). However, TiO, treatment resulted in
significantly lower Py values on the 10% day, and a further
marked decrease on day 23. It should be noted that the leaf
surface temperature gradually decreased according to the
field conditions (Table 1S), leading to lower Py values
independently from the treatment (Fig. 24). Compared
with the control leaves, Pn was 53% lower at the last
sampling date. In addition, treated leaves showed
extremely high g values, which were 82% higher than
those of the control ones (Fig. 2B). In spite of the grapevine
leaves being hypostomatic, the adaxial treatment with

TOXICITY OF NANO-TiO2 ON GRAPEVINE

column thermostat, and a diode array detector (DAD).
HPLC separations were achieved by using a Phenomenex
Kinetex® 2.6 um XB-C18 100 A, 100 x 4.6 mm column.
Column temperature was maintained at 25°C. Mobile
phase was composed of (A) 50 mM phosphoric acid and
(B) a mixture of 100 mM phosphoric acid and acetonitrile
(1:1) at a flow rate of 1 ml min~!. For the separation, the
elution program (Table 2S, supplement available online)
was comprised of subsequent isocratic and both linear and
nonlinear (with curved profile) gradient steps. A volume
of 5 ul of ethanolic extract was injected to HPLC system
and the absorbance was monitored at 350 nm.

Statistical analyses were carried out using Excel®
(Microsoft Corp., Redmond, USA). Standard deviation
and paired #-tests were calculated on all data sets. Results
were considered statistically significant at P<0.05. The
correlation analysis between elemental composition and
photosynthetic parameters was performed using linear
regression with significant differences at P<0.05.

L (101) A
a: anatase a

r: rutile

INTENSITY [arb. units]

Fig. 1. (4) X-ray diffraction pattern and (B) transmission electron
microscope image of P25 TiO2 NPs.
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Fig. 2. Effect of TiO2 NPs treatment on the photosynthetic gas-
exchange parameters of grapevine leaves: (4) Net CO2 assimi-
lation rate (Pn), (B) stomatal conductance (gs), and (C) inter-
cellular CO2 concentration (Ci). Data are the means of nine
replicates with standard deviation shown by vertical bars.
* — significant difference (P<0.05).

TiO, NPs triggered the opening of stomata located at the
abaxial leaf surface. The intercellular CO, concentration is
presented in Fig. 2C. Treated leaves exhibited higher C;
values after 6, 10, and 23 d. The highest mean value of C;
was close to 400 umol mol™ indicating a strong decrease
of mesophyll conductance of CO, resulting in its accumu-
lation in intercellular spaces. In Cs plants, like grapevines,
CO; can diffuse from intercellular air spaces into photo-
synthesizing mesophyll cells across the cell membrane, the
cytosol, and the chloroplast outer membrane to reach the
site of carboxylation (Flexas et al. 2013). Consequently,
the significantly higher C; values may refer to the
decreased CO, transport into the chloroplast caused by
TiO, NPs. In summary, the high gs and high C; values
along with the reduced Py revealed a definitive metabolic
inhibition of the photosynthesis.
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Fig. 3. Effect of TiO2 NPs treatment on the intrinsic water-use
efficiency (WUE: = Pn/gs) of grapevine leaves. Data are the
means of nine replicates with standard deviation shown by
vertical bars. * — significant difference (P<0.05).

TiO, NPs also induced changes in WUE;. There was no
considerable difference in WUE; at the first and second
sampling dates (Fig. 3) when samples exhibited typical
WUE; values of grapevine cultivars (Tomas et al. 2014,
Tortosa et al. 2016). After six-day TiO, exposure, WUE;
decreased markedly (40% lower) because of the un-
changed Py and higher gs values. After 10 and 23 d, the
decrease of WUE; continued (60 and 90%, respectively).
Such extremely low WUE; values were previously ob-
served in drought-stressed grapevine cultivars (Medrano et
al. 2015). Low WUE; has also been reported for nano-
anatase TiO,- treated Ulmus elongata seedlings (Gao et al.
2013). In agreement with our results, these authors also
observed significantly higher g values along with low Py
for TiO,-treated seedlings.

Effect of TiO2 NPs on leaf Chl a fluorescence
parameters: The Chl fluorescence parameters are
sensitive indicators of photoinhibition and photodamage
caused by excess light energy in grapevine chloroplasts.
The light-response curves recorded after three weeks of
TiO, NPs exposure are presented in Fig. 4. Control and
treated leaves exhibited similar @pgyy and qp over the whole
range of PAR [0-2,600 umol(photon) m2 s7'] suggesting
that photocatalytically active TiO, NPs did not cause
damage to PSII during the experimental period (Fig. 44, B).
Mean values of the linear electron transport rate (ETR) of
PSII were light-intensity dependent during the RLC
analysis. At lower light intensities [0—1,000 pmol(photon)
m2 s7'], there was no significant difference in ETR
between control and treated leaves, but above 1,500
umol(photon) m2s™!, a 27% lower ETR was measured for
NPs-treated leaves (Flg. 4C). Both the lower ETR and Px
suggested a slight inhibition of photosynthetic apparatus
through nonstomatal limitation process. The disruption of
ETR or photosynthesis is more pronounced at high
irradiance which may relate to the intensity of the charge
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Fig. 4. Effect of TiO2 NPs treatment on the (4) quantum yield of PSII (®psn), (B) photochemical quenching (qp) of variable Chl a
fluorescence, (C) relative electron transport rate (ETR), and (D) regulated energy dissipation of PSII (NPQ) of grapevine leaves. Data
are the means of nine replicates with standard deviation shown by vertical bars. * — significant difference (P<0.05).

Table 1. Correlation analysis between elemental composition and photosynthetic parameters of Cabernet Sauvignon leaves. Data are
means + SD (n = 9); significant correlation between gas-exchange parameters is indicated with asterisks. (* — significant at P<0.05
level, ** — highly significant at P<0.01 level, and n.s. — not significant). The elements are expressed in [mg kg"'{(DW)].

K Ca Mg P B Fe Mn Cu Zn Ti
Control 10,251 +428 22,877+1,237 1575+112 2,126+229 13+1 82+1 99+7 104+18 44+2 nd
TiO2NPs 16,166 £1,423 25729+1,672 1,809+104 3,214+413 22+4 83+3 111+£7 11629 37+8 276+26
treated
E * n.s. n.s. * * n.s. n.s. n.s. n.s. *k
gs * n.s. n.s. * n.s. n.s. n.s. n.s. n.s. *k
WUE; * n.s. n.s. * n.s. n.s. n.s. n.s. n.s. *ok

carrier generation (and the subsequent charge-transfer
processes) according to Eq. 1. Based on the measured
lower Py, ETR, and the higher C;, treated leaves had a
higher photorespiration. Further studies are necessary to
clarify the effect of TiO, NPs treatment on photo-
respiration and dark respiration in grapevine leaves.

NPQ of treated and control leaves differed significantly
in the PAR range of RLC (Fig. 4D). TiO> NPs induced
40% lower NPQ values both at lower and higher
irradiance. In general, NPQ reflects heat-dissipation of
excitation energy under excess radiation energy, and a
higher level of NPQ is a well-known indicator of different
stress situations caused by excess light, heat or drought
stress in grapevine leaves. Increased NPQ is indicative of
photoprotective processes such as thermal dissipation at
the antenna level in chloroplasts (Medrano et al. 2002).
According to our measurements, treated leaves with lower
NPQ values partially lost their ability to prevent
photodamage after the three weeks TiO, exposure.

Macro- and microelemental analysis by ICP-AES: The
main macro- (Mg, P, K, Ca), microelements (B, Zn, Mn,
Fe, Cu), and Ti in leaves were determined after three
weeks of TiO, exposure by inductively coupled plasma
atomic emission spectroscopy (ICP-AES). The results are
listed in Table 1. The total (including both adhered and
absorbed) Ti content of leaves was 276 + 26 mg kg '(DW).
The results show that K, Ca, Mg, and P contents were
significantly higher in the TiO, NPs exposed leaves, while
the concentration of the measured microelements, with
exception of B, was not influenced by the NPs treatment
(Table 1). TiO, NPs treatment increased on average the K
concentration from 10,251 mg kg™'(DW) to 16,166 mg kg~
|(DW), while P content increased from 2,126 mg kg~
'(DW) to 3,214 mg kg '(DW). In spite of the different
treatment procedure, Servin et al. (2013) also found that
cucumber fruits from plants treated with TiO, NPs have a
higher content of the primary macronutrients K and P.
These authors cultivated the plants in soil treated with TiO»
and demonstrated that the nanoparticles translocated from
roots to fruits. We found that TiO, NPs did not
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Fig. 5. HPLC-DAD chromatograms of (4) a mixture of different
polyphenols and (B) ethanolic extract of control Cabernet
Sauvignon leaves. (1) caftaric acid (2) quercetin-3-O-rutinoside,
(3) quercetin-3-O-glucoside, (4) quercetin-3-O-glucuronide, (5)
kaempferol-3-O-rutinoside, (6) kaempferol-3-O-glucoside, (7)
kaempferol-3-O-glucuronide, (8) quercetin, and (9) kaempferol.
* — unknown components
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Fig. 6. Comparison of the main flavonol profile of the control and
TiOz-treated Cabernet Sauvignon leaves.

translocate from the treated leaves to the untreated ones
over a period of three weeks (Table 1). On the other hand,
the measured higher concentrations of macronutrients are
indicative of the foliar uptake of TiO,. K has a crucial role
in many biochemical and physiological processes, such as
stomatal movement (Kim et al. 2010), water and nutrient
transport (Amtmann and Blatt 2009). High K
concentrations can be related to the intensive stomatal
opening as revealed by our gas-exchange measurements.
Treatment-induced stomatal opening is accompanied by
elevated water and nutrients uptake which might lead to
the selective accumulation of macronutrients in leaves.
Indeed, based on the correlation analysis (Table 1), we can
conclude that K, P, and Ti correlated significantly with £,
gs, and WUE,.
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Flavonol profile of leaves: Flavonols have important role
in the defence against ROS and they can protect the
photosynthetic apparatus in the leaves (Zhou et al. 2016).
Therefore, we measured the flavonol content in the leaves
of grapevine after treatment with NPs. HPLC-DAD
chromatograms of a mixture of various flavonols and an
ethanolic extract of control leaves are compared in Fig. 5.
Based on their retention time and the recorded spectrum
(not shown), the following flavonols were identified and
quantified in the leaves: quercetin 3-O-rutinoside, quer-
cetin 3-O-glucoside, quercetin 3-O-glucuronide, kaemp-
ferol 3-O-glucoside, and kaempferol 3-O-glucuronide.
The predominant component was quercetin 3-O-glucoside
(~2,500 mg kg') while the concentration of quercetin
3-O-rutinoside and kaempferol 3-O-glucuronide was <130
mg kg~!. The mean concentration of the main flavonols of
the control and treated leaves showed insignificant diffe-
rences (Fig. 6). However, the comparison of the chromato-
grams of control and TiO,-treated leaves revealed distinct
differences (Fig. 7). It can be clearly seen that the three
unknown components with the retention time 0f22.8, 26.5,
and 31.1 min are significantly reduced or missing from the
TiO,-treated leaves, suggesting that these compounds may
take part in the defense mechanism against ROS produced
photocatalytically.

Conclusions: Foliar exposure of Vitis vinifera to TiO, P25
NPs was carried out in field experiments and photo-
synthetic performance of the leaves was monitored over a
period of three weeks. In the presence of ~276 mg(TiO»
NPs) kg'(DW), photosynthetic rate decreased while inter-
cellular CO, concentration and stomatal conductance
increased suggesting a nonstomatal limitation of the
photosynthesis. TiO, NPs treatment increased the contents
of K, Ca, Mg, P, and B. The elevated K content might
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Fig. 7. HPLC-DAD chromatograms of ethanolic extract of (4)
control and (B) TiOz-treated Cabernet Sauvignon leaves. The
main differences in the compositions are highlighted with
arrows.



relate to the observed stomatal opening, and therefore
higher transpiration rate of the leaves. After three weeks of
NPs exposure, leaf-to-leaf translocation of TiO, NPs could
not be detected but the selective accumulation of
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