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Abstract

The presence of Titanium dioxide nanoparticles (TiO, NPs) contamination in the environment is of concern because of their oxidative
effect on organisms. Transgenic tobaccos that overexpressed PAP1, a MYB75 gene, were used to investigate the response of plants to
the presence of TiO, NPs and the results were compared to those for wild type (WT) plants. The experiment was performed under
tissue culture conditions with daylight fluorescence. The physiological responses of the plants under moderately low concentrations of
TiO, NPs (20-40 mg L'l) were analyzed in relation to metabolic responses and the results were compared to those of plants under zero
TiO, conditions. Under conditions of 20 mg L* TiO,, WT and PAP1 plants showed better physiology than plants under other conditions.
These plants had higher chlorophyll and carotenoid levels, and better membrane stability than plants under non TiO, conditions. The
WT plants grown in medium at 40 mg L’lTiOZ showed deteriorated physiology, while PAP1 plants grown under the same condition were
shown various changes in physiology depending on the line. Moreover, the content of total soluble sugar (TSS) and flavonoids in the
extracts of plant were increased in response to the concentrations of TiO,. However, all PAP1 transgenics had flavone and flavonol
contents that were approximately 2—3 times the levels found in WT plants, while TSS and anthocyanin subgroup levels were not
different among the WT and transgenic plants. Excessive nanoparticles can induce oxidative damage in cells, and it appears that PAP1
transgenics can alleviate such damage by enhancing flavonoid accumulation.

Keywords: flavone, flavonol, MYB75, membrane injury, metal nanoparticles, sugar, titanium.

Abbreviations: A_Absorbance; EC_electrical conductivity; FW_fresh weight; MDA_malondialdehyde; MS_Murashige and Skoog
medium; PAP1_PRODUCTION OF ANTHOCYANIN PIGMENT 1; ROSs_reactive oxygen species; TBARS_thiobarbituric acid-reactive-
substances assay; TiO, NPs_titanium dioxide nanoparticles; TSS_total soluble sugar: WT_wild type.

Introduction

The functions and applications of nanoparticles have become particularly in relation to human health (Stander and
important research topics. Nowadays, TiO, NPs has become Theodore, 2011).

key parts of industrial production for food, drugs, cosmetics, Titanium dioxide is a common compound that possesses
electronic devices, textiles, paints and plastics. Annual photocatalytic properties under UV irradiation (Schneider et
industrial demand has reached several million tons of TiO, al., 2014). Titanium, a transition element, is considered to be a
worldwide (Gazquez et al., 2014). However, TiO, NPs potentially beneficial element for the physiological functions of
contamination in the environment has dramatically increased, plants (Pilon-Smits et al., 2009). TiO, NPs have been reported
especially in the agricultural soils. Environmental to promote growth and development of plants, and for many
contamination of TiO, can have both advantageous and examples, they may increase shoot and root lengths.
disadvantageous effects on organisms. Plant root systems Furthermore, TiO, NPs enhance chlorophyll and protein levels
directly uptake inorganic elements, including titanium, from in Arabidopsis and various kinds of higher plants (Gao et al.,
the soils and use these elements in the biosynthesis of various 2008; Ze et al., 2011 Raliya et al., 2014). On the other hand,
organic substances. The organic substances synthesized by genotoxicity and phytotoxicity effects of NPs on growth rate
plants serve as nutrient supplies for animals and humans at and cellular senescence of plants have also been discussed
various places in the food web. Therefore, contamination of (Hong et al., 2005a; Ruffini et al., 2010; Raliya et al., 2014). The
the environment with TiO, NPs is of increasing concern, concentration of TiO, NPs has significant influence on the
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physiological responses of various plant species. However, the
response mechanisms of plants against TiO, NPs are complex
and remain incompletely understood.

The nanoparticles uptaken by plants deduce modifications of
plant growth and development (Da Costa and Sharma, 2016;
Wang et al., 2015; Marslin et al., 2017). Most studies reported
that high concentrations of NPs were toxic to the plants
(Miralles et al., 2012). Plant alters their cellular levels of
several metabolites in response to the types and concentration
of nanoparticles in their environment (Chayaprasert and
Sompornpailin, 2017). Soluble sugars are the basic energy
resources that are commonly accumulated in plant tissues or
organs. The level of soluble sugar rapidly changes according to
the environmental conditions (Rosa et al., 2009). These soluble
sugars can act as messengers in the signal transduction
processes and regulate the expression of genes involved in
several pathways (Rolland et al., 2006). Many researchers have
reported that sugar is involved in both positively and
negatively regulating gene expressions of plant secondary
metabolites at the transcriptional level (Rosa et al., 2009). For
example, sucrose can induce the expression of flavonoid-
involved gene and; thus, enhance flavonoid accumulation in
plant cells (Solfanelli et al., 2006; Jeong et al., 2010).

Flavonoids are a group of important organic compounds that
can be synthesized in most land plants. Plants synthesize
different subgroups of flavonoids, according to developmental
stages and environmental conditions. Flavonoids have broad
biological activities in both plants and humans because various
chemical structures are present. These compounds are
classified into subgroups depending on the oxidative stage of
the C ring in their structure (@yvind and Kenneth, 2006). An
important activity of flavonoids is the mitigation of oxidative
effects by reducing levels of reactive oxygen species (ROSs) on
the stressed cells. This occurs because of the antioxidant
properties of flavonoids. Our previous research showed that
transgenic overexpressing PRODUCTION OF ANTHOCYANIN
PIGMENT 1 (PAP1), a regulatory gene, strongly promoted
synthesis of flavonoids in response to light stresses, and also
increase cell protection (Sompornpailin and Kanthang, 2015).
This was similar to a result for Arabidopsis (Kaveh et al., 2013).
Metal oxide nanoparticles have the potential to induce
oxidative stress in plants and; thus, affect gene expression and
enzymatic activity levels (Ruffini et al., 2010; Kaveh et al,,
2013). Therefore, these transgenic plants are used to study the
responses to TiO, NPs and the results are compared to those
for WT plant. The research aim is to better understand plant
response to TiO, NPs and functions of flavonoids in plant cells.
In this study, TiO, NPs were used as components in plant tissue
culture medium to study their influence on the level of light
harvesting pigments and membrane integrity of the plants
used. The contents of sugar and flavonoid subgroups in WT
and transgenic tissues of the TiO, NPs treated plants were
measured. These contents are considered to be physiological
adaptations of the plants to the specific concentration of TiO,
NPs and are related to the stabilities of light harvesting
pigments and the integrity of plant cells.

TiO, NPs in the medium can be trans-located into the plant
system and affect cells and organelles. Plants adapt the
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biosynthetic rate of metabolic networks, according to the
concentration of nanoparticles. The relationships of various
metabolite accumulations in the tissue and level of
photosynthetic pigments are presented. The cell membrane
integrity of plant tissue grown under medium containing
different concentration of TiO, NPs was assessed by analyzing
the percentage of electrolyte leakage and malondialdehyde
(MDA) level. MDA is a byproduct of the oxidative reaction of
cell membrane damage and its level is indication of the
physiological status of the plant.

Effects of TiO, NPs on photosynthetic pigment contents

The contents of photosynthetic pigments, especially
chlorophylls, are known as major indexes for evaluating quality
of plant physiology. The different concentrations (0-40 mg LY
of TiO, NPs in tissue culture medium produced diverse
physiological effects on WT and transgenic plants. Although
the photosynthetic pigment levels of plant tissue are variable
depending on transgenic lines, under the conditions of this
experiment, 20 mg L’lTiOZ NPs added to the medium slightly
enhanced the levels of the main photosynthetic pigment
(chlorophyll a) in WT and in most transgenic plants by 2-10%.
Furthermore, this concentration of TiO, NPs in the medium
was associated with an increase in the levels of minor
pigments, chlorophyll b (by 15-30%) and carotenoids (by 20—
40%) in WT and transgenic plants in comparison to the same
plants grown in normal medium (Table 1).

In contrast to the results seen for plants grown in a medium
with 20 mg L™ TiO, NP, WT plants grown in 40 mg L™ TiO, NPs
medium showed reduced levels of chlorophyll a, chlorophyll b
and carotenoids by 26.6%, 17.6% and 2.9% respectively, when
compared to their growth in the normal MS medium. Under
conditions of 40 mg L* TiO, NPs medium, the chlorophyll a of
these transgenic was at a similar level to the same transgenics
grown under normal medium, while the chlorophyll b and
carotenoid levels in most transgenics were slightly higher than
those in plant under normal conditions. This finding implied
that 40 mg L* TiO, medium may be less (or non-toxic) to
transgenic plants containing PAP1 than it is to WT plants.
Titanium and iron are metallic elements that have similar
atomic size and electronegativity. Therefore, they may be able
to interchange in organic structures and catalytic functions. For
example, researchers reported that the titanium ion has the
potential to take the place of the magnesium ion in chlorophyll
pigments (Dujardin et al., 1975). Therefore, in this experiment,
adding 20 mg L? TiO, to the medium slightly enhanced the
percentage of chlorophyll a and highly increased the
percentages of chlorophyll b and carotenoids. On the other
hand, higher levels of titanium antagonize systems centered
oniron (Lyu et al., 2017) or other elements.

Effects of TiO, NPs on cell membrane integrity

TiO, NPs have a potential to induce oxidative damages on lipid
membrane and produces MDA as a byproduct. The results of
MDA level tests of the plant are present in Fig 1A. Damaged
membranes lose the ability to control the release of ions, and
therefore enhanced electrolyte leakage from cells occurs when
membranes are damaged. The electrolyte leakage from plant



cells under various conditions is presented as a percentage of
cell membrane injury in Fig 1B.

At the 20 mg L* TiO, NPs condition, WT and transgenic plants
have a content of MDA, approximately 20-50% lower than
those plants under the MS condition. Similarly, in terms of the
percentage of cell membrane injury, under this condition, both
WT and transgenics showed a 10-35% reduction of cell
membrane injury compared to the MS condition. The MDA
levels of plants grown in 40 mg L* TiO, NPs are the same or
only slightly lower (depending on plant line) compared to
those of plants grown in the non TiO, NPs condition. Medium
containing 40 mg. L* TiO, NPs slightly induces and increases
the percentage of cell membrane injury in tissues of WT and
some transgenic lines (T1 and T2), while the same conditions
did not have much effect on those plants in T3 and T4
transgenics. T5 Transgenic, grown in 40 mg. L* TiO, NPs,
showed higher MDA levels than the normal condition.
However, in the same 40 mg. L? TiO, NPs condition, this
transgenic line displayed a percentage of cell membrane injury
that was similar to the non TiO, NPs condition.

From the results of physiological parameters, photosynthetic
pigment contents, MDA levels and the percentage of cell
membrane injury, both WT and transgenic tobacco plants
grown in the 20 mg L? TiO, NPs medium presented better
plant physiology than plants grown in non TiO, containing
medium. The conclusion that TiO, NPs can promote plant
growth is similar to that found for spinach and mung beans
(Hong et al., 2005b; Zheng et al., 2005; Raliya et al., 2014). TiO,
NPs have been reported to enhance energy utilization and
improve efficiency of the photosynthetic system (Su et al.,
2009). Titanium is the second most abundant transition metal
after iron (Fe), and this element has synergistic functions with
Fe and enhances Fe uptake in plants (Lyu et al., 2017).
Therefore, it is considered as a micronutrient that has
beneficial effects for plant growth and development.

The severity effect of TiO, NPs depends on their concentration
and the adaptation of each plant variety. Media containing
moderately high concentrations of TiO, NPs (40 mg L'l) affect
WT and transgenic plants in different ways. TiO, NPs at a
concentration of 40 mg L" in medium seem to induce
deleterious effects on WT plants because negative
physiological results are presented. The percentage of cell
membrane injury is increased, and photosynthetic pigment
contents in WT are decreased. This is in agreement with
previous reports that found that NPs stimulated plant growth
in low concentrations, but inhibited plant growth at high
concentrations (Song et al., 2012).

The fact that higher levels of photosynthetic pigments have
been observed for plants grown under the TiO, NPs condition
seems to indicate that plants have been grown under ideal
conditions. However, high level of photosynthetic pigments
may lead to accumulation and; thus, high levels of ROS, which
are byproducts of oxygenic photosynthesis in plant systems.
Mohammadi et al. (2014) also found that chickpea grown
under TiO, NPs and stress conditions showed increased levels
of both ROS and chlorophyll. Furthermore, our results are also
similar to those found for phytotoxicity under conditions of
high TiO, concentration in maize and rice (Yang et al., 2015). In
addition, TiO, NPs are well-known as photo-catalysts under
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ultraviolet radiation and visible light. Thus, they have the
potential to induce oxidative stress in plant cells. Nanoparticles
oxidize water, which is a major component of cells. This
reaction generates hydroxyl radicals (OH’) and superoxide (02’
), which is a potent ROSs. Normally, the cells produce these
ROSs at an appropriate level for their cellular metabolism. For
this reason, TiO, NPs at concentration of 40 mg. L in medium
might induce the generating ROSs in WT plant at high levels.
Higher levels of ROS may severely damage cell membranes,
and thus the percentage of cell membrane injury is increased,
and the contents of photosynthetic pigments decreased.

Effects of TiO, NPs on metabolic responses

The level of TSS was increased in both WT and transgenic
plants, grown in medium containing 20 and 40 mg Lt TiO, NPs
(Fig 2). The level of TSS in WT plants grown under 20 and 40
mg L? TiO, NPs media was increased by 1.3 and 1.5 times,
respectively, compared to that for WT plants under non TiO,
conditions. The level of TSS in transgenic plants grown in
medium containing 20 and 40 mg Lt TiO, NPs MS media was
increased in the range of 1.1-1.3 and 1.1-1.5 times
respectively, compared to the levels in plants grown in non
TiO, NPs medium. The WT plants showed a higher rate of TSS
accumulation in tissues than was observed for most transgenic
lines. However, the basal levels of TSS in the tissue of the
transgenic lines, with the exception of T2 line, were higher
than basal levels in the WT plants.

The levels of flavonoids in WT and transgenic plants were
enhanced depending on the concentration of TiO, NPs in the
medium (Table 2). The flavone content of tobacco plants
grown in 20 mg L? TiO, NPs medium was about 1.1 times that
of WT plants and about 1.1-1.3 times the value found for
transgenic plants, when compared to their growth in the non
TiO, NPs medium. The flavonol contents of WT and transgenic
tobacco plants grown in 20 mg L™ TiO, NPs medium showed
about 1.1 times and 1.1-1.8 times greater values, respectively.
At this concentration of TiO, medium, the levels of an
anthocyanin subgroup in WT and transgenic plants were about
1.2 times and 1.1-1.4 times greater than levels in the same
plants under normal conditions. The highest content of the
flavonoid subgroups was found in all plants grown in 40 mg L?
TiO, NPs MS condition. Under these conditions, WT plants
contained flavone, flavonol and anthocyanin about 1.3, 2.3 and
1.4 times the levels of WT plants grown in non TiO, medium.
Under the same conditions, transgenic plants contained
flavone, flavonol and anthocyanin contents at levels that were
1.1-1.5, 1.1-2.2 and 1.2-1.7 times higher than levels for plants
grown under normal MS condition. These transgenic plants
contained flavone and flavonol subgroups at higher levels than
found for WT plant (2-3 times and 1.4-1.7 times, respectively).
The content of the anthocyanin subgroup for WT and most
transgenics did not differ among the plants at the same
condition. T3 transgenic had the highest content of all
flavonoid subgroups. In a similar way, this transgenic line had
the highest accumulation of flavonoid subgroup in response to
TiO, NPs levels.

Depending on their stage of development and environmental
conditions, plants modulate their metabolisms and synthesize



Table 1. Pigment contents (ug g'1 FW) in leaf tissue of wild type (WT) and PAP1 transgenic line (T1 to T5) grown under tissue culture
condition in MS medium with 0, 20 and 40 mg L? TiO, NPs.

Plant line  Chlorophyll a Chlorophyll b Carotenoid
MS 20 TiO, 40 TiO, MS 20 TiO, 40 TiO, MS 20 TiO, 40 TiO,

wT 28.240.4° 29.640.3" 20.740.3° 9.1+0.5° 10.4+0.7° 7.4+0.3f 7.3+0.6" 9,0£0.5¢ 7.120.1"
T1 31.3+0.5° 31.8+0.2° 31.3+0.3° 9.620.1° 11.940.3° 11.140.4° 8.640.1" 10.2+0.38 8.6:0.0"
T2 33.5+0.1° 34.7+0.4° 34.240.1° 10.5+0.1° 12.1+0.3¢ 11.140.4° 8.740.6" 10.0+0.28 10.00.1"
T3 25.3+0.2° 28.4+0.4° 25.5+0.6° 11.040.2 14.240.6° 11.940.3° 5.240.2' 7.8+0.2° 5.7+0.1"
T4 25.7+0.4° 27.0£0.1° 26.6+0.0° 9.240.2° 9.5+0.4° 10.90.3° 7.740.1° 9.240.1° 8.30.1"
5 27.0+0.1° 30.2+0.1° 28.3+0.2° 9.540.1° 11.1+0.4° 8.540.7° 7.840.1" 9.4£0.3¢ 8.0£0.2"

Different letters in each row of the same material represent a significant difference at p < 0.05
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Fig 1. Effects of TiO, NPs on cell membrane integrity: A Malondialdehyde (MDA) content (nmol mL’l), B Percentage of cell membrane
injury in wide type (WT) and PAP1 transgenic plant lines (T1 to T5) grown in MS with B 0, O 20, O 40 mg. Lt TiO, NPs added.

Table 2. Flavonoid content (A g'1 FW) in wild type (WT) and PAP1 transgenic plants (T1 to T5) grown on MS supplemented with 0, 20 and
40 mg L™ TiO, NPs.

Plant line Flavone Flavonol Anthocyanin
MS 20 TiO, 40 TiO, MS 20 TiO, 40 TiO, MS 20 TiO, 40 TiO,

wT 6.08+0.08° 6.31£0.07° 7.58+0.17° 0.75+0.01" 0.83+0.02° 1.74+0.04° 0.044+0.003' 0.054+0.002" 0.062+0.0018
T 11.06+0.13° 12.5+0.35" 15.740.27° 1.31+0.04" 2.2540.12° 2.86+0.04° 0.046+0.002' 0.054+0.005" 0.059+0.003%
T2 12.37+0.08° 14.43+0.31° 16.28+0.14° 1.14+0.00° 1.7240.02° 2.22+0.15° 0.049+0.002' 0.055+0.001" 0.065+0.005%
T3 14.67+0.12° 19.31#0.30°  21.16+0.19° 2.19+0.14" 2.70+0.08° 2.96+0.02° 0.057+0.004' 0.065+0.001" 0.070+0.004°
T4 13.47+0.22° 18.03+0.01° 19.6310.25° 1.89£0.01° 1.97+0.00° 2.46+0.13° 0.047+0.001' 0.053+0.004" 0.059+0.003¢
75 11.74+0.03° 12.27+0.24° 15.57+0.16" 1.41+0.01° 1.56£0.03° 1.61+0.00° 0.045+0.002' 0.050+0.001" 0.055+0.0018

Different letters in each row of the same materials represent significant differences at p < 0.05
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Fig 2. Total soluble sugar (ug mL) in leaf tissue of wild type (WT) and PAP1 transgenic plant line (T1 to T5) grown in MS with B 0, O 20,
040 mg L™ TiO, NPs added. Data shows mean values of three replicates + SD.
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specific metabolites for cellular defense. In this experiment,
flavonoid and sugar compounds in plant tissue were studied,
and the levels of both groups of metabolites were influenced
by the presence of TiO, NPs, with the effects being particularly
noticeable in transgenic plants. In general, the sugar content
found within a plant was in concordance with total flavonoid
content within the same plant. However, the levels of these
metabolites were not directly related to the plant physiological
status. Under the 20 mg L* TiO, NPs condition, photosynthetic
pigments in plant tissue were increased. This evidence implied
that photosynthetic rate of the plant had been enhanced. It
had been noted that the photosynthetic rate and level of
accumulated sugar are coordinately regulated by a metabolic
network (Rolland et al., 2006). The 40 mg L? TiO, NPs condition
slightly induced stress into the cellular physiology of the WT
plants as mentioned above. Under this stress condition, the
level of total soluble sugar in the WT plant tissues was not
related to the content of photosynthetic pigments because the
plants attempted to adjust their metabolites to handle the
stress.

Soluble sugars are basal metabolites that are quickly
synthesized in response to oxidative stress. The level of total
soluble sugar in plant tissues found in plants grown in the 40
mg L? TiO, NPs condition was very high. This was probably due
to the fact that sugar is a signal molecule and substrate for the
synthesis of defensive molecules (Rosa et al., 2009).

Under this experimental condition, the two concentrations of
TiO, NPs in the medium caused increased accumulations of TSS
and all flavonoid subgroups in PAP1 transgenics and WT
tissues. This would seem to correspond with the results of TiO,
NPs effects on the expression of flavonoid genes (Jeong et al.,
2010). The high level of sugar can be converted into reducing
power that is used for producing antioxidants that are used by
the cells to lower the levels of ROS generated from TiO, NPs
(Petrov et al.,, 2015). Previous research has dealt with the
effects of sugar in inducing the expression of flavonoid
biosynthetic genes (Xiao et al., 2000). Soluble sugars act as
internal signals, which coordinate functions in the regulation of
metabolic processes in plants (Rolland et al.,, 2002).
MYB75/PAP1 regulatory protein is necessary for the function
of the sugar regulating gene involved in flavonoid biosynthesis
(Teng et al., 2005). Therefore, the overexpressing PAP1 protein
in transgenic plants could enhance the response of sugar
synthesis and; thus, cause an increase in the accumulations of
flavonoids.

In the case of the medium containing 40 mg L? TiO, NPs,
chlorophyll a in the transgenics was at a similar level to the
same transgenics grown under normal medium conditions,
whereas chlorophyll b and carotenoid levels in most
transgenics were slightly higher than those in plants under
normal condition. This result showed that 40 mg L* Tio,
medium may be less or non-toxic to transgenic plants
containing PAP1, compared to WT plants. This result indicated
the better adaptations of transgenic plants under moderate to
high concentration of TiO, although the highest level of
flavonoid subgroups was found in transgenic and WT plants
grown under 40 mg L? TiO, NPs. Transgenic overexpressing
PAP1 gene plants contained higher flavone and flavonol levels
than WT plants under TiO, NPs and non TiO, NPs conditions,

585

while the level of anthocyanin subgroups was similar among
the plants in the same conditions. The physiology of PAP1
transgenic plants was compared with those of normal WT
plants, and the flavone and flavonol subgroups could well-
mitigate the deleterious effects of TiO, NPs. Moreover, these
flavonoids are not only reducing the levels of radicals inside
the cell but are also directly reducing the toxicity of metal ions
(Chobot et al.,, 2013). Our result is similar to that of other
researchers who reported that plants strongly produce
flavonoids in their tissues to protect the photosynthetic
apparatus against oxidative stress (Zheng et al., 2005; Su et al.,
2009).

Plant and treatments

WT and transgenic tobacco overexpressing PAP1, T1-T5, as
described by Sompornpailin and Kanthang (2015) were used in
the experiment. Tobacco shoots were placed in MS medium
containing a formula designed by Murashige and Skoog (1962)
and MS medium with 20 and 40 mg L™ of manufactured TiO,
NPs (24.0+1.9 nm; Evonik Industries). All samples were
maintained under tissue culture conditions at 25+2°C (18 hours
in light and 6 hours in darkness) for 4 weeks before further
analysis was undertaken.

Effects of TiO, NPs on photosynthetic pigment contents

The four-week old plants were cultured under 0, 20, and 40 mg
L of TiO, NPs medium conditions that were used for analyzing
the photosynthetic pigment contents in leaf tissue. Fifty
milligrams of ground leaf powder were extracted with 1.5 ml
acetone and incubated at 4°C for 48 hours. The contents of
chlorophyll a, chlorophyll b and carotenoid were estimated as
described by Reiss (1994).

Effects of TiO, NPs on cell membrane integrity

Cell membrane integrity in plant tissue was estimated by two
methods. The first method involved the detection of the level
of malondialdehyde (MDA), a byproduct of lipid peroxidation
in plant tissue. Plant tissue was ground into a powder and
extracted with 0.1% trichloroacetic acid at room temperature
for 1 hour and the residues were removed by centrifugation.
An aliquot of each sample was tested following the

thiobarbituric acid reactive substances assay (TBARS),
following the method of Hodges et al. (1999).
Second, the percentage of cell membrane injury was

calculated by comparing the electrical conductivity (EC) of the
treated sample with total EC content after boiling the sample.
This protocol was a modified version of the method of Bajji et
al. (2002). Leaf samples were cut into small pieces and dipped
into deionized water at 302C for 30 minutes. The initial
electrical conductivity (ECi) of the plant dipped into water was
measured by a conductivity meter. The final electrical
conductivity (ECf) was measured after six hours of plant
immersion. The water containing pieces of leaves was boiled at
1009C for 1 minute. The sample was cooled down and the total



electrical conductivity (ECt) was then measured. The EC values
of each sample were collected, and the electrolyte leakage
calculated and presented as the percentage of cell membrane
injury using the following equation:

ECf — ECi

Cell membrane injury (%) = B

ct—Eq < 100

Effects of TiO, NPs on metabolic responses

In this experiment, the levels of total soluble sugar, which is a
basic energy resource, and flavonoids, which are antioxidant
substances, were analyzed in leaf samples. The extraction
method of TSS followed Shou et al. (2004) method. Typically, a
500 mg leaf sample was ground in liquid nitrogen and
extracted with 80% ethanol. The sample was agitated at 250
rom at room temperature for 1 hour and kept at 4 °C
overnight. The supernatant was separated from insoluble
residuals by centrifugation. Equal volumes of water and
chloroform were added to the separated supernatant and
mixed well. This mixture was then centrifuged. The
supernatant was transferred to a new tube and diluted to 10X
with DI water. A 100 pl sample of the solution was analyzed for
total soluble sugar using the Phenol-Sulfuric method as
described by DuBois et al. (1956). TSS of the sample was
calculated from a standard calibration curve of sucrose.
Flavonoid extraction and analysis were performed as described
by Harborne (1998). A 500 mg leaf sample was used for
flavonoid analysis by extraction with 2 ml extraction buffer
(MeOH: H,0, 2:3) with 1% HCI. The sample was agitated at
room temperature at 250 rpm for 2 hours, and then
chlorophylls were precipitated with chloroform. The flavonoid
content of the solution was measured via spectrophotometer
with the specific absorbance of flavonoid subgroups being
checked absorbance values of the sample was calculated per
gram fresh weight (A g'1 FW). The mean 1SD of A g'1 FW in
each treatment was presented.

Statistical analysis

The treatments were manipulated in completely randomized
design (CRD) with 3 replicates. Statistical analysis was
performed using one-way analysis of variance (ANOVA) and
Duncan’s multiple range test (DMRT). The data were presented
as means 1SD. Significance at a P value < 0.05 differences
among means were determined by LSD test.

The toxicity of TiO, NPs depends on their concentration at
specific conditions. In this experiment, 20 mg L? TiO, NPs in
culture medium had beneficial effects on plant physiological
parameters (photosynthetic pigments, cell membrane injury)
because elemental titanium has synergistic functions with
elemental iron. A culture medium containing 40 mg L* TiO,
NPs may enhance oxidative stress and cell membrane injury of
WT plants. The flavone and flavonol contents of the plant
tissues of PAP1 transgenics were analyzed. We concluded that
a relationship between enhanced plant protection and
concentrations of TiO, NPs in the medium is present.
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Transgenic plants that contained high flavone and flavonol
levels have a greater potential to relieve the harmful effects of
oxidative TiO, NPs than do WT plants.
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