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Abstract Titanium dioxide (TiO2) is one of the most widely
used pigments in the world. Due to its heavy use in industry
and daily life, such as food additives, cosmetics, pharmaceu-
ticals, and paints, many residues are released into the environ-
ment and currently TiO2 nanoparticles are considered an
emerging environmental contaminant. Although several stud-
ies have shown the effect of TiO2 nanoparticles on a wide
range of organisms including bacteria, algae, plankton, fish,
mice, and rats, little research has been performed on land
plants. In this study, we investigated the effect of TiO2

nanoparticles on the growth, development, and gene expres-
sion of tobacco, an important economic and agricultural crop
in the southeastern USA as well as around the world. We
found that TiO2 nanoparticles significantly inhibited the ger-
mination rates, root lengths, and biomasses of tobacco seed-
lings after 3 weeks of exposure to 0.1, 1, 2.5, and 5 % TiO2

nanoparticles and that overall growth and development of the
tobacco seedlings significantly decreased as TiO2 nanoparticle
concentrations increased. Overall, tobacco roots were themost
sensitive to TiO2 nanoparticle exposure. Nano-TiO2 also sig-
nificantly influenced the expression profiles of microRNAs
(miRNAs), a recently discovered class of small endogenous
noncoding RNAs (∼20–22 nt) that are considered important
gene regulators and have been shown to play an important role
in plant development as well as plant tolerance to abiotic
stresses such as drought, salinity, cold, and heavy metal.
Low concentrations (0.1 and 1 %) of TiO2 nanoparticles
dramatically induced miRNA expression in tobacco seedlings
with miR395 and miR399 exhibiting the greatest fold changes
of 285-fold and 143-fold, respectively. The results of this
study show that TiO2 nanoparticles have a negative impact

on tobacco growth and development and that miRNAs may
play an important role in tobacco response to heavy metals/
nanoparticles by regulating gene expression.
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Introduction

Titanium dioxide (TiO2) is a common whitening agent used in
the production of foods, sunscreens, cosmetics, plastics, med-
icines, papers, pharmaceuticals, and paints. Estimates have
shown that approximately 4 million metric tons of bulk TiO2

is produced annually around the globe with the USA leading
production with 1.3 million metric tons (Lubick 2009). TiO2

production also accounts for 70 % of the total amount of
manufactured pigments worldwide (Baan et al. 2006;
Trouiller et al. 2009). TiO2 is becoming increasingly used in
the industry due to its white pigment, ability to block ultravi-
olet light, and photocatalytic properties that are commonly
used to destroy pollutants in soil, air, and water/wastewater
treatment (Aarthi and Madras 2007; Higarashi and Jardim
2002).

Due to its heavy use in the industry and daily life, many
TiO2 residues are released into the environment, and currently,
TiO2 nanoparticles are being considered an emerging environ-
mental contaminant. Studies analyzing the health effects of
TiO2 nanoparticle exposure have led it to be classified by the
International Agency for Research on Cancer as a group 2B
carcinogen, meaning that it is potentially harmful to humans
(Baan et al. 2006). Accordingly, mounting evidence has shown
that TiO2 nanoparticles create lipid peroxidation products and
reactive oxygen species that induce epithelial cell injury and
oxidative DNA damage in cell lines, mice, and rats (Falck et al.
2009; Trouiller et al. 2009). Since TiO2 nanoparticles are a
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potential hazard to human health, studies in rat models have
shown that lung cancer can be induced after exposure to nano-
TiO2 (Pott and Roller 2005). It should be noted, however, that
no studies have shown a correlation between TiO2 nanoparticle
exposure and the development of lung cancer in industry
workers (Boffetta et al. 2004; Fryzek et al. 2003).

As the manufacturing and industrial use of TiO2 increases,
the amount of TiO2 nanoparticles released into the environ-
ment is also likely to increase. This is due in part to the high
use of TiO2 and the ability of TiO2 nanoparticles to travel
freely through wastewater treatment plants and enter neigh-
boring soils and streams (Kiser et al. 2009; Lubick 2009).
Therefore, TiO2 is also being investigated as a potential envi-
ronmental contaminant and the effect of TiO2 in water (Adams
et al. 2006; Kaegi et al. 2008) and on soils (Higarashi and
Jardim 2002;Mattigod et al. 2005), bacteria (Kubo et al. 2005;
Wang et al. 2009), algae (Hartmann et al. 2009; Hund-Rinke
and Simon 2006), fungi (Sichel et al. 2007), plankton (Hund-
Rinke and Simon 2006; Lovern and Klaper 2006; Lovern
et al. 2007), and fish (Federici et al. 2007; Reeves et al.
2008) have been analyzed. A recent study has also observed
that TiO2 nanoparticles cause genetic toxicity to Salmonella
typhimurium (Pan et al. 2010). It is surprising, given the
increasing concern of TiO2 nanoparticles to the environment,
that only two studies have analyzed the effect of TiO2

nanoparticles on plants (Asli and Neumann 2009; Zheng
et al. 2005), and no study has been performed on understand-
ing the effect of nanoparticles on regulatory RNAs.

microRNAs (miRNAs) are a recently discovered class of
small regulatory endogenous RNAs (∼20–22 nt) that do not
code for proteins (Bartel 2004; Zhang et al. 2006). miRNAs
play an important role in plant growth and development as
they have been shown to aid in leaf development (Juarez et al.
2004), stem and root growth (Laufs et al. 2004; Mallory et al.
2004), organ maturation (Achard et al. 2004; Aukerman and
Sakai 2003; Chen et al. 2004; Mlotshwa et al. 2006), and the
plant’s ability to withstand abiotic stresses (Jones-Rhoades
and Bartel 2004; Sunkar and Zhu 2004). miRNAs target
messenger RNAs (mRNAs) and regulate gene expression by
marking these mRNAs for degradation or repressing protein
translation (Bartel 2004; Vaucheret 2006). Recent studies have
shown that miRNAs mediate the expression of more than
30 % of genes coding for protein (Lewis et al. 2005; Xie
et al. 2005), and this number is expected to rise as more
miRNAs and their target sequences are identified.

miRNAs have been shown to play an important role in many
biological and metabolic processes. Specifically, certain
miRNAs have been identified in plant responses to abiotic
stresses. For example, miR156, miR169, miR395, miR399,
and miR399* (miR399* is the opposite strand of miR399 in
the pre-miRNA stem-looped structure) expression levels are
altered during the response of Arabidopsis to phosphate starva-
tion (Fujii et al. 2005; Hsieh et al. 2009). miR398 and miR408

have been shown to be upregulated in drought-exposed
Medicago truncatula plants (Trindade et al. 2010), and
miR398 has been implicated in plant response to copper and
oxidative stress (Abdel-Ghany and Pilon 2008; Sunkar et al.
2006). miRNA expression has also been shown to be altered
under both cold (Zhang et al. 2009; Zhou et al. 2008a) and salt
(Ding et al. 2009; Jia et al. 2009) stresses.

In this study, we used tobacco as a model species to analyze
the effect of TiO2 nanoparticles on the growth, development,
and miRNA expression levels of an agricultural plant. Tobac-
co is an important economic and agricultural crop in the
southern USA as well as around the world. Although much
research has been dedicated to this crop, no experiments have
shown the effects of TiO2 nanoparticles on tobacco growth
and development. We found that as the concentration of nano-
TiO2 increased, the germination rates, root lengths, biomasses,
and leaf counts of 3-week-old tobacco seedlings decreased in
a concentration dependent manner. We also found that the
expression levels of miRNAs were either up- or downregulat-
ed in response to increasing TiO2 nanoparticle concentrations.
Ultimately, we were able to conclude that TiO2 nanoparticles
negatively affect tobacco growth and that miRNAs may play
an important role in tobacco plants response to heavy metal
toxicity, including nanoparticles.

Materials and methods

Tobacco treatment

Tobacco (Nicotiana tabacum ) seeds were sterilized in 70 %
ethanol for 2 min followed by 10 % bleach for 15 min. The
seeds were then rinsed with sterile distilled water until no
bleach odor remained. Sterilized seeds were sowed on Petri
dishes containing Murashige and Skoog (MS) medium con-
taining Gamborg’s B5 vitamins (0.44 % salts, 1 % sucrose,
0.8 % agar, pH 5.8) and 0, 0.1, 1, 2.5, or 5 % TiO2

nanoparticles. TiO2 nanoparticles were purchased from Sig-
ma. The part size is less than 25 nm with more than 99.5 %
purity. A total number of 25 seeds were sowed per plate, and
there were a total number of 5 plates for the control and each
treatment with different TiO2 nanoparticle concentrations. The
plates were inverted at a 75° angle to promote downward root
growth and allowed to grow for 3 weeks on a 16-h day/8 h
night cycle.

Measuring germination rate, leaf count, root length,
and biomass

After 3 weeks of growth, the germination rate of all five plates
for the control and each concentration of nano-TiO2 was
recorded. We followed the procedure as described in Lin and
Xing (2007), in which we recorded a seed germinated if the
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radical or cotyledon was observed protruding from the seed
coat. The number of leaves per seedling per plate for the
control and different concentrations of TiO2 was also
recorded. Seedlings were removed from the media, and the
root lengths of the control, 0.1 % TiO2, and 1 % TiO2 plates
were measured (in centimeters) using a standard ruler. The
root lengths of 2.5 and 5 % seedlings were not measured
because no roots were formed. In the case where more than
one root was formed, all roots were measured, but only the
largest root measurement was used in calculating average root
length. Once root lengths were recorded, seedlings were then
placed on a weigh boat and the weight of biomass measured
using a Discovery 214C balance (OHaus, Pine Brook, NJ).
After the biomass of each plate was recorded, the seedling
tissue was immediately placed in liquid nitrogen and stored at
−80 °C until RNA extraction.

Total RNA extraction

Total RNAwas isolated from the 3-week-old seedlings using
the mirVana miRNA Isolation Kit (Ambion, Austin, TX)
according to the manufacturer’s protocol. Total RNAwas then
quantified and assessed for quality using a Nanodrop ND-
1000 (Nanodrop Technologies, Wilmington, DE). RNA sam-
ples were stored at −80 °C until further analysis.

Analyzing microRNA expression changes using RT-PCR
and qRT-PCR

Quantitative real-time PCR (qRT-PCR) has become one of the
most mature techniques to detect the miRNA expression in
different organisms; this is because it can be used to distin-
guish one single nucleotide change during the miRNA se-
quence, and it is highly sensitive to miRNA expression (Chen
et al. 2005). This technique has been used to measure and
validate miRNA expression in many plant species. Thus, in
this study, Applied Biosystems TaqMan microRNA Assays
were employed to detect and quantify tobacco miRNAs using
stem loop real-time PCR according to the manufacturer’s
instructions. There were two steps in the TaqMan miRNA
Assays: (a) reverse transcription of the mature miRNA to a
longer single-stranded cDNA sequence using a miRNA-
specific stem-looped primer and (b) quantitative real-time
PCR. Briefly, a single-stranded miRNA cDNAwas generated
from 1 μg of the total RNA from the control, 0.1 %, and 1 %
TiO2 nanoparticle tissue samples by reverse transcription
using the Applied Biosystems TaqMan microRNA Reverse
Transcription Kit and miRNA-specific stem-looped RT
primers. Each reaction was repeated in triplicate. In total, we
investigated changes in the expression levels of 11 different
miRNAs (miR156, miR159, miR162, miR167, miR169,
miR172, miR393, miR395, miR396, miR398, and miR399)
and 2 stress-related genes (alcohol dehydrogenase (ADH)

and alcohol peroxidase (APX)). The reason for selecting
these 11 miRNAs is because these 11 miRNAs were
aberrantly expressed during abiotic stresses in model
plant species or play important role in plant growth
and development (Khraiwesh et al. 2012; Zhang et al.
2006). Two housekeeping genes (elongation factor 1
(EF1) and tubulin) were used as reference genes to
normalized expression values. All reactions were performed
in triplicate, and the results were analyzed using the ΔΔCT

method.

Results

Nano-TiO2 inhibited tobacco seed germination and plant
growth

After 3 days of planting, seeds started to germinate. At low
concentrations (0.1 and 1.0 %), nano-TiO2 did not affect
tobacco seed germination (Fig. 1a). However, nano-TiO2 sig-
nificantly affected tobacco seed germination at higher concen-
trations (p =0.016). When 2.5 % TiO2 nanoparticles were
added into the MS medium, the germination rate of seeds
decreased from 98–100 to 93.60±3.58 %. Also, the germina-
tion of tobacco seeds was completely inhibited by exposure to
5.0 % nano-TiO2. Although tobacco seeds germinated with a
higher percentage after exposure to 2.5 % nano-TiO2, it was
hard for these seeds to produce roots and fully developed
cotyledons. Therefore, the germinated seedlings quickly died
within about 1 week.

After 3 weeks, there was a significant obvious decrease
in plant growth and development after exposure to elevat-
ed TiO2 nanoparticle concentrations as evidenced by de-
creases in root lengths (p <0.001), leaf numbers (p <0.001)
as well as plant biomasses (p <0.001) (Figs. 1 and 2).
Roots were the most sensitive to TiO2 nanoparticle expo-
sure (Fig. 1b). Under normal conditions, the root lengths
reached to 1.43±0.15 cm after 3 weeks of culture; how-
ever, after exposure to 0.1 and 1 % nano-TiO2, the root
lengths were significantly reduced to 0.74±0.05 and 0.21±
0.04 cm (p <0.001), respectively. A 2.5 % nano-TiO2

completely inhibited the appearance and elongation of
roots. An interesting phenomenon is that TiO2 nanoparticle
exposure influenced differential root patterns. Tobacco is a
dicot; generally speaking, one seed only produces one
major root. However, after exposure to 1.0 % TiO2, a
majority of tobacco seedlings produced two roots, al-
though both were very short with an average of 0.21±
0.04 cm after 3 weeks of growth. One of the potential
reasons is that nano-TiO2 exposure can damage the major
root apical meristem and therefore allow the seedlings to
produce an additional root from the damaged location
(Fig. 2c).
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Exposure to nano-TiO2 also influenced tobacco leaf develop-
ment as demonstrated by a reduction in the total number of
leaves and the leaf size. After exposure to nano-TiO2, tobacco
leaves grew much smaller compared to the untreated control
(Fig. 2). The averages for total leaf number were 4.07±0.19,
3.92±0.06, 4.19±0.24, and 1.72±0.63 for the control, 0.1 %
nano-TiO2, 1 % nano-TiO2, and 2.5 % nano-TiO2 groups, re-
spectively (Fig. 1c). Although TiO2 nanoparticle exposure sig-
nificantly reduced the total number of seedling leaves at higher
concentrations (2.5%; p<0.001), no significant differences were

observed between the untreated control and low nano-TiO2

treatments (p=0.536 for 0.1 % and p=0.626 for 1 %).
TiO2 nanoparticle exposure significantly reduced plant

growth and biomass even at very low concentrations
(Figs. 1d and 2; p <0.001). For the untreated control, the
average biomass was 146±49 mg. Nano-TiO2 significantly
inhibited tobacco plant growth, and plant biomass was re-
duced to 81±21 mg after exposure to 0.1 % nano-TiO2 (p <
0.001). However, there was no significant difference in plant
biomass between the 0.1 and 1 % TiO2 nanoparticle
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Fig. 1 Effect of nanoparticle TiO2 on tobacco seed germination, growth, and development. a Germination rate, b root length, c total number of leaves,
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A  B  C D
Fig. 2 Effect of nano-TiO2 on
tobacco growth and development
after 3 weeks of treatment. A MS
media (control). B MS+0.1 %
nano-TiO2. C MS+1 % nano-
TiO2. D MS+2.5 % nano-TiO2.
Figure 2c shows that multiple
roots were generated from the
damaged sites
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treatments (p =0.431). When 2.5 % nano-TiO2 was added into
the medium, almost all seedlings died within 1 week of
germination and minimal plant biomass was harvested
(Fig. 1d).

TiO2 nanoparticles affect miRNA expression in tobacco

TiO2 nanoparticle exposure significantly affected miRNA ex-
pression (Fig. 3). Among the 11 miRNAs investigated in this
study, the miRNA expression levels were upregulated at both
concentrations (0.1 and 1.0 %) after nano-TiO2 exposure for all
miRNAs except miR156 at high concentration (1.0 %).
According to their response to nano-TiO2 exposure, these 11
miRNAs could be classified into three groups: (1) miRNAs
whose expression levels were increased as TiO2 nanoparticle
concentrations increased, the majority of tested miRNAs
belonged to this group, which included miR169, miR393,
miR395, miR399, miR172, and miR396; (2) miRNAs whose
expression levels decreased as TiO2 nanoparticle concentra-
tions increased, there are two miRNAs (miR159 and miR156)
that belonged to this group; and (3) miRNAs whose expression
levels were not significantly changed as TiO2 nanoparticle

concentrations increased, there are three miRNAs (miR162,
miR167, and miR398) that belonged to this group.

Among the 11 tested miRNAs, miR395 and miR399 were
the two most sensitive to nano-TiO2 exposure, exhibiting the
greatest fold changes to 285-fold and 143-fold, respectively.
This suggests that these two miRNAs play an important
function in tobacco seedlings facing nanoparticle or metal
stress. It was also observed that these two miRNAs were
upregulated under different environmental abiotic stresses,
such as drought and salinity stress in other plant species
(Jones-Rhoades and Bartel 2004; Zhao et al. 2007). Six
miRNAs (miR169, miR159, miR393, miR398, miR396, and
miR172) are moderately sensitive to nano-TiO2 exposure,
exhibiting at least a 10-fold change after 3 weeks of growth
on the medium containing 0.1 or 1.0 % of TiO2. However,
miR156 and miR162 were less sensitive to nano-TiO2 expo-
sure as they exhibited only less than a 2-fold change after
3 weeks of treatment. According to previous studies, miR156
regulates plant leaf development (Schwab et al. 2005; Zhang
et al. 2006), and no study has reported that miR156 plays a
function in stress response. In this study, we observed that
miR156 expression is upregulated by 0.1 % nano-TiO2 but
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inhibited by 1.0 % nano-TiO2. One potential reason for this
change is that nano-TiO2 inhibited tobacco seedling develop-
ment and therefore the decrease in expression was due to a
decrease in overall plant growth (Figs. 1 and 2).

TiO2 nanoparticles affect the expression of stress-related
genes in tobacco

In this study, we also observed that TiO2 nanoparticle treatment
affected the expression levels of stress-related genes. Both APX
and ADH were significantly upregulated by both 0.1 and 1 %
nano-TiO2 concentrations after 3 weeks of exposure. ADH and
APX showed relatively the same fold increase in expression in
0.1 % TiO2 nanoparticle-exposed seedlings with ADH increas-
ing 3.9-fold and APX increasing 3.6-fold. At a higher concen-
tration (1.0 %), TiO2 nanoparticles increased the expression of
ADH to 5.73-fold, while the expression of APXwas kept around
a 3.5-fold change. This suggests that nanoparticle treatment also
induces abnormal expression of stress-related genes, and plants
may have similar mechanisms to handle both nanoparticle
toxicity as well as other abiotic stresses.

Discussion

Nanoparticles are used in a variety of applications (paints,
papers, manufactured products, etc.) and are interesting to
study because their large surface area to volume ratio often
times leads to an increase in reactivity (Gao and Zhang 2001).
As nanotechnologies become increasingly used, nanoparticles
will continue to be an environmental concern, and the phyto-
toxicity of these nanoparticles on terrestrial plants must be
elucidated. In this study, we analyzed the effect of TiO2

nanoparticles on the growth and development of tobacco
seedlings. We found that as TiO2 nanoparticle concentrations
increased, the germination rates, leaf counts, root lengths, and
overall biomasses of the tobacco seedlings decreased. We also
found that TiO2 nanoparticles influenced miRNA expression
levels in tobacco.

The results of our study correspond to the results of other
studies in which germination rates of ryegrass and corn were
inhibited by Zn and ZnO nanoparticles (Lin and Xing 2007),
and black cumin and wheat germination rates were inhibited
by Zn2+ (El-Ghamery et al. 2003). Our results are slightly
different from those found by Zheng et al. (2005), in which
they found that low concentrations of nano-sized TiO2 en-
hanced the germination rates of naturally aged spinach seeds
(Zheng et al. 2005).While TiO2 nanoparticles did not enhance
the germination rate of the tobacco seeds, we did not observe a
linear decrease in germination rate either, and germination
rates rather decreased as TiO2 nanoparticle concentrations
reached 2.5 % and above. One potential reason is that Zheng
et al. only used TiO2 to treat spinach seeds, while we added

TiO2 into the medium for longer exposure time. The seed coat
has been shown to play a vital role in protecting the embryo
from dangerous environmental factors (Wierzbicka and
Obidzinksa 1998). Lin and Xing (2007) offered the explana-
tion that even though seeds are exposed to nanoparticles, the
nanoparticles cannot invade the seed coat and effect germina-
tion (Lin and Xing 2007). Therefore, it is only after the seed
begins to germinate that it comes into contact with the
nanoparticles. In this study, we noticed a corresponding de-
crease in overall tobacco growth with an increase in TiO2

nanoparticle concentration, suggesting that the nanoparticles
have a negative impact on tobacco growth after seed germi-
nation has begun.

In this study, we also observed a decrease in average root
length of tobacco seedlings as TiO2 nanoparticle concentra-
tions increased. Seedlings grown in 0.1 % nano-TiO2 exhib-
ited a decrease in average root growth by 48% as compared to
the control. An even greater inhibition of root growth was
observed in 1 % nano-TiO2 tobacco seedlings as the average
root growth was reduced by 85 %. At 2.5 % nano-TiO2, no
root growth was observed. Therefore, we were able to show
that TiO2 nanoparticles have a negative impact on the devel-
opment of tobacco roots.

The phytotoxicity of other metal oxide nanoparticles on the
root growth of a variety of plant species has also been evalu-
ated. Results have shown that nano-Al2O3 negatively impacts
root development in corn (Lin and Xing 2007) and that ZnO
nanoparticles damage epidermal and cortical cells in the roots
of ryegrass (Lin and Xing 2008), leading to an overall de-
crease in plant growth. The mechanism by which TiO2

nanoparticles affect root growth in tobacco still needs to be
investigated; however, a recent study by Asli and Neumann
(2009) showed that TiO2 nanoparticles affected the water
transport ability of maize roots. The authors were able to show
that TiO2 nanoparticles formed aggregates along the root cell
wall that blocked the absorption of water, ultimately leading to
reduced shoot and leaf development (Asli and Neumann
2009). Therefore, TiO2 nanoparticles might inhibit tobacco
root development by interfering with the pore on the root cell
wall and reducing water uptake.

It should be noted that tobacco seedlings grown on 1 %
nano-TiO2 producedmore than one root. If TiO2 nanoparticles
do adhere to the root cell walls of tobacco seedlings, the
growth of more than one root would be necessary in order to
increase water uptake and promote plant development.

Overall biomass of tobacco seedlings decreased as TiO2

nanoparticle concentration increased. A 47 % decrease in
biomass, as compared to the control, was observed for 0.1 %
nano-TiO2 seedlings. Interestingly, seedlings grown on 1 %
nano-TiO2 showed only a 37 % reduction in overall biomass.
This result is surprising since a decrease in root development
and an overall decline in plant health was noticed in these
plants. The increase in biomass could be attributed to an intake
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of TiO2 nanoparticles. A recent study has shown that carbon-
coated iron nanoparticles can be transported through the xy-
lem in pumpkin plants (Corredor et al. 2009), and alternate
studies have demonstrated that copper (Lee et al. 2008) along
with Zn and ZnO (Lin and Xing 2008) nanoparticles can also
be taken in by plant roots. It is possible that, over the 3-week
course of this experiment, TiO2 nanoparticles entered into the
tobacco seedlings through pores in the root cell wall. This
would cause the slight increase in biomass that was observed
for tobacco seedlings exposed to 1 % nano-TiO2.

As the TiO2 nanoparticle concentration increased, a visible
reduction in plant health occurred. Tobacco seedlings exposed
to increasing levels of nano-TiO2 exhibited yellowing,
wilting, reduced leaf sizes and leaf counts, reduced root
growth, and a decrease in shoots. In the case of tobacco seeds
grown on 2.5 % nano-TiO2, no roots were formed. The results
from our study do not agree with those by Zheng et al. (2005),
in which they concluded that nano-TiO2 improved the growth
of spinach plants (Zheng et al. 2005). Our results, however, do
agree with others and appear to be symptoms of heavy metal
toxicity (El-Ghamery et al. 2003; Lin and Xing 2008) and
indicate cell death (Abraham 1997). Since TiO2 nanoparticles
have been shown to induce the formation of reactive oxygen
species leading to oxidative DNA damage and lipid peroxida-
tion (Falck et al. 2009; Federici et al. 2007; Trouiller et al.
2009), a future study is needed to determine the mechanisms
of TiO2 nanoparticle toxicity on tobacco. Alternate studies, as
suggested by Murashov (2006), are also needed to determine
if disassociation of the titanium ion is a cause of phytotoxicity
rather than the TiO2 nanoparticles themselves (Murashov
2006).

miRNAs are a newly discovered class of small regulatory
RNAs (Bartel 2004) that have been shown to play a role in
plant response to many environmental stresses such as
drought (Zhao et al. 2007), salinity (Jia et al. 2009), and cold
(Zhang et al. 2009). miRNAs have also been identified in
plant response to heavy metals. For instance, Sunkar et al.
(2006) have shown that miR398 targets two related superox-
ide dismutase genes in Arabidopsis and by downregulating
this miRNA, the plant has a higher tolerance to copper and
zinc metals (Sunkar et al. 2006). Other investigations have
analyzed the effect of cadmium, aluminum, and mercury on
miRNA expression levels in Medicago truncatula and rice
and have found that miRNA expression levels are altered after
exposure to heavy metals (Huang et al. 2009; Zhou et al.
2008b).

In this study, we analyzed changes in expression levels of
11 miRNAs in response to TiO2 nanoparticles. We found that
all 11 miRNAs were upregulated and, in comparison to the
control plants, miR399b and miR395a in tobacco seedlings
exposed to 1 % nano-TiO2 exhibited the greatest fold changes
of 143 and 285, respectively. The expression levels of two
stress-related genes, ADH and APX, were also upregulated

after exposure to TiO2 nanoparticles. Since miRNAs do play a
significant role in negatively regulating gene expression, we
can assume that the upregulation of these miRNAs is affecting
the expression levels of many important developmental genes.
This would explain, in part, the observed decrease in overall
plant growth.

In conclusion, TiO2 nanoparticles had a negative impact on
the growth and development of 3-week-old tobacco seedlings.
An overall reduction in germination rates, leaf counts, root
lengths, and biomasses were observed in seedlings exposed to
0.1, 1, 2.5, and 5 % nano-TiO2. This result could be due to the
interference of TiO2 clusters with the root cell wall, ultimately
inhibiting water uptake, or the induction of reactive oxygen
species leading to oxidative DNA damage and lipid peroxida-
tion of the cell membrane in tobacco cells. More research needs
to be performed in order to elucidate the mechanisms of TiO2

nanoparticle toxicity and to determine if phytotoxicity is caused
by dissociation of the titanium ion. As the manufacturing of
TiO2 continues to increase, TiO2 nanoparticles will continue to
be released into the environment. Studies have shown that TiO2

nanoparticles can reach depths of between 40 and 370 cm in
soil suspensions (Fang et al. 2009). Therefore, the phytotoxicity
of TiO2 on important crop plants, such as tobacco, must be
investigated.

microRNA expression levels in tobacco were also altered
after exposure to nano-TiO2. In particular, miR399 and
miR395 exhibited the greatest fold increases of 143 and 285,
respectively. Our study analyzed changes in expression levels
of 11 conserved miRNAs. In order to identify novel tobacco
miRNAs that may play a role in plant tolerance to heavy metal
stress, other experiments such as high throughput deep se-
quencing or direct cloning will be needed. We found that TiO2

nanoparticles affected miRNA expression levels in tobacco
and since they function as important gene regulators, miRNAs
may play a vital role in tobacco response to heavy metal stress.
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