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Abstract: TiO2 nanoparticles (nano-TiO2) are widely used in the world, and a
considerable amount of nano-TiO2 is released into the environment, with toxic
effects on organisms. In the various species of higher plants, growth, including
seed germination, root elongation, and biomass accumulation, is affected by
nano-TiO2. However, the underlying molecular mechanisms remain to be eluci-
dated. In this study, we observed that nano-TiO2 promoted root elongation in a
dose-dependent manner. Furthermore, we found that nano-TiO2 elevated auxin
accumulation in the root tips of the auxin marker lines DII-VENUS and DR5::
GUS, and, correspondingly, quantitative real-time PCR analysis revealed that
nano-TiO2 increased the expression levels of auxin biosynthesis- and transport-
related genes. GFP fluorescence observation using transgenic PIN2-GFP
indicated that nano-TiO2 promoted root growth by inducing PIN2 accumulation.
Thus, we propose that nano-TiO2 promote root growth in Arabidopsis thaliana by
altering the expression levels of auxin biosynthesis- and transport-related genes.
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1 Introduction

With the development of nanotechnology, engineered nanoparticles are widely being applied, with
inevitable increases in the release of nanoparticles into the environment and agricultural ecosystems [1,2].
Titanium dioxide nanoparticles (nano-TiO2) are the most abundant engineered nanomaterials in the world
and are used in such products as paints, household goods, cosmetics, and sunscreens [3–6]. The global
production of TiO2 has been reported to be approximately 88,000 t per year [7], and in Europe, the
concentration of nano-TiO2 in soils reached 0.13 µg kg−1 yr−1 [7]. As research on plant growth in soil
polluted by nano-TiO2 has shown that plants can absorb and transport nano-TiO2 from the root to the leaf
[8,9], studies on the toxic effects of nano-TiO2 in plants is very important. For example, nano-TiO2

possess certain photocatalytic properties, causing damage to plants by inducing reactive oxygen species
(ROS) production [10–14]. Moreover, accumulating evidence has verified the toxic effects of nano-TiO2

on plants, causing DNA damage in Allium cepa roots and Nicotiana tabacum leaves, also with excessive
lipid peroxidation products detected in A. cepa roots [15]. Soybean growth was also reportedly inhibited
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in soil mixed with nano-TiO2 [16], and reductions in seed germination and seedling growth were observed in
nano-TiO2-treated Solanum esculentum L. [17]. In contrast, promoting effects on plants have also been
reported for nano-TiO2. For instance, crop yield was increased by treatment with a nano-TiO2 foliar spray
[18], and Nigella sativa L. germination was promoted after seeds were soaked in a nanoparticle solution
[19]. Overall, the positive or negative effects of nanoparticles on plants depend on the particle type, size
and concentration and on the plant species [20,21].

Though these studies have shown nano-TiO2 regulate the growth of plant roots [12,22,23], though the
molecular mechanism remains unclear. The phytohormone auxin plays an important role in root growth and
development [24]. The auxin response is modulated by auxin biosynthesis and transport, as well as auxin
perception to alter plant growth in response to environment conditions. IAA (indole-3-acetic acid) is the
main auxin in plants. During IAA biosynthesis, Trp is converted to IAA in two steps by the tryptophan
aminotransferase of Arabidopsis-1 (TAA1) family and YUC (YUCCA) family of flavin monooxygenases
[25]. After biosynthesis, auxin is transported to generate IAA gradients for root growth and development,
and AUX1 (AUXIN TRANSPORTER CARRIER1/AUXIN TRANS-PORTER-LIKE PROTEINS) influx
carriers and PINFORMED (PIN) family efflux carriers co-regulate this process [3,26,27]. SCFTIR1/AFB—
Aux/IAA auxin receptor complexes play a central role in the perception of auxin. In auxin activation,
TIR1/AFBs interact with Aux/IAAs, resulting in the degradation of Aux/IAAs, after which ARF (AUXIN
RESPONSE FACTOR) proteins are released from repression by Aux/IAAs [28]. Recently, it was reported
that AgNPs have an effect on auxin-efflux carriers and root gravitropism [5]. However, the effects of
other types of nanoparticles on auxin pathways require further research.

In this study, we used Arabidopsis thaliana as a model plant to study the effects of nano-TiO2 on root
growth. We found that nano-TiO2 promoted root elongation in a concentration-dependent manner. We also
found the expression level of genes in auxin pathways to be significantly elevated. The results of this research
indicate that TiO2 have an effect on auxin-related gene expression, thereby affecting root growth.

2 Materials and Methods

2.1 Characterization of Nano-TiO2

Titanium dioxide (IV) nanoparticles of anatase (>20 nm in diameter) were obtained from Macklin Co.
(Macklin, China). The desired concentrations (100, 250, 500 and 1000 mg/L) were prepared by suspending
the nanopowder in ultrapure sterile water. Arabidopsis seedlings were incubated overnight in the nano-TiO2

suspensions, which had been sonicated in a heated ultrasonic bath for 1 h. After the nano-TiO2 had been
deposited on the root surface, the particles were measured by scanning electron microscopy (SEM) to
determine their size and morphology.

2.2 Plant Materials and Growth Conditions
Wild-type Arabidopsis Col-0 and transgenic lines DR5::GUS, DII-VENUS and mDII-VENUS were used

in this study. The seeds of transgenic lines were provided by the ABRC. Seeds were incubated at 4°C for
2 days, sterilized with 30% (v/v) bleach for 5 min, and rinsed four times with sterile deionized water. The
sterile seeds were first sown onto 1/2 Murashige and Skoog (MS) agar medium and incubated for 3 days
in a growth chamber at 22°C under a 16-h light/8-h dark photoperiod and then transferred to 1/2 MS agar
medium with different nano-TiO2 concentrations (100, 300, 500 and 1000 mg/L) for another 3 days.

2.3 Microscopy Images of Root Tips
Seedlings of the marker line DR5::GUS were incubated in GUS staining solution with the substrate

1 mM X-Gluc (5-bromo-4-chloro-3-indoxyl-beta-D-glucuronic acidcyclohexylammonium salt) at 37°C for
12 h, and chlorophyll was removed with 95% ethanol before microscopic observation (Zeiss, German). The
root tips of the GFP marker line were imaged by laser-scanning confocal microscopy (Zeiss, Germany).
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2.4 qRT-PCR Analysis
Three-day-old Arabidopsis Col-0 seedlings sown vertically on 1/2 MS medium were transferred onto

1/2 MS medium supplemented with nano-TiO2 and incubated for 3 days. Total RNA was extracted from
the seedlings using Trizol (invitrogen) according to the manufacturer’s instructions. For analysis of gene
expression, cDNA was synthesized by reverse transcription using PrimeScript™ 1st Strand cDNA
Synthesis Kit (Takara, Japan). qRT-PCR was performed using SYBR Green Reagents (Takara, Japan) and
a Real-Time PCR Detection System (Roche). Gene expression relative to PP2A was calculated by the
2-ΔΔCt method [29].

2.5 Statistical Analysis
Student’s t-test was used to compare data for the two experimental groups. Differences were considered

statistically significant at a p-value < 0.05. A p-value < 0.05 is indicated with *, < 0.01 with ** and < 0.001
with ***.

3 Results

3.1 Nanoparticle Characterization
Nano-TiO2 was deposited on the surface of Arabidopsis root tips by incubating seedlings in nano-TiO2

suspensions at various concentrations: 100, 250, 500, 1000 mg/L. We employed SEM to examine the effects
of nano-TiO2 deposited onto the root tip surface. More particles had attached to the root tip surface at the
higher nano-TiO2 concentrations than at the lower ones (Fig. 1a). In contrast, no nanoparticles were
observed on roots in the H2O control (Fig. 1a). To observe the characteristics of nano-TiO2, microscopy
at 50,000 times magnification was performed (Fig. 1b). Analysis of nano-TiO2 showed that the size of the
particles ranged from 20 to 100 nm, with approximately 50% being ~40 nm (Fig. 1c).

3.2 Root Growth of Arabidopsis was Enhanced by Nano-TiO2

To research the effects of nano-TiO2 on Arabidopsis, seeds were germinated in 1/2 MS medium
containing nano-TiO2 at four different concentrations (100 mg/L, 250 mg/L, 500 mg/L, 1000 mg/L); the
control medium did not contain nano-TiO2. The root length of six-day-old seedlings was markedly
increased at the higher concentrations (500 and 1000 mg/L) in comparison to that in the control (Fig. 2).
At the lower concentrations of nano-TiO2 (100 and 250 mg/L), root length was only slightly increased
(Fig. 2). This result was consistent with previous research showing that root elongation was enhanced in
plants from seeds soaked in nano-TiO2 suspensions [12]. These data indicate that root length in
Arabidopsis increases with nano-TiO2 treatment in a concentration-dependent manner.

3.3 Auxin Accumulation was Elevated in Root Tips Treated with Nano-TiO2

The auxin marker line DII-VENUS, which expresses a GFP protein fused to the AUX/IAA auxin-
interaction domain under the control of a constitutive promoter, was utilized to evaluate auxin
accumulation in root tips. As shown in Fig. 3a, confocal imaging of the DII-VENUS line revealed much
weaker fluorescence in roots grown in 1000 mg/L nano-TiO2 medium compared with that of the control.
Conversely, no difference in fluorescence was observed with or without nano-TiO2 in mDII-VENUS, a
marker line carrying a DII domain mutation.

In parallel, we utilized another auxin marker line, DR5::GUS, in which the GUS (glucuronidases) gene
is driven by the promoter of DR5, an auxin response gene. After growing for six days in MS medium with
different nanoparticle concentrations (100, 250, 500, 1000 mg/L), the roots of seedlings were incubated with
the GUS substrate for 12 h at 37°C, and the stained roots were then observed under a light microscope. As
shown in Fig. 3b, GUS activity was stronger at the higher nano-TiO2 concentration and only slightly elevated
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at the lower nano-TiO2 concentration. Along with the results for the DII-VENUS marker line, the findings
indicate that in comparison to the controls, more auxin accumulated in the root tips treated with nano-TiO2.

3.4 Expression of Auxin-Related Genes in Nano-TiO2-Treated Plants
To further verify the role of auxin in nano-TiO2-mediated promotion of root elongation, we assessed the

expression levels of a set of auxin-related genes, including auxin carrier genes PIN1-3, the auxin signaling
pathway-related gene IIR1, and the auxin biosynthesis gene YUC8. Quantitative real-time RT-PCR showed
that the PIN2 gene was dramatically up-regulated at all tested nano-TiO2 concentrations, and the expression
levels of TIR1 and YUC8were increased at 500 and 1000 mg/L nano-TiO2, respectively. However, PIN1 was
down-regulated, and expression of PIN3 showed no change (Fig. 4a). The PIN2 expression pattern was
examined after exposure to nano-TiO2 with a line expressing a GFP reporter driven by the PIN2
promoter. As expected, the GFP signal in the PIN2-GFP line was markedly increased after nano-TiO2

treatment compared with the control (Fig. 4b). Moreover, the GFP signal at the higher concentration was

Figure 1: Nanoparticle characterization. (a) nano-TiO2 on the surface of root tips exposed to different
concentrations of nano-TiO2. (b) the enlarged imagine of root after 1000 mg/L nano-TiO2 treatment. (c)
particle distribution curve of nano-TiO2, n > 400
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stronger than that at the lower concentration, demonstrating that expression of PIN2-GFP depends on the
concentration of nano-TiO2.

3.5 Nano-TiO2 Induced Root Elongation was Impaired in pin2 and tir1 Mutant
Our above RT-qPCR results showed that nano-TiO2 treatment induced the expressions of PIN2 and

TIR1, we want to know whether nano-TiO2 treatment induced the root elongation through PIN2 or TIR1.
Thus, we compared the effect of nano-TiO2 on root elongation in Col, pin2 or tir1 mutant. As shown in
Fig. 5, we found that nano-TiO2 treatment activated the root elongation in Col seedlings, but such effect
in the pin2 or tir1 mutant was not so obvious as that in wild-type Col line, thus, this data suggests that
PIN2 or TIR1 is required for nano-TiO2 induced root elongation.

4 Discussion

Ti is an essential micronutrient for plant growth and development [30]. However, nano-TiO2 have some
features that differ from those of TiO2, which may affect plants in various ways. For example, nano-TiO2

have photocatalytic properties, leading to excessive ROS production in plant cells. Nonetheless, nano-
TiO2 promote the growth of some plant species [30]. Thus, nano-TiO2 have complex effects on plants. It
has been reported that nanoparticles can affect plant growth by altering gene expression. For example,
AgNPs inhibit root gravitropism by interfering with the expression of auxin-related genes [5]. Similarly,
vitamin E gene expression is elevated at a high concentration (1000 mg/mL) [12].

In this study, we found that nano-TiO2 promote root elongation in Arabidopsis in a dose-dependent
manner. After exposure to nano-TiO2, GUS expression in the DR5::GUS line was increased, whereas the
fluorescent signal in DII-VENUS in root tips was reduced, indicating enhanced auxin accumulation.
Expression of the auxin-related genes PIN1-3, IIR1 and YUC8 was analyzed by qPCR. We found the

Figure 2: nano-TiO2 promotes root growth in Arabidopsis. a. root length of six-day-old seedlings grown on
1/2 MS medium with different nano-TiO2 concentrations. b. statistics of root lengths. Values are means ±SD.
Error bars indicate SD of three biological repeated experiments. ***indicates p < 0.001. n = 30
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transcription levels of PIN2, YUC8 and TIR1 to be notably unregulated, suggesting that nano-TiO2 affect the
transcription of genes in multiple pathways, including auxin transport (PIN2), biosynthesis (YUC8) and
signaling (TIR1). Furthermore, the PIN2-GFP signal was enhanced with the increasing nano-TiO2

concentration, consistent with the results of qPCR. Although the transcript level of PIN1 was down-
regulated at 250 and 500 mg/L nano-TiO2, no significant difference was observed at 100 and 1000 mg/L
nano-TiO2, suggesting various effects of nano-TiO2 on auxin-related gene expression.

Auxin accumulation in root tips is the result of auxin transport and biosynthesis [3,25–27], and based on
our data, elevated expression of PIN2 and YUC8 accounts for the increases in auxin accumulation. As auxin
accumulation is perceived by TIR1/AFB family F-box protein auxin receptors, activating downstream auxin
responses, an increase in TIR1 should strengthen auxin responses in nano- TiO2-treated root tips. Thus, it
appears that PIN2 and YUC8 together with TIR1 co-regulate root elongation after treatment with nano-
TiO2. Nonetheless, it remains unclear how nano-TiO2 activate expression of PIN2, YUC8 and TIR1.
Previous studies have reported that nano-TiO2 induce ROS production [10–12,14], and auxin-related
genes are regulated by H2O2 [31]. However, it remains to be further explored how nano-TiO2 modulate
the expression of auxin-related genes involved in root growth.

Figure 3: The effect of nano-TiO2 on auxin-responsible DR5 reporter gene. (a) Fluorescent signal in the root tips
of DII-VENUS and mDII-VENUS seedlings exposed to different concentration of nano-TiO2 for 10 days. (b)
images of GUS staining in root tips of DR5::GUS seedlings exposed to nano-TiO2 for 6 days. Scale bars, 50 µm

888 Phyton, 2020, vol.89, no.4



Figure 4: (a) qRT-PCR analysis of auxin-related gene expression in wild-type seedlings treated with or
without nano-TiO2. (b) the expression of PIN2-GFP in root tips treated with or without nano-TiO2.
Values are means ±SD. Error bars indicate SD of three biological repeated experiments. ***indicates p <
0.001. n = 10

Treatmetn concentraton (mg/L)
0 100 250 500 1000

R
oo

t l
en

gt
h 

(c
m

)

0

1

2

3

4

5
Col
pin2
tir1

** **

**
**

**

**

**

**

Figure 5: The effect of nano-TiO2 on root elongation in Col, pin2 and tir1mutant. The seeds of Col, pin2 and
tir1 mutant was sowed on the 1/2 MS medium containing different concentration of nano-TiO2 (0 mg/L,
100 mg/L, 250 mg/L, 500 mg/L and 1000 mg/L) for 6 days, and the root length was measured by rule.
Values are means ± SD. Error bars indicate SD of three biological repeated experiments. ** indicates p <
0.001. n = 10
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5 Conclusion

Our data show that root elongation was promoted and was accompanied by increased auxin
accumulation in root tips after exposure to nano-TiO2. Expression of auxin-related genes, including PIN1,
PIN2, YUC8 and TIR1, was also altered, which was responsible for the observed auxin accumulation. The
combined effect of these genes results in root growth promotion in Arabidopsis.
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