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a b s t r a c t

The toxic effects of ionic liquids (ILs) have attracted increasing attention in recent years. However, the
knowledge about the toxic effects of ILs on tropism in organisms remains quite limited. In this study, the
effects of 1-hexyl-3-methylimidazolium bromide [C6mim]Br on root gravitropism were evaluated using
Arabidopsis seedlings. Our results showed that the root growth and gravity response were significantly
inhibited with increasing IL concentration. [C6mim]Br treatment affected the amount and distribution
pattern of amyloplasts in root cap compared with controls. The auxin distribution marked with DR5rev::
VENUS was altered in IL-treated seedlings. The signal intensity and gene expression of auxin efflux
carriers PIN2 and PIN3 were obviously decreased by IL stress. Moreover, as consequences in response to
gravity stimulus, the asymmetric DR5 signals in control root apex were impaired by IL treatment. The
predominant PIN2 signals along the lower flank of root and PIN3 polarization in columella cells were also
significantly reduced in seedlings exposed to IL. Our results suggest that the ionic liquid [C6mim]Br
affects the amount and distribution of amyloplasts and disturbs the deployment of PIN2 and PIN3, thus
impairing auxin flows in response to gravity stimulus and causing deficient root gravitropism in Arabi-
dopsis seedlings.

& 2015 Elsevier Inc. All rights reserved.

1. Introduction

Ionic liquids (ILs), a kind of salt-like materials that present li-
quid phase at room temperature, are composed of large asym-
metric organic cations and small organic or inorganic anions
(Petkovic et al., 2011). The technical properties of ionic liquids can
be finely altered through changing the combinations of different
cations and anions (Fatemi and Izadiyan, 2011). Based on the
physicochemical properties, such as negligible vapor pressure,
non-volatility, high stability, and powerful solvation potential, ILs
have been regarded as “green” solvents (Bubalo et al., 2014). The
characterization of ILs facilitates its wide application in various
fields, including organic synthesis, electrochemistry, catalysis, and
extraction and isolation processes (Plechova and Seddon, 2008).
Therefore, ILs could make their way into the natural environment
and the impact on living organisms must be taken into con-
sideration thoughtfully.

Recently, the toxic effects of several ILs have been intensively
investigated in different biological levels, including microorgan-
isms, algae, terrestrial invertebrates, vertebrates (Ranke et al.,
2004, Kulacki and Lamberti, 2008; Luo et al., 2008; Pretti et al.,
2009; Du et al., 2014), as well as human cell lines (Stepnowski
et al., 2004; Wang et al., 2007). Moreover, the toxic effect of ILs on
higher plants has received considerable attention. The treatment
with ionic liquid ([C8mim]PF6) seriously inhibited the germina-
tion, root and shoot growth in wheat seedlings (Liu et al., 2014).
Imidazolium chloride ILs are phytotoxic to rice growth and their
photosystem, and the toxicity enhanced as the alkyl chain length
increased (Liu, H. et al., 2015; Liu, T. et al., 2015). The ROS level and
the activities of antioxidant enzymes, including peroxidase (POD),
catalase (CAT) and superoxide dismutase (SOD), were increased in
Lemna minor exposed to [C8mim]Br (Zhang et al., 2013). In addi-
tion, the ionic liquid ([C4mim]Cl) showed genotoxicity and cyto-
toxicity on Vicia faba seedlings in soil (Liu, H. et al., 2015; Liu, T.
et al., 2015). However, the knowledge about the mechanism un-
derlying the toxic effects of ILs on plant growth is still limited.

In plants, gravitropism is a process that plants can sense gravity
and guide their growth as the response to gravity vector. For
gravitropism in roots, the response pathway has been considered
to be triggered by the sedimentation of starch-filled plastids
(amyloplasts) in the columella cells of root tip (Leitz et al., 2009).
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The reorientation of amyloplasts to the lower side of columella
cells promotes asymmetric release of the growth regulator auxin
at root apex (Boonsirichai et al., 2003; Ottenschlager et al., 2003).
The resulting lateral auxin gradient is transmitted to the elonga-
tion zone and accumulates in the lower side of root, thus in-
hibiting cell elongation on the lower side and causing the root to
bend downward (Boonsirichai et al., 2002; Morita, 2010).

The previous reports about the toxic effects of ILs on plants
mainly focus on growth parameters, antioxidant system and
photosynthetic activity. While, the knowledge about the effects of
ILs on gravitropism in plants is still unclear. Given that root
gravitropism is a necessary physiological event for plants to an-
chor themselves into the soil and find resources needed for growth
and development, the aim of the present study was to examine the
responses of root gravitropism in Arabidopsis seedlings to
[C6mim]Br treatment comprehensively from the cell biological and
molecular level for the first time. This work provides new in-
formation on the toxic effects of ILs on plant growth and also give
some information for environmental safety evaluation of ILs.

2. Materials and methods

2.1. Plant materials and growth conditions

The plants used for treatment with ionic liquid [C6mim]Br were
Arabidopsis thaliana Columbia-0. The plans harbouring
pDR5rev::3XVENUS-N7, pPIN2::PIN2-GFP, and pPIN3::PIN3-GFP
were described previously (Xu and Scheres, 2005; Kleine-Vehn
et al., 2010; Le et al., 2014). For seedlings grown on agar-containing
plates, Arabidopsis seeds were pretreated with70% ethanol for
1 min, surface-sterilized in 2.5% bleach for 10 min, and washed
with distilled water for four times. The seeds were planted on 1/
2 MS medium (Sigma) supplemented with 1% (w/v) sucrose, 1%
(w/v) agar (pH 5.8). After vernalization at 4 °C in the dark for 48 h,
the plates were placed under a light bar at 23 °C and providing
140720 μmol m v�2 s�1 from cool white fluorescent lamps with
a 16-h-light/8-h-dark cycle.

2.2. Ionic liquid and treatment

The ionic liquid [C6mim]Br (99% purity, CAS No. 85100-78-3)
was purchased from Monils Chemical Co. Ltd. (Shanghai, China).
[C6mim]Br was dissolved with distilled water at the concentration
of 10 g L�1. For treatment with IL in Arabidopsis seedlings, the
seeds were planted on agar-containing plates supplemented with
[C6mim]Br at final concentrations of 10, 20, 40, 60, 80 mg L�1,
respectively. After vernalization, the seedlings were placed under a
light bar and vertically grown for 5 days. Then, seedlings were
sampled for the analysis of root growth and gravity response.

2.3. Root length measurement

The root length of control and IL-treated seedlings was mea-
sured on the fifth day after vernalization. The primary roots of
seedlings vertically grown in petri dish were photographed with a
digital camera. The length of primary root was measured using
Image J software with “Segmented Line” tool after setting scales.
30 individual seedlings were measured for each treatment. All of
the data represent the mean of three biologic replicates.

2.4. Root gravitropism assay

The root gravity response was determined using 5-D-old
seedlings treated with or without IL. The vertically grown seed-
lings were rotated 90° and images of the roots were captured at 4,

6, 8, 10 and 12 h after reorientation with a digital camera (Canon
70D). The angles of root curvature were measured with reference
to the gravity vector by using image-analysis program Image J
(http://rsb.info.nih.gov/ij/). 30 roots were scored for each
treatment.

For the analysis of responses of auxin-related markers to
gravity stimulus under IL treatment, the seedlings expressing
auxin-responsive reporter DR5rev::VENUS and auxin efflux carriers
PIN2-GFP and PIN3-GFP were rotated 90° for 2 h, 2 h, and 30 min,
respectively before the observation by confocal microscope.

2.5. Amyloplast staining and light microscopy observation

Amyloplast starch in columella cells of root cap were visualized
with 1% I2-KI solution in 5-D-old control or IL-treated seedlings
vertically grown on 1/2 MS. The roots were stained for 1 min,
rinsed with fresh liquid medium, cleared with 50% chloral hydrate
for 40 s and photographed under Olympus BX51 equipped with a
digital camera. The amount measurement of amyloplasts in colu-
mella cells was performed according to the method described by
Takahashi et al. (2003).

2.6. Confocal microscopy and quantification of fluorescence intensity

For confocal analysis, seedlings mounted in liquid 1/2 MS were
analyzed with Leica SP8 confocal microscope. For imaging of VE-
NUS- or GFP-tagged fluorescent proteins, the roots of 5-D-old
seedlings were visualized by excitation with an Argon laser at
488 nm and detected with a 500- to 550-nm emission filter. The
images were edited using Image J software and Adobe Photoshop
CS2.

For the quantification of fluorescence intensity, confocal images
were analyzed with Image J software using tools of oval or polygon
selections and ROI Manager. For the quantitative analysis of root
cells expressing DR5rev::VENUS without gravity stimulus, all the
nuclear DR5 signals from the roughly median plane were summed.
For the quantitative analysis of the effects of IL on DR5rev::VENUS
under gravity stimulus, the ratio of nuclear fluorescence intensity
from lateral root caps (LRC) of two sides (lower side/upper side)
was determined. For the quantitative analysis of PIN2-GFP without
gravity stimulus, GFP signals in root epidermal and cortical cells of
two sides from the roughly median plane were added. For the
quantitative analysis of the effects of IL on PIN2-GFP under gravity
stimulus, the ratio of fluorescence intensity from root epidermal
and cortical cells of two sides (lower side/upper side) was de-
termined. For the quantitative analysis of PIN3-GFP without
gravity stimulus, GFP intensity in root columella cells from the
roughly median plane was measured. For the quantitative analysis
of the effects of IL on PIN3-GFP under gravity stimulus, serial op-
tical sections were collected for 10 frames at 2-μm intervals along
the z axis, and the numbers of cells displaying polarized PIN3 were
quantified by 3D reconstruction images using Image J software. 20
seedlings were used for each treatment.

2.7. RNA isolation and real-time quantitative RT-PCR

The total RNA from 5-D-old seedlings treated with or without
[C6mim]Br was extracted using trizol reagent (Invitrogen, Carls-
bad, CA, USA) for three times independently. The RNA samples
were further treated with RNase-free DNase I (Promega) to elim-
inate DNA contamination. The cDNA synthesis and real-time
quantitative RT-PCR were performed according to a method de-
scribed previously (Qi et al., 2015). Briefly, the first-strand cDNA
was synthesized with random hexamers and SuperScript III re-
verse transcriptase (Invitrogen) according to manufacturer's in-
structions. Quantitative real-time PCR was performed using SYBRs
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