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Summary

e Plants sense mechanical stimuli to recognise nearby obstacles and change their growth pat-
terns to adapt to the surrounding environment. When roots encounter an obstacle, they
rapidly bend away from the impenetrable surface and find the edge of the barrier. However,
the molecular mechanisms underlying root—obstacle avoidance are largely unknown.

e Here, we demonstrate that PIN-FORMED (PIN)-mediated polar auxin transport facilitates
root bending during obstacle avoidance. We analysed two types of bending after roots
touched barriers. In auxin receptor mutants, the rate of root movement during first bending
was largely delayed. Gravity-oriented second bending was also disturbed in these mutants.

e The reporter assays showed that asymmetrical auxin responses occurred in the roots during
obstacle avoidance. Pharmacological analysis suggested that polar auxin transport mediates
local auxin accumulation. We found that PINs are required for auxin-assisted root bending
during obstacle avoidance.

e We propose that rapid root movement during obstacle avoidance is not just a passive but
an active bending completed through polar auxin transport. Our findings suggest that auxin

plays a role in thigmotropism during plant—obstacle interactions.

Introduction

Due to economic development and industry growth, urban
areas have expanded while cropland areas have shrunk in
many countries (Cohen, 2006; Long eral, 2007; Lambin &
Meyfroidt, 2011). Recent global climate change negatively
affects agricultural environments causing reductions of crop
yields (Peng etal., 2004; Schlenker & Lobell, 2010; Lobell
etal., 2011). However, the rapid increase in global population
in the last century demands large amounts of food (Godfray
etal., 2010; Tilman eral, 2011). Therefore, it is necessary to
grow plants on unfavourable lands with barren, dry or rocky
soils. Growth patterns of plants in these areas are different
from those in better quality soils. Roots bend away from
obstacles and find routes to grow into the deep soils in a pro-
cess known as obstacle avoidance (Massa & Gilroy, 2003;
Tanaka eral., 2010). This tropism helps plants to efficiently
anchor themselves and seek nutrients and water to survive
harsh conditions.

Plants are able to sense mechanical stimuli like touch to moni-
tor surrounding conditions (Braam, 2005; Jensen ezal, 2017).
Studies on plant touch responses have expanded since TOUCH-
INDUCED (TCH)-coding genes were identified in Arabidopsis
(Braam & Davis, 1990). The TCH genes have highly similar
amino acid sequences to calmodulin, suggesting that calcium
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(Ca*h signalling is involved in touch responses. Following this
discovery, research focused on the ion channels and membrane
proteins that control Ca®* flux in order to uncover touch-related
mechanosensory pathways. Plasma membrane-localised MID1-
COMPLEMENTING ACTIVITY 1 (MCA1) promotes Ca*"
influx into the cytoplasm upon mechanical stimulation (Naka-
gawa et al., 2007). Overexpression of MCAI disturbs growth and
causes constitutive expression of the 7CH3 gene. MCA1-defec-
tive mutants show defective penetration of hard agar, suggesting
that MCA1-mediated Ca>* flux is involved in touch responses of
roots.

Ca®" flux is also closely related to root bending. Cytosolic Ca**
concentration rapidly increases on the convex side of epidermal
cells upon bending (Monshausen eral, 2009). Transiently
increased Ca®" triggers the production of apoplastic reactive oxy-
gen species (ROS) and cytoplasmic acidification, which are
involved in cell growth. These reports suggest that bending causes
asymmetrical touch-like responses in roots. Recent studies have
shown that bending-induced Ca®" responses are regulated by
FERONIA (FER) receptor-like kinase (Shih ezal., 2014). FER-
deficient mutants alter expression of 7CH genes and root bend-
ing angle during obstacle avoidance, implying that FER-medi-
ated Ca®" signalling is important for asymmetrical cell elongation
in roots. In addition to Ca*" responses, asymmetrical extracellu-
lar ATP responses are also observed in roots upon touch
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(Weerasinghe ez al., 2009). However, the role of these distinct
responses during root bending or touching remains largely
unknown.

Tropism of plant bodies is linked to asymmetrical auxin
distribution caused by polar auxin transport (Friml eral,
2002; Ottenschlager eral, 2003; Lewis etal, 2007). In Ara-
bidopsis, auxin transporters have been identified as important
players in polarised auxin responses. PIN-FORMED (PIN)
proteins are auxin-efflux carriers, and their roles and functions
have been studied extensively. In many cases, PINs mediate
root tropism and the root is highly sensitive to environmental
cues. Root gravitropism is controlled by proteasome-mediated
asymmetrical degradation of PIN2 in the root cells (Abas
etal., 2006). PIN2 also regulates root halotropism and nega-
tive phototropism (Wan eral, 2012; Galvin-Ampudia ezal,
2013). In PIN2-deficient mutants, roots cannot rapidly bend
away from areas of high salt or blue light. Intracellular traf-
ficking of PIN2 is triggered by external signals, generating
asymmetrical auxin accumulation and cell elongation (Wan
etal., 2012; Galvan-Ampudia ez al., 2013).

In this study, we demonstrated that root bending is accelerated
by auxin action during obstacle avoidance. When roots touched a
barrier, auxin accumulated on the concave side of the roots. PIN-
mediated polar auxin transport promoted asymmetrical auxin
accumulation, which leads to rapid root bending away from the
barrier. A few hours after first bending, roots underwent a second
bending toward a gravity vector. Our work shows that roots
actively control their growth rate to rapidly avoid obstacles, and
that polar auxin transport is involved in the thigmotropic
responses of roots during obstacle avoidance.

Materials and Methods

Plant materials and growth conditions

Arabidopsis thaliana seedlings were used in this study. The
pinl-5 (CS69067), eirl-1 (CS8058), eirl-4 (CS859601),
pind-3 (CS9368), pin5-3 (SALK-021738), pin6 (SALK-
095142), pin7-3 (CS9367), pin8 (SALK-044651), and
DR5rev:GFP (CS9361) seeds were obtained from the Ara-
bidopsis Biological Resource Center (ABRC, Ohio State
University, Columbus, OH, USA). The #ri-1 (N3798),
pin3-4 (N9363), fer-4 (N69044), auxI-7 (N9583), and
DII-VENUS (N799173) seeds were obtained from the Not-
tingham Arabidopsis Stock Centre (NASC, Nottingham,
UK). The #rl-1 afbl-1 afb2-1 afb3-1 quadruple mutant
(Dharmasiri eral, 2005b) and pin3-3 pind-3 pin7-1 triple
mutant (Waldie & Leyser, 2018) seeds were described
previously.

Seeds surface-disinfected using 70% ethanol were incubated at
4°C for 3 d and then transferred to a growth room set at 24°C
and at ¢. 50% humidity. Seedlings were grown on half-strength
Murashige and Skoog agar (2MS agar) plates under long days
(LDs; 16 h : 8 h, light : dark cycles). White light with an intensity
of 100 umol m™*s™" was applied using fluorescent FL40EX-D
tubes (Focus, Bucheon, Korea).
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Measurement of root bending angles

For obstacle avoidance, seedlings were grown on vertically ori-
ented MS agar plates (1% agar) for 5 d. Corrosion-resistant BA-
400 blades (CUTTERMALLKOREA, Seoul, Korea) were used
as obstacles. Obstacles were installed vertically on the MS agar
plates and 5-d-old seedlings were laid 2 mm above the obstacles.
Root growth and movement were photographed every 20 min.
To measure rate of first bending, the angle between the roots was
measured at 0 min and at annotated time points after contact
with the barrier using IMAGE] software (https://imagej.nih.gov/ij).
For the second bending, the angles between the root tips and the
barrier were measured 200 min after the roots touched the obsta-
cle.

Confocal microscopy

Here, 5-d-old DR5rev:GFP or DII-VENUS seedlings were
transferred to obstacle-installed MS agar plates. Fluorescence
during first and second bending was observed 20—40 min
and 150—200 min after the roots touched obstacles, respec-
tively. To visualise root cells, roots were immersed in 10 uM
propidium iodide (PI) solution for 30s before observing fluo-
rescence. Seedlings were placed on slide glasses and were sub-
jected to fluorescence imaging using an LSM 800 confocal
microscope (Carl Zeiss, Oberkochen, Germany). Fluorescence
images were analysed using ZEN 2.5 LITE software (https://
Www.zeiss.com).

For quantification of fluorescence intensities, we used IMAGE]
software. When using DR5rev: GFP reporter plants, GFP fluores-
cence intensities at the later root cap cells, which are located at
100—200 pm from the root tip were analysed to quantify lateral
auxin distributions. PI fluorescence intensities at the same region
were also quantified as controls.

Pharmacological treatment

For N-1-naphthylphthalamic acid (NPA; Sigma-Aldrich, St
Louis, MO, USA, cat. no. 33371), 5-(4-chlorophenyl)-4H-
1,2,4-triazole-3-thiol (yucasin; Carbosynth, Berkshire, UK; cat.
no. FC122238), and L-kynurenine (L-Kyn; Sigma-Aldrich; cat.
no. K8625) treatments, 5-d-old seedlings grown on MS agar
plates were transferred to the obstacle-installed plates containing
25 uM NPA, 50 uM yucasin, or 1 M 1-Kyn. The roots grew for
¢. 5h in the medium before making contact with the obstacle.
For ethylene glycol tetraacetic acid (EGTA) treatment, 5-d-old
seedlings were transferred to 2mM EGTA-containing plates
before measuring obstacle avoidance. As up to 10 mM EGTA is
used to block Ca®" signalling in Arabidopsis (Zhang & Mou,
2009; Ma et al., 2017), we applied 2 mM EGTA in this article.

Statistical analysis

The statistical significance between two means of measurements
was analysed using Student’s #test with the P-value <0.05.
Numbers of replications are annotated in the figure legends.
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Quantitative data are displayed as standard deviations of the
mean (SD).

Results

Roots rapidly bend away from the obstacle after contact
with barrier

Roots exhibit step-like growth patterns when they sense obstacles
(Massa & Gilroy, 2003). First bending occurs in the root apex
transition zone, which is located at ¢. 700 pm from the root tip
(Massa & Gilroy, 2003). Second bending starts a few hours after
contact with the barrier in the root apex that lies ¢. 410 um from
the tip. Most studies on root—obstacle avoidance focus on the
second bending because it is thought that the first bending is sim-
ply passive due to root growth against a barrier (Shih ezal,
2014). However, asymmetrical Ca®" and ATP responses in root
cells after the root tip touches a barrier suggest that active signal
transduction is involved in the first bending during obstacle
avoidance (Monshausen ez al., 2009; Weerasinghe ez al., 2009).

To evaluate whether the first bending is a passive or an active
bending, we systemically analysed the movement of roots during
obstacle avoidance. Col-0 seedlings were arranged vertically
against a barrier and were photographed every 20 min. As
reported in previous studies, roots exhibited two-step bending
during interactions with barriers (Fig. 1a). First bending occurred
20-80 min after the roots touched the barrier, and second bend-
ing started to occur ¢. 120 min after contact. After second bend-
ing, roots maintained step-like forms and grew parallel to the
barrier until meeting the edge of the obstacle.

(@)
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We then carefully monitored root movement during first
bending. Roots showed rapid and sharp bending after touching
the barrier. The upper part of the bending region did not move
during the first bending, while the lower part including root tip
bent away from the barrier (Fig. 1b). To analyse the rate of first
bending, we measured the bending angles between the roots at
0 min and every 20 min after contact with the barrier (Fig. lc,
left panel). We found that bending rate was highest during the
first 20 min, while it was relatively constant 20—80 min after
contact (Fig. 1c, right panel).

Based on our observations of root bending during the initial
phase of obstacle avoidance, we hypothesised that asymmetrical
cell elongation occurs during the first bending. When roots meet
barriers, they may transmit asymmetrical signals to trigger local
activation of cell elongation. The asymmetrical cell growth would
confer sharp and high-rate bending during obstacle avoidance

(Fig. 1d).

Auxin controls root bending during obstacle avoidance

Auxin is involved in diverse plant tropisms including
halotropism, phototropism, and gravitropism (Abas et al., 20065
Wan etal., 2012; Galvin-Ampudia ezal, 2013). We therefore
hypothesised that auxin might play a role in thigmotropism of
roots during obstacle avoidance. To investigate the role of auxin,
we observed the bending patterns of TRANSPORT
INHIBITOR RESPONSE 1/AUXIN SIGNALLING F BOX
PROTEIN (TIR1/AFB)-deficient mutants because TIR1/AFB
auxin receptors play a critical role in auxin-controlled cell elonga-
tion (Dharmasiri et al., 2005a; Fendrych etal., 2016). We used
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Fig. 1 Arabidopsis roots exhibit rapid tropic responses during obstacle avoidance. (a) Three phases of root—obstacle avoidance. Col-0 seedlings grown on
MS agar plates for 5 d under long days (LDs) were laid 2 mm above the obstacle. Root movement was photographed in a time-course manner. Roots
touched the barrier at 0 min. White arrows indicate the bending point of roots. Black arrow indicates growth of roots parallel to the barrier. (b, c)
Movement of roots during the first bending. Here, 5-d-old Col-0 seedlings were treated as described in (a) were photographed every 20 min (b). Angles
between the roots at 0 min and the roots at indicated time points were set to 0 (c, left panel). Seven replicates at each time point were averaged (c, right
panel). Whiskers indicate & SD. (d) Hypothesis on the first bending of the roots during obstacle avoidance. Asymmetrical growth hypothesis during the first

bending was illustrated.
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Fig. 2 Auxin receptors are involved in root—obstacle avoidance. Here, 5-d-old Arabidopsis seedlings grown on MS agar plates were used for the assays.
Note that tir1 and tir1 afb1 afb2 afb3 indicate tir1-71 and tir1-1 afb1-1 afb2-1 afb3-1 quadruple mutants, respectively. (a, b) Effects of auxin receptor gene
mutations on the first bending during obstacle avoidance. Root bending angles of tir? and quadruple tir? afb1 afb2 afb3 mutants were photographed
every 20 min after contact with barrier (a). Bending angles of roots were measured as described in Fig. 1(c). (b). Eight replicates were averaged and
statistically analysed using Student's t-test (*, P <0.01). Whiskers indicate £SD. (c) Root growth rate of auxin receptor mutants. Root elongation rate was
measured before contact with the barrier. Eight replicates were averaged. Whiskers indicate +SD. (d) Cell length ratio in tir7 afb1 afb2 afb3 quadruple
mutants during the first bending. Epidermis cell lengths of Col-0 and quadruple tir? afb1 afb2 afb3 roots were measured as described in Supporting
Information Fig. S2 using Imace) software. Cell lengths at LS were divided by those at RS to calculate cell length ratio. Cell length ratios were visualised
using heatmap. Heatmap bar, cell length ratio (log, value). (e) Different root bending patterns between Col-0 and auxin receptor mutants. Photographs at
0 min and 80 min were overlapped. White arrows indicate the point of contact between the roots at 0 min and at 80 min (left panel). The black line shows
roots at O min and the white line shows roots at 80 min (right panel). Note that gradual bending of quadruple tir7 afb7 afb2 afb3 mutants exhibited
different bending pattern than Col-0 roots. (f, g) Effects of auxin receptor gene mutations on the second bending during obstacle avoidance. Roots were
photographed 200 min after contact with the barrier (f). The angles between the root tip and the barrier were set to 0 (g). Eight replicates were averaged
and statistically analysed using Student's ¢-test (*, P<0.01). Whiskers indicate +SD.
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tirl-1 and quadruple #irl-1 afbl-1 afb2-1 afb3-1 mutants. As  bending. Cell lengths at LS were divided by those at the opposite
quadruple zrl afbl afb2 afb3 mutants exhibited multiple classes side (RS) to calculate cell length ratio (Fig. S2). Cell length ratios
in root phenotypes (Supporting Information Fig. S1; Dharmasiri ~ in Col-0 roots were consistently higher than 1.0, but those in
eral., 2005b), we selected the class III that root length of the quadruple zirl afbl afb2 afb3 roots showed a high variation

quadruple #71 afbl afb2 afb3 mutants was similar to that of Col-  (Fig. 2d). These results suggested that auxin perception is impor-
0 to compare root—obstacle avoidance. In our experiment, rates  tant for rapid bending and asymmetrical cell elongation during
of first bending in Col-0 and #7r] roots were indistinguishable,  the initial phase of obstacle avoidance.

while bending rate of quadruple #rl afb1 afb2 afb3 roots was sig- To examine why quadruple #ir! afbl afb2 afb3 mutants exhib-

nificantly reduced compared with Col-0 roots (Fig.2a,b). We  ited a reduced bending rate, we observed the growth pattern of
also measured rate of root elongation before the roots touched  the roots during the first bending. While Col-0 roots bent sharply
the barrier, because reduced bending rate might be due to defects  in the root apex transition zone, quadruple tirl afbl afb2 afb3
in root growth. Roots of both #r/ and quadruple #rl afbl afb2  roots bent gradually, generating two points of contact between
afb3 mutants showed similar prebarrier growth rates to Col-0  the roots at 0 min and at 80 min (Fig. 2¢). Therefore, it is possi-
roots, while quadruple 77l afbl afb2 afb3 mutants showed a  ble that gradual root bending due to the lack of auxin action and

reduced growth rate at several time points (Fig. 2c). To examine asymmetrical cell elongation is the reason for decreased bending
whether the defective first bending in quadruple #r1 afbl afb2  rate in quadruple #ir! afbl afb2 afb3 mutants.
afb3 mutants is due to impaired asymmetrical cell elongation in We also analysed the second bending of #ir/ and quadruple

the bending region, we measured root epidermis cell length after tirl afbl afb2 afb3 roots during obstacle avoidance. The angle
the first bending. We defined that the left side (LS) is the convex between root tip and the barrier was measured following the
side and the right side (RS) is the concave side during the first methodology of previous studies on root—obstacle avoidance
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Fig. 3 Asymmetrical auxin responses in the roots
during obstacle avoidance. Here, 5-d-old DR5rev:
GFP Arabidopsis seedlings grown on MS agar
plates were used for the assays. Fluorescence
intensities were quantified using ImaceJ software.
Four replicates were averaged and statistically
analysed using Student's t-test (*, P<0.01).
Whskers indicate +SD. Bars, 100 um. LS and RS
indicate left and right side of the roots,
respectively. (a) Auxin responses in the roots
before contact with barrier. Seedlings were laid

2 mm above the barrier (left panel). GFP
fluorescence in the root tip was observed (middle
panel). To visualise root cells, roots were stained
in 10 uM Pl solution. Fluorescence intensities in
lateral root cap cells were measured (right panel).
Fluorescence intensities at LS were set to 1. LS
and RS indicate left and right sides of the roots,
respectively. (b) Auxin responses in the roots
during the first bending. Seedlings were treated
as described in (a). GFP fluorescence was
observed 20—40 min after contact with the
barrier. Fluorescence intensities at LS were set to
1. (c) Auxin responses in the roots during the
second bending. Seedlings were treated as
described in (a). GFP fluorescence was observed
150—200 min after contact with barrier.
Fluorescence intensities at RS were set to 1.

(Massa & Gilroy, 2003; Shih ezal., 2014). Roots of Col-0 and
tir] seedlings showed similar bending patterns, but the angles of
quadruple tirl afbl afb2 afb3 roots were significantly different
from those of Col-0 roots (Fig. 2f,g). Together with the observa-
tions on first bending, these results indicated that TIR1/AFB-me-
diated auxin perception is required for thigmotropic movement
of roots during obstacle avoidance.

Asymmetrical auxin responses occur in roots during
obstacle avoidance

Local auxin accumulation drives root and shoot tropisms in
response to various environmental signals (Friml ezal, 2002;
Ottenschlager ez al., 2003; Lewis ez al., 2007; Ding et al., 2011).
We therefore investigated auxin responses in the roots during
obstacle avoidance. To visualise auxin responses, we utilised the
DR5rev:GEP reporter, which is broadly used to study auxin-re-
sponsive transcription in plant cells (Ottenschlager ez al., 2003;
Blilou e 4l., 2005). To visualise root cells and to determine loca-
tion of auxin responses, we stained Col-0 roots with PI solution.
First, we observed GFP and PI fluorescence before the roots
touched the barrier as a control. Root tips were targeted for the
assays as the DR5rev:GFP reporter showed auxin maxima in this
region (Sabatini efal, 1999; Ottenschliger eral, 2003). High
intensity GFP fluorescence was detected in the quiescent centre
and columella cells as reported previously (Ottenschliger ezal.,
2003), while low intensity GFP fluorescence was observed in
other parts of the roots (Fig. 3a). During first bending, different
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patterns of GFP fluorescence were observed. High intensity GFP
fluorescence was detected in the lateral root cap cells on the con-
cave side (RS) of the roots, while it remained at low intensity on
the convex side (LS) of the roots (Fig. 3b).

We next observed GFP fluorescence after the roots started the
second bending. Again, high intensity GFP fluorescence was
detected on the concave side of the roots (Fig. 3¢). As local auxin
accumulation inhibits cell elongation in the roots (Ottenschlager
et al., 2003; Swarup et al., 2007), auxin responses on the concave
side are consistent with the tropic movement of the roots during
the obstacle avoidance. The local auxin responses were confirmed
using DII-VENUS seedlings. Auxin accumulation reduces DII-
VENUS fluorescence (Brunoud ezal, 2012). Similar to the
results of the DR5rev:GFP assays, high auxin responses were
detected on the concave side of the roots during first and second
bendings (Fig. S3). These results indicate that root—obstacle
interaction triggers asymmetrical auxin responses in the roots.

Root—obstacle avoidance is regulated by polar auxin
transport

In many cases, asymmetrical auxin responses are mediated by
polarised auxin transport (Abas eral, 2006; Wan eral., 2012;
Galvan-Ampudia ez al., 2013). To examine whether polar auxin
transport is involved in obstacle avoidance by the roots, we
applied NPA, yucasin and 1-Kyn. NPA is an auxin transporter
inhibitor. Yucasin and 1-Kyn are auxin biosynthesis inhibitors
that suppress YUCCA and TRYPTOPHAN

New Phytologist (2020) 225: 1285-1296
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AMINOTRANSFERASE OF ARABIDOPSIS1/
TRYPTOPHAN AMINOTRANSFERASE RELATEDs
(TAA1/TARs)-mediated auxin biosynthesis, respectively (He
etal, 2011; Nishimura ezal, 2014). We transferred Col-0
seedlings grown on MS agar plates to the NPA, yucasin- or L-
Kyn-containing plates and allowed these to grow until they inter-
acted with obstacles. We used this method to block possible
touch-induced auxin transport or biosynthesis. During the first
bending, NPA-treated roots exhibited a reduced rate of bending
while the yucasin and 1-Kyn-treated roots did not show any dif-
ferences when compared with the control treatment (Figs 4a,
S4a). Yucasin did not change root elongation rate, but NPA and
L-Kyn affected root elongation rate at several time points
(Figs 4b, S4b). As only NPA caused defects in the first bending,
we observed cell length of NPA-treated roots during the first
bending. Most of the cell length ratios (LS/RS) in mock-treated
roots showed higher than 1.0 (Fig. 4c). However, cell length
ratios in NPA-treated roots exhibited high variation near 1.0
(Fig. 4¢), suggesting that NPA inhibits asymmetrical cell elonga-
tion during the first bending. We next observed the effects of
NPA, yucasin and L-Kyn on the second bending. Bending of root
tips towards the gravity vector was largely disturbed in NPA and
L-Kyn-treated roots, while bending was indistinguishable
between control and yucasin-treated roots (Figs 4d, S4c). These
results indicated that auxin transport is a major factor in the first
bending, while both auxin transport and biosynthesis are
involved in the second bending during obstacle avoidance.

Next, we analysed the effects of NPA on auxin responses in the
roots. We used mock- and yucasin-treated roots as controls
because both treatments did not cause any changes in obstacle
avoidance. In the NPA treatment, asymmetrical auxin responses
on the concave side (LS) of the roots disappeared (Fig. 4¢). Like-
wise, polarised auxin responses during the second bending were
not detected in the NPA-treated roots (Fig. 4f). These results
indicated that auxin transport-mediated asymmetrical auxin
responses are necessary for both the first and second bendings in
the roots during obstacle avoidance.

PINs mediate obstacle avoidance of roots

In Arabidopsis, auxin-efflux carrier PINs mediate polar auxin
transport in response to unilateral light or gravity (Abas eral.,
2006; Ding ez al., 2011; Wan ez al., 2012). As our data suggested
that polar auxin transport is involved in root movement during
obstacle avoidance, we investigated the role of PINs during thig-
motropic responses. We first measured the rate of the first bend-
ing in PIN-deficient mutants. In this study, PIN1- and PIN7-
deficient mutants were on the Ler background, while the other
pin mutants were on the Col-0 background. We found that only
PIN2-deficient eirl-4 roots exhibited largely delayed root move-
ment after contact with barriers (Fig. 5a). The elongation rate of
eirl-4 roots was slightly reduced (Fig. 5b). However, it appears
that slow root elongation in eir/-4 mutants was not the main rea-
son for delayed bending, because Col-0 and pin4 roots showed
similar bending rates even though root elongation rate was signif-
icantly decreased in pin4d roots (Fig.5ab). Disturbed first
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bending and reduced root elongation rate were also observed for
another allele of pin2 mutants, eirl-1 (Fig. S5a,b). Cell length
ratios between LS and RS in eirl-4 roots were highly variable
near 1.0, while those in Col-0 roots showed consistently as > 1.0
(Fig. 5¢). Similar results were also observed in eirl-1 roots
(Fig. S5¢). These results suggested that PIN2 controls the first
bending during obstacle avoidance.

We next measured the angles between root tips and barriers in
pin mutants during the second bending. In this assay, ei7/-4 and
pin3 mutants exhibited altered bending responses, while bending
angles of the other mutants were not significantly different to
those of Col-0 (Fig. 5d). The second bending of eirI-1 roots was
also significantly disturbed (Fig. S5d). As PIN2 and PIN3 func-
tions are important in root gravitropism (Abas eral, 20065
Rakusova eral, 2011), it is unsurprising that pin2 and pin3
mutants were impaired in the second bending because the second
bending is largely affected by gravitropic responses (Massa & Gil-
roy, 2003).

To verify the role of PIN2 in root—obstacle avoidance, we
crossed DR5rev:GFP transgenic plants with eir/-1 mutants to
analyse auxin response patterns in the roots. During the first
bending, local auxin responses were detected in Col-0 back-
ground roots, as shown in Figs 3, 4 (Fig. 5e). However, asymmet-
rical auxin responses in the roots were prevented by the eirl-1
mutation. Similar patterns were observed during the second
bending. Polarised auxin responses in the Col-0 roots were
largely impaired in eir/-1 mutants (Fig. 5f), suggesting that PIN2
plays a key role in polar auxin transport-mediated root move-
ment during obstacle avoidance.

PIN3, -4 and -7 have functional redundancy, therefore auxin
transport-defective phenotypes are usually observed in pin3 pind
pin7 triple mutants (Blilou ez al, 2005). We therefore analysed
root—obstacle avoidance in pin3-3 pin4-3 pin7-1 triple mutants.
Like pin2 mutants, pin3 pin4 pin7 triple mutants had defects in
the first bending and root elongation rate (Fig. S6a,b). Measuring
cell length ratio in pin3 pin4 pin7 triple mutants showed that
asymmetrical cell elongation was also impaired by pin3 pin4 pin7
triple mutations (Fig. S6¢). In addition, pin3 pind pin7 triple
mutants exhibited defective second bending (Fig. S6d). However,
another auxin transporter mutant aux/-7 only showed altered
second bending (Fig. S7), suggesting that PINs are major players
in the first bending during obstacle avoidance.

Ca®" signalling is involved in root—obstacle avoidance

During root—obstacle interactions, cytosolic Ca>* concentration
is increased on the convex side of the roots (Monshausen ez 4/,
2009). However, it remains unknown whether the transient
increase in Ca" level affects root growth during obstacle avoid-
ance. To examine the relationship between Ca®" and root bend-
ing, we treated roots with a Ca®" chelator, EGTA. During first
bending, EGTA-treated roots showed a delayed bending rate and
reduced root growth (Fig. 6a,b). Asymmetrical cell elongation
during the first bending was largely suppressed by EGTA treat-
ment (Fig. 6¢). EGTA also negatively affected the second bend-
ing of the roots (Fig. 6d). As EGTA treatment impairs root
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Effects of NPA and yucasin on the first bending during obstacle avoidance. Seedlings were transferred to MS agar plates containing 25 pM NPA or 50 uM
yucasin. The roots grew for c. 5 h before they touched the obstacle. Bending angles of the roots were measured as described in Fig. 1(c). Eight replicates
were averaged. (b) Effects of NPA and yucasin on root elongation rate. Seedlings were treated as described in (a). Root elongation rate was measured
before contact with barrier. Eight replicates were averaged. (c) Cell length ratio in NPA-treated roots during the first bending. NPA was applied to Col-0
seedlings as described in (a). Cell length ratio was calculated as described in Fig. 2(d). Heatmap bar, cell length ratio (log, value). (d) Effects of NPA and
yucasin on the second bending during obstacle avoidance. Seedlings were treated as described in (a). Bending angles of the roots were measured as
described in Fig. 2(g). Eight replicates were averaged. (e, f) Effects of NPA and yucasin on auxin responses during obstacle avoidance. DR5rev:GFP
seedlings were used for the assays. The NPA and yucasin were applied to Col-0 seedlings as described in (a). GFP and PI fluorescence during the first
bending (e) and the second bending (f) were observed as described in Fig. 3(b,c), respectively. Bars, 100 um. Fluorescence intensities were measured using
Imace) software. Four replicates were averaged.
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gravitropism (Sinclair & Trewavas, 1997; Takahashi ez al., 2009),
it seems that a disturbed second bending in EGTA-treated roots
is due to a malfunction in the gravitropic responses.

To investigate whether EGTA affects auxin transport, we
treated DR5rev:GFP reporter plants with EGTA and analysed
GFP fluorescence during obstacle avoidance. We found that
EGTA inhibited asymmetrical auxin responses in the roots dur-
ing both the first and second bendings (Fig. Ge,f), suggesting that
Ca** signalling is important for polar auxin transport during
root—obstacle interactions. However, we could not find any clues
on the relationship between Ca”" and PIN-mediated auxin trans-
port. As EGTA treatment did not change PIN2 gene expression
during the first bending (Fig. S8), it is possible that Ca”" affects
PIN protein dynamics during obstacle avoidance.

A transient and biphasic Ca*" increase is observed in the epi-
dermis on the convex side of the bent root (Shih ezal, 2014).
The receptor-like kinase FER mediates the second peak of the
Ca®" response, therefore a monophasic Ca** peak is observed in

New Phytologist (2020) 225: 1285-1296
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FER-deficient mutants (Shih ez al., 2014). To investigate whether
the FER-mediated Ca®" response is involved in root—obstacle
avoidance, we measured bending angles of fér-4 mutants after
contact with a barrier. We found that bending rate of fer-4 roots
during first bending was similar to that of the Col-0 roots
(Fig. 6g,h), while féer-4 mutants showed an impaired second
bending as reported previously (Fig. 6i; Shih ez al., 2014). These
results suggested that FER-mediated Ca®" response is only
involved in the second bending during obstacle avoidance.

Discussion

The role of auxin during root—obstacle avoidance

In this work, we demonstrated that roots recognise obstacles and
actively avoid them using asymmetrical auxin accumulation.
When roots touched an obstacle, PIN-mediated polar auxin
transport was activated to accumulate auxin on the concave side

© 2019 The Authors
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Fig. 6 Ca®" signalling affects root—obstacle avoidance. Here, 5-d-old Arabidopsis seedlings grown on MS agar plates were used for the assays. Eight
replicates were averaged and statistically analysed using Student's ¢-test (*, P<0.01). Whskers, £SD. LS and RS indicate left and right side of the roots,
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(i) Second bending of fer-4 roots during obstacle avoidance. Bending angles of the roots were measured as described in Fig. 2(g).

of the bent roots. The asymmetrical auxin response would accel-  second bending. Roots then grew parallel to the barrier keeping a
erate first bending. After the roots bent away from the obstacle, step-like architecture until they found the edge of the obstacle.
PIN and other auxin transporters promoted a gravity-oriented However, our data suggested that roots can also avoid obstacles
© 2019 The Authors New Phytologist (2020) 225: 1285-1296

New Phytologist © 2019 New Phytologist Trust www.newphytologist.com



1294 Researc

passively in the absence of auxin action, because auxin receptor
mutants exhibited delayed, but clear, root bending after contact
with a barrier (Fig.2a,b). Therefore, the role of auxin during
obstacle avoidance is in the acceleration of root bending. The
next question is the physiological meaning behind rapid root
bending during obstacle avoidance. To find nutrients and anchor
themselves, roots should grow down into the deep soils. If plants
grow in high density, finding useful resources faster than com-
petitors is important for survival, particularly in environments
with limited availability of resources. In addition, rapid anchor-
ing is critical for plant survival under windy and harsh condi-
tions. It is therefore possible that plants have developed the
strategy of auxin-mediated rapid root movement to efficiently
avoid obstacles for their survival.

Relationship between obstacle avoidance and gravitropism

During obstacle avoidance, the second bending occurs after the
roots bend away from the obstacle. The purpose of the second
bending is to monitor the surface of the obstacle until the roots
find the edge. Our data showed that the second bending was
highly similar to root gravitropism. Auxin accumulated in the
gravity-oriented cells by polar auxin transport. PINs mediated
second bending (Figs 5d, S6), which is involved in gravitropism
(Abas ez al, 2006; Rakusova ezal, 2011). EGTA inhibited both
second bending and root gravitropism (Fig. 6d; Sinclair & Tre-
wavas, 1997; Takahashi ez al., 2009). Therefore, our data cannot
differentiate between second bending and gravitropism. A previ-
ous study on FER function suggested a difference between obsta-
cle-mediated second bending and gravitropism (Shih ezal,
2014). The authors showed that fér mutants exhibited impaired
second bending, but that the gravitropic responses of fer mutants
and wild-type plants were similar (Shih ez 4/, 2014). This means
that second bending and gravitropism are regulated by different
molecular mechanisms. However, other recent studies have
reported that for mutants exhibited delayed root gravitropism
(Barbez eral, 2017; Dong eral., 2019). Therefore, it is still
unclear whether impaired second bending in fer mutants is due
to a malfunction in gravitropism or due to other reasons. Careful
analysis of FER function is required to identify the relationship
between the second bending and gravitropism.

After the second bending, roots grow parallel to the obstacle.
When they find the edge of the barrier, roots immediately start to
grow in the direction of gravity (Massa & Gilroy, 2003). These
observations indicated that gravity cannot trigger asymmetrical
cell growth while the roots interact with the obstacle. Therefore,
there are complicated interactions between obstacle avoidance
and gravitropism. Further studies on the regulatory mechanisms
of auxin transporters in relation to both obstacle avoidance and
gravitropism will be helpful to identify strategies of roots during
root—obstacle interaction.

Role of Ca®" during root—obstacle avoidance

24+ . . . . . .

Ca“" signalling is closely involved in plant responses to mechani-
. . . ! . . 2+ .

cal stimuli. A transient increase in cytosolic Ca”" level is observed
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when roots undergo bending (Shih ez al, 2014). During the first
bending, a biphasic Ca®" peak is observed on the convex side of
the roots (Monshausen ez, 2009). The second Ca*" peak is
diminished in fér mutants (Shih ezal, 2014), indicating that
FER is required for the second Ca®" response but not for the ini-
tial Ca** response. In our study, fer-4 roots only exhibited differ-
ent responses in the second bending during obstacle avoidance
(Fig. 6g,i). These results suggested that among the biphasic Ca**
responses, the initial Ca®" response is related to the first bending,
while the late Ca®" response is involved in the second bending.
However, the relationship between the Ca®" responses and the
second bending is still unclear, because fer mutants exhibit
pleiotropic phenotypes including delayed gravitropism (Barbez
etal., 2017; Dong eral, 2019). Systematic analysis of Ca**
responses during obstacle avoidance is necessary to identify the
clear role of Ca*" signalling during obstacle avoidance.

While we found that Ca®" signalling is involved in root—ob-
stacle avoidance and auxin distribution, it is still unknown how
Ca®" affects auxin accumulation. Our data showed that PINs are
closely related to the obstacle avoidance, but blocking Ca*" sig-
nalling by EGTA treatment did not affect PIN2 gene expression
(Fig. S8). As PIN proteins are highly dynamic during root
tropism (Friml ez al, 2002; Abas et al., 2006; Galvin-Ampudia
etal., 2013), it is possible that PIN proteins are regulated by Ca**
signalling. Careful analysis of PIN protein dynamics during
obstacle avoidance will be necessary to identify molecular mecha-
nisms on root movement.

Possible role of auxin during thigmotropism

Auxin is required for tropic movement of the plants including
phototropism, gravitropism, and halotropism (Abas ez al., 20065
Wan eral., 2012; Galvan-Ampudia ez al., 2013). Our data pro-
posed that auxin is also involved in root bending during obsta-
cle avoidance. Movement of the roots when they meet obstacles
is highly similar to the thigmotropism observed in vine stems.
Unlike roots, vine stems bend toward obstacles and twine up
them to support themselves. As auxin-mediated asymmetrical
cell growth is a general mechanism for plant tropic responses,
our work would be applicable in identifying molecular mecha-
nisms of thigmotropism observed in vine stems. Auxin inhibits
cell elongation in the roots but it promotes cell growth in the
shoots (Ottenschlidger eral, 2003; Swarup eral, 2007; Ding
etal., 2011). It is therefore possible that auxin transporter-medi-
ated polar auxin transport is activated when vine stems meet
obstacles. Further studies on vine stems using auxin reporters
will be helpful to uncover underlying mechanisms of thig-
motropism.

Explorative behaviour of roots

Plant roots exhibit distinct movement to explore the surrounding
space. In addition to the thigmotropic movement described in
this work, light-grown roots circumnutate in the empty space
(Yokawa & Baluska, 2018). This behaviour may be necessary to
escape from unfavourable conditions. Notably, spiral movement

© 2019 The Authors
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of maize roots is largely reduced in the dark (Yokawa & Baluska,
2018). These observations suggest that root movement is closely
related to other environmental signals. Negative phototropism of
roots also shows that roots sense light (Burbach eral, 2012;
Yokawa ezal., 2013; Suzuki ezal., 2016). It is therefore possible
that obstacle avoidance is also affected by surrounding light con-
ditions. Analysis of root thigmotropic behaviour under different
light conditions would be a good approach to uncover these ques-
tions.
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