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Root growth responses to mechanical impedance are regulated
by a network of ROS, ethylene and auxin signalling in
Arabidopsis
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¢ The growth and development of root systems is influenced by mechanical properties of the
substrate in which the plants grow. Mechanical impedance, such as by compacted soil, can
reduce root elongation and limit crop productivity.

e To understand better the mechanisms involved in plant root responses to mechanical
impedance stress, we investigated changes in the root transcriptome and hormone signalling
responses of Arabidopsis to artificial root barrier systems in vitro.

¢ We demonstrate that upon encountering a barrier, reduced Arabidopsis root growth and a
characteristic ‘step-like’ growth pattern is due to a reduction in cell elongation associated with
changes in signalling gene expression. Data from RNA-sequencing combined with reporter
line and mutant studies identified essential roles for reactive oxygen species, ethylene and
auxin signalling during the barrier response.

* We propose a model in which early responses to mechanical impedance include reactive
oxygen signalling integrated with ethylene and auxin responses to mediate root growth
changes. Inhibition of ethylene responses allows improved growth in response to root
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impedance, an observation that may inform future crop breeding programmes.

Introduction

When growing through soils, plant roots must be able to respond
to a range of environmental cues and rely on flexible growth to
adapt to changing conditions. Establishment of robust root growth
and adaptive root architecture is important for maintaining crop
yields, and so root traits are of interest to plant breeders (Gewin,
2010). Various stress conditions in soils limit root elongation,
including insufficient nutrients, oxygen or water, and physical bar-
riers (Bengough ez al, 2006). As plant roots navigate the soil envi-
ronment, they encounter physical barriers and must be able to
adapt their growth in order to respond to mechanical impedance.
An increase in the mechanical strength of soils can occur as a result
of drying and drought conditions, as there is a strong interaction
between soil strength and water content (Whalley ez 4/, 2005; Jin
et al, 2013). The effect of increasing mechanical strength can be
further exacerbated by soil compaction caused by the use of heavy
farming machinery (Jin er al, 2013). Penetrometer resistance is
commonly used as a measure of soil strength, and increased resis-
tance correlates with reduced root elongation (Whitmore & Whal-
ley, 2009; Bengough ez 4/, 2011).

Mechanical impedance of the root also results in a slowing of
shoot growth (lijima & Kono, 1991; Roberts er al, 2002;
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Kobaissi et al, 2013; Potocka & Szymanowska-Pulka, 2018),
and changes to leaf growth and morphology are also reported.
Leaf number (Grzesiak, 2009), area (Alexander & Miller, 1991;
Bingham ez al., 2010; Kobaissi ez a/., 2013) and elongation rates
(Young er al, 1997) decrease and stomatal closure has been
observed (Roberts et al., 2002). There is therefore an agronomic
relevance to understanding the response of roots to mechanical
impedance, as the effects of soil drying and compaction can
reduce crop yields (Whalley ez 4/, 2008).

Diverse methods have been used to investigate the effect that
physically constraining root growth has on the morphology and
architecture of root systems (Potocka & Szymanowska-Pulka,
2018), and many studies have focused predominantly on the
morphological effect of mechanical impedance and barriers to
root growth in crop species. It has previously been demonstrated
that an increase in soil strength results in a decrease in root elon-
gation in cotton (Taylor & Ratliff, 1969), maize (Bengough &
Mullins, 1991), pea (Croser et al., 1999; lijima & Kato, 2007)
and tobacco (Alameda et al, 2012). In addition studies have
demonstrated that in response to mechanical impedance, cell
length is reduced and the length of the elongation zone shortened
(Veen, 1982; Croser et al, 1999; Hanbury & Atwell, 2005;
Okamoto et al., 2008). This reduced rate of growth is therefore
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likely to be due to a reduced rate of cell elongation, as axial ten-
sion is increased by stiffening of the cell walls to reduce elonga-
tion (Bengough et 4/, 2006).

More recently, studies have begun focusing on the response of
Arabidopsis thaliana in order to investigate in more detail the
molecular basis of the root response to mechanical stimulus
(Massa & Gilroy, 2003; Okamoto et af, 2008; Monshausen
et al., 2009; Lee et al., 2020). Previous studies have sought to
investigate the role of plant hormones and signalling pathways in
roots in response to touch stimuli or mechanical impedance, but
the precise nature of the signalling mechanisms involved remains
unknown. Evidence exists that both ethylene and auxin are likely
to be involved in mediating the root response to mechanical
impedance (Masle, 2002; Braam, 2005; Okamoto et al., 2008;
Yamamoto ez al., 2008; Lee et al., 2020). Changes in root mor-
phology in mechanically impeded roots often resemble changes
observed when roots are exposed to ethylene, with an inhibition
of root elongation and increase in the proliferation of root hairs
(Masle, 2002; Buer ez al., 2003). Classic studies have examined
the response of roots to inclined, hard agar plates (1.5% as
opposed to 1% agar) in order to examine thigmotropic responses
in roots. Roots exhibit a wavy growth pattern due to the mechan-
ical stimulus avoidance response (Okada & Shimura, 1990), and
Buer et al (2003) demonstrated that ethylene modulates this
response. When Arabidopsis is grown in medium consisting of a
standard density layer and a lower, harder layer, the root can
show a bending response at the harder layer. The bending or
non-bending response of roots has been shown to depend on
ethylene (Yamamoto ez al., 2008). The role of ethylene signalling
has also been demonstrated in continuously mechanically
impeded Arabidopsis roots (Okamoto ez 4/, 2008; Okamoto &
Takahashi, 2019). It is possible that ethylene signalling mediates
the response of roots to mechanical stress through co-action with
auxin. It has previously been demonstrated that the effect of
ethylene on root growth is mediated through regulation of auxin
biosynthesis and localization of auxin transporters (Ruzicka ez a.,
2007; Strader et al., 2010).

Previous work also demonstrated that roots respond to obsta-
cles through a combination of thigmotropic and gravitropic reac-
tions (Massa & Gilroy, 2003). Auxin signalling has long been
demonstrated to be involved in the gravitropic response of roots
(Ottenschlager er al., 2003; Swarup ez al., 2005; Muday & Rah-
man, 2008). It has also been proposed that the dynamic traffick-
ing system of auxin and the auxin transport system is a key
element in controlling tropic growth (Friml ez al., 2002; Blilou
et al., 2005; Pernisova et al., 2016). Three previous studies to
study mechanical root impedance effects in Arabidopsis used
either continuous mechanical impedance (horizontal root growth
across the surface of a dialysis membrane; Okamoto ez al., 2008)
or the impedance of vertical root growth by glass or metal barriers
(Massa & Gilroy, 2003; Lee ez al., 2020). Massa & Gilroy (2003)
implicated barrier sensing via the root cap; Okamoto et a/. (2008)
demonstrated a role for ethylene signalling in inducing growth
inhibition and radial thickening of roots; and Lee ez al. (2020)
showed a role for auxin transport via PIN2 to mediate root bend-
ing. However, little is known about the possible involvement of
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other signalling pathways such as reactive oxygen, gibberellins or
abscisic acid.

To understand better the network of signalling pathways
involved in the Arabidopsis root response to impedance, we used
global transcriptional profiling followed by experimental valida-
tion of gene expression data, with a focus on signalling pathway
genes. We demonstrate that the early response involves a tran-
scriptional activation of genes encoding components of reactive
oxygen species (ROS) signalling associated with ethylene and
auxin signalling, and show that each is required for the
impedance response.

Materials and Methods

Plant material

Wild-type (WT) Arabidopsis thaliana seeds (Columbia (Col-0)
ecotype), the auxin signalling mutant axrI, transport mutants
auxI-7 and eirl-4, and ethylene-insensitive ezl and ein2 were
from laboratory stocks. atrbohF, atrobhD and atrbohD/F mutants
were from Prof. Alistair Hetherington (University of Bristol,
UK). proCYCB1;2::CYCB1:2:GUS (Schnittger ez al., 2002) was
from laboratory stocks. HyPer (Belousov et 4/, 2006) was from
Prof. Marc Knight (Durham University, UK).
DR5rev::3xVENUS-N7  (Brunoud et 4/, 2012) and R2D2
reporter lines (Liao ez al., 2015) were from the Nottingham Ara-
bidopsis Stock Centre (http://arabidopsis.info/). Seeds were strat-
ified at 4°C for 24 h, surface sterilized and seedlings grown on
sterile half strength Murashige and Skoog medium (¥2MS10)
with 0.5% (w/v) agar, or 0.3% (w/v) or 1.2% (w/v) Phytagel
depending on the assay, as described (Casson ez al., 2002).

Barrier assays

We used three different barrier systems: a high density Phytagel
(split medium) system, the use of plastic barriers, and growth on
the surface of a dialysis membrane, as follows.

Split medium assay Seedlings were grown in Magenta vessels
(77 mm X 77 mm X 97 mm) containing a lower layer of 1.2%
Phytagel ¥2MS10 medium, and once set, 0.3% Phytagel medium
was poured on top. Seeds were placed just below the surface of
the medium, to grow through the upper layer before reaching the
barrier layer (Supporting Information Fig. S1a).

Plastic and dialysis membrane barrier assays One horizontal
barrier impedance system was adapted from Massa & Gilroy
(2003). Seeds were grown on vertical plates containing %2MS10
with 0.5% Phytagel. Plastic barriers of clear acetate (1 cm
x 2 cm) were sterilized in 70% ethanol and at 6 d after stratifica-
tion (DAS) were placed horizontally directly beneath growing
root tips (Fig. S1b); control roots had no barriers. For chemical
treatments, seedlings were first stratified and germinated on stan-
dard ¥2MS10 medium and transferred at 6 DAS to the treatment
plates before barrier placement. For some experiments, roots were
grown along the surface of a dialysis membrane on the surface of
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a horizontal agar plate, to provide continuous impedance, as
described (Okamoto et 4., 2008; Fig. S1c¢).

For root architecture analysis, seedlings were photographed
using a Zeiss STEMI SV8 dissecting stereomicroscope (Carl
Zeiss, Cambridge, UK). Each growth assay was repeated three
times with 15 individuals per treatment. Fluoridon treatment of
roots was as described previously (Rowe ez al., 2016). All image
analysis was carried out using IMAGE], and lateral root analysis
used the Smart Root Plugin (Lobet ez 4/, 2011). Root tip angle
(RTA) was measured as the angle between the outer root tip and
the horizontal barrier (Massa & Gilroy, 2003; Fig. S1d). For root
hair length analysis, up to 20 mature root hairs were measured.
The IMAGE] straight-line tool was used to draw and measure a line
from the quiescent centre (QC) to the proximal end of the meris-
tem (defined as the first cell that was twice the length of the
immediately preceding cell; Gonzédlez-Garcia er al., 2011). Elon-
gation zone size was measured from the end of the meristem to
the first indication of emerging root hairs. Time-lapse imaging of
roots used a Dino-lite microscope (www.dino-lite.com) over
12 h, with images captured every 15 min. RTA and root growth
was measured in each image from the point at which the root tip
made contact with the barrier.

Histochemistry

Histochemical staining of proCYCB1;2::CYCB1:2:GUS activity
with clearing in chloral hydrate solution was as described (Top-
ping & Lindsey, 1997). Number of dividing (GUS-positive) cells
was calculated using the IMAGE] ‘Cell Counter’ plugin. CellROX
Deep Red dye (ThermoFisher, Loughborough, UK) revealed
intracellular accumulation of ROS, and has previously been used
for plant roots (Kovacik ez al., 2014; Wright ez al., 2016). Whole
seedlings were stained with 1 pM dye for 30 min then washed
twice with sterile distilled water.

Confocal microscopy

Roots were imaged using a Leica SP5 laser scanning confocal
microscope (www.leica-microsystems.com) or Zeiss LSCM 880
(https://www.zeiss.com/microscopy/int/home.html).  Seedlings
were fixed in 4% paraformaldehyde (PFA) before clearing with
ClearSee (Kurihara er al, 2015) and staining with 0.1% (w/v)
Calcofluor White for 30 min or unfixed tissues stained with 0.5%
(wlv) propidium iodide (PI) solution for 90s. Images were
opened in LAS AF LiTE software (v.2.63 build 8173) or Zex LiTE
software. Images were taken from at least six individual roots for
each analysis in IMAGE].

Analysis of reporter fluorescence

The IMAGE] polygon tool was used to delineate regions of interest
(ROIs) in the root tip. Fluorescence was measured either as mean
green channel intensity or mean grey value. Mean green channel
intensity was calculated in RGB (red, green, blue) images using
the colour histogram tool. For grey values, all channels were
exported as separate TIFFs and converted to 32-bit images and
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mean grey value measured using the ‘set measurement’ function
in IMaGE]. ROIs were selected using the ROI analyser tool and an
RGB reference image with all channels, subtracting background
from the value. For R2D2, reduction of the Venus signal relative
to the tdTomato signal is a proxy for auxin accumulation (Liao
et al., 2015). Separate TIFFs of the Venus and tdTomato chan-
nels were exported and converted to 32-bit in IMAGE]. The Image
Calculator function of IMAGE] determined the ratio of Venus to
tdTomato signals (https://imagej.nih.gov/ij/docs/menus/process.
html#calculator). For HyPer analysis (Belousov et al, 2006),
images were acquired at 488 nm (green channel) for analysis
using Image Calculator. Images of CellROX DeepRed stained
roots were obtained using both confocal and brightfield, using
the electronically switchable illumination and detection module
(ESID). Fluorescence was measured as mean grey value in 32-bit
images containing only the DeepRed channel. DELLA imaging
used REPRESSOR OF GIBBERELLIC ACID (RGA):GREEN
FLUORESCENT PROTEIN (GFP) transgenic lines as previ-
ously described (Rowe ¢t al., 2016), with seedlings grown on a
dialysis membrane for 7 DAS.

RNA-sequencing

For transcriptomic analysis of the root response to mechanical
impedance, RNA was isolated from three independent biologi-
cal replicates of whole roots of seedlings grown for 6 DAS fol-
lowed by barrier contact for either 6 h or 30 h. Briefly, 20 mg
of root tissue for each replicate was ground in liquid nitrogen
using TissueLyser II (Qiagen, Manchester, UK) and RNA
extracted using the Qiagen ReliaPrep™ RNA Tissue Miniprep
System. RNA quality was determined using the NanoDrop
ND-1000  spectrophotometer  (ThermoFisher  Scientific,
Waltham, MA, USA) and Agilent 2200 TapeStation (Agilent
Technologies, Santa Clara, CA, USA). Libraries were con-
structed from 100 ng and 1 pg total RNA using the NEBNext
Ultra™ Directional RNA Library Prep Kit for Illumina for use
with the NEBNext Poly(A) mRNA Magnetic Isolation Module
(NEB, Hitchin, UK). Messenger RNA (mRNA) was isolated,
fragmented and primed, complementary DNA (cDNA) was
synthesized and end prep was performed. NEBNext Adaptor
was ligated and the ligation reaction was purified using AMPure
XP Beads. PCR enrichment of adaptor ligated DNA was con-
ducted using NEBNext Multiplex Oligos for Illumina (Set 1,
NEB#E7335). The PCR reaction was purified using Agencourt
AMPure XP Beads. Library quality was then assessed using a
DNA analysis ScreenTape on the Agilent Technologies 2200
TapeStation. Quantitative polymerase chain reaction (qPCR)
was used for sample quantification using NEBNext”™ Library
Quant Kit Quick Protocol Quant kit for Illumina. Samples
were diluted to 10 nM. 7 pl of each 10 nM sample was pooled
together and all were run on two lanes using an Illumina
HiSeq2500 (DBS Genomics facility, Durham University, UK).
Approximately 30 M unique paired-end 125 bp reads were car-
ried per sample. Primers were designed using PRIMER-BLAST
(htep://www.ncbi.nlm.nih.gov/tools/primer-blast/) and synthe-
sized by MWG Eurofins (http://www.eurofinsdna.com/).
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Fig. 1 Short-term bending response of a root to a barrier. Plastic barriers were placed in front of growing Arabidopsis roots 6 d after stratification, and root
tips were imaged every 15 min. (a) Time-lapse images of a Col-0 root tip encountering a horizontal barrier at 0-8 h after contact with the barrier. (b) Root
tip angle (RTA) over 0-480 min after contact with a barrier. RTA was measured every 15 min. (c) Bending rate between 15 and 480 min. (d) Root growth
of the primary root tip between 0 and 480 min after contact with the barrier. Blue line represents regression line. (e) Typical elongation zone of primary
root tips stained with Calcofluor White and grown in the presence or absence of a barrier for 6 h. Cells of the elongation zone used for measurements are
outlined and highlighted in orange. (f) Total cortical cell number in the meristem and elongation zone after 6 h. (g) Ratio of meristem and elongation zone
length between the left and right side of the root tip. (h) Ratio of cell length between the left and right side of the root tip in the first 11 cells of the
elongation zone. The root tip was divided through the middle into a left and right side and measurements taken separately for each side. Ratio was
calculated using the formula exp(|log(left/right)|) to account for any bias in assigning left/right. For (b, ¢, d, h), error bars represent mean =+ SE. For (f, g)
the upper and lower boundaries of each boxplot indicate the interquartile range, the black line within the box marks the median, and whiskers represent
the minimum and maximum excluding outliers. Open circles represent outliers, and red diamonds represent the mean. Bars: 0.5 mm (a), 50 um (e).
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FastQC  (https://www.bioinformatics.babraham.ac.uk/projec
ts/fastqc/) was used to assess read quality and TrRiMmomATIC (Bol-
ger et al., 2014) was used to cut down and remove low quality
reads. SALMON (Patro ¢t al., 2017) was used for quasi-mapping of
reads against the AtRTD2-QUASI (Brown ez al., 2017; Zhang
et al., 2017) transcriptome and to estimate transcript-level abun-
dances. The TxIMPORT R package (Soneson ez al., 2016) was used
to import transcript-level abundance, estimate counts and tran-
script lengths, and summarize into matrices for downstream anal-
ysis in R. Before differential expression analysis, low quality reads
were filtered out of the data set. Only genes with a count per mil-
lion of 0.744 in six or more samples were retained. The DESEQ2
(Love et al., 2014) R package was used to estimate variance-mean
dependence in count data and to test for differendal expression
(using the negative binomial distribution model). A padj-value
0f<0.05 and a log,fold change (log,FC) of > 0.5 were selected to
identify differentially expressed genes (DEGs). The three-dimen-
sional (3D) RNA-sequencing (RNA-seq) online App (Calixto
et al., 2018; Guo et al., 2019) was used for independent verifica-
tion of estimated DEGs and for differential alternative splicing
analysis. RNA-seq data are deposited in the Dryad Digital Repos-

itory.

Quantitative RT-PCR (qRT-PCR)

RNA extraction and ¢cDNA synthesis for quantitative reverse
transcription polymerase chain reaction (QRT-PCR) was carried
out using WT and atrbohD/F double mutant seedlings (7 DAS)
essentially as described previously (Rowe et al., 2016), using four
biololocal and three technical replicates. UBIQUITINIO
(UBQ10) or PEROXIN4 (PEX4) were used as reference genes.
gRT-PCR reactions were carried out using 2 x SensiFAST
SYBR® No-ROX Mix and were run on a Rotor-Gene Q
Machine (Qiagen). Expression analysis was conducted using the
Rotorgene QQ SERIES software v.1.7. Relative normalized levels of
transcript of each gene were calculated relative to the reference
gene and analysed by comparative quantification using an
assumption-free, linear regression analysis approach (Ramakers
et al., 2003). Primer sequences are listed in Table S1.

Results

The root response to mechanical impedance involves
radially asymmetric changes in cell expansion

To examine the short-term (0-24h) impedance response,
seedlings were grown on vertical plates on the gel surface, and at
6 DAS plastic barriers were placed horizontally directly beneath
growing roots. Consistent with previous studies (Massa & Gilroy,
2003; Lee et al., 2020), roots were found to attempt to rapidly
bend away from obstacles, forming a ‘step-like’ growth pattern
where the root grows parallel to the obstacle while the root tip
maintains contact with the barrier. It is hypothesized that the first
bend represents a touch response to the barrier, leading to ‘explo-
ration’ of the substrate, while the second bend downwards repre-
sents a gravitropic response. RTA was measured between the
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leading edge of the root tip and the surface of the barrier, i.e. at
the initiation of the second bend (Fig. 1a,d); this provides a mea-
surable ‘readout’ of the response to mechanical impedance. RTA
changed from an average of 93.8° = 2.20° (0 h) to 120° + 1.25°
(180—480 min; Fig. 1b), detectable within 60 min of the root
encountering an obstacle, with a second bend forming between 3
and 4 h. The rate of bending (ARTA/min) was greatest between
15 and 90 min (Fig. 1c); root growth rate was fairly constant
along the barrier (average 0.96£0.14 mm over 480 min;
Fig. 1d).

After 6 h, meristem size was unaffected in roots responding to
the barrier (Fig. le,f), suggesting changes in cell division are
unlikely to be involved in the early response to a barrier (Fig. S2;
Okamato er al., 2008). However, the ratio of the length of the
elongation zone between the two sides of the root significantly
increased in response to a barrier, from a median ratio of 1.01
(interquartile range (IQR)=0.017) to 1.04 (IQR=0.027),
demonstrating asymmetry in cell elongation (Fig. 1g). The aver-
age ratio of cell length for the first 811 cells of the elongation
zone significantly increased in response to a barrier, confirming
the asymmetry of response (Fig. 1h).

Analysis of CYCBI1;2:GUS reporter expression, which marks
the G2/M cell cycle transition (Colon-Carmona ez al., 1999; Sch-
nittger et al., 2002), confirmed that the number of dividing cells
remained unchanged in response to impedance (Fig. S2a,b). The
ratio of dividing cells on the ‘left’ and ‘right’ sides of the axial
root plane was calculated using the formula exp(|log(left/right)]),
which obviates the need to assign left or right sides. This ratio
does not change in impeded roots (Fig. S2¢), indicating cell divi-
sion rate remains constant radially across the meristem.

Consistent with previous studies, primary root length signifi-
cantly decreased on encountering the barrier, with median root
length reducing from 15.8mm (IQR=4.0) to 10.6mm
(IQR=3.4) (Fig. S3a). Root length between 4 and 7 DAS was
significantly reduced on impedance, with a significant reduction
occurring from 5 DAS (8.21 £0.24 mm compared to
5.65 + 0.36 mm; Fig. S3g). The distance of root hair emergence
from the root tip was also significantly reduced on encountering
a barrier (Fig. S3b; Okamoto et al., 2008). The meristem length
of impeded roots (7 DAS) was not significantly different to the
control (Fig. S3c,e), but the elongation zone length was signifi-
cantly reduced, from a median of 467 um (IQR=132) in the
control to 362 pm (IQR=123) in impeded roots (Fig. S3d,f).
While primary root length was significantly reduced in impeded
roots, lateral root density (i.e. number of laterals per length of
primary root) increased (Fig. S3h).

Transcriptional analysis reveals specific signalling changes
in the impeded root

The results described show mechanical impedance induces
reduced root growth and step-like bending due to differential
cell elongation, rather than altered meristem activity, enhanced
root hair growth and increased lateral root density. To under-
stand better the molecular events in roots under mechanical
impedance stress, RNA-seq was used to identify transcriptional
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changes for three independent biological replicates for control
and barrier treatments of 6 DAS roots at 6h and 30h after
impedance. The objective was to identify gene expression
changes as a means to build a hypothesis for signalling
changes during this time period. The 6 h time point was used
to capture transcriptional changes following the initial intense
bending period (at between 1 and 4h), and the 30h time
point was used to capture transcriptional changes following
more prolonged contact with a barrier.

Principal component analysis (Fig. S4a) and a heatmap of the
50 most highly expressed genes with clustering across samples
(Fig. S4a) show that variation between sample groups is greater
than variation within groups. A P-value 0of<0.05 and log,FC
of>0.5 or <—0.5 were selected to identify DEGs between barrier
and control conditions at each time-point (Fig. S5a). A total of
1941 genes were upregulated and 406 downregulated at 6 h after
barrier placement. Fewer genes were differentially expressed at
30h, with 852 upregulated and 607 downregulated genes
(Fig. S5b). A total of 372 genes were differentially expressed at
both 6 h and 30 h (Fig. S5¢i).

To verify data from the RNA-seq experiment, qRT-PCR was
carried out on two DEGs, one differentially expressed at 6 h and
one at 30 h. The genes RPL2 (encoding mitochondrial ribosomal
protein 12) and IF2/[F5 (encoding translation initation factor
IF2/1F5) were selected as they show significant changes in expres-
sion in response to a barrier. RPL2 has a log,FC of —2.44 at 6 h
and JF2/IF5 has a log,FC of —2.36 at 30 h. qRT-PCR analysis of
these genes confirmed a decrease in expression of RPL2 and [F2/
IF5 at 6 and 30h respectively, relative to the internal control
gene PEROXINA (PEX4) (Fig. S5j.k).

In an hypothesis-building process, we carried out an unbiased
gene ontology (GO) enrichment analysis to interpret the biologi-
cal functions of genes upregulated and downregulated at each
timepoint, and treemaps were generated using data from
REVIGO (Supek et al, 2011). Results reveal littde overlap
between GO terms in the response at 6 h vs 30 h after impedance.
Of particular interest, there is seen a strong upregulation in genes
involved in ‘response to stress’, the largest supercluster of GO
terms, at 6 h (Fig. S6). GO terms that relate to ROS are more fre-
quent, including ‘hydrogen peroxide catabolism’ and ‘reactive
oxygen species metabolism’. Also identified was an upregulation
of genes involved in ‘signalling’, ‘protein phosphorylation’, ‘cell
communication’, ‘secondary metabolism’ and ‘localization’. At
30 h, there is an upregulation of genes involved in mRNA splic-
ing, cellular respiration and ribonucleoprotein complex biogene-
sis (Fig. S7). In contrast to the response at 6 h, genes involved in
‘cell communication’, ‘signalling’ and ‘response to stimulus’ are
downregulated at 30 h (Fig. S7), indicating a switch from the
response at 6 h.

At 6 h we found that GO terms relating to hormone responses
were more frequent in upregulated genes (Fig. S8). In contrast,
the majority of genes relating to hormone signalling at 30 h are
downregulated, consistent with the observation that many stress-
related genes are also downregulated after 30 h (Fig. S8). This
indicates that hormone-related transcriptional changes princi-
pally occur relatively early in the response to mechanical
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impedance. Although transcriptional upregulation of genes asso-
ciated with gibberellic acid (GA) and abscisic acid (ABA) sig-
nalling were identified, analysis of RGA:GFP expression (GA
signalling) and treatments with fluoridon (an inhibitor of ABA
synthesis; Rowe ez al., 2016) provided no further evidence for an
essential role for these pathways in the early impedance response
(Fig. S9); further analysis therefore focused on ROS, ethylene

and auxin requirements.

A role for reactive oxygen species in the impedance
response

ROS have been proposed to act as a rapid wave-like signal during
stress responses, mediated by RESPIRATORY BURST
OXIDASE HOMOLOG D (RBOHD) activation (Miller ez al.,
2009; Gilroy ez al., 2014, 2016). GO analysis showed overrepre-
sentation of terms relating to ROS metabolism. At 6 h there was
an upregulation in genes relating to ‘reactive oxygen species
metabolism’ and ‘hydrogen peroxide catabolism’. NADPH oxi-
dases (respiratory burst oxidase homologues) are key ROS-pro-
ducing enzymes and act as molecular ‘hubs’ during ROS-
mediated signalling (Hu ez 4/, 2020). Six NADPH oxidase genes
are upregulated at 6h (TableS2), including RBHOD and
RBOHF, which have been shown to be involved in a number of
abiotic and biotic stress responses (Xie et 4/, 2011; Liu et al,
2015; Morales et al., 2016; Wang et al., 2019). ROOT HAIR
DEFECTIVE 2 (RHD?2) is upregulated at 6h, and has been
linked to root hair growth (Foreman ez 2/, 2003) and root touch
responses (Monshausen ez 4/, 2009). In addition, 20 known
ROS scavenging genes were upregulated at 6 h (Table S3).

Transcriptomic changes in response to ROS have previously
been documented and a transcriptomic footprint created (Gadjev
et al., 2006). Comparison of this footprint with the data obtained
for response to a barrier revealed that, at 6h, 32 upregulated
genes overlap with the ROS footprint (Fig. 2a). The greatest
number of DEGs at 6 h appear to be upregulated in response to
singlet oxygen (Fig. 2b), strongly suggesting an elevation of ROS
transcriptional and signalling responses when a root encounters a
barrier.

Since RBHOD and RBOHF genes were upregulated within
6h, time-lapse imaging was used to examine the early root
response of the atrbohD/F double mutant after encountering a
barrier (Fig. 3a). The atrbohD/F RTA differed significantly from
Col-0 at 360 min, with a mean RTA for atrbohD/F of 148.8°
(£ 5.7°) compared with 118.9° (£ 8.2°) in the control (Fig. 3b;
ANCOVA, P<0.001); differences were detected from ¢. 75 min.
At 75 min the RTA of atrbohD/F is greater, at 124.0° (£ 6.7°),
compared with 108.9° (£4.4°) for Col-0 (Fig. 3b), demonstrat-
ing a requirement for these ROS signalling pathway genes in the
early impedance response.

Diphenylene iodonium (DPI), a chemical inhibitor of ROS
production, was used to investigate further the role of ROS in
the barrier response. Seedlings were grown on 10 uM DPI or
10 uM dimethyl sulfoxide (DMSO) as a control, and barrier
response determined. At 6 h, seedlings grown on 10 pM of DPI
encountering a barrier exhibited a higher RTA compared to the
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(a)

6 h Upregulated

1909

Fig. 2 Reactive oxygen species (ROS)-related
gene expression at 6 h in response to a
barrier in Arabidopsis. (a) Venn diagram
showing common genes between genes
differentially expressed at 6 h in response to a
barrier and genes identified as a general ROS
transcriptomic footprint (Gadjev et al.,
2006). The ROS footprint comprises genes
identified by Gadjev et al. (2006) as being
upregulated in response to several oxidative
stress conditions. (b) Bar chart showing
number of genes identified from the RNA-
seq data set at 6 h identified by Gadjev et al.
(2006) as responding to specific ROS
responses.

control (10 pm DMSO; Fig. 3¢), confirming the mutant study.
At 24 h, there was no significant difference in RTA between
seedlings grown in the presence of 10pM DPI on 10 puM
DMSO when encountering a barrier (Fig. 3d).

Confocal imaging of the hydrogen peroxide (H,O,) reporter
HyPer (Belousov er al., 2006) was used to investigate possible
changes in H,O, levels at the root tip in response to impedance
within 6h. Yellow fluorescent protein (YFP) fluorescence
increased significantly in the outer lateral root cap cells, indicat-
ing an increase in H,O, (Fig. 3e,f). There was no significant
change detected in other cells of the root cap (Fig. 3g,h).

CellROX Deep Red is a cell-permeant dye that is weakly fluo-
rescent in the reduced state and exhibits photostable fluorescence
upon oxidation by several ROS. Three hours after barrier place-
ment, fluorescence was observed in the outermost root cap cells
and in the lateral root cap (Fig. 4a) but was not significantly dif-
ferent in either the columella cells or lateral root cap in the two
treatments (Fig. 4b). Fluorescence was also observed in both the
meristematic and elongation zones (Fig. 4¢), and while there was
no difference in meristem cells, there was found a significant
decrease in CellROX fluorescence in the elongation zone in roots
encountering a barrier (Fig. 4d, Student’s #test, P=0.05), indi-
cating a decrease in ROS.

A role for ethylene in the impedance response

KEGG pathway mapping identified an upregulation of ethylene-
related transcription at 6 h, including key ethylene response genes
such as ETHYLENE INSENSTIVE LIKE 2 (EIL2; Fig. S10a)
and two ETHYLENE RESPONSE FACTOR (ERF) genes ERFIA

© 2021 The Authors
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and ERF4, and genes involved in ethylene biosynthesis — ACS5 is
upregulated by log,FC of 2.52, and the ACC oxidase gene
ETHYLENE FORMING ENZYME (EFE) is also upregulated at
6 h, suggesting increased ethylene production in response to a
barrier (Fig. S10b). At 30 h, ACS5 and ELOI are both downregu-
lated, indicating a possible decrease in ethylene biosynthesis.
These data suggest that upregulation in ethylene biosynthesis
may be early and transient during the barrier response.

Previous studies describe controversy around a role for
ethylene synthesis, and suggested primarily a role for ethylene sig-
nalling in the response to continuous impedance (Okamoto
et al., 2003). To investigate a possible requirement for ethylene
signalling for the root response, time lapse imaging was used to
investigate the bending of the ethylene resistant ez/-1 mutant in
response to a barrier (Fig. 5a). RTA changed more rapidly in ezr!
compared with Col-0 in response to a barrier, detectable from c.
45-60 min, indicating a relatively early role of ethylene signalling
in the impedance response. At 60 min, mean RTA of el was
122.9° + 3.4°, 15.6° higher than the RTA of Col-0 (107.3° +
5.5°). The RTA of etr] also reduced again toward the vertical
between 195 and 270 min, reaching 117.6° £ 9.9° at 270 min
before increasing again to 150° £ 12.9° at 360 min (Fig. 5b,c),
associated with the second bend. The ethylene-insensitive ein2
also showed a slightly more vertical root than WT (Fig. S11),
indicating a role for ethylene signalling in reducing growth rate
and bending on impedance. The ezr! seedlings grew longer than
WT in a gel barrier (Fig. S12) and roots of a range of ethylene-in-
sensitive mutants (ein2, etrl, auxl, eirl) showed a significantly
reduced response to barrier impedance, with enhanced growth
rate compared to WT (ANOVA, P<0.0001; Fig.S13),
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Fig. 3 Reactive oxygen species (ROS) is required for the barrier response in Arabidopsis. (a) Timelapse imaging of atrbohD/F double mutant in response to
a barrier. Plastic barriers were placed in front of vertically growing roots 6 d after stratification (DAS) and root tips were imaged every 15 min. (b) Root tip
angle of atrbohD/F double mutant (yellow) and wild-type (grey) roots from 0 to 360 min after contact with a barrier. Root tip angle (RTA) was measured
every 15 min. Data show mean RTA =+ SD. (c, d) The effect of diphenylene iodonium (DPI) on RTA during the barrier response 6 h after barrier placement.
Lines indicate mean and surrounding shaded area indicates + SD. (e-g) HyPer fluorescence in unfixed roots after responding to a barrier. Barriers were
placed in front of seedlings 6 DAS and roots were imaged between 3 and 5 h after barrier placement. Roots were stained with propidium iodide before
imaging. (e) Typical fluorescence of HyPer probe YFP excited at 488 nm (green) in roots stained with propidium iodide (magenta). (f) Measured
fluorescence of HyPer YFP in the outer lateral root cap cells. (g) Measured fluorescence of HyPer YFP in the columella. (h) Measured fluorescence of HyPer
YFP in the lateral root cap. Bars: 0.5 mm (a), 50 um (e). Asterisks show significance (***, P<0.001). Letters indicate significance with a Tukey pairwise
comparison P<0.05 (c, d).
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Fig. 4 CellROX staining to reveal reactive oxygen species (ROS) levels. Barriers were placed in front of Arabidopsis seedling roots 6 d after stratification and
seedlings were removed 3 h after barrier placement for staining with CellROX Deep Red. (a) Typical staining pattern of CelROX Deep Red (red) at the root
tip, with and without bright field image of the root tip. (b) Measured fluorescence of CellROX Deep Red stain in the root tip columella, lateral root cap
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bright field imaging. (d) Measured fluorescence of CelROX Deep Red stain in the elongation zone and meristem. Bar, 50 um. Black circles and error bars
represent mean =+ SE. Coloured circles represent distribution of individual data points. Lines and asterisks show significance (ns, not significant; *, P <0.05).

© 2021 The Authors New Phytologist (2021)
New Phytologist © 2021 New Phytologist Foundation www.newphytologist.com



10 Research

indicative of the requirement of ethylene signalling for the nor-
mal response to a barrier.

To further examine the role of ethylene, seedlings were grown
in the presence of chemical inhibitors of ethylene biosynthesis
(10 uM aminoethoxyvinylglycine (AVG)) and signalling (10 pM
silver thiosulphate (STS)). At 6h after barrier placement,
seedlings grown in the presence of either inhibitor showed a
slightly higher RTA than the control (Fig.6a, ANOVA,
P=10.08). After 24 h of growth, seedlings grown on 10 uM AVG
had a significantly higher mean RTA than the control (Fig. 6b;
ANOVA, P<0.001; Tukey P=0.003), indicating a role for
ethylene synthesis at the later stages of impedance response (likely
associated with gravitropism). However, seedlings grown in the
presence of STS did not exhibit any significant change in RTA
compared with the control (Fig. 6¢), suggesting a less effective
inhibition of ethylene signalling by STS than either er! or ein2
mutations.

Root hair density and length were measured in roots respond-

ing to a barrier in the presence of 10 pM AVG or STS. At 24 h

New
Phytologist

of barrier treatment, control seedlings showed an increase in root
hair length in response to a barrier as described earlier, which
together with root hair density was significantly reduced by treat-
ment with 10 pM AVG or 10 pM STS in either the presence or
absence of barrier (Fig. 6a—c; ANOVA, P<0.001). This shows
that normal ethylene biosynthesis and signalling are each essential
for root hair elongation and formation, but only root hair length
increases in response to barrier contact.

A role for auxin in the impedance response

Further KEGG pathway mapping revealed DEGs associated with
auxin signalling. At 6h PHYTOCHROME-ASSOCIATED
PROTEIN 2 (PAP2), a member of the AUXIN/INDOLE-3-
ACETIC ACID (Aux/IAA) family, and SAUR36 are downregu-
lated, while SAURS5 is upregulated; SAUR36 is upregulated at
30 h. At 30 h, three AUX/IAA genes are differentially expressed:
IAA30 and PAP2 are upregulated while JAA14 is downregulated
(Fig. S14). Three genes involved in auxin conjugation, GH3.17,
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Fig. 5 Ethylene signalling is required for the barrier response in Arabidopsis. (a) Timelapse imaging of wild-type (Col-0, upper row of panels) and etr7
(lower two rows of panels) between 0 and 8 h after barrier placement. Plastic barriers were placed in front of vertically growing roots 6 d after stratification
and root tips were imaged every 15 min. In some cases, etr7 shows a reversal of growth direction (lowest row of panels at 6 and 8 h). (b) Root tip angle
(RTA) from O to 480 min after contact with a barrier. RTA was measured every 15 min. The central ‘dip’ in etr7 RTA reflects the directional change. Lines
and dots indicate mean, with shaded area indicating + SE. Bar, 0.5 mm. Asterisks show significance (***, P <0.001). (c) Angle of primary root tips to the
horizontal barrier 24 h after barrier placement for wild-type (Col-0) and etr1. (d, ) Effect of aminoethoxyvinylglycine (AVG) and silver thiosulphate (STS)
on RTA 6 h (d) and 30 h (e) after barrier placement. Lines indicate mean and surrounding shaded area indicates & SD. Letters indicate significance with a

Tukey pairwise comparison P <0.05 (c-e).
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Fig. 6 Root hair responses to a barrier in Arabidopsis. (a) Typical root hair growth after 24 h in the presence or absence of a barrier: untreated (upper
panel), in presence of silver thiosulphate (STS) (middle panel), in presence of aminoethoxyvinylglycine (AVG) (lower panel). Bar, 500 um. (b) Root hair
density (number of root hairs/mm root). Root hairs were counted in an approximate 2 mm section of mature root and exact distance measured to calculate
root density. (c) Root hair length. Root hair length was measured in 20 root hairs within a 2 mm region of root and the average taken to determine root
hair length for the sample. For (b,c), the upper and lower boundaries of each boxplot indicate the interquartile range, the black line within the box marks
the median, and whiskers represent the minimum and maximum excluding outliers. Red diamonds represent the mean. Asterisks indicate significance with

a Tukey pairwise comparison (ns, not significant; *** P <0.001).

BRUG and DFLI (Staswick et al., 2005) are also upregulated at
6h and two downregulated at 30h (GH3.17 and DFL2,
Fig. S14), suggesting a role for auxin conjugation in controlling
free auxin levels during the barrier response. Three ATP-Binding
Cassette (ABC) family genes, ABCBI, ABCB4 and ABCG37,
associated with auxin transport and gravitropic response (Geisler
et al., 2005; Lewis et al., 2007; Wu et al., 2007; Ruzicka et al.,
2010) are upregulated at 6 h.

The transcriptomic data presented earlier, and recent work by
Lee er al. (2020), support a role for auxin and its transport in
obstacle avoidance. Using time lapse imaging, we found that
RTA for the auxin transport (and ethylene-insensitive) mutants
eirl-4 and auxI-7 was significantly closer to the horizontal than
Col-0 (Fig. 7a,b), apparent from ¢. 210 min (average RTA for
eirl-4 is 133° & 5.5° and 138.4° £ 3.4° for auxI-7, compared
with 123.8° £ 2.6° for Col-0). Initial bending between 0 and
210 min appears the same between Col-0 and the mutants
(Fig. 7b). After 24 h the RTA was still significantly different

© 2021 The Authors
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between Col-0 and the mutants (ANOVA, P<0.001; Fig. 7¢).
WT seedlings treated with the auxin transport inhibitor N-1-
naphthylphthalamic acid (10 uM NPA) at 6 h after barrier inter-
action had a significantly higher RTA than untreated controls
(161° £ 4.4°%; Fig. 7d) and at 24 h mean RTA in the presence of
both 2.5 and 10 pM NPA was greater than for the untreated con-
trols (Fig. 7e).

Mechanical impedance caused a significant increase in fluores-
cence of the reporter line DR5rev::3xVENUS-N7 tip 6 h after
encountering a barrier in the stele and lateral root cap (Fig. 8a,b).
Similarly, the ratiometric reporter R2D2 showed Tomato/Venus
fluorescence increased significantly at 6 h (Fig. 8c—e), indicating
an increase in auxin levels. Asymmetric distribution of auxin was
also detected, with ‘left to right’ auxin level increasing signifi-
cantly in response to impedance (Fig. 8d). There was also a sig-
nificant increase in Tomato/Venus fluorescence by 4 h (ANOVA
P=0.001, Fig. S15), i.e. the time when auxin transport mutants
showed altered RTA responses, indicating a significant increase
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Fig. 7 Ethylene signalling is required for the barrier response in Arabidopsis. (a) Timelapse imaging of wild-type (Col-0), aux7-7 (aux1) and eir1-4 (eirT)
between 0 and 8 h after barrier placement. Plastic barriers were placed in front of growing roots 6 d after stratification and root tips were imaged every

15 min. (b) Root tip angle (RTA) over time from 0 to 480 min after contact with a barrier. RTA was measured every 15 min. Lines and dots indicate mean
with shaded area indicating & SD. (c) Angle of primary root tips to the horizontal barrier 24 h after barrier placement. (d, e) Effect of 1-naphthylphthalamic
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Bar, 0.5 mm. Letters indicate significance with a Tukey pairwise comparison, P <0.05.
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Fig. 8 Imaging of reporters reveals auxin distribution changes. Barriers were placed in front of vertically growing Arabidopsis roots for 6 d after
stratification. (a) Confocal imaging of the DR5rev::3xVENUS-N7 auxin reporter 6 h after placement of a barrier and stained with propidium iodide before
imaging, compared with control. Yellow, Venus; magenta, propidium iodide. (b) Relative mean fluorescence measured using Imace) in the stele, columella/
quiescent centre (QC) and lateral root cap (LRC). (c) Confocal imaging of the R2D2 auxin reporter in roots responding to a barrier at 6 h. Green, DII-
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© 2021 The Authors New Phytologist (2021)
New Phytologist © 2021 New Phytologist Foundation www.newphytologist.com



in auxin at the root tip in that early response period. Cell type
analysis also revealed a significant change in left/right auxin level
in the LRC/Epidermis between 2 h and 4h (ANOVA, P=0.03;
Fig. S15). These data show auxin distribution dynamics across
the root occurring from the first impedance bending response.

Auxin and ethylene rsponses in the reactive oxygen species
mutant atrbohD/F

To gain some insight into the relationship between ROS, auxin
and ethylene signalling, we used qRT-PCR to monitor the
expression of two auxin responsive genes, AUXIN INDUCIBLE
1 (IAAI) and IAA2, and one ethylene response gene, ERFI, in
the atrbohD/F mutant background at 7 DAS. While the auxin
genes showed no change in expression compared to WT controls,
ERFI showed some reduction in mean expression in the mutant
compared to WT, though only statistically significant at P=0.4
(Fig. 9). The results do however suggest that ATRBOHD/F

function may be required for correct ethylene responses.

Discussion

Placing a horizontal obstacle in the way of a vertically growing
root reveals a response likely to be induced by a combination of
touch sensing and gravity, and resulting in a ‘step-like’ growth
pattern, with only the root tip remaining in contact with the bar-
rier surface (Massa & Gilroy, 2003; Lee ez 4l., 2020). Root bend-
ing has also been observed in roots grown in a medium
consisting of a soft upper layer and a hard lower layer, with roots
exhibiting a bending response at the harder layer (Yamamoto
et al., 2008; Yan ez al., 2017, 2018). It has been suggested that a
zone of ‘mechanical weakness’ is required for the bending process
and that this is localized between the growing and mature zones
of the root (Bizet et al., 2016).

In our experiments, we similarly observed the two-step growth
pattern, and the RNA-seq analysis revealed significant changes in
three, likely interrelated, signalling pathways, namely ROS,
ethylene and auxin. From an analysis of the RTA of ROS,
ethylene signalling and auxin transport mutants and reporter
imaging studies, it would appear that ROS and ethylene
responses occur relatively early, based on relatively early tran-
scriptional changes and early ROS reporter activity observed dur-
ing the period of the touch and first bend of the root, followed
by auxin responses. The root behaviour of the a#bohD/F double
mutant, defective in ROS generation, is first detectable relatively
quickly after impedance, within ¢. 75 min of barrier touching,
followed by HyPer and CellROX ROS reporter accumulation in
outer root cap cells and lateral root cap and root elongation zone
within 3h (Figs3, 4). No significant barrier effect on ROS
reporter activity was seen in the root meristem. CellROX dyes
measure general oxidative stress whereas as HyPer is specific to
H,O, (Belousov et al., 2006). Both CellROX and HyPer exhib-
ited fluorescence in the root tip, however only CellROX showed
a strong signal in the meristem and elongation zone. CellROX
may not be sensitive enough to pick up any changes in the level
of a specific ROS such as H,O,, hence no change observed in
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Fig. 9 Auxin and ethylene pathway gene expression in the Arabidopsis
atrbohD/F double mutant. Expression of JAAT, IAA2 and ERF1 were
determined by qRT-PCR in control and mutant seedlings at 7 d after
statification. UBQ170 was the reference geen. Results represent the mean
of four biological replicates. The upper and lower boundaries of each
boxplot indicate the interquartile range, the black line within the box
marks the median, circles represent the mean, and whiskers represent the
minimum and maximum excluding outliers. P values are indicated.

CellROX at the root tip. As HyPer was only observed at the root
tip it cannot be compared directly to the CellROX stain in the
meristem and EZ. It is also possible that redistribution of ROS
occurs, with an increase at the root tip and decrease in the elonga-
tion zone.

Early ethylene requirements were also seen as altered root
behaviour of the ethylene-insensitive e/ mutant within 45—
60 min of barrier contact. Over a longer period (624 h), a likely
role for ethylene biosynthesis was identified through root
responses of seedlings (RTA, root hair density and length) treated
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with the ethylene synthesis inhibitor AVG (Fig. 5). There is evi-
dence that ROS and ethylene signalling pathways interact in a
positive loop, such that one activates the other (Xia et al., 2015).
However, our RNA-seq data suggest an upregulation in ethylene
signalling and biosynthesis at the transcriptional level is transient.
At 30 h, ACS5 is downregulated and there is no upregulation of
any ethylene signalling genes. When ethylene signalling is per-
turbed, decreases in root growth in response to a barrier are not
observed (Okamoto ez al., 2008; Okamoto & Takahashi, 2019).
The Arabidopsis ethylene-insensitive mutants either grow longer
or are less inhibited than WT following barrier contact (Figs S12,
S13), consistent with inhibitory effects of ethylene on primary
and lateral root growth via auxin effects (Ruzicka ez al, 2007);
and suggesting that ethylene signalling may represent a useful tar-
get for breeders hoping to improve root growth in compact soils.

Consistent with recent previous work (Lee e al., 2020), auxin
transport effects were observed through altered bending responses
of auxI and eirl (pin2) mutants (which also exhibit ethylene insen-
sitivity) or seedlings treated with the auxin transport inhibitor
NPA, but not until after c. 624 h after barrier contact (Fig. 7);
although auxin-related transcriptional changes were established by
6h. Although auxin transport mutants have reduced gravitropic
responses, it was nevertheless possible to place barriers beneath the
advancing root tps to determine effects on growth. The results
indicate a role for auxin transport in the WT impedance response.

Plant signalling systems form an interacting network to elicit
developmental change, such as in root growth and developmental
responses to environmental stresses in the soil (Moore ez al.,
2015; Rowe et al., 2016). As indicated earlier, ethylene can lead
to reduced primary root growth in Arabidopsis by activating
auxin biosynthesis in the root tip and promoting its transport to
the elongation zone, where it inhibits cell elongation (Ruzicka
et al., 2007; Swarup et al., 2007). Given this evidence, and the
observed timing of ROS, ethylene and auxin responses on contact
with a mechanical barrier, it seems likely that a ROS-ethylene sig-
nalling and/or synthesis module leads to altered root growth and
bending by effects on auxin distribution, as seen in Figs 7, 8 and
S15. It is also likely that PIN2 is involved in the observed auxin
redistribution (Lee et al, 2020), though other PIN proteins,
AUXI1, and possibly ABC transporters may also be involved.
Interestingly, lateral root development can be induced by
mechanically induced root bending, associated with the local ele-
vation of calcium ion (Ca®") levels and asymmetric auxin redistri-
bution to the site of emergence (Richter er al, 2009).
Asymmetric auxin distribution was also found for mechanically
impeded roots in our experimental system (Figs 8, S15). The acti-
vation of root hair and lateral root development in response to
barrier contact may represent a mechanism to anchor the root in
the soil to facilitate the observed lateral growth around the bar-
rier, as part of the soil exploration process.

An interesting question is around the role of ROS. The evidence
presented shows a relatively rapid upregulation of ROS-related
gene transcription, including of genes encoding ROS-generating
enzymes such as RHD2, required for root hair development and
other stress responses (Foreman ez 4/, 2003). An interesting ques-
tion surrounds the mechanistic relationship between ROS
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production and the activity of other signalling pathways, such as
ethylene and auxin (Fig. S16). Inhibition of ROS signalling, such
as in the atrbohD/F mutant or following treatment with the ROS
inhibitor DPI, led to early changes in the root response to mechani-
cal impedance, and our results (Fig. 9) tenatively suggest a require-
ment for ROS signalling in the activation of ethylene signalling
(which in turn can induce auxin synthesis and transport); but
details of such ROS-dependent crosstalk remain to be discovered.
Monshausen et /. (2009) have demonstrated that ROS production
in response to mechanical stimuli requires Ca®" signalling. ROS
and Ca®" have been proposed to act together, with NADPH oxi-
dase-produced ROS activating Ca>" channels and the increase in
Ca®", in turn further activating NADPH oxidase activity (Gilroy
et al., 2016). Recently, Wu ez al. (2020) identified the first H,O,
receptor in plants, HPCA1. This membrane-bound receptor kinase
was also shown to mediate H,O5-induced activation of Ca®" chan-
nels in guard cells, providing further evidence for how ROS medi-
ates Ca®" signalling. Data from our RNA-seq at 6 h after barrier
contact did reveal an upregulation of this gene, three related genes
(HPCALI, HPCAL2, HPCAL4) and also genes involved in Ca*"
signalling, binding and transport, suggesting changes in levels of
Ca”" in the root. Future work should aim to explore further the
interactions between ROS and Ca®’, and auxin and ethylene sig-
nalling during the root barrier response.
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Fig. 83 Barrier effects on primary root growth.

Fig. S4 Analysis of variation in gene expression between and
within sample groups.

Fig. S5 Genes differentially expressed in roots encountering a
barrier compared with controls after 6 h and 30 h treatment
identified through RNA-seq.

Fig. S6 Treemap output from REVIGO of genes identified as
significantly upregulated and downregulated 6 h after encounter-
ing a barrier.

Fig. 87 Treemap output from REVIGO of genes identified as
significantly upregulated and downregulated 30 h after encoun-
tering a barrier.

Fig. S8 Hormone signalling and metabolic/biosynthesis related
GO terms identified by GO analysis of genes differentially

expressed in response to a barrier.

Fig. S9 ABA and GA have no clear role in the root impedance

response.
Fig. S10 Ethylene-related gene expression analysis.
Fig. S11 Response of ¢trl and ein2 to a barrier.

Fig. 812 Growth of ez between 0 and 8 h after barrier place-
ment.
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Fig. S13 Growth of wild-type and ethylene-sensitive mutant
roots after barrier placement.

Fig. S14 KEGG pathway mapping of genes differentially
expressed at 6 and 30 h in response to a barrier and identified as
being involved in the auxin signalling pathway.

Fig. S15 Confocal imaging of R2D2 in roots responding to a
barrier between 0 and 4 h.

Fig. $16 Pathways involved in the root barrier response.
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Table S2 NADPH-oxidase genes identified through RNA-seq
that are upregulated during the barrier response at 6 h.

Table S3 List of genes that act as reactive oxygen species (ROS)
scavengers identified in the RNA-seq data of differentially
expressed genes in response to a barrier log,FC identified with P-
value < 0.05.
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